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ABSTRACT

The abundance of G-protein a-subunits were measured by
quantitative immunoblotting. Hypothyroidism increased the
abundance of Gila, Gi2a and Goa in synaptosomal membranes
from the cerebral cortex and striatum. In the other brain
regions some but not all of the G-proteins were up-regulated.
In hyperthyroidism the abundance of Gila and Gi2a were halved
in the cerebral cortex after only 3 days treatment with T3.
Together these findings may in part contribute to
physiological and behaviourial changes seen in thyroid
abnormalities.

Soluble 5'-nucleotidase (EC 3.1.3.5) was assayed in six
regions of the rat brain. ATP inhibited the activity in a
complex fashion suggesting the presence of at least two
soluble enzymes; one being strongly inhibited and another
being ATP activated. The proportions of these two activities
varied between brain regions, and activity changes seen in
hypothyroidism suggest that they may be independently
regulated. The ATP-inhibitable enzyme was purified 1770 fold
to apparent homogeneity. It appeared to be a 230kDa
glycoprotein composed of 53kDa subunits. The purified enzyme
showed activity towards most nucleoside 5'-monophosphates,
but not towards their 2'-deoxyribose counterparts. AMP and
UMP were preferred substrates and the enzyme had a Km for AMP
of 15uM. ADP and ATP were potent inhibitors of enzyme
activity, ATP inhibition being of the mixed type with a Ki
of 67uM. This ATP inhibition could be reversed by magnesium

ions indicating that free ATP was the inhibiting species.



In the course of the purification, two enzyme populations
were observed which exhibited different ATP and ADP
inhibition characteristics. The differences appeared to be
due to the presence of an unknown factor which appeared to
be bound to a population of the enzyme hence altering its
behaviour on ion exchange. Alone, the factor did not affect
the enzyme, but did however greatly enhanced its ATP
sensitivity. The factor could be stripped off the enzyme and

reconstituted back in a saturable manner.
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1.1 SIGNAL TRANSDUCTION

It is the ability of cells to respond to a variety of
extracellular stimuli and consequently bring about an
alteration in their behaviour that has sparked the interest
and enthusiasm of many researchers for several years. Since
few messengers actually enter their target cells, their
information must be conveyed through the cell membrane by a
process known as signal transduction. In some systems it is
the same molecule that detects the stimulus and is
additionally able to provoke the intracellular response. For
example the binding of insulin to the extracellular domain
of its receptor activates a tyrosine kinase activity on the
intracellular domain of the same protein.

It is work from the last two decades however that has
revealed a more complex system in which detection of the
stimulus occurs on a quite separate entity to that which is
eliciting the intracellular response. In these instances,
binding of a ligand to its appropriate receptor activates its
effector by means of a transducing molecule, that of the G-
protein. The heterotrimeric guanine nucleotide binding
regulatory proteins (G-proteins) represent a subset of a
large family of GTP binding proteins which includes the
protein synthesis Tu elongation factor, some enzymes and a
group of "small" G-proteins.

The first suggestions for the involvement of a G-protein
in a transmembrane signalling pathway came from the study of
Rodbell et al. (1971) who demonstrated a GTP requirement for

glucagon to activate adenylyl c¢yclase in hepatocytes.
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Further evidence was provided a few years later by Cassel and
Selinger (1976) with the observation that pB-adrenergic
agonists stimulated a low Km GTPase activity in turkey
erythrocytes; whilst Maguire et al. (1976) showed that
guanine nucleotides were able to modulate the affinity of the
receptor for agonists but not antagonists. The first direct
evidence for the involvement of a G-protein however came from
the studies of Ross and Gilman (1977) and Ross et al. (1978).
They performed experiments using a mutant cell line (termed
cyc ) which lacked the GTP-dependant hormonal stimulation of
adenylyl cyclase. By reconstituting adenylyl cyclase-free
detergent extracts of plasma membranes with cyc membranes,
they were able to show a restoration in the stimulation of
cyclase by these agents. '+ Subsequent work using
reconstitution assays of this kind allowed the purification
of the transducing protein now known to be GS(Northup et
al., 1980). In 1983, Bokoch and co-workers managed to purify
the transducer responsible for the receptor-mediated
inhibition of adenylyl cyclase, thus providing the necessary
explanation for the dual control of the enzyme.

Since these pioneering studies, the field has received
much attention and nowadays it is known that a large array
of cell surface receptors regulate their intracellular
effector molecules through an ever increasing family of
closely related heterotrimeric G-proteins (Citri and Schramm,
1980; Rodbell, 1980; Schramm and Selinger, 1984; Northup,
1985; Levitzki, 1988). Since the beginning of the 1980's,

more than 1000 receptors have been anticipated to relay their
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messages through one of at least 20 G-proteins. Table 1.1
outlines the various aspects of interactions between
receptors, G-proteins and effectors which have ©been
extensively reviewed over the last few years (Casperson and
Bourne, 1987; Gilman, 1987; Allenoe, 1988; Lochrie and Simon,
1988; Neer and Clapham, 1988; Weiss et al., 1988; Chabre and
Deterne, 1989; Ross, 1989; Houslay & Milligan, 1990).
Importantly, G- protein involvement provides the necessary
means and amplification whereby cells are able to respond
rapidly to very low concentrations of external stimuli.
Amplification is achieved by the ability of a single receptor
to activate many molecules of the respective G-protein. For
example, one molecule of rhodopsin can activate as many as
500 transducin molecules almost simultaneously. Furthermore,
the a subunit of activated G, bound to adenylyl cyclase is
capable of stimulating the synthesis of many molecules of
cAMP before becoming deactivated. The intriguing aspect of
transmembrane signalling of this kind comes from the
specificity angle. Signals from different receptors can be
integrated through one or more G-proteinsor even to the same
effector. For example, acetylcholine and adenosine in the
heart can both activate the same potassium channel (Kurach
et al., 1986) and Gs can activate both adenylyl cyclase and
dihydropyridine-sensitive calcium channels in skeletal muscle

and cardiac tissue (Brown and Birnbaumer, 1988).

1.2 STRUCTURE AND ORGANIZATION OF G-PROTEINS

Following detergent solubilization from the plasma membrane,

16



Table 1.1 Integration of G-proteins, receptors and effectors

Abbreviations:

* indicates two splice variants

CTX: Cholera toxin

PTX: Pertussis toxin

a-AR: a-adrenergic receptor

B-AR: B-adrenergic receptor

M-cho: Muscarinic cholinergic receptors

D2-Dop: Dopaminergic receptors

Met-Enk: Met-enkaphalin

ADO: Adenosine

AG: Adenylyl cyclase
PLC: Phospholipase C
PLA2: Phospholipase A2
PDE: Phosphodiesterase

17
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G-protein Toxin Tissue Representitive Effector
distribution receptor response
Gs (X2)* CTX Ubiquitous .B-AR, Glucagon, AC(+)
(s) (%22, o He )
Gs(}) (X2) CTX Ubiquitous TSH, ADO, others Ca“’ channel(+)
G CTX Olfactory AC(+)
olf
neuro- Odorant
epithelium
Gil PTX Ubiquitous M2-Cho, a2-AR,ADO,
Gi2 PTX Ubiquitous Somatostatin, K*zchanne1(+),
Gi3 PTX Ubiquitous others ca*t channels(-),
AC(-)
PLC(+)?
Gol PTX Brain, others Met-Enk, a2-AR, PLA2(+)?
Go2 PTX Brain, others D2-Dop, others
Gtl PTX/CTX Retinal rods Rhodopsin, cGMP-specific
Gt2 PTX/CTX Retinal cones Cone opsins PDE
Gz - Brain, others M2-Cho(?), AC(-)?, PLC(+)?,
others(?) others(?)
Gq - Ubiquitous M1-Cho, al-AR, B-types PLC(+)
Gl1 Ubiquitous others others?




G-proteins behave as entities (of approximately 100kDa) which
can be resolved by SDS-PAGE into three separate subunits
termed a (39-52kDa), B (35-36kDa) and y (7-11kDa). It is the
a subunit of each G-protein which although highly homologous
. appears to be the most diverse and consequently determines the
relative specificity of each G-protein in terms of its
appropriate receptor effector coupling. At present, more
than 17 different genes that encode a, 4 that encode B and
7 that encode y are known. This indicates that almost 1000
possiblejpenmwatums could occur, although 1ess¥relike1y due -,
to specific interactions between members of each of the
groups. Furthermore it is the a subunit which contains the
guanine nucleotide binding site and GTPase activity. With
the exception of transducin (which can be washed from retinal
disc membranes with GTP or a non-hydrolysable analogue) the
heterotrimeric G-proteins can only be extracted from the
plasma membrane with detergents. Whilst isolated a subunits
appear to be essentiallyfhydrophilic (Codina et al., 1984;
Neer et al., 1984; Huff et al., 1985; Sternweis, 1986) the
tightly associated B and ¥y subunits remain highly
hydrophobic and can only be separated from one another under
denaturing conditions. These findings were confirmed by
Sternweis (1986) with the observation that GDP—boundl%a and
G,a behaved as soluble molecules even in the absence of
detergent. The By unit on the other hand aggregated in the
absence of surfactants but could readily associate with
phospholipid vesicles. Although the a subunits showed no

association with the phospholipid alone, they were able to
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associate in a saturable manner with vesicles containing By,
the effect of which could be reversed by the addition of
GTPyS. It seems likely that the By unit may anchor the a
subunit to the membrane although it probably interacts with
the membrane directly as well. It has been suggested (Navon
and Fung, 1987; Neer et al., 1988) that it is the amino
terminal region of the a subunit which is involved in its
interaction with the By unit since its proteolytic cleavage
results in a decrease in the interaction. Some a subunits
(G, and (%a) appear to be myristoylated on their amino
termini (Buss et al., 1987; Lochrie and Simon, 1988; Mumby
et al., 1990) which may function to anchor the G-protein to
the membrane presumably via By. (%a however, which lacks the
covalently bound lipid, may be anchored to adenylyl cyclase
itself (Arad et al., 1984; Levitzki, 1987). Linder et al.
(1990,1991) provided good evidence for the involvement of
myristoylation of Ga in the interaction with the By unit.
By expressing recombinant Qp in E.Coli, a low affinity for
By was observed with respect to the native protein. However,
by co-expressing N-myrisoyl transferase with G&n the authors
observed a restoration in the affinity of the recombinant «a
subunit for the By. This aspect of membrane attachment is
important since during G-protein activation, the a subunit
dissociates from the rest of the protein. Without a means
of membrane attachment, the |hydrophilic a subunit would
simply diffuse into the cytosol. In fact there is
immunological evidence that some a-subunits are present in

the cytosol (Milligan, 1990).
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The a subunits also contain sites for NAD-dependant ADP
ribosylation by bacterial toxins from Vibrio cholera or
Bordetella pertussis. These toxins contain enzymes which
transfer an ADP ribose group from NAD to specific acceptor
sites on the a subunit (Gill and Meren, 1978; Katada and Ui,
1982; West et al., 1985; Van Dop et al., 1984). For example
GS and transducin can be modified by cholera toxin by ADP
ribosylation of an internal arginine residue to result in
their permanent activation. It appears that modification in
this manner serves to reduce the GTPase activity of the «
subunit thus prolonging their action (Cassel & Selinger,
1977; Abood et al., 1982). On the other hand, Gw transducin
and all three forms of G, are substrates for ADP ribosylation
by pertussis toxin on a cysteine residue four amino acids
from their carboxyl termini (West et al., 1985; Hurley et
al., 1984; Ui, 1984). This results in an uncoupling of the
G-protein from the receptor (Van Dop et al., 1984; Ui, 1984;
Hsia et al., 1984). It is generally thought that the
carboxyl terminus is involved in the receptor contact site
(Sullivan et al., 1987). Evidence to support this notion
comes from the observation that synthetic peptides
corresponding to the C-terminus of a subunits inhibit their
interaction with receptors (Hamm et gal., 1988; Palm et al.,

1990) as does ADP ribosylation of GS(Kahn and Gilman, 1984).

1.3 G-PROTEIN ACTIVATION CYCLE

G-proteins essentially function as on-off switches capable

of transducing extracellular messages through the plasma
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membrane to intracellular effector molecules. These
effectors are then capable of generating many molecules of
intracellular second message which in turn are able to
initiate changes in the function of the cell. The G-protein
activation/deactivation cycle has been extensively studied
and has been summarised in many excellent reviews (Casey &
Gilman, 1988; Gilman, 1987; Levitzki, 1987; Freissmuth et
al., 1989; Ross, 1989; Taylor, 1990; Kaziro et al., 1991;
Linder & Gilman, 1992).

The a subunit, apart from determining the relative
function of each G-protein, also contains the nucleotide
binding site and at least one high affinity binding site for
magnesium (Gilman, 1987). The effects of magnesium are
complex and have been fully described by Gilman (1987). The
divalent cation is required for two important steps in the
cycle. Firstly, nanomolar concentrations are required for
GTP hydrolysis and secondly higher amounts (>10uM) required
to maximise the activated receptor (AR)-catalysed nucleotide
exchange (Brandt & Ross, 1986). The characteristics of the
G-protein cycle are depicted in figure 1.1. When an agonist
binds to its receptor, the receptor undergoes a
conformational change and switches it to an active state.
This activated form of the receptor has a high affinity for
the G-protein trimer (aBy) and consequently the two
associate. In the resting state, the a subunit contains
tightly bound GDP. 1In the absence of AR, the dissociation
of this nucleotide is rate limiting and is very slow. In

fact the rate of GDP dissociation is approximately 10 fold
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Figure 1.1 G-protein activation/deactivation cycle

The general aspects of the G-protein cycle are discussed in

depth in the text.

a, B and y represent the appropriate subunits of the guanine

nucleotide binding protein.

A Agonist
R Receptor
E Effector molecule which generates the second message, eg.

enzyme or ion channel.
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lower than the Kcat for GTP hydrolysis. Consequently the
amountsgg subunit containing bound GTP are also very low and
constitute <1% of the total G-protein population (Ross,
1989). The presence of activated receptor and magnesium
however promotes its release by increasing the rate of GDP
dissociation (Ui & Katada, 1989; Florio & Sternweis, 1989).
With GDP absent from the binding site of the a subunit, a
high affinity for the trimer and the receptor is established.
GTP binds to the empty binding site within milliseconds (May
& Ross, 1988) initiating three responses. Firstly it reduces
the affinity of the receptor for the G-protein and promotes
their dissociation. Secondly, GTP bound to the a subunit in
the presence of magnesium lowers its affinity for By and the
two consequently dissociate thus releasing the active «a
subunit to activate the effector molecule. Thirdly, GTP
binding induces a negative heterotrophic interaction of the
receptor. This reduces its affinity for the agonist and thus
initiates their dissociation. This permits the receptor to
recycle, bind more agonist and activate multiple G-proteins.
Incidently, this negative heterotrophic interaction of the
receptor is not seen with antagonist binding (Casey & Gilman,
1988). The activated a subunit interacts with the effector,
the duration of which can last up to a few seconds before
deactivation occurs. The interaction with the effector is
terminated following the hydrolysis of the bound GTP, a
reaction catalysed by the intrinsic GTPase activity located
on the a subunit. Typical Kcat values for GTP hydrolysis

1

falls within the range 2-4 min~ for various G-proteins
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(Gilman, 1987). The a subunit thereby can be seen to be
auto-regulatory in that it is capable of deactivating itself
by hydrolysing its bound GTP. The GDP bound a subunit then
reassociates with the By complex and re-establishes the
resting state of the G-protein. The role of the By also
appears to perform a role in the deactivation of a subunits
by binding them and terminating their effects. For example
the inhibition of adenylyl cyclase by activated Gican result
from the ability of the released By complex to bind o
subunits (released by GS activation) thus terminating their
stimulatory action on cyclase. A useful tool in the study
of G-protein function is that of AlF, . This complex
activates the G-protein without the need for GDP
dissociation. This ligand appears to bind alongside GDP and

mimics the terminal phosphate group of GTP, thus promoting

its activation (Bigay et al., 1985).

1.4 a-SUBUNIT DIVERSITY

Although a-subunits show high structural homology, it is this
subunit that determines their relative specificity in terms
of receptor effector coupling. Recent advances in molecular
cloning however have provided the necessary key to their
identification and study; which would pose an almost
impossibility using classical biochemical techniques. The
general properties of each of the major classes of a-subunits
will be addressed separately, although the transducins‘ will
be omitted from the discussion as they are only involved in

visual transduction and play no role in cellular signalling

26



in the CNS.

1.4.1 Ga

The involvement of G,a in the hormonal stimulation of
adenylyl cyclase has been known for many years. Moreover the
ability of cholera toxin to covalently modify the a-subunit
by ADP-ribosylation leads to its permanent activation and
provides a useful tool for study. More recently, evidence
has appeared for the involvement of(%a in the opening of a
calcium channel (Yatani et al., 1987b; Brown & Birnbaumer,
1988). (%a purifies as a mixture of two polypeptides which
can be resolved by SDS-PAGE into two bands of 52 and 45kDa,
the proportions of which vary amongst different tissues and
cells. It is evident however that up to four different a-
subunits exist, the cDNAs of which have been isolated from
human brain (Bray et al., 1986); a finding confirmed in 1988
by Kozasa and coworkers. By comparing the séquences of these
cDNAs to the sequence of the human.(%a gene, it was concluded
that the four forms arise from alternative splicing of a
single gene product. It is moreover 1likely that all the
forms of(%a are capable of activating both adenylyl cyclase
and the calcium channel (Mattera et al., 1989), although the
reason for several forms is not known. At the amino acid
level, high structural homology exists amongst species in
that only 1 out of all 394 amino acids differ between the rat
and human a-subunit. In addition to ng, another closely-
related form of this a-subunit is exclusively expressed in

olfactory sensory neurones (termed Gdf)‘ It is believed to
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be responsible for signal transduction from odorant
receptors, and like G, is capable of stimulating adenylyl
cyclase when expressed in S49 cyc cells which lack Géz(Jones
& Reed, 1989). Its molecular weight calculated from the cDNA
sequence is 44,322, a value closely resembling the 45kDa form
of Ga. However only 88% homology with G, is observed in

amino acid sequence suggesting their distinct natures.

1.4.2 G.a

Qa exists in three distinct forms termed q;a (41kDa), QZa
(40kDa) and QQa (41kDa). They show some 85% homology in
amino acid sequence, and are the products of three quite
separate genes. They all serve as substrates for ADP-
ribosylation by pertussis toxin. Although G;2a and (%Sa
appear to have ubiquitous distributions, their relative
amounts in various tissues vary. q}a on the other hand is
more restricted and appears to be predominantly expressed in
brain (Bray et al., 1987; Brann et al., 1988) although not
exclusively localized to this tissue. The two G;a subunits
with molecular weights of 40 and 41kDa purified from porcine
brain have been shown to be immunologically distinct by the
use of selective antisera (Katada et al., 1987). Their
partial amino acid sequences moreover provide evidence that
they represent(%Za and(%Sa respectively (Itoh et al., 1988).
The amino acid sequence of bovine G§a is identical to that
of the human form, whilst the remaining two forms show

greater than 98% homology amongst different mammalian forms.

G;a couples to adenylyl cyclase and attenuates its activity.
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Direct evidence exists that it is capable of interacting
directly with cyclase to inhibit its activity as shown by its
ability to attenuate adenylyl cyclase in cyc membranes
(which lacks Gs)(Katada et al., 1984; Roof et al., 1985).
However the By complex released on activation of Gi also
plays an important role in the attenuation of adenylyl
cyclase by binding and hence removing active G, subunits.
This issue will be dealt with in a later section (1.5). Gia
may also couple to phospholipase C and also to a potassium
channel, although the specificity of each form is uncertain.
Purified G, from erythrocytes is moreover capable of
activating a potassium channel in cardiac tissue resulting
in the outward movement of this ion. This response is not

selective to any one form of G; in that all three forms are

able to perform this function, as is Gya.

1.4.3 Ga

The most abundant G-protein in nervous tissue is Go and
constitutes up to 1% of total membrane protein. This
pertussis toxin-sensitive G-protein was discovered during the
purification of Gi from bovine brain (Neer et agl., 1984;
Sternweis & Robishaw, 1984; Milligan & Klee, 1985), appearing
as a 39kDa species. It is highly homologous amongst many
species and shows greater than 98% amino acid identity.
Recently it has been shown that two forms of Goa exist.
Molecular cloning techniques have enabled the isolation of

two cDNAs from the mouse (Strathmann et al., 1990), hamster

(Hsu et al., 1990) and rat (Tsukamoto et al., 1991). They
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are identical in amino acid sequence except for their C-
terminal region, and appear to be generated by alternative
splicing of a single G,a gene product. There may however be
as many as four types of de (Inanobe et al., 1990).
Functionally, G, has been implicated in neuronal potassium
(Van Dongen et al., 1988) and calcium (Hescheler et al.,

1987; Ewald et al., 1988) channel modulation.

1.4.4 Ga and an
The a-subunit sometimes referred to as Gia or Gfx is also
mainly expressed in neuronal cells but represents a novel
form of G-protein, quite distinct to the forms so far
discussed. At best it shows only 60% identity with any other
a-subunit U%a) and fails to be covalently modified by either
of the bacterial toxins. From the cDNA sequence it appears
that there is an altered amino acid sequence in the highly
conserved guanine nucleotide binding domain that is believed
to be involved with the GTPase activity. The effect of this
modified sequence has been confirmed (Casey et al., 1990) by
demonstrating the rate of GTP hydrolysis to be some 200 fold
slower than that of other Ga subunits. Although not
confirmed, it may be involved in phoshpholipase C activation
(Masters et al., 1985) or potassium channel closure (Nakajima
et al., 1988).

A new family of pertussis toxin insensitive G-proteins
has recently received much attention. There appear to be
five homologous forms reported and termed G, and G116

q

inclusive. 0f these, Gq has been the most extensively
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studied, and like G11 is involved in the activation of the B
subtypes of phospholipase C (see section 1.6). Although Gq
and G;; are homologous and activate the same effector
molecule, they only show some 88% identity at the amino acid
level. The differences in sequence moreover are located in
the amino terminal end of the structure and may reflect
differences in receptor recognition. The role of the other
forms is uncertain, but the possibility arises that they may

regulate the other isoforms of phospholipase C (Simon et al.,

1991).

1.4.5 By COMPLEX

Less studies have been directed towards the B and y subunits
as they were originally believed to be functionally
interchangeable (and consequently non-specific), and only
function to anchor the a-subunit to the membrane (Sternweis,
1986). In fact the By complexes purified from GV (% and G0
can all be functionally exchanged and work equally well.
Recent studies however have revealed their involvement in
presenting the a-subunit to receptors as well as functioning
in effector modulation both directly and indirectly.
Contrary to initial belief, there appear to be 4 distinct
forms of B and at least 7 forms of y, all of which are
products of separate genes. However, they are always tightly
associated and can only be separated under denaturing
conditions. Initial studies on purified B revealed the
presence of 2 forms which could be resolved on gels into 35

and 36kDa bands (Sternweis & Robishaw, 1984) and appeared to
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be immunologically distinct (Roof et al., 1985; Evans et al.,
1987). Their distinct natures were consequently confirmed
by amino acid sequencing and displayed a striking 90%
identity at this level (Fong et al., 1987; Gao et al., 1987).
In fact all 4 forms which have been purified to date display
80-90% amino acid identity (Hepler & Gilman, 1992). They
appear to be ubiquitously expressed, although retinal cells
only contain the 36kDa form of B. The y subunits are the
smallest of the subunits appearing as 6-10kDa polypeptides
on SDS-gels, and appears to be prenylated which may function
to tightly anchor them to the membrane. They too are nearly
ubiquitously distributed, although y1 is localised to retinal
cells, and is immunologically distinct from those originating
from G, and G, (Neer & Clapham, 1988). At the amino acid
level, ¥2-6 are highly homologous but show only 25-30%
identity compared to ¥yl. Interactions between B and ¥y
however appear to be selective. In a recent study, Pronin
& Gautam (1992) provided evidence that y1 showed no
association with B2, whilst B3 would not associate with
either y1 or y2 in transfected cell assay systems. However
more studies need to be performed on the selective
interactions of these two subunits. Functionally, the By
complex has been shown to be required for interaction of «
with receptors, inhibition of a action by binding to it and
blocking its action, and modulation of adenylyl cyclase
activity (see section 1.5). Other functions have been
postulated, for example the regulation of phospholipase A2

activity (Kim et al., 1989) as well as modulating ion channel
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activity either directly or indirectly (see section 1.7).

1.5 DUAL CONTROL OF ADENYLYL CYCLASE

Adenylyl cyclase is the membrane bound enzyme which generates
cAMP, a potent second messenger. For many years it has been
known to be under dual control regulated by extracellular
receptors. These extracellular signals are transduced
through the plasma membrane by the G-protein subtypes(% and
G, resulting in a stimulation or inhibition of the enzyme
respectively. cAMP then modulates many intracellular events
by activating a cAMP-dependent kinase resulting in the
phosphorylation of key intracellular proteins. The current
mechanism for the control of adenylyl cyclase is more complex
than first imagined. To date at least 5 isoforms of the
enzyme have been studied, all of which are activated by Gy
The original G-protein dissociation model (see section 1.3)
appears inconsistent with respect to several 1lines of
evidence for the activation of adenylyl cyclase by GS
however. Firstly, many purified preparations of the enzyme
contain tightly associated G,, although some appear to be
devoid. This may however represent purification of differing
isoforms of adenylyl cyclase, although this has not been
experimentally determined. In fact (%—associated adenylyl
cyclase can only be resolved into its separate entities by
treatment with detergents and high ionic strength (Levitzki,
1990). Secondly, first order kinetics are observed with
respect to adenylyl cyclase activation by guanine nucleotides

and hormone stimulated receptor, with an activation directly
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proportional to activated receptor concentration. If o, and
adenylyl cyclase were separate entities, more complex
kinetics would be observed. It is likely therefore that at
least some populations of adenylyl cyclase (perhaps differing
isoforms) are constantly associated with cyclase itself, and
thus the original G-protein activation model must be modified
to allow for these discrepancies (see figure 1.2).

Inhibition however appears to be mediated by two mechanisms.
Firstly, oy is capable of directly interacting with cyclase
and@nhﬂﬁjingits activity as demonstrated by the ability of
a; to inhibit adenylyl cyclase in cyc membranes (Roof et
al., 1985). The second mechanism which has received more
interest recently is the role of the By unit. Although it
was first thought that this complex could inhibit cyclase
activity (presumably by binding o, and hence removing
stimulation), this idea was questioned due to the relative
non-specificity of By's arising from the fact that they are
functionally interchangeable between different a-subunits.
However, the large excess of Gi over Gi within the membrane
could serve to provide a means of increasing free By
concentration. This pool of By could then buffer as or bind
to as-associated cyclase hence terminating the stimulatory
effect. In addition, By is more effective at inhibiting
adenylyl cyclase than a,. It is however possible that as and
a; may both be capable of binding cyclase simultaneously,
presumably at different sites. The different isoforms of

adenylyl cyclase appear to be differentially regulated by By

in a direct manner (Tang & Gilman, 1991). These authors
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Figure 1.2 The dual control of adenylyl cyclase

This modified G-protein activation cycle has been described

in

By

AC

detail in the text.

a-subunit of the inhibitory G-protein G.. This a-
subunit can interact directly with adenylyl cyclase,
although this is not depicted in the figure.

a-subunit of the stimulatory G-protein G, is permanently
associated with adenylyl cyclase

This complex appears important in modulation of a-
subunit activity as well as direct stimulation of types
I and IV adenylyl cyclase in the presence of a, .
The enzyme adenylyl cyclase when activated by a, results
in the production of the second messenger, cAMP.
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concluded that type I adenylyl cyclase was inhibited by By,
presumably by removing active as from the system, since it
had no effect alone. Surprising results were seen on the
other hand by the observation that By could stimulate types
II and IV adenylyl cyclase activity, although only in the
presence of activated as. This finding has recently been
confirmed by Gao & Gilman (1991) and Taussig et al. (1993).
These observations were further demonstrated by Federman and
coworkers (1992) who additionally concluded that the By
responsible probably originated from G, or G, by the ability
of pertussis toxin to attenuate the response. Furthermore
the a-subunit of transducin also blocked the effect by
binding to and removing By (alone transducin had no effect
on cyclase). Interestingly, adenylyl cyclase type II is
predominantly expressed in the central nervous system
(Feinstein et al., 1991) and this modulatory effect may be
of particular importance in this tissue. Type 1 adenylyl
cyclase is activated by calcium-calmodulin. The ability of
G-proteins to modulate intracellular calcium concentration
(see section 1.7) complicates the model further by
introducing the possibility that separate signalling pathways
may ultimately result in the activation of this form of
cyclase.

These results demonstrate that adenylyl cyclase
modulation by G-proteins is far more complicated than first
imagined and interconnections between different signal
transducing pathways appear likely to be important in the

regulation. More work will undoubtedly further our knowledge
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concerning the modulation of this important second messenger

system.

1.6 INOSITOL PHOSPHATE METABOLISM

Recent interest has been directed towards the second
messenger system controlled by inositol phosphate metabolism.
In common with other transmembrane signalling systems, this
pathway seems to be under G-protein control although a more
complex system of regulation is apparent. 1In this case the
effector molecule is the enzyme phosphatidylinositol-specific
phospholipase C (PLC). It catalyses the hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIPZ), producing two
potent second messengers namely inositol 1,4,5-trisphosphate
(IP3) and diacylglycerol (DAG). These two messenger species
consequently bring about the mobilization of calcium from
intracellular stores (the endoplasmic reticulum) and
activation of protein kinase C (Berridge & Irvine, 1984).
Cellular regulation is then modulated in common with the cAMP
system by the activation of specific protein kinases
resulting in phosphorylation of key metabolic and structural
proteins and enzymes within the cell. PLC appears to exist
in forms both bound to the plasma membrane and free in the
cell cytosol (Baldassare & Fisher, 1986; Deckmyn et al.,
1986). It is reported that both of these forms can be
activated by guanine nucleotides (Litosch, 1987; Baldassare
& Fisher, 1986; Deckmyn et al., 1986). Stimulation of the
enzyme seems to be mediated by the ability of these

nucleotides to lower the amounts of calcium required to
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stimulate the enzyme. Further stimulation by this ion could
occur following its influx, another response which can also
be G-protein mediated (see section 1.7), again suggesting
interconnections between transmembrane signalling pathways.

The first demonstration for G-protein involvement in
this pathway came from the observation that GTPyS was capable
of stimulating PLC activity in permeabilized platelets
(Haslam & Davidson, 1984), a finding confirmed in 1987 by
Litosch using membrane and permeabilized cell models, and
subsequently by several other authors (see Litosch, 1990).
In 1985 the first direct evidence for agonist stimulation of
PLC was demonstrated in membranes isolated from blowfly
salivary glands (Litosch et al., 1985).

It is now appreciated that stimulation of PLC occurs by
two separate transducing systems, one sensitive and the other
insensitive to blockage by pertussis toxin (Litosch, 1990;
Sternweis, 1992). The presence of a pertussis toxin-
sensitive component suggests the involvement of G, or G,. In
fact evidence to support this idea comes from reconstitution
experiments using human leukaemic HL-60 cells (Kikuchi et
al., 1986). Initially it was observed that pertussis toxin
reduced agonist stimulation of PLC, an effect which could be
reversed by the addition of purified Gi or Gv Moreover,
these purified G-proteins were ineffective if pre-treated
with pertussis toxin prior to reconstitution. Using
partially purified PLC from platelet membranes and
reconstituting with Gior GW Banno and coworkers (1987) were

able to demonstrate PLC stimulation, a finding however which
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unfortunately could not be repeated with a homogeneous
preparation of the enzyme (Banno et al., 1988). More
recently, the involvement of By in PLC modulation has been
observed (Camps et al., 1992). Although direct activation
by ai or ao has not been demonstrated, purified By is capable
of activating the enzyme, which may in turn result from G; or
Goactivation (and hence dissociation from their a subunits).
The a subunits thus released could activate their respective
effectors whilst the By modulates PLC activity (Sternweis,
1992). Thus multiple pathways could exist, although By
subunits are non-specific and the question of specificity
arises. Although their involvement is unquestionable they
probably only represent a part of the regulation of PLC, and
various forms of PLC may be regulated by both a and By.

The search for the pertussis toxin insensitive component
of the pathway has recently been successful due to the
finding of at least 8 toxin insensitive a-subunits, all of
which represent likely candidates (Hepler & Gilman, 1992).
A novel pertussis toxin insensitive G-protein preparation has
been isolated from bovine brain (Pang & Sternweis, 1990)
which has been shown to stimulate PLC (Smrcka et gal., 1991).
The preparation contains two homologous proteins, one of
which has been studied further and appears identical in amino

acid sequence to that of the new G-protein G, (Hepler &

q
Gilman, 1992; Sternweis & Smrcka, 1992). Moreover the
ability of aq to stimulate the enzyme (Smrcka et al., 1991;
Taylor et al., 1991; Waldo et al., 1991) can be inhibited

by antibodies directed against this a subunit, providing
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further evidence for the involvement of aq in the pathway
(Sternweis & Smrcka, 1992). Although these experiments have
been demonstrated using the pB-subtype of PLC, other forms
also exist which may be regulated in a similar fashion. It
is also possible that PLC could be under dual control 1like
the adenylyl cyclase system, since it may be additionally
subject to inhibitory G-protein regulation. This has been
indicated by the ability of guanine nucleotides to inhibit
PLC in membrane preparations or extracts (Litosch, 1989;
Gutowski et agl., 1991; Geet et al., 1990; Bizzari et al.,
1990). These regulatory events have been summarised for

clarity in figure 1.3.

1.7 G-PROTEIN REGULATION OF ION CHANNELS

The ability of G-proteins to modulate ion channels is of
particular importance in the brain. Changes in potassium
channels can lead to modulatory effects on neuronal activity
whilst that of calcium playing an important role in
neurotransmitter release and hence synaptic transmission.
Presynaptic transmitter release is dependent on calcium
influx through a voltage-gated channel, and many transmitter
substances or neuromodulators (eg. adenosine) can act
presynaptically to prevent further transmitter release. 1In
addition, calcium channels by allowing influx of this ion can
integrate with the inositol phosphate messenger system to
modulate PLC activity as well as activate specific protein
kinases to control intracellular phosphorylation events.

Studies are generally performed using patch clamped
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Figure 1.3 G-protein modulation of inositol phosphate

metabolism
R1 , Receptor mediating PLC inhibition
Gl G-protein responsible for inhibition of PLC
Rq Receptor mediating PLC activation
Gq G-protein responsible for PLC activation
R2 Receptor mediating calcium channel opening
G2 G-protein responsible for calcium channel opening

PLCMembrane associated phospholipase C (PLC)
PLq: Cytosolic phospholipase C (PLC)

PKC Protein kinase C

ER Endoplasmic reticulum

PIP2 Phosphatidylinositol 4,5-bisphophate

IP3 Inositol 1,4,5-trisphosphate

DAG Diacylglycerol
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membranes and measuring ion trafficking with recording
electrodes. Problems frequently encountered when attempting
to demonstrate a direct G-protein effect on a channel
involves channel modulation by second messengers produced by
other signalling pathways. For example both GS and Gi
regulate the production of cAMP. This in turn activates
cAMP-dependent protein kinase which is then capable of
phosphorylating calcium channels and hence regulating them
(Dolphin, 1990). Despite these drawbacks, direct modulation
of ion channels has been demonstrated by G-proteins. In the
nervous system, neurotransmitters have been shown to cause
hyperpolarization by activating a potassium channel. In fact
the channel can even couple to more than one receptor. In
1988, Van Dongen and coworkers demonstrated the ability of
purified G, to activate a potassium channel in patches of
cultured hippocampal neurones. This observation has
additionally been seen by Giin cardiac cells (Yatani et al.,
1987a) and consequently results in membrane
hyperpolarization. In fact the G-protein described as Gy
which mediates this effect has been shown to be G;3 by
comparison of the amino acid sequences of the purified
preparations. However, G;1 and G;2 are also able to mediate
this response equally well. It has also been suggested that
the By complex may play a role (Logothetis et al., 1987) by
the observation that it could also effect potassium channel
activity. However, it has not been ascertained whether these
effects are mediated directly by By or purely as a result of

By affecting another pathway.
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The neurotransmitters which activate potassium channels are
also capable of blocking calcium currents, an effect mediated
by a pertussis toxin sensitive G-protein. It is not certain
whether these events occur simultaneously however, or if the
same G-protein is involved in the modulation of both
channels. A series of experiments have provided us with
unquestionable evidence of G-protein involvement. By
measuring calcium currents in pertussis toxin pretreated
membrane patches, it was demonstrated that exogenously added
G-proteins could restore the ability of neurotransmitters to
inhibit the channel (Hescheler et al., 1987; Ewald et al.,
1988). Moreover, G, was more effective than G, and antibodies
directed towards this G-protein were able to reverse the
effect (Ewald et al., 1988; Harris-Warwick et al., 1988;
McFadzean et al., 1989). Gsalso modulates calcium channels
and the demonstration of its stimulation in skeletal muscle
(Brown & Birnbaumer, 1988) and heart membranes (Yatani et
al., 1987b, 1988) has been reported. Although direct
activation by G, occurs, a second response is apparent and
represents 1long term regulation mediated by channel
phosphorylation by cAMP-dependant protein kinase. There is
in addition evidence that By indirectly opens a potassium
channel. It is thought that By serves to activate
phospholipase A2, and the arachadonic acid thus produced, or

its metabolites, consequently modulates the channel.

1.8 REGULATION OF G-PROTEIN ABUNDANCE

With the availability of specific antibodies to the
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individual G-proteins as well as oligonucleotide probes for
the respective mRNA's, quantitation of these molecules has
become easier and more reproducible. In recent years, the
use of such reagents has enabled in-depth studies of G-
protein abundance under different physiological and
pathological states to be performed. These results, in
conjunction with sensitive receptor binding studies, have
provided insight into the dysfunction of certain cellular
signalling pathways under these conditions. It is known that
certain hormone concentrations in the blood can govern the
levels of various G-proteins within the membrane, and many
studies have been performed using appropriate animal models
which mimic different physiological and disease states. For
example prolonged exposure of adipocytes to the adenosine Al
receptor agonist Nﬁlrphenylisopropyladenosine (PIA) has
demonstrated the down-regulation of the a-subunit of Gi' B
subunits were also reduced whilst Gswas unaltered (Green et
al., 1990). This effect was also observed in vivo, and
interestingly, mRNA levels were unaltered indicating that the
regulation was post-transcriptional. Moreover, removal of
the agonist resulted in a restoration of the G-protein
levels. Under some circumstances however, regulation can
occur at the transcription level for example the ability of
long term ethanol exposure to down regulate Géx with a
parallel decrease in the mRNA (Mochly-Rosen et al., 1988).
This effect may however be indirect in that ethanol can
inhibit the nucleoside transporter resulting in increased

levels of extracellular adenosine. The prolonged action of
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adenosine at adenosine A2 receptors which couple to adenylyl
cyclase by Gsnmy then cause the down regulation observed.

In the diabetic state, significantly reduced levels of
G, have been reported in hepatocyte membranes (Bushfield et
al., 1990a; Gawler et al., 1987) and increased amounts in
adipocyte plasma membranes (Saggerson et al., 1991). No such
studies have been performed in nervous tissue. However,
altered G-protein coupled receptors and adenylyl cyclase
activity have been reported in the central nervous system
(Lynch & Exton, 1992) as has the loss of(%—mediated cyclase
inhibition. More studies should thus be directed towards
direct quantitation of G-protein abundance in the brain in
this perturbed metabolic state.

Several studies have been performed on altered
signalling in the hypothyroid state (see Saggerson, 1992 for
review). Adipose tissue isolated from hypothyroid rats shows
both an enhanced sensitivity to hormones which inhibit
adenylyl cyclase and also decreased sensitivity towards the
stimulatory pathway. Consequently, these membranes show
increased levels of (%a (Ros et al., 1988; Milligan &
Saggerson, 1990) as well as increased levels of B-subunits
(Milligan et al., 1987). In contrast, Gy was unaltered
(Milligan & Saggerson, 1990). Within the central nervous
system, indirect evidence for altered signalling pathways was
obtained by Mazurkiewicz & Saggerson (1989a). It was
observed that forskolin-stimulated adenylyl cyclase in
synaptosomal membranes isolated from hypothyroid rats was

inhibited by 10-100uM GTP, an effect not seen in control
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membranes. Furthermore, an enhancement by the adenosine Al
agonist PIA to inhibit cyclase was also reported in
hypothyroid membranes, despite no change in receptor number
and affinity for the agonist. Together these results
indicated that post- receptor regulation was apparent,
possibly by the up- regulation of G, . A confirmation of
these findings were provided by Orford et al. (1991a) who
provided direct immunological evidence for this up-regulation
of Giin 6 anatomically distinct regions of rat brain in the
hypothyroid state (see also this thesis). The a-subunit of
G, was additionally increased under these conditions.
Neurotransmitter release can be inhibited by hormones,
neurotransmitters or neuromodulators presynaptically by the
G;-coupled pathway. The fact that hypothyroidism 1is
accompanied by up regulation of these inhibitory G-protein
a-subunits may account for some of the observations seen in
hypothyroidism (see section 1.11). In the hyperthyroid state
however, opposite effects are seen to hypothyroidism (see
section 1.11). These may be related to down-regulation of
these inhibitory G-proteins, as indicated in a preliminary
study performed by Orford et al. (1992) and described later
in this thesis. Moreover, increases in the Gssubtype may be
apparent, although no such studies have been carried out to
date.

The evidence so far discussed relates to changes in G-
protein abundance arising as a result of altered hormonal
status. A further mechanism however has been implicated that

the effector molecule may also modulate G-protein levels, and
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Hadcock et agl. (1990) provided evidence to support this
notion. Stimulation of adenylyl cyclase by B-adrenergic
agonists, or direct stimulation of cyclase by forskolin
resulted in a decrease in G,a with a parallel increase in
G;2a. Moreover, the mRNA for(%Za was also increased, but its

|
seen in the mutant S49 cells (KIN) which 1lacks cAMP-

production, preceded that of the protein. This effect was not
dependant protein kinase. It was concluded that the kinase
may possibly induce translation of the G;2a gene thus
enhancing its production, or possibly by stabilizing the
relevant mRNA.

Evidence also exists that signalling pathways may
further be regulated by G-protein phosphorylation (Jakobs et
al., 1985; Katada et al., 1985; Pyne et al., 1989; Bushfield
et al., 1990b). For example in diabetes, Q@a is
phosphorylated and consequently non-operational (Bushfield
et al., 1990a).

Many studies are needed to confirm and expand on those
reported to date and provide further support for the
involvement of G-proteins in altered cell signalling in many

physiological and pathological states.

1.9 ADENOSINE - GENERAL ASPECTS

Adenosine is a ubiquitous nucleoside found in all organs and
tissues of the body. Due to its rapid metabolism and uptake
into cells, adenosine functions as a paracrine agent and
consequently only very 1low 1levels are observed in the

circulation. It generally acts on the very cell which
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produced it, or at least its <close neighbours, and
consequently has been described as a 'local hormone' or
'retaliatory metabolite! (Arch & Newsholme, 1978a,b; Newby,
1984, 1990). For many years adenosine's capacity to modulate
cellular function by means of extracellular receptors has
been greatly appreciated. These receptor mediated effects
furthermore can be blocked directly at the receptor level by
xanthine compounds such as caffeine or theophylline.

The extent of adenosine's effects will thus be determined by
its tissue levels, in particular that in the extracellular
space. These will in turn be controlled by the balance
between uptake and release processes as well as its intra-
and extracellular metabolism. Extracellular adenosine can
be produced by two distinct and separate routes (figure 1.4).
Firstly, as a direct link to neurotransmission, it can be
produced as an endpoint of the extracellular purine
nucleotide phosphohydrolase pathway by the degradation of ATP
which is co-released with excitatory neurotransmitters.
Adenosine formed in this manner serves to inhibit the release
of further transmitter and hence functions as a
neuromodulator. Secondly, it is produced from within the
cell following metabolic insults which lower the energy
charge and result in a rise of cytosolic AMP (Jonzon &
Fredholm, 1985; McIlwain & Poll, 1986). The adenosine thus
produced upon leaving the cell can elicit protective
properties such as vasodilation of the surrounding
vasculature.

Throughout the body, adenosine appears to provokes a wide
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. NT neurotransmitters
eg NA, ACh, 5-HT

INTRACELLULAR ROUTE

cytosol pm extracellular

space
'-N
ATP—>» —>» AMP—— > ADO ADO
catabolism
‘when energy
supply #
energy demand
Figure 1.4 Possible routes of extracellular adenosine

Adenosine can be produced directly into the extracellular
space following degradation of exocytotically released
nucleotides. These can ‘arise from the hypothesised
purinergic or adenosinergic neurones, or as a result of co-
release with excitatory neurotransmitters. Intracellular
adenosine is produced within the cytosol during periods of
depleted cellular energy charge. The adenosine so formed
leaves the cell via the nucleoside transporter.

Abbreviations: ADO, adenosine; NA, noradrenaline; ACh,

acetylcholine; 5-HT, 5-hydroxytryptamine; pm, plasma
membrane; 5'-N, 5'-nucleotidase; N, nucleoside transporter.
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variety of physiological and behaviourial effects. Many of
these can be attributed to its inhibitory action and seems
to arise from its ability to suppress spontaneous neuronal
firing. This results in the inhibition of both synaptic
transmission and excitatory neurotransmitter release (Phillis
& Kostopoulos, 1975; Harms et al., 1979; Fredholme &
Hedquist, 1980; Hollins & Stone, 1980; Fredholme & Dunwiddie,
1988). These events appears to be mediated by adenosine Al
receptors and probably result from either a direct blockage
of presynaptic N-type calcium channels and/or indirectly by
opening presynaptic potassium channels (Michaelis et al.,
1988; Gross et al., 1989) resulting in hyperpolarization of
the membrane.

Adenosine acts as a central depressant (Williams, 1984)
eliciting many responses including inhibition of breathing,
reduction of heart rate, lowering blood pressure and even
acting as a sedative (Dunwiddie & Worth, 1982; Mendelson et
al., 1983; Radulovacki et al., 1983, 1984; Snyder, 1985).
In fact studies performed by Radulovacki et al. (1982)
demonstrated that adenosine Al receptor agonists induced
sedation which closely resembled that of natural sleep.
Adenosine also shows anti-seizure properties (Snyder, 1985)
which has lead to the belief that it may possibly even
function as an endogenous anticonvulsant (Dragunow et al.,
1985; Dragunow & Robertson, 1987; Dragunow & Faull, 1988;
Dragunow, 1988). Its involvement in pain suppression has
been postulated (De Lander & Hopkins, 1987; Salter & Henry,

1987; Sawynok et al., 1989), possibly by mediating some of
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the effects of analgesics. Exogenously applied opiates are
capable of inducing a release of adenosine from brain slices,
synaptosomes and even the cortical surface in vivo. In fact
they are able to decrease neuronal firing which to some
extent can be prevented by xanthines again suggesting
adenosine's involvement.

Another major physiological event mediated by adenosine
is that of its role in the local regulation of blood flow.
In most vascular beds, adenosine acts as a vasodilator
(Berne, et al., 1981) by means of its actions on vascular
adenosine A2 receptors. The original hypothesis proposed by
Berne (1964) that intracellular adenosine levels in the heart
rise when the oxygen supply is insufficient to meet its
demand (as in the case of ischaemia and hypoxia) has also
been confirmed in the brain (Berne et al., 1974; Rubio et
al., 1975; Winn et gl1., 1980, 1981; Zetterstrom et al., 1982;
Van Wylen et al., 1986; White & Hoehn, 1991). In fact any
situation which leads to a reduction in the energy charge of
the cell results in the intracellular production of adenosine
as a net result of ATP catabolism (Atkinson, 1968; Itoh,
1981b; Itoh et al., 1986; Worku & Newby, 1983). Since the
adenylate kinase reaction is essentially an equilibrium
reaction, a small depletion of cytosolic ATP would result in
a large increase in AMP. Consequently adenosine would be
produced as a result of the AMP hydrolysis catalysed by 5'-
nucleotidase. The adenosine so formed is then able to 1leave
the cell by the nucleoside transporter and exert its

vasodilatory action on the surrounding vasculature. This
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would increase the local blood flow and attempt to restore
the homeostasis of the tissue. Extracellular ATP is also
capable of inducing vasodilation by its action on purinergic
P2 receptors. This effect is however indirect and slower
than the adenosine response. This can be reasoned since it
is mediated by prostacyclin and endothelium-derived relaxing
factor released by the action of ATP on endothelial P2Y

receptors (Olsson & Pearson, 1990).

1.9.1 EXTRACELLULAR PRODUCTION OF ADENOSINE

The direct production of adenosine within the extracellular
space functions not only to produce the nucleoside for its
role in neuromodulation, but also to prevent excess purine
loss from occurring from the cell. Extracellular ATP can
arise due to leakage from broken cells, but more importantly
as a result of exocytotic release. The hypothesised
purinergic neurones (Burnstock, 1972; 1976) where ATP is the
sole transmitter could provide one possible route of
extracellular adenine nucleotides, although this has not been
conclusively proven. More recently, the direct release of
adenosine from postulated adenosinergic neurones has been
suggested (Meghji, 1991). Purines can be released in a
calcium dependant manner from hippocampal slices (Jonzon &
Fredholm, 1985) or from synaptosomes isolated from the cortex
(Kuroda & McIlwain, 1974) thus supporting this idea. However
release can also occur independently of calcium (Jonzon &
Fredholm, 1985) and probably represents adenosine leaving the

cell by the nucleoside transporter rather than by
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