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SUMMARY.

The specific objective of the work described in this thesis was to
study aspects of signal transduction in the post mortem brains of persons
who had suffered from dementia of the Alzheimer type (DAT). There
already exists much data describing the state of many neurotransmitter
systems in the disease, but little information was available regarding the
events that take place subsequent to receptor activation. Such knowledge is
important in order to assess the potential for neurotransmitter replacement
therapies in the treatment of Alzheimer's disease, as well giving further
insight into the neurodegenerative mechanism of this disease.

The levels of the guanine nucleotide binding protein (G protein) o
subunits, GsH, GsL, Gil, Gi2 and Gs&, were measured by western blotting
utilising highly specific anti-G protein antisera. Similarly, the messenger
RNA (mRNA) encoding the G protein subunits Goo, Gix and GB, as well as
28S ribosomal RNA (285 mRNA), were analysed by northern blotting
utilising radiolabelled oligonucleotide probes. In addition, the activities of
the enzymes adenylate cyclase, sodium potassium dependent ATPase and

choline acetyl transferase were assayed using standard methods.

(i) Effect of post mortem delay on different components of signal
transduction in rat brain.

Since multiple parameters (e.g. levels of G proteins and their mRNAs,
adenylate cyclase activity, etc.) were to be measured in post mortem human
tissue, there was a concern that the delay between death and freezing of the
tissue (the post mortem delay) would influence the reliability of any
measurements made. This possibility was investigated by experiments in
which rats were sacrificed and left at room temperature for 24 hours, or at
4°C for up to 72 hours. The subsequent analysis of crude membranes

prepared from the brains of these animals brains showed that no significant
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degradation of G protein o subunits, or loss of activity of adenylate cyclase
or sodium-potassium dependent ATPaos(é(,:\Lfl{)r\?gr these time periods. In
addition G protein encoding mRNA appeared to be relatively stable for up
to 72 hours at 4°C, although there was a time dependent increase in 285

rRN A breakdown.

(ii) Measurement of G protein levels, and enzyme activities in DAT
diseased post mortem human brain.

The mean activity of choline acetyl transferase (ChAT), assayed in the
hippocampus of eight persons who had suffered from DAT, was
significantly reduced to 34% of that observed in eight age-matched control
subjects. Similarly, the mean activity of ChAT in DAT diseased frontal
cortex was 54% of that measured in control subjects.

When adenylate cyclase activity was assayed in the same subjects,
both the basal and fluoroaluminate stimulated activities were significantly
reduced in DAT diseased frontal cortex, being 56% and 53% of the mean
values observed in control subjects. In contrast, no statistically significant
change was observed in the hippocampus.

A second membrane-bound enzyme, sodium potassium-dependent
ATPase, was assayed in the same preparations. No statistically significant
change in the mean activity of this enzyme was detected between DAT
diseased and control subjects, in either the frontal cortex or hippocampus.

The western blot analysis of G protein levels also revealed no
statistically significant difference, in either brain region, in the levels of GsH,
GsL, Gil, Gi2 or Goo, between DAT and control subjects. However the
mean ratio of GsH to GsL was found to be significantly reduced in DAT
diseased frontal cortex, to a value of 72% of that observed in controls.

Thus while some components of the signal transduction process are
preserved in DAT, other key components are significantly altered by the

disease process.
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None of the parameters measured showed any significant linear
correlation with either age or post mortem delay. However the activity of
sodium potassium-dependent ATPase was significantly correlated with the
length of time the tissue had been stored at -80°C, in both the frontal cortex

and hippocampus (r = 0.746 and 0.707 respectively).

(iii) Distribution of G protein o subunits and adenylate cyclase in human
brain.

The levels of the G protein o subunits, and the activity of adenylate
cyclase, were measured in five brain regions obtained from three control
subjects. Adenylate cyclase, Gil, Gi2 and Goo were similarly distributed
throughout the brain, each possessing their highest levels in the frontal
cortex, and lowest in the pons. However the distributions of GsH, and
especially GsL, were dissimilar to that of the other o subunits and adenylate
cyclase. In addition, an extra "Gso-like" immunoreactive band, which
migrated slightly more slowly than GsL, was observed in the western blot
analysis of human neostriatum. It is suggested that this species may be the
G protein o subunit, Golfe, which is normally associated with olfactory
neurons.

Similar experiments demonstrated that GsH, Gil, Gi2, Gox and
adenylate cyclase were more strongly expressed in cortical grey matter than

white, with the opposite being true for GsL.

(iv) Analysis of G protein encoding mRNA in post mortem human brain.
The levels of the mRNA encoding the G protein subunits Gso, GB4
and GB, were measured, by northern blotting, in the frontal cortex and
hippocampus of six DAT diseased subjects, and in six age-matched control
subjects. There was no significant difference, in either brain region, between
the control and DAT diseased groups, for any of the G protein mRNAs

measured.
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The degree of intersubject variability was very high, giving an
average coefficient of variation, or CV, (SD as percentage of mean) of 65%,
with the highest CV being 92%, observed in the measurement of GB; mRNA
levels in the frontal cortex. This compares with an average CV of
approximately 30%, observed in the measurement of G protein levels, or
enzyme activities.

The extent of generalised RNA degradation was assessed by
detecting the breakdown products of 285 rRNA. RNA degradation was
present in tissue samples from every human subject studied. The extent of
285 rRNA degradation in each subject was found to be related to the levels
of G protein mRNA detected. In addition, the degree of RNA degradation
in human subjects was found to be very variable and unaffected by the
presence of DAT. RNA degradation (and G protein mRNA levels) were not
significantly correlated with subject age, post mortem delay or storage time.

The effect that periods of ischemia, and freeze/thawing of tissue, had
upon RNA integrity was investigated in rat brain. A single cycle of freeze/
thawing greatly increased the rate of RNA degradation, while three hours of
permanent focal forebrain ischemia had little effect upon RNA integrity.

The variable extent of RNA degradation means that great care must
be taken to ensure the validity of RNA analyses undertaken in human
postmortem brain, in order to avoid drawing incorrect conclusions from

such studies.
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1. Introductory comments.

The evolution of complex multicellular organisms has necessitated
the development of mechanisms which allow intercellular communication to
take place. This is vital for the co-ordination of body functions, as well as in
mediating a response to external stimuli. Cellular communication is of
particular importance in the central nervous system which, being comprised
of fairly simple cell types, relies for its function on the interactions which
take place between individual cells. The study of these mechanisms has
revealed that what is an apparently simple process, namely the release of a
transmitter substance by one cell eliciting a response in another, is
associated with an array of complex molecular events. The major
components of such processes, for example neurotransmitter receptors, G
proteins, and protein kinases, will be described in the following section.

The ubiquitous and important nature of these systems makes it likely
that they are involved in a variety of disease states. Indeed, there is much
current interest in the role that such processes play in ailments such as
diabetes, heart disease and affective disorders of the brain (described in
Section 3). One disease in which dysfunction of intercellular communication
has clearly taken place, is dementia of the Alzheimer type (DAT), a severe
neurological disorder prevalent in later life. The role which different
neurotransmitters play in the disease, as well as the receptor proteins to
which they bind, has been extensively studied over the last two decades. It
has become apparent however that, in many cases, the binding of
transmitter to a receptor is only the first in a series of events which cause a
response to occur in the responding cell. These components, distal to the
activation of receptors, have received relatively little attention in DAT
which, given their demonstrated involvement in other neurological

disorders, is a situation which requires to be remedied.
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Tissue samples from the human subjects used in this study have
already been used in a variety of other investigations. For example, that of
Dewar et al. (1990) has indicated that alterations in the levels of G proteins or
adenylate cyclase may have occurred in DAT, while Chalmers et al. (1990)
and Dewar et al. (1991) have observed changes in the levels of a number of
different receptor proteins. This thesis builds on these results by using
biochemical techniques to measure both the levels and functioning of a

variety of different moieties involved in the signal transduction process.
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2. G protein coupled signal transduction.
2.1 Overview.

The elucidation of the processes by which the release of a transmitter
substance (also referred to as hormones or agonists) by one cell causes a
response in another is central to the understanding of how the central
nervous system (CNS) functions at a molecular level. Typically this relies on
the binding of the transmitter to a receptor molecule on the extracellular
surface of the cell membrane. This binding event, or signal, must be
communicated, or transduced, across the plasma membrane allowing the
cell to respond in some way to the stimuli - hence signal transduction. In
some cases the neurotransmitter binds directly to an ion channel causing it
to open or close (ionotropic receptors), examples of this being the GABA 4
receptor (Sieghart, 1989), as well as several types of glutamate receptor
(Farooqui & Horrocks, 1991). However in other cases the occupied receptor
does not, in itself, cause any intracellular events to occur, but instead
activates a second class of proteins termed heterotrimeric guanine
nucleotide binding proteins (G proteins). These in turn modulate the
activity of a range of enzymes and ion channels, the purpose of which are to
cause some form of change within the cell. This multistep process possesses
the potential for more varied, and finer, control than is possible for
ionotropic receptors.

G proteins are part of a super family of guanine nucleotide binding
proteins, which includes the initiation and elongation factors of protein
synthesis, and the small GTP binding proteins such as the ras-related family
of proto-oncogene products (Bourne et al., 1991). In view of their ability to
bind guanine nucleotides, it is not surprising that the main feature of G
protein coupled signal transduction systems is their requirement for GTP
(Casey & Gilman, 1988). The first indications that such systems existed
came from Rodbell et al. (1971) who demonstrated that the stimulation of

adenylate cyclase by glucagon in liver was dependent upon GTP, a
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requirement which was subsequently found to be due to the presence of the
adenylate cyclase stimulatory G protein, or Gs (Northup et al., 1980). A large
number of other G proteins have subsequently been identified having
functions such as the inhibition of adenylate cyclase (Hildebrandt et al.,
1983), the regulation of phospholipid metabolism (Birnbaumer et al., 1990)
and the gating of ion channels (Sternweis & Pang, 1990). In addition the
activity of G proteins can be modulated by a wide variety of receptors such

as muscarinic, adrenergic and serotonergic (Birnbaumer et al., 1990).

2.2 Mechanism of G protein action.

Despite being able to associate with a wide range of receptors and
effectors, all G proteins possess a similar heterotrimeric structure composed
of &, B and Y subunits (Lochrie & Simon, 1988). The o subunits, of which
many forms exist, confer receptor and effector specificity upon the G
protein, whilst the B and Y subunits are required for the expression of G
protein activity (Kanaho et al., 1984 ; Florio & Sternweis, 1989), and are
thought to be interchangeable between different o subunits in a non
discriminating manner (Birnbaumer et al., 1990). As well as their similarities
in structure, each G protein appears to have a similar mechanism of action.
Fundamental to this process is the ability of the o subunit to bind GTP and
subsequently hydrolyse it by means of an intrinsic GTPase activity
(Pedersen & Ross, 1982). In its inactive state the o subunit is bound to GDP
and complexed to the 8 and y subunits (Figure 1). However when this
trimeric structure interacts with an occupied receptor protein, GDP is
exchanged for GTP, and the receptor-o-By complex dissociates to give
receptor, By subunits and free GTP-bound o subunit (Taylor, 1990). The
subunit can then interact with specific effector proteins in the membrane,
such as adenylate cyclase, and modulate their activity. Finally the GTPase
activity of the o subunit hydrolyses the bound GTP to GDP, causing the o

subunit to reassociate with the By subunits, thereby returning the G protein
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to its inactive state. It is not certain at what stage the o subunit actually
becomes competent to modulate effector activity, since Codina et al. (1984)
have demonstrated that, under certain conditions, a GTP-bound of3y
structure can be isolated. It is therefore possible that dissociation of the o
subunits from the B and y subunits is not mandatory for G proteins to exert
control over effectors; a feature which may allow a more rapid response to
the binding of transmitter molecules. The mechanism of G protein action
therefore takes the form of a cycle, which is activated by the presence of
transmitter bound receptors, and "switched off" by the hydrolysis of GTP.
This GTPase activity can easily be measured by virtue of the o-subunits
possessing a higher affinity for GTP (low Km GTPase) than the other
GTPases which are present in the cell (high Km GTPases) (Cassel & Selinger,
1976). As might be expected, low Km GTPase activity is enhanced in the
presence of certain agonists, a feature which has been useful in determining
which receptors are coupled to G proteins (Cassel & Selinger, 1976; Franklin
& Hoss, 1984). However low Km GTPase activity is also measurable in the
absence of agonists, which indicates that there is a continuous basal rate of
activation of G proteins. This feature may be important in determining the
activity of effector proteins in the absence of external stimuli. The formation
of active o subunits can also be stimulated by the addition of non-
hydrolysable analogues of GTP, such as guanyl-imido-diphosphate
(GppNHp), which bind to the o subunit and permanently activate it
(Schramm & Rodbell, 1975). A similar action is also performed by
fluoroaluminate (AlF;s), which also binds to and activates the o subunit
(Bigay et al., 1987). However this requires that the o subunit is in its GDP-
bound form, leading to the proposal that fluoroaluminate acts as a high
affinity phosphate analogue, which binds next to the B phosphate of GDP
mimicking a y phosphate group, hence converting the o subunit to its active
conformation (Bigay et al., 1987). One further feature of G protein coupled

signal transduction is that the agonist bound receptor protein can exist in
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two different conformations, each of them possessing a different affinity for
agonists (lyenger et al., 1980; Rojas et al., 1985; Koo et al., 1983). The high
affinity state is thought to be indicative of a receptor G protein complex,
with the low affinity state representing free receptors (Taylor, 1990;
Birnbaumer et al., 1990). The addition of non-hydrolysable GTP analogues
causes the conversion of high affinity to low affinity agonist binding, since it
causes the formation of activated o subunits, which then dissociate from the

receptor (Figure 1).
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A = Agonist, R and Ry = Receptor, o. B and y =G protein subunits, AC =
Adenylate Cyclase.

When an agonist bound receptor protein interacts with an inactive
trimeric G protein, the G protein o subunit loses its bound GDP, and the
receptor changes from its low (R) to its high affinity state (Ry). The o
subunit then binds GTP causing the dissociation of the receptor/G protein
complex into free o subunit, By subunits and receptor in its low affinity state.
The o subunit can now interact with, and modulate the activity of, effector
proteins. In this case Gsox is shown activating adenylate cyclase. The cycle is
terminated by the o subunit hydrolysing its bound GTP, causing
reassociation of the o and By subunits and returning the G protein to its

inactive form.



2.3 Classification of G proteins.

As mentioned in Section 2.1, there exists a wide range of different
enzymes and ion channels, the activity of which can be modulated by G
proteins. In addition, many different o subunits have been identified by the
use of molecular cloning and protein purification. In many cases the specific
function of the identified subunits is unclear. Conversely, many of the
effector systems are still "seeking" a controlling G protein. It is therefore
possible to classify G proteins in two ways; by characterised protein species

and by the effector systems which are thought to be G protein controlled.

2.3.1 Physically identified G protein subunits.

The highly homologous nature of G protein subunits has meant that
their purification to homogeneity by conventional means has proved
difficult. =~ However the use of molecular cloning has allowed the
identification of numerous G protein encoding mRNAs and genes. The
amino acid sequence deduced from these clones has allowed the preparation
of highly specific anti-peptide antisera against individual G protein
subunits, the use of which has proved invaluable in the process of
elucidating the functions of these proteins. Such antisera will be used in this
study to measure the levels of several G protein subunits. It is therefore
important to examine the large variety of G proteins which have been
identified in the CNS, before attempting to describe the specific functions of

these proteins.

B and Y subunits.

The use of molecular cloning has identified two species of B subunit
mRNAs termed 3, and B, present in human and bovine brain (Fong et al.,
1986; Fong et al., 1987). These correspond to the two forms of B subunit
protein which can be identified by SDS-PAGE (36kDa and 35kDa

respectively; Sternweis ef al., 1981; Birnbaumer et al., 1990). In addition, a
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third form of B subunit mRNA has recently been cloned from bovine retina
(Levine et al., 1990b), although a corresponding protein has not, as yet, been
identified.

The G protein Y subunits have not been fully characterised. They are
much smaller than the B or o subunits (approximately 8kD), and under
normal circumstances are found tightly bound to the B subunit (Tamir et al.,
1991). At least six forms of Y subunits are known to exist, with three being
present in bovine brain (Tamir ef al., 1991). These can associate in any
combination with the different B subunits (Birnbaumer et al., 1990), and
while different tissues possess differing amounts of the B and y subtypes

(Birnbaumer et al., 1990), no functional role is known for this heterogeneity.

o subunits.

The o subunits are a rapidly growing family of homologous proteins,
possessing molecular weights ranging from 37 to 52 kDa, the amino acid
sequences of which differ in the regions of the protein which confer receptor
and effector specificity (Lochrie & Simon, 1988). A feature of the o subunits
which has proved useful in the elucidation of their function, is their
susceptibility to ADP-ribosylation by bacterial toxins isolated from Bordetella
pertussis (Pertussis toxin or PTX) and Vibrio cholera (Cholera toxin or CTX),
which cause a change in the activity of the proteins that they modify (Cassel
& Pfeuffer, 1978; Heyworth et al., 1984). Each toxin only modifies those
proteins containing a specific amino acid sequence, which fortuitously are
not present within every o subunit. Hence discovering whether or not a
process is susceptible to disruption by these toxins has helped to identify
which G proteins are involved in each task. In addition, the use of
radiolabelled substrate for the ADP-ribosylation reaction, allows partial
quantification of the levels of cholera and pertussis toxin substrates,
although the availability of highly specific anti-G protein antisera has

reduced the need to use the toxins for this purpose.
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The major o subunits which are known to exist in the CNS are as
follows.

Gso. Bray et al. (1986) have isolated four cDNA clones from human
brain which correspond to Gso. These are all derived from the same gene
and arise from alternative splicing events (Kozasa et al., 1988 and Figure 2).
The four mRNAs fall into two distinct groups - two species which encode
the heavy form of Gso, GsH, and those that encode the light form, GsL.
GsH differs from GsL by containing a sequence of 14 or 15 additional amino
acid residues, which corresponds to exon 3 of the Gsx gene (Kozasa et al.,
1988). Within each group, the proteins differ by a single amino acid residue,
also caused by an alternative splicing reaction at the 5" end of exon 4 of the
Gsa gene. This additional residue is a serine and may have some functional
significance since it represents a potential phosphorylation site. All forms
Gso can be ADP ribosylated by cholera toxin, but not by pertussis toxin
(Jones et al., 1990).

Gio. The use of cDNA cloning has revealed the presence of three
homologous mRNAs, known as Gil, Gi2 and Gi3, which, unlike Gsx
subtypes, are all derived from separate genes (Itoh et al., 1988). While Gil
and Gi2 are prevalent species in brain, Gi3 is only found in very low
concentrations in discrete brain regions such as the substantia nigra and
hippocampus (Cortes et al., 1988). Newton & Klee (1990) have recently
provided evidence for the existence of subspecies of Gi2 termed Gi2-A and
Gi2-B. It is not known whether these derive from a difference in primary
sequence or to post-translational modifications, but there are indications that
they possess differences in function (Newton & Klee, 1990). In contrast to
Gso, Gia molecules can be ADP ribosylated by pertussis toxin but not by
cholera toxin (Linder et al., 1990).

Goo. Two Goo ¢cDNA clones, thought to derive from alternative
splicing of one gene product, have been identified in mouse brain

(Strathmann et al., 1990). The deduced amino acid sequence of Gox is
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similar to that of Gix (Lochrie & Simon, 1988), and can also be ADP
ribosylated by pertussis toxin (Linder et al., 1990). Go« is found in large
amounts within the CNS, where it comprises approximately 1% of total
membrane protein (Gierschik et al., 1986). It has also been identified in other
tissues such as heart and retina (Angus ef al., 1986; VanDongen et al., 1988),
but is thought to derive from the neuronal elements within these tissues.
Various protein purification strategies have shown the existence of four
Goo-like proteins in bovine brain, termed Go-1,2,3 and 4 (Inanobe et al.,
1990).  Although these subspecies may all be due to differing post
translational modifications, peptide mapping has suggested that two forms
of Goo, each possessing a different amino acid sequence, exist in brain.
Whether these correspond to the two cDNA clones which have been isolated
is, at the moment, unclear. It also possible that other species of Goo await
isolation, since the northern blot analysis of RNA purified from brain reveals
the existence of several RNA species containing Goo like sequences,
although this may be due to differences within the 3' untranslated regions of
these mRNA species rather than within the coding region (Price et al., 1990).

Golfo. This o subunit was cloned from a cDNA library derived from
olfactory neurons (Jones & Reed, 1989), in which it is predominantly found.
It is highly homologous to Gsa and can also be ADP-ribosylated by cholera
toxin (Jones et al., 1990).

Gzo. This o subunit, also known as Gxo, was originally cloned from
bovine retina, but is also expressed in adrenal medulla and brain (Fong et al.,
1988; Casey et al., 1990). It cannot be modified by either pertussis toxin or
cholera toxin (Casey et al., 1990).

Gqo. This species, and the highly homologous o;,, were cloned
from mouse brain (Strathmann et al., 1989; Strathmann & Simon, 1990), and
are expressed in many different tissues. Like Gz, neither protein can be

ADP- ribosylated by pertussis toxin (Blank et al., 1991).
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GsH (1) GsH (2)

GA
Glu

Exon 2
Gso gene —|
GsL (1) GsL (2)
GAlr GG oAl
Asp Glu Asp Ser Glu

Exons 2, 3 and 4 of the Gsox gene are shown along with the nucleotide

sequence adjacent to the splice points. The inclusion of the sequence
encoded by exon 3 gives rise to GsH encoding mRNA, while its exclusion
produces GsL mRNA. Furthermore, GsH (2) and GsL (2) mRNA, contain an

additional codon (shaded) encoding a serine residue.



2.3.2 G protein coupled effector systems.
Adenylate cyclase.

The best characterised of the G protein controlled effector enzymes is
adenylate cyclase. This is a membrane bound enzyme which catalyses the
hydrolysis and cyclisation of ATP to form cyclic adenosine monophosphate
(cAMP) (Rall et al., 1957; Rall & Sutherland, 1961). The cAMP formed then
acts as a "second messenger” (the transmitter substance being the "first
messenger") by diffusing into the cell's cytoplasm and activating a protein
kinase, known either as protein kinase A or cAMP-dependent protein
kinase. This in turn phosphorylates and alters the activity of a variety of
cellular components including other enzymes (Martin, 1987), ion channels
(Levitan, 1988), and cytoskeletal proteins (Nestler & Greengard, 1989). It has
been known for many years that some transmitters can stimulate the activity
of adenylate cyclase, for example adrenaline and dopamine, and that this
can be altered by the action of cholera toxin (Cassel & Pfeufer, 1978). Since
the only widely distributed cholera toxin substrate is Gso, it was concluded
that this protein was responsible for the coupling of these receptors to the
stimulation of adenylate cyclase. This has subsequently been proved by
reconstituting purified adenylate cyclase with purified Gsx (May et al.,
1985). More recently both GsH and GsL have been shown to be able to
stimulate adenylate cyclase (Jones et al., 1990).

There exists only one other o subunit which is known to activate
adenylate cyclase, this being Golfo. This G protein has been proposed to
couple olfactory receptors to adenylate cyclase (Jones & Reed, 1989),
although it is also able to couple B-adrenergic receptors to the enzyme (Jones
et al., 1990). With this one exception, the hormonal stimulation of adenylate
cyclase is thought to be mediated exclusively by Gsox.

Gso was named because of its stimulatory effects on adenylate
cyclase. Similarly, Gix subunits were thought to be involved in inhibitory

processes. However, the exact mechanism by which receptors can cause the
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inhibition of the enzyme is unclear. Firstly, it is not known with which G
protein inhibitory receptors interact. This is likely to be one of the Gix
proteins, since the stimulation of low Km GTPase activity by opiate
receptors (which inhibit adenylate cyclase), is blocked by anti-Gic antisera
in NG-108 cells (McKenzie et al., 1988). Furthermore, the inhibition of
adenylate cyclase by o-adrenergic agonists in platelets can be inhibited by
anti-Gi2 antisera (Simonds et al., 1989), while the inhibition caused by non-
hydrolysable GTP analogues in hepatocytes, can be blocked by the
phosphorylation of Gi2 (Houslay, 1991). While these results indicate that
Gi2 mediates the inhibition of adenylate cyclase, Katada et al. (1986) have
demonstrated that purified Gil is able to inhibit the enzyme which, along
with other less direct evidence (Wang et al., 1990), suggests that the Gil is
also able to fulfil this role. These results are not necessarily contradictory,
since it is possible that different receptors may mediate the inhibition of
adenylate cyclase via different G proteins.

The mechanism by which G proteins cause the inhibition of adenylate
cyclase is also unclear. One possibility is that the enzyme is inhibited
directly by the o subunit of an inhibitory G protein, in an analogous manner
to its stimulation by Gsox. This view is supported by the work of Katada et
al. (1986) who, as mentioned above, observed that Gil can directly inhibit
adenylate cyclase. However similar experiments by others have failed to
repeat this observation (Linder et al., 1989; Newton & Klee, 1990).
Alternatively, the fact that By subunits can also cause inhibition of the
enzyme (Hildebrandt & Kohnken, 1990), has lead to the suggestion that By
subunits released from an activated inhibitory G protein can combine with
free Gsox molecules thereby preventing them from stimulating the enzyme.
This implies that the activation of any G protein other than Gs could cause
the inhibition of adenylate cyclase, since By subunits are thought to be
interchangeable between o subunits. However, titration of Gsox by By

subunits cannot be the sole mechanism by which Gi mediates inhibition of
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adenylate cyclase, since non-hydrolysable GTP analogues and inhibitory
agonists can reduce the activity of adenylate cyclase in cells which totally
lack any functional Gso (Katada et al., 1984a). As a compromise between the
two possibilities, Hildebrandt & Kohnken (1990) have proposed that
inhibition can occur by both mechanisms, with the release of By subunits
mediating "tonic" inhibition i.e. counteracting the effect of free Gso
molecules released under basal conditions (see Section 2.2), while actual
transmitter-mediated inhibition is due to the direct effect of a Giot molecule
upon adenylate cyclase.

Thus the term Gi is somewhat ambiguous. It can mean either a G
protein which is capable of inhibiting adenylate cyclase, or the highly
homologous family of cloned Gia proteins which, may, or may not, be the
actual mediators of the agonist dependent inhibition of adenylate cyclase. In
this text the terms Gio, Gil, Gi2 and Gi3, refer to the actual protein species,
while the term Gi is used to mean a G protein through which receptors can

cause the inhibition of adenylate cyclase.

Phospholipases.

The membrane-bound enzyme, inositol phopholipid-specific
phospholipase C, serves to catalyse the breakdown of inositol phospholipids
in the cell membrane to form inositol triphosphate (IP3) and diacylglycerol
(DAG) (Fisher & Agranoff, 1987). The activity of the enzyme can be
stimulated by a number of transmitter substances in a GTP dependent
manner, indicating that it is a G protein coupled process (Kikuchi et al.,
1986). The IP; that is produced by phospholipase C diffuses into the
cytoplasm, where it binds to specific receptors causing the release of calcium
ions from intracellular stores (Berridge, 1990). This causes an increase in
intracellular free calcium ion concentration, leading to a variety of effects
including the activation of calcium/calmodulin dependent protein kinases,

other phospholipases (Kennedy, 1989) and proteases (Melloni & Pontremoli,
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1989), as well as causing various cytoskeletal rearrangements (Forscher,
1989). The other product formed, DAG, acts in unison with calcium to
activate protein kinase C (Huang, 1989), an enzyme of particular interest due
it postulated role in the pathology of Alzheimers disease (Masliah et al.,
1991a, and references therein).

The identity of the G protein which stimulates phospholipase C,
termed Gp, remains unclear. In some cases the stimulation of the enzyme
can be inhibited by pertussis toxin, while in others it has no effect (Moriarty
et al, 1989). This difference probably arises from the existence of
isoenzymes of phospholipase C (Crooke & Bennet, 1989), which can
presumably interact with different G proteins. In HL-60 cells the stimulation
of phospholipase C is abolished by pertussis toxin treatment, but this can be
overcome by the addition of purified Goox and Giox (Kikuchi et al., 1986). In
addition, Moriarty et al. (1990) have demonstrated that the addition of
purified Goo but not Gil, Gi2 or Gi3, to Xenopus oocytes causes the opening
of a calcium sensitive chloride channel, an effect which is accredited to the
stimulation of phospholipase C. Although the limited tissue distribution of
Goo makes it likely that other G protein species can activate phospholipase
C, it seems that one role of Goox may be to modulate inositol phospholipid
metabolism in brain.

The identity of the G protein which mediates the pertussis toxin-
insensitive stimulation of phospholipase C has only recently become clearer.
The two cloned o subunits which are the best candidates for Gp, are Gz
and Gqu (and o11), both of which are insensitive to pertussis toxin. The
experiments of Shenker et al. (1991) have demonstrated that the stimulation
of low Km GTPase activity in platelets by the thromboxane A, receptor (a
receptor which is coupled to the stimulation of phospholipase C), can be
abolished by the addition of antibodies against Gqox but not Gzo. This
indicated that, in platelets at least, Gqox was associated with the modulation

of phospholipase C activity. Confirmation of this has come from Smrcka et
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al. (1991), who have shown that both Gqa and «11, purified from bovine
brain, are able to stimulate phospholipase C, while Goo, Gil and Gi2 are
not. Although it is as yet unknown with which receptors Gqo can interact, it
is likely that this relatively unstudied G protein will prove to be important
in neural function. Thus it appears that a range of different G proteins may
serve to stimulate the activity of phospholipase C, each possibly interacting
with different receptors and phospholipase C subtypes.

Although most is known about the G protein coupled control of
phospholipase C, the activity of other phospholipases may also be
modulated in this way. For example, phospholipase A,, which catalyses the
breakdown of phospholipids to form arachidonic acid, appears in some
circumstances to be stimulated by transmitters via a pertussis toxin sensitive
G protein, termed Ga (Burch et al,, 1986). In addition, the activity of
phospholipase D in hepatocytes is also thought to be coupled to receptors by
a G protein referred to as Gd (Bocckino et al., 1987), although other
mechanisms involving protein phosphorylation or calcium ion concentration
are also known to be involved (reviewed in Billah & Anthes, 1990).
Phospholipase D may constitute an important part of the cell's signal
transducing repertoire, since it catalyses the breakdown of phosphatidyl
choline to form  phosphatidic acid. This can be further degraded to DAG
by the action of phosphatidic acid phosphohydrolase (Billah & Anthes,
1990). Since phosphatidyl choline is a much more abundant lipid than
phosphatidyl inositol (Houslay & Stanley, 1984), it represents a much larger
potential source of DAG, which as explained above, is required for the
activation of protein kinase C. As it also appears that protein kinase C can
in turn stimulate phospholipase D activity in astrocytoma cells (Martinson et
al., 1989), there potentially exists a positive feedback mechanism between
the two enzymes that could result in the persistent activation of protein
kinase C. This may be of particular importance in the CNS, since protein

kinase C is thought to play an important role in the formation and
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maintenance of long term potentiation (Malenka et al., 1989b), a process by
which repeated stimulation of certain neurons gives rise to a lasting increase
in their excitability. It is thought to be a mechanism by which information is

stored in the brain i.e. memory (Barnes et al., 1990).

Ion channels.

The conductance of many types of ion channels can be altered by the
action of kinases activated by the mechanisms described above (Levitan,
1988). However, the use of the patch clamp technique for monitoring ion
channel activity has shown that G proteins can directly interact with, and
modulate the conductance of, several types of ion channel. This direct effect
was initially investigated in heart in which a G protein, termed Gk and
subsequently shown to be Gi3 (Codina et al., 1988), was able to control the
opening of potassium channels (Codina et al., 1987). In addition, a Gix
protein can activate ATP sensitive-potassium channels in rat RINm5F cells
(Ribalet et al., 1989). Other G proteins are also involved in the regulation of
ion channels. For example, Gsa can interact with sodium channels in guinea
pig heart (Schubert et al.,, 1989), and dihydropyridine-sensitive calcium
channels in guinea pig heart (Imoto et al., 1988) and rabbit muscle (Mattera et
al., 1989). Although this facet of Gsa action has not been demonstrated in
the CNS, it seems likely that it does occur. Thus Gsox may mediate a rapid
response to a neurotransmitters via its direct effect on ion channels, which
may then be consolidated by the phosphorylation of other ion channel
proteins by protein kinase A, acting in response to increased cAMP levels.
There exists two demonstrations of G protein control of neural ion channels.
Firstly, Goox has been shown to enhance the conductance of four types of
potassium channels in rat hippocampus (VanDongen et al., 1988). Secondly,
the same protein can inhibit the opening of calcium ion channels in dorsal
root ganglion cells (Ewald et al., 1988). Both these actions would be expected
to have an inhibitory effect on the cell, which is somewhat at odds with the
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postulated role of Gox as an activator of phospholipase C; an action
expected to increase the intracellular concentration of calcium ions. It is
therefore likely that Goor does not mediate both effects within one cell, and
raises the possibility that the different subtypes of Goo are functionally

distinct.

2.4 G protein coupled receptors.

The preceding sections have concentrated mainly upon the
relationship between different G protein and effector proteins. It has also
been important to determine which receptors couple with which G protein
linked pathways. This has been accomplished by monitoring the effect that
receptor specific agonists have on the activity of the various effector
proteins, reconstituting purified receptors and G proteins in phospholipid
vesicles, and the use of anti-G protein antisera to block the actions of certain
G proteins. A large number of G protein coupled receptors are known to

exist in brain and some of the most important are listed in Table 1.
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Table 1.
Examples of G protein linked neurotransmitter receptors.

The table illustrates a range of neurotransmitters, and their receptors,

that modulate the activity of G protein coupled effector enzymes.

Abbreviations - AC = adenylate cyclase, PLC = phospholipase C,
PLA, = phospholipase A, , PLD = phospholipase D, 7T or { indicates

stimulation or inhibition respectively, CRF = corticotrophin releasing factor.

References are -
(1) Bonner (1989)
(2) Peralta et al., (1988)
(3) Egan et al. (1986)
(4) Birn baumer et al. (1990)
(5) Cotecchia et al. (1990)
(6) Burch er al. (1986)
(7) Bocckino et al. (1987)
(8) Bowery (1989)
(9) Childers (1991)
(10) Hoyer and Schoeffter (1991)



Transmitter Receptor type Effector Reference
Acetyl Choline M1 TPLC (1)
TAC(?) (2)
{4 K channel (1)
M2 Y AC 1)
T K channel 3)
Adenosine Al 4 AC 4)
A2 T™AC 4)
Adrenaline By ™AC 4)
(Noradrenaline) T Ca channel 4)
B, TAC 4)
oy T PLC ()
TPLA, (6)
TPLD 7
oy 4 AC ®)
Cholecystokinin T™AC 4)
- 4 PLC 4)
CRF T™AC 4)
Dopamine D1 T™AC 4)
D2 Y AC )
GABA GABAg 4 AC (8)
T K channel (8)
Histamine H1 TPLC 4)
H2 TAC 4)
Opioid M, K,8 4 AC &)
TPLC 9)
Serotonin (5-HT) 5-HT 4 4 AC (10)
S'HTlB *L AC (10)
5'HT 1C T PLC (10)
5-HT;p Y AC (10)
5-HT, TPLC (10)
5-HT, T K channel (10)
5-HT, TAC (10)
Somatostatin vAC )
- T K channel 4)




2.5 Summary.

It is evident that in some cases one neurotransmitter can bind to
several different receptors, which in turn interact with different G proteins,
which may themselves have more than one function. Additionally, the
activity of G proteins may be dependent on the membrane potential of the
cell (Cohen-Armon & Sokolovsky, 1991), thus offering the possibility that
ionotropic receptors can also effect G protein coupled signal transduction.
Furthermore, the functional activity of several receptors and G proteins can
be altered by phosphorylation, and "cross talk" can occur between different
effector systems e.g. protein kinase C, activated by the action of
phospholipase C, can effect the control and activity of adenylate cyclase (Lo,
1988). Although all of these possibilities are unlikely to occur in every cell, it
is apparent that a large variety of subtle interactions can exist between the
various mechanisms responsible for transducing signals across the cell
membrane. Thus, it is likely that even small alterations in the functioning of
any of these components may have far reaching consequences for the
assimilation and processing of intercellular messages, especially within the

CNS.
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3. Changes in G protein coupled signal transduction associated with

disease.

During the last decade it has become increasingly apparent that
alterations in the mechanisms of signal transduction are associated with a
wide range of diseases. This has already been mentioned with respect to the
effect that some bacterial toxins have upon G proteins; however many more
examples are known. In some cases the disruption of a signal transducing
cascade is the primary cause of the ailment, while in others they may
represent an adaptive response to the disease state. Probably the best
studied example of the former is Albright's hereditary osteodystrophy
(AHO). This is a rare genetic disorder characterised by numerous physical
abnormalities including skeletal defects, short stature and obesity. Two
forms of the disease exist in which the sufferers are either resistant to
hormones which stimulate adenylate cyclase, such as parathyroid hormone,
or show a normal response to these substances. These subclasses are termed
pseudo-hypoparathyroidism (PHP) and  pseudo-pseudo-hypopara-
thyroidism (PPHP) respectively (Weinstein et al., 1990). The majority,
though not all, of those with the disease (both PHP and PPHP) demonstrate
an approximately 50% deficiency in the levels of Gsox throughout the body
(Levine et al., 1986; Levine et al., 1988), with both GsH and GsL being
affected (Carter ef al., 1987). The implication of this is that while a deficiency
in Gso contributes to the disease, other elements in the signal transduction
cascade must also be altered in some way for the disease to develop. The
use of molecular biological techniques has revealed that the Gsor deficiency
can be caused by a variety of genetic defects. For example, in one patient
Weinstein et al. (1990) observed a heterozygous splice junction mutation,
which would presumably lead to abnormal RNA splicing and hence
decreased levels of functional Gso. In another patient however, the same

authors found a heterozygous frameshift mutation within the coding region
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of the Gsa gene. In addition, a heterozygous mutation within the initiation
codon of Gso has been reported by Patten et al. (1990). Thus AHO is
associated with a variety of dominant heterozygous abnormalities within
the Gsa gene.

As well as disease caused by too little functional Gsc being present,
too much Gs activity would also appear to be detrimental. In some human
pituitary tumours, the cancerous cells are characterised by high levels of
intracellular cAMP (Vallar et al., 1987). This is due to the presence of a
variety of point mutations within the Gsox gene, which prevents Gso from
hydrolysing GTP (Landis et al., 1989). The molecule therefore becomes
constitutively active, leading to a high basal activity of adenylate cyclase.
This bypasses the cell's normal requirement for trophic hormones and leads
to uncontrolled cell division. Thus, Gsox can be thought of as a proto-
oncogene product, which is a potential source of tumours occurring in other
tissues.

There are also a number of diseases where dysfunction of signal
transduction is not the primary cause, but may contribute to the expression
of the disease state. A well studied example of these, are disorders affecting
the thyroid gland. In contrast to PHP in which parathyroid hormones are
present bui .havé reduced effect, these illnesses are characterised by either
elevated (hyperthyroidism) or decreased (hypothyroidism) serum levels of
thyroid hormones. One of the hallmarks of thyroid disorders is a change in
the potency of those hormones which modulate the activity of adenylate
cyclase. Thus hypothyroid rats display a decreased responsiveness to
stimulatory hormones (Malbon & Gill, 1979), while hyperthyroidism is
accompanied by a marked increase is this response (Guarnieri ef al., 1980). It
might be expected from what is known about pseudo-hypoparathyroidism,
that hypothyroidism will be associated with decreased Gsox levels, however

this does not appear to occur (Levine ef al., 1990a). Rather the ailment is

accompanied by the increased expression of Gix and Goo (Orford et al.,
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1991; Levine et al., 1990a) and of G protein B subunits (Rapiejko ef al., 1989).
This would presumably lead to a greater release of By subunits from Gi
under basal conditions, which would then compete with adenylate cyclase
for free Gsax molecules, thereby reducing the response to stimulatory
hormones. In contrast, the increased responsiveness to stimulatory
hormones observed in hyperthyroidism is associated with decreased
expression of Gix (Ros et al., 1988), accompanied by slightly increased levels
of Gso as assessed by cholera toxin mediated ADP-ribosylation (Rapiejko &
Malbon, 1987). Thus, at least one function of thyroid hormones is to regulate
the effect that other hormones have on the cell, a feature which is mediated
via their control of G protein levels. When dysfunction of the thyroid gland
occurs, these effects are amplified, possibly contributing to the clinical
symptoms associated with the disease. It is worthwhile noting at this point
that other hormones can also alter the levels of G proteins. For example, the
administration of glucocorticoid or sex steroid hormones results in increased
levels of Gsax and decreased levels of Gix in rats (Saelo ef al., 1989; Riemer et
al., 1988). It would appear therefore, that the actions of a number of
different hormones are mediated, in part, by affecting the functional
characteristics of the adenylate cyclase transduction system. Furthermore,
any disease which causes a change in the levels of such hormones, may
produce physical symptoms via its effect upon this transduction system.
Considerable attention has also been given to the association between
human heart disease and G protein function. A reduction in basal,
GppNHp-stimulated and adrenergic receptor-stimulated adenylate cyclase
activity has been reported to occur in failing heart. This is associated with
increased levels of Giox and unaltered levels of Gsx (Bohm et al., 1989; Bohm
et al., 1990), a situation which is reminiscent of that observed in
hypothyroidism. In contrast however, no change in the levels of B subunits
have been observed in heart disease (Bohm et al., 1990). The decreased

response of adenylate cyclase to adrenergic agonists may be accounted for
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by a reduction in the numbers of B-adrenergic receptors present in failing
heart (Bohm et al., 1990). However, it is difficult to explain the reduced
stimulatory effect of GppNHp in heart disease, if one believes that inhibition
of adenylate cyclase is mediated solely by Py subunits. In addition, the
reduction in stimulation can be removed by inactivating Gi with pertussis
toxin (Feldman, 1991). The most logical explanation therefore is that Gic
can have a direct inhibitory effect upon cardiac adenylate cyclase. Aside
from the interest in this system for the testing of theoretical models of G
protein function, the alterations observed may be of considerable
physiological relevance, given that control over cardiac muscle contraction is
mediated via the adenylate cyclase transduction system (Drummond et al.,
1979).

The study of animal models of diabetes has also demonstrated
changes in the G proteins which control adenylate cyclase. This disorder is
due to reduced levels of, or reduced effect of, insulin. The disease is
associated with a wide range of metabolic aberrations, some of which are
simply due to the primary loss of insulin effect upon glucose transport
(Taylor & Agius, 1988). However the disease is also accompanied by
alterations in the response of tissues to many other hormones. The
development of an animal model of the disease, in which diabetes is
induced in rats by the administration of streptozotocin, has proved
invaluable in investigating the molecular basis for these "secondary” effects
of diabetes. Using this model Gawler et al. (1987) have demonstrated a loss
of Gix in hepatocytes of diabetic rats. In addition, the remaining Gi
possesses decreased functional capacity (Bushfield et al., 1990b), an effect
which appears to be mediated by the phosphorylation of Gi2. This effect is
even more apparent in rat adipocytes, in which diabetes does not produce
any change in the levels of Gio, but does reduce the ability of this G protein
to inhibit adenylate cyclase (Strassheim et al., 1990). As well as providing a

greater understanding of the disease, these studies have also been important
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in emphasising the need to consider the functioning, as well as the levels of,
the components involved in signal transduction.

The study of affective disorders (mania and depression) has indicated
that alterations in interneuronal communication occur in these extremely
common illnesses. Various early studies of the disease suggested that
depression is caused by a deficiency of monoamine neurotransmitters,
especially noradrenaline, while mania is caused by an excess of these
transmitters (reviewed in Malenka et al., 1989a). However this hypothesis
fails to explain many aspects of the diseases and their treatment. A more
satisfactory molecular basis for the affective disorders has been proposed by
Wachtel (1990), in which an imbalance occurs between the adenylate cyclase
and phosphatidylinositol-specific phospholipase C signal transduction
systems. Thus in depression, there is hypofunction of the adenylate cyclase
system with a relative dominance of the inositol phospholipid system, while
the opposite in proposed to occur in mania. This hypothesis offers a rational
as to how various treatments for depression may operate. For example, a
common therapy is the administration of lithium which has been shown to
attenuate phosphoinositide turnover by inhibiting the resynthesis of inositol
phospholipids. Lithium also inhibits the coupling of B-adrenergic and
muscarinic receptors to G proteins (Avissar et al., 1991), although the length
of time that lithium takes to exert a clinical effect suggests that its major role
is in depressing phosphoinositide metabolism (Malenka et al., 1989a).
Additionally, two other treatments, tri-cyclic antidepressants and electro-
convulsive treatment appear to increase the production of cAMP in rat
brain, by enhancing the coupling between Gsx and adenylate cyclase
(Ozawa & Rasenick, 1989; Ozawa & Rasenick, 1991). The molecular
mechanism of this effect is unknown, but may be due to antidepressant
treatment causing alterations in the "complexes” which are proposed to exist
between Gs, Gi and the cytoskeleton. The suggestion that such

interactions actually take place, derives from the apparent exchange of GTP
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between Gsx and Gio, and between G proteins and the cytoskeleton (Hatta
et al., 1986; Rasenick & Wang, 1988; Wang et al., 1990). After anti-depressant
treatment, the exchange of nucleotides between Gso and Gio appears to be
increased (Ozawa & Rasenick, 1991). These studies, deriving from the
investigation of disease, indicate that the proteins species involved in signal
transduction may not simply move randomly in a "sea" of lipids, but may be
assembled into functional units, held together by the cytoskeleton. There
have been limited investigations of signal transduction mechanisms in the
post mortem brains of manic-depressive human subjects, although Young et
al. (1991a) have very recently demonstrated an increase in the levels of Gsx
post mortem, within the cortex of persons who had suffered from manic
depression. It will be interesting to discover if the drug treatments given to
such patients work in a similar way as that observed in animal models.

Finally, the functioning of signal transduction mechanisms is also
changed by the chronic administration of certain drugs. For example, the
treatment of NG-108 cells (a neural-glial hybrid cell line) with ethanol for 48
hours causes a reduction in their response to agonists which stimulate
adenylate cyclase. This was found to be due to a reduction in the levels of
Gsain the treated cells (Mochly-Rosen et al., 1988). Ethanol also uncouples
;éceptors from the stimulation of phospholipase C in NG-108 cells, an effect
which is once again attributed to its modulation of G protein activity
(Simonsson et al., 1991). The chronic administration of opiates also leads to
alterations in G protein levels, with a decrease in Gio being reported in rat
spinal cord neurons, resulting in the cells becoming desensitised to opiates
(Attali & Vogel, 1989). Curiously, Nestler et al. (1989) have reported a small
increase in the levels of Gix in rat locus coeruleus in response to opiate
treatment. Despite this, desensitisation still takes place, suggesting that a
decrease in receptor-Gi coupling has occurred.

Thus a growing number of disease states, or adaptive responses to

external agents, are either caused by, or are manifested through, alterations
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in the functioning of signal transduction systems. In addition, the study of
these mechanisms in disease provides an ideal opportunity to test current
ideas of how such systems operate. As will be made clear in the next
section, the investigation of signal transduction in dementia of the
Alzheimer type has concentrated largely on neurotransmitters and their
receptors, with little attention given to other components. Given the
growing awareness that events distal to receptor activation are frequently
affected by disease processes, it is imperative that such studies be carried
out. Only by doing so can therapeutic strategies, which attempt to
manipulate signal transduction, be designed with any confidence.

One general conclusion that can be drawn from the above examples,
is the changes in the levels or activity of G proteins largely occur in response
to chronic conditions. They can therefore be considered to be a means by
which cells can respond to long term alterations in their environment. This
makes them an ideal candidate for study in non-acute disorders such as

dementia of the Alzheimer type.
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4. The major features of Dementia of the Alzheimer Type.
4.1 Overview.

The combination of an increasing birth rate and decreasing mortality
have led to a steady rise in the numbers of elderly persons. It is estimated
that over the next ten years there will be a 25% increase in the numbers of
individuals aged over 65 (Phelps, 1990). This has resulted in a heightened
prevalence of the diseases of later life, among which are several neurological
disorders collectively known as dementias. These are characterised by a loss
of cognitive functions, impairment of memory, and a decreased ability to
learn (Katzman, 1986). The most common form of dementia is Alzheimer's
disease, first reported in 1907 by Alois Alzheimer (Alzheimer, 1907), in
which the sufferers ability to reason is severely reduced. Alzheimer's
disease was initially thought to be a pre-senile dementia since the case
described by Alzheimer was of a 51 year old woman. However a very
similar disease occurs in later life, the incidence of which increases with age
(Evans et al., 1989). While the severity of the illness appears to be greater in
the presenile compared to senile form (Mann et al., 1985), the only major
difference between the two is age of onset. It is usual therefore to refer to
any person whose brain displayed the pathological features of Alzheimer's
disease, as having suffered from Dementia of the Alzheimer Type (DAT).

The disease has typically been investigated by one of two distinct
strategies. The first has attempted to discover the cause of the disorder, with
initial studies using mainly epidemiological approaches. Most recently, the
application of powerful molecular genetics techniques has resulted in
significant advances in our understanding of the disease's aetiology. A
general conclusion of these studies has been that there is no single cause of
DAT, but a variety of different risks factors exists including serious head
trauma (Heyman et al., 1986), myocardial infarction (Aronson et al., 1990),
aluminium intoxication (Crapper-McLachlan & Van Berkum, 1986), and a

variety of possible genetic abnormalities (Weitkamp et al.,1983; Schellenberg
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etal.
et al., 1991; Pericak-VanceY1991; Goate et al., 1991; Chartier-Harlin, 1991). It

is possible that the relative contributions of each factor will result in small
differences in the pathological changes which take place within the DAT
diseased brain. However, at autopsy, the brains of all DAT subjects possess
a number of distinct pathological features. Macroscopically the brain shows
significant atrophy, particularly of the frontal and temporal lobes, associated
with narrowing of sulci, widening of gyri and ventricular enlargement
(Perry, 1986b). There also exists in the literature, a large number of studies
describing a range of neuropathological and neurochemical changes
associated with DAT. The second research strategy employed has therefore
been to characterise these changes and discover the mechanisms by which
they occur. This review will be limited to (i) those neuropathological
changes which allow DAT to be definitively diagnosed post mortem, an
important consideration since it is not possible at present to unambiguously
diagnose DAT before death, and (ii) neurochemical evidence that alterations

in signal transduction systems may have occurred.

4.2 Neuropathological changes.

The classical features of DAT are characterised neuropathologically,
these being the presence of neuritic plaques and neurofibrillary tangles
within the association cortex and hippocampus. In addition, the disease
exhibits loss of cells within particular populations of neurons, although the
severity of loss in each area may differ between subjects. In general, it is the
larger neurons that are lost, thus the large pyramidal neurons of the
association cortex (especially in the frontal and temporal cortices) are
severely affected, while smaller cells are relatively spared (Terry et al., 1981).
In addition, the pyramidal cells of the hippocampus (Hyman et al., 1984),
and cells in various subcortical nuclei, including the cholinergic nucleus
basalis of Meynert (Whitehouse ef al., 1982), the adrenergic locus coeruleus

and the serotonergic dorsal raphe (Mann et al., 1984), are also affected by the
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disease. The death and dysfunction of these neurons is undoubtedly the
physical basis for the cognitive decline observed in DAT. In contrast, other
regions such as the brain stem, cerebellum and neostriatum are relatively
unaffected by the disease (Pearson & Powell, 1989). The underlying cause of
the selective vulnerability of certain cellular populations is unclear, but it is
noticeable that they are within, or have connections with, the association
cortex, suggesting that the disease is cortical in origin (Pearson & Powell,
1989). Quite why larger neurons are most effected is also unknown, but
may be due to differences in the biochemical makeup of these cells, with the
presence or absence of certain neurotransmitter receptors being a prime
candidate (Phelps, 1990).

The quantification of neuritic plaques, which are present in large
numbers within DAT diseased cortex, is commonly used to confirm the
clinical diagnosis of DAT (Khachaturian, 1985). Plaques are most frequently
composed of a core of amyloid protein surrounded by degenerating
neuronal terminals, as well as microglia and astrocytes, although other
forms do exist (reviewed in Probst et al., 1991). Most recently, several
groups have identified a new form of plaque, known as amorphous or
diffuse plaques, which are composed of non compacted deposits of amyloid
protein (Joachim et al., 1989). These are present in large numbers within
DAT diseased brain, and most interestingly are found in areas which are
thought to be relatively unaffected by the disease, such as the neostriatum
and cerebellum, in addition to the cortex and hippocampus (Tagliavini ef al.,
1988; Yamaguchi et al., 1988; Joachim ef al., 1989). Furthermore, it has been
suggested that diffuse plaques are precursors of neuritic plaques (Motte &
Williams, 1989). It is therefore of interest to determine what differences
exists between, for example the cortex and cerebellum, such that diffuse
plaques do not develop into neuritic plaques throughout the brain.

The composition of amyloid has been extensively studied, and is now

known to be composed of a small 4kD protein known as B-amyloid (Masters
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et al., 1985). Although amyloid may merely serve to occupy the space left by
dead neurons, there are indications that B-amyloid has neurotoxic effects
(Yankner et al., 1989). The use of protein sequencing and molecular cloning,
has revealed that B-amyloid is the proteolytic degradation product of a
larger protein termed the amyloid precursor protein (APP) (Goldgaber et al.,
1987). The normal function of APP is unclear, but it is thought to exist in
both membrane bound and secreted forms (Palmert ef al., 1989). Molecular
cloning has revealed the presence of three major species of APP, two forms
of which contain a domain which is homologous to that of Kunitz serine
protease inhibitors, with the other lacking this sequence (Ponte et al., 1988;
Tanzi et al., 1988; Kitaguchi ef al., 1988). The mRNAs are expressed in many
tissues (Tanzi et al., 1988; Pontg et al., 1988), which agrees with the finding
that APP is a typical housekeeping gene (Salbaum et al., 1988). The
expression of APP mRNA is reported to be increased in DAT, with many,
though not all, reports showing an increase in the mRNA containing the
protease inhibitor domain (Konig et al., 1991 and references therein). This
has led to speculation that altered expression of the different forms may
alter the susceptibility of APP to proteolytic degradation, possibly increasing
the amount of B-amyloid that is formed. This is supported by the
observation that deposits of B-amyloid are formed in the brains of transgenic
mice, in which APP mRNA containing the protease inhibitor domain was
overexpressed (Quon et al., 1991).

An alternative explanation is that the proteolytic processing of APP is
altered in DAT. In normal brain, APP is largely cleaved within the [3-
amyloid region, thereby excluding the formation of the peptide (Tagawa et
al., 1991). Thus in DAT an alternative pathway must occur which cleaves
APP on either side of the B-amyloid region. Indeed, Chartier-Harlin et al.
(1991) have reported the presence of a mutated APP gene in some persons
suffering from a form of DAT in which genetic factors are clearly involved

(familial DAT). Such a defect may increase B-amyloid formation by making

46



APP a better substrate for the alternative pathway of processing. The recent
purification and characterisation of proteases which can cleave APP
(Tagawa et al., 1991), makes it likely that the sequence of events which lead
to the formation of B-amyloid may soon be elucidated. The release of
trophic factors by glia in response to neuronal death may also contribute to
increased amyloid deposition, since nerve and epidermal growth factors
cause the increased secretion of APP from PC12 cells (Refolo et al., 1989). In
addition, it has been suggested that an alteration in the phosphorylation of
APP in DAT may alter its proteolytic processing (Buxbaum et al., 1990).

The other main pathological feature observed in DAT diseased brain
is neurofibrillary tangles (NFT). These are large, non-membrane bound
filaments which occur in the neuronal cell body and often extend into the
dendrites (Probst et al., 1991). They are mainly found in the brain regions
which experience the greatest cell loss (Bondareff et al., 1989), leading to the
conclusion that NFT occur within degenerating neurons. For this reason
there has been great interest in how these structures are formed, since an
understanding of this process may indicate a general mechanism for the
cellular dysfunction that occurs in the disease.

NFT consist mainly of pairs of filaments twisted around each other
(paired helical filaments or PHF), but straight filaments and vesicular
materials are also found (Yagishita et al., 1981; Wisniewski et al., 1984).
Although PHF were originally thought to be a form of normal
neurofilaments, electron microscopy has demonstrated that PHF are not
composed of filamentous structures (Wisniewski ef al., 1984), but of a chain
of small globular units (Wischik & Crowther, 1986). Such a configuration is
not typical of the other proteins which make up the normal neuronal
cytoskeleton. Despite this, immunohistochemical studies using antibodies
raised against various cytoskeletal elements, including the 150kD and 200kD
neurofilament proteins (Anderton et al., 1982; Sternberger et al., 1985), MAP2
(Yen et al., 1987) and vimentin (Yen et al., 1984), have demonstrated that PHF
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share common epitopes with these proteins, leading to the suggestion that
PHF are composed of modified cytoskeletal proteins. Indeed the major, if
not the only, component of PHF is thought to be a modified form of the
microtubule accessory protein, tau (Goedert et al., 1991). The normal role of
tau is to promote tubulin polymerisation (Weingarten et al., 1975), but in
DAT it is found to be abnormally phosphorylated, as well as possessing an
altered cellular localisation (Kowall & Kosik, 1987; Flament et al., 1990). It
has been proposed that the phosphorylation of tau, by as yet unidentified
kinases, promotes its polymerisation into PHF (Mori & Ihara, 1991). The
same authors have also suggested that this occurs as a consequence of
changes in the functioning of one, or more, signal transduction systems.
Thus, it is possible that aberrant kinase activity, possibly mediated by
altered signal transduction mechanisms, may play a role in the formation of

neurofibrillary tangles, as well as in amyloidogenesis.

4.3 Changes in the levels of neurotransmitters and receptors.

The measurement of the levels of neurotransmitters and their
receptors, as well as the activity of enzymes involved in transmitter
synthesis or breakdown, has revealed a wide variety of neurotransmitter
abnormalities in DAT. In general these changes are thought to be due to the
loss or dysfunction of specific neuronal types, although in the case of some
neurotransmitter receptors, compensatory alterations in expression may
occur. There follows a description of the effects that DAT has on the major
neurotransmitter systems in the brain.

One of the most dramatic neurochemical changes that takes place in
DAT diseased cortex is a reduction in the activity of choline acetyl
transferase, the enzyme which catalyses the formation of acetyl choline
(Procter et al., 1988). In addition, levels of the M2 subtype of muscarinic
receptors, which are thought to be located presynaptically, are decreased in

DAT diseased cortex, although the postsynaptic M1 receptors are largely
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unchanged (Mash et al., 1985). Since the major cholinergic projection into
the cortex is from the nucleus basalis of Meynert (nbM), it was postulated
that degeneration of this subcortical nuclei was the primary event in DAT,
which in turn caused the dysfunction of the neurons in the cortex (Perry,
1986a). This hypothesis was particularly appealing since  Parkinson's

disease appears to be caused by the death of neurons in the substantia
nigra, which forms part of the brains dopaminergic system (Sourkes, 1989).
It was therefore thought that DAT may be the cholinergic analogy of
Parkinson's disease. However, marked cortical pathology can occur without
severe cell loss from the nbM (Pearson et al., 1983b). In addition,
degeneration of neurons in the nbM has been observed to occur after cortical
damage in human subjects, and in primates (Pearson et al., 1983a). It is
probable therefore that the primary damage in DAT occurs in the cortex,
which causes damage to the projecting fibres and subsequent death of the
neuronal cell body with the nbM. This seems likely since cell loss also
occurs within other subcortical nuclei such as the locus coeruleus.

Although muscarinic receptors, being G protein coupled, are of most
interest in the context of this study, the ionotropic nicotinic receptor has also
been studied with conflicting results - Shimohama et al. (1986a) have
reported no change in the levels of nicotinic receptors in DAT diseased
cortex or hippocampus, while Flynn & Mash (1986) have demonstrated a
65% decrease within the cortex.

Although, the cholinergic deficit is probably the most characteristic
and robust neurochemical change which occurs in DAT, alterations also
occur in a wide range of other neurotransmitter systems. For example,
reductions in the levels of adrenalin have been reported to occur in post
mortem DAT diseased brain (Adolfsson et al., 1979), a not unexpected
observation given the damage that occurs to the locus coeruleus in the
disease. Shimohama and co-workers have demonstrated changes in the

levels of adrenergic receptors in DAT, these being decreases in o, receptors
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in the hippocampus, o, receptors in the nucleus basalis and B, receptors in
the hippocampus and frontal cortex, but an increase in the levels of B,
receptors in the hippocampus and frontal cortex (Shimohama et al., 1986b;
Shimohama et al., 1987).

In a similar way, the cellular loss found in the dorsal raphe indicates
an involvement of the serotonergic neurons in the disease. This appears to
be so, since Bowen et al (1983) have demonstrated a decrease in serotonin
uptake in brain biopsies, while Cross et al. (1986) have reported large
decreases in the levels of 5-HT, , but not 5-HT, , receptors in the cortex of
DAT diseased subjects.

The lack of any substantial cell loss in the neostriatum or substantia
nigra in DAT, would suggest that the brain's dopaminergic system is
relatively unaffected by the disease process. Cortical dopamine levels are
largely unaltered in the disease, although low dopamine concentrations
have been recorded in the neostriatum (Arai et al., 1984), as well as
reductions in the levels of D; and D, receptors (Cross ef al., 1984b).

The levels of the peptide transmitter somatostatin are greatly reduced
in the cortex and hippocampus, a change which correlates with impaired
cognitive function (Tamminga et al., 1987). In addition, the number of
somatostatin receptors are significantly reduced within these two regions
(Beal et al., 1985). The levels of another peptide transmitter, corticotrophin
releasing factor, are also decreased within DAT diseased cortex. However,
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