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Introduction and Background

People in both developed and developing
nations are living longer than ever before. In
industrialised nations, during this century alone,
average life expectancy from birth has increased by
more than 25 years. Indeed, the most rapidly growing
age group in many countries comprises those aged
80 and above. People over 60 currently constitute
a fifth of the British population, but will be a third
by 2030. In 1951 Britain had 300 people aged over
100; by 2030 it will have 34,000. Furthermore, by
the year 2030 it is estimated that between 17 and
20% or about 50 million of the US population will
be over the age of sixty five'. Unfortunately, the
developing world has not enjoyed the same
revolutionary increase in longevity. None the less,
60% of people aged 60 and older live in developing
countries — which have huge populations - and this
percentage is expected to rise to 80% towards the
middle of the next century. In Sri Lanka too, declining
fertility rates and increasing life expectancy have
inevitably lead to an increase in the population share
of the elderly. Thus, the percentage of the population
aged over 60 years in this country is expected to
increase rapidly from 8% currently, to reach 13%
in 2010, and 21% in 20252, and is thought 1o have
the fastest ageing population in the world.

Dementia, defined as a syndrome of cognitive
and emotional impairment severe enough to
interfere with daily function and quality of life, is one
of the most distressing and burdensome health
problems of the elderly and those who care for them.
Longer lifespans and increasing knowledge of the
causes of cognitive decline, particularly Alzheimer’s
disease, have led to the prediction of dementia as
an epidemic extending into the 21st century.
Alzheimer's disease, the most common cause of
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dementia in the developed world, affects almost 1
in 10 individuals who survive beyond the age of 65.

_Itis the fourth leading cause of death in Western

countries, preceded only by heart disease, cancer
and stroke®. With advancing age, the prevalence of
the disease increases to an estimated 19% for
individuals 75-85 years old and greater than 45%
for individuals over 85°. There are currently 2.5 to
4 million Alzheimer's disease patients in the US, and
17 to 25 million worldwide®. The annual cost for
caring for these patients, in the United States alone,
is estimated at more than US § 100 billion®. Other
data show that for every demented patient there are
approximately eight non-demented individuals with
cognitive deterioration that adversely affects their
quality of life’. Consequently, a staggering number
of elderly people with mild to severe cognitive
impairment, perhaps 30 to 40 million, can be
expected in the next 35 years, representing a great
human and economic toll.

Diagnosis of Alzheimer’s disease

Aizheimer’'s disease (AD), first described by
Alois Alzheimer in 1906°%, is a neurodegenerative
disease of the central nervous system (CNS) and
is characterized by progressive loss of cognitive
ability, severe behavioural abnormalities and
ultimately death®. This cognitive decline is
presumably the consequence of the synaptic loss
and extensive neuronal cell death that occur in
regions of the brain involved in cognition and
memory, principally the medialtemporallobe®. Three
characteristic neuropathological lesions have been
found in these regions: intracellular neurofibrillary
tangles composed of abnormal cytoskeletal
proteins; shrinkage and loss of cholinergic projection
neurones; and extracellular deposition of complex
protein deposits, called p-amyloid (AB)°.

The progressive deposition of Ap in the brain,
principally in the medial temporal lobe, is the
pathological hallmark of AD, and appears to precede
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the onset of dementia by many years®. Thus, AB
deposition is thought to start a cascade of events
(amyloid cascade hypothesis) that finally resuits in
the clinical symptomatology of dementia that brings
the patient to the physician.

The diagnosis and assessment of dementia is
still largely based upon clinical and neuropsycho-
Iogiéal criteria and AD, in particular, is usually
diagnosed by exclusion of other known causes of
dementia. There is currently no blood test, CSF test,
peripheral biochemical marker, or simple biopsy that
allows for the definitive diagnosis of AD to be made
during life. As a result, a definitive diagnosis of this
disorder can be made only if histologic confirmation
is obtained by performance of a cerebral biopsy or
an autopsy. However, in the absence of such
histopathological analysis, a diagnosis of “probable”
AD can be made after extensive neurological and
neuropsychological testing. Clinicians must
therefore rely on clinical diagnostic criteria for AD,
the two most widely used of which are those of the
Diagnostic and Statistical Manual of Mental
Disorders (DSM - IV)'® and those of the National
Institute of Neurological and Communicative
Disorders and Stroke and the Alzheimer's Disease
and Related Disorders Association Work Group
(NINCDS-ADRDA)"*, which include recommended
laboratory and brain imaging studies. To assess
patients in relation to the criteria for the diagnosis
of probable AD, physicians must perform formal
mental status testing in addition to careful history
taking and physical, psychiatric, and neurologic
examinations. The laboratory tests required include
a CT scan, a chest X-ray, an electroencephalo-
gram, a comprehensive biochemical screening,
determination of the vitamin B,, level, thyroid
function tests, a serologic test for syphilis, and if
suggdested by other findings, an examination of the
cerebrospinal fluid.

However, when compared against the “gold
standard” of pathologic AD, their diagnostic
accuracy in dementia of the Alzheimer type varies
widely, the average being about 75%, with false
positive rates ranging from more than 50% down
to 11%'2 for a maximum sensitivity or detection rate
of approximately 90%'2. Currently, AD may be
incorrectly diagnosed clinically in as many as 25 to
40% of cases in non-research diagnostic settings®.
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Therefore, the importance of identifying a
biochemical marker of this disease in easily
accessible cells such as platelets or erythrocytes is
obvious: firstly as a guide to diagnosis in life and,
secondly, for monitoring the progression of the
disease and the effectiveness of any therapy. This
dilemma has fuelled the search for an accurate and
simple diagnostic tool for AD, for example,
something on the fevel of a pregnancy test.

Platelets and potassium channels as possible
markers for AD

in 1989, Joachim et al'® found AP deposits in
the skin, subcutaneous tissue, and intestine of
patients with AD, suggesting that the process
underlying Ap depositionin AD may be a generalized
disturbance, instead of an alteration restricted to the
brain. This opened the possibility to find a marker
of the disease outside the brain. Interestingly,
platelets are the major circulating repository of
B-APP, the precursor of AB', representing a
probable candidate. A number of abnormalities in
the platelets of AD patients, such as increased
membrane fluidity'®, and disordered intracellular
Ca®* homeostasis'® have been reported. These
abnormalities were more severe in those who carry
the ApoE4 allele'®, which has been shown to be
genetically associated with the common late-onset
sporadic form of AD'”. Thus, platelets are a potential
source of the amyloid deposits in brain parenchyma
and meningeal blood vessels, and may be an
important non-neural cell with which to study the
pathogenesis of AD.

Furthermore, various abnormalities of K* fluxes,
particularly of K* channels, have been described in
neural and non-neural cells from patients with AD'®
{(see below). Therefore, since AD is considered a
systemic process involving multiple organ systems
and since K* channel abnormalities have been
reported in non-neural cells, | investigated the
pharmacology of K* channels in human platelets as
a possible site for AD pathology.

As a first step, | characterized Na*/K* pumps
and K* channels (the principal K* transport systems
in mammalian cells) in platelets from young healthy
volunteers, in order to provide a comparative
bacground for the use of similar studies on platelets
from patients with AD.
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Potassium transport systems in normal
human platelets

The sodium/potassium pump

The Na*'/K* pump (the Na*/K" activated
adenosine triphosphatase, Na*/K** ATPase), oper-
ationally defined by its susceptibility to inhibition by
_ cardiotonic steroids such as ouabain and digoxin,
is the mechanism that contributes most to the
maintenance of Na* and K* gradients across the cell
membrane, and the majority (80-90%) of K* influx
in human cells is mediated by this pump'®. it uses
the energy of the hydrolysis of ATP to pump two
K* ions in and three Na* ions out of the cell at each
cycle, and as a result the pump is electrogenic'.
Both of these ions are transported against their
concentration gradients, and this _keeps the
intracellular concentration of K* high and the
intracellular concentration of Na* low, which plays
an important role in the maintenance of cell resting
potential.

Methods

The activity of Na*/K* pumps in intact cells can
be studied by measuring the uptake of radio-labelled
rubidium (8Rb*, used as a radioactive substitute for
K", as demonstrated in a variety of tissues.
Furthermore, the uptake of %6Rb* into cells is
sensitive to low concentrations of cardiac glycosides
such as ouabain, and this has been used as a
method for demonstrating the presence of Na*/K*
pumps in the cell membrane®'.

Venous blood was obtained from healthy
volunteers, and platelets were prepared by
ultracentrifugation. Samples of platelets (0.5X10°
platelets / 200 ul) were putinto two sets of incubation
tubes (in triplicate) and incubated with a tracer
concentration of {(a) with ouabain 100 uM (b) without
ouabain, in Krebs solution (control). At the end of
the incubation the cells were lysed and the amount
of ®*Rb* taken up was measuredby liquid scintillation
counting. .

Results

The uptake of %Rb* in control samples was
taken as the total uptake. The differences between
total uptake and the uptake in ouabain treated
samples was taken as ouabain-sensitive uptake.
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In previous studies on erythrocytes, ouabain at
a maximally effective concentration of 100uM
achieved 90% inhibition of ®Rb* uptake®'. In my
experiments, ouabain (100uM) inhibited the ®Rb*
uptake by about 85% (Figure 1).
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Figure 1. The effect of ouabain on ®*Rb* uptake. The
experiments were conducted in triplicate, n=11.

Comment

In these experiments; ouabain-sensitive Rb*
uptake (corresponding to the activity of Na*/K*
pumps) contributed about 85% to the total uptake
in human platelets. This value is similar to that
determined in other cell types®', and confirms the
presence Na*/K* pumps in the human platelet, and
also that most of the K* (Rb*) transport into the
platelet occurs via these pumps.

Potassium channels

K* channels are present in all mammalian cells
and are exceptionally diverse in both variety and
function. They exist in several subtypes, multiple
subtypes often being presentin a single cell®?. When
opened, these channels permit the efflux of K*
bacause of the large K" gradient across the cell
membrane. They therefore lead to the outward
flux of positive charge, and this tends to
oppose depolarization, causing repolarization or
hyperpolarization.

Based on their gating, conductance, and-
pharmacological characteristics (sensitivity to
animal toxins such as, apamin, charybdotoxin,
iberiotoxin, and dendrotoxin) K* channels are
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, cdrr,ently classified into four basic groups. However,

within this classification, subtypes of K* channels
usually exist, and some exhibit overlapping
characteristics?;

1) voltage-dependent K* (K,) channels
2) Ca*-activated K (Kc,) channels,
3) receptor-coupled K* channels, and

4) other K* channels - adenosine 5'-triphospate
(ATP)-dependent K* (Karp) channels, Na*-acti-
vated K* (Kya) channels, and volume-
sensitive K* (K,q) channels.

The activity of K, channels increases in
response to an increase in intracellular Ca®*. The
hyperpolarization that results from increased activity
of these channels thus constitutes an important
feedback mechanism for the regulation of
voltage-dependent Ca?* entry. They can be divided
into three main classes on the basis of their
single-channel conductances and selectivity to
naturally-occurring animal toxins®*: large con-
ductance channels (BKc, channels, sensitive to
iberiotoxin isolated from the Asian scorpion venom);
charybdotoxin-sensitive channels with interme-
diate conductance (Kg, channels, sensitive to
charybdotoxin isolated from the Israeli scorpion
venom); and small-conductance channels (SKc,
channels, sensitive to apamin isolated from bee
venom).

Voltage-dependent K* (K,) channels form the
largest and the most diverse class of ion channels.
They are specifically inhibited by a-dendrotoxin, a
peptide isolated from the venom of the green mamba
snake. All K, channels serve the same basic
function, i.e. to create or stabilize a negative
membrane potential, counteracting the depolarizing
effects of channels that pass Na* or Ca?*. Therefore,
K, ¢hannels open when the cell is depolarized, and
the resultant K* efflux through these channels
increases with depolarization through this
voltage-dependent activation.

The platelet membrane maintains large ionic
gradients of Na* and K* and has a negative resting
membrane potential similar to that in other cells?®.
As described above, K* efflux through K* channels
hyperpolarizes the cell membrane in response to
depolarizing stimuli. There are K* channels in
platelets, which may serve this function. Based on
the observation that Rb* efflux can be stimulated
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by agonists such as thrombin and ionomycin (see
below) from platelets that have been preloaded with
85Rb*2°, and using selective inhibitors of K* channels
to inhibit these stimulated %6Rb* effluxes, |
characterized three types of K* channels in normal
human platelets?’.

Methods

The platelets from healthy volunteers were
prepared as described previously, by loading fresh
platelets with 8Rb* and stimulating ®®Rb* efflux with
platelet agonists, thrombin and ionomycin?®,

Briefly, blood was drawn by venepuncture
from healthy volunteers and anticoagulated with
acid-citrate-dextrose (ACD). Platelets were pre-
pared by centrifugation and loaded with Rb*. The
platelet suspension (2.5 X 107 platelets per ml) was
then injected into perfusion chambers and the cells
were immobilized on inent filters. Thereafter, the
platelets were continuously perfused with Krebs
solution (physiological buffer), to allow them to
stabilize on the filters for 20 min before the start of
each experiment. When presenting efflux results, |
have referred to the starting point of the perfusion
as time -20 and therefore, the platelet stabilization
period (20 min) will be from time -20 to time 0. During
this time the perfusate was collected at 2 min
intervals.

After this (time 0) the perfusion was changed
for 5 min (from 0-5 min of the experiment; indicated
by the horizontal bar in figures 2-5) to Krebs solution
containing thrombin (0.3 IU/ml) orionomycin (1 uM).
During this time the perfusate was collected at 1-min
intervals. The perfusion was then continued with the
original solution for another 20 min. The total
experimental period was 50 min; from time -20 to
time 30. The solutions used for perfusion were
bubbled with 95% O, and 5% CO, throughout the
experiment (pH 7.4). .

At the end of the experiment (at 30 min) the
polycarbonate filters were retrieved and placed in
scintillation vials, to which scintillation fluid was
added. The radioactivity in the perfusates and filters
was determined by liquid scintillation counting in a
radio-activity counter and the loss of radioactivity
from the cells was calculated. The amount of ®Rb*
{pmol) in each fraction of perfusate collected was
determined using the specific activity of the isotope.
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The radioactivity was measured in each fraction and
plotted as a function of time. The results were
expressed as the cumulative efflux of *Rb* (from
0-14 min of the experimental period; time after
stimulation of the platelets) against time.

Results

The results are shown in Figures 2-5 as
cumulative effluxes of ®Rb* from 0-14 min and are
summarized in Table 1 as the percentage inhibition
of the maximum cumulative efflux by the different
inhibitors used.

When the platelets were perfused with Krebs
solution there was a linear cumulative effiux with time
{open circles; Figures 2-5). This efflux, which shall
be referred to as the non-stimulated efflux, is
attributable to another K* transport system, the
Na*/K*/2CI" co-transporter, present in human
platelets,

Thrombin (0.3 IU/ml), perfused over the
platelets for 5 min (from 0-5 min of the experiment)
stimulated anincrease in the cumulative 3Rb* efflux
fromthe cells (Figure 2). As shown below, this efflux,
which | shall call the thrombin-stimulated effiux, is
mediated via two types of K¢, channels and a K,
channel.

Apamin (100 nM) and charybdotoxin (300 nM)
inhibited thrombin-stimulated %Rb* efflux (p <
0.0001) {Figure 2). Apamin (100 nM) and chary-
bdotoxin (300 nM) added together resulted in a
greater effect than when either was added alone (p
< 0.0001) (Figure 2).

a-dendrotoxin  (100-200 nM) inhibited the
thrombin-stimulated  %Rb*  effux in a
concentration-dependent manner (p < 0.0001)
(Figure 3). Furthermore, a-dendrotoxin (200 nM)
added together with apamin (100 nM) and
charybdotoxin (300 nM) resulted in a greater effect
than when apamin and charybdotoxin were added
together {(p <'0.0001) (Figure 4).

The calcium ionophore ionomycin (1 puM),
perfused over the platelets for 5 min (from 0-5 min
of the experiment), stimulated an increase in the
cumulative ®Rb* efflux from the cells (Figure 5).
Apamin (100 nM) and charybdotoxin (300 nM)
inhibited the ionomycin-stimulated #Rb* efflux (p <
0.0001) (Figure 5). The two toxins added together
resulted in a greater effect than when either was
added alone (p < 0.0001) (Figure 5).
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Figure 2. The effects of apamin and charybdotoxin on
cumulative %8Rb* efflux. Thrombin 0.3 1U/ml {filled
circles) stimulated anincrease in cumulative ®*Rb*
efflux over the non-stimulated efflux (open
circles). Apamin 100nM (open squares) and
charybdotoxin 300nM (open triangles) inhibited
the thrombin-stimulated %®Rb* efflux (p < 0.0001).
Apamin (100nM) and charybdotoxin (300nM)
added together (filled triangles) inhibited the
thrombin-stimulated efflux more than when either
toxin was added alone (p < 0.0001). Each
experiment was conducted in duplicate
(n=11-12).
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Figure 3. The effect of o-dendrotoxin on cumulative *Rb*
efflux. Thrombin 0.3 IU/mi (filled circles) stimulated
an increase in cumulative ®Rb"* efflux over the
non-stimulated efflux (open circles). a-dendrotoxin
100nM and 200nM (open squares and open
triangles respectively) inhibited the thrombin-
stimulated Rb* efflux in a concentration-
dependent manner (p < 0.0001). Each
experiment was conducted in duplicate (n=12).
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Figure4. Theeffectofapamin, charybdotoxin and u-dendrotoxin
on cumulative **Ab" efflux. Thrombin 0.3 IU/ml (filled
circles) stimulated an increase in cumulative *Rb*
efflux over the non-stimulated efflux (open circles).
Apamin 100nM, charybdotoxin 300nM and
a-dendrotoxin 200 nM added together (open triangles)
inhibited thrombin-stimulated ®Rb* efflux more than
apamin and charybdotoxin in combination (closed
triangles) (p < 0.0001). Each experiment was
conducted in duplicate (n=10-12). Error bars are not
shown if smaller than the symbol.
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Figure 5. The effect of apamin and charybdotoxin on
ionomycin-stimulated cumulative **Rb* efflux.
lonomycin 1 uM (filled circles) stimulated an increase
in cumulative %*Rb* efflux over the non-stimulated
efflux (open circles). Apamin 100 nM (open squares)
and charybdotoxin 300 nM (open triangles) inhibited
the ionomycin-stimulated *Rb* effiux (p < 0.0001).
Apamin (100nM) and charubdotoxin (300nM)
added together (filled ' triangles) inhibited the
ionomycin-stimulated efflux more than when either
toxin was added alone (p < 0.0001). Each
experiment was conducted in duplicate (n=12). Error

bars are not shown if smaller than the symbol.

Vdl. 31, No. 1 & 2, 1998

Comment

Changes in intracellular Ca®* play an important role
during platelet activation®, Activation of these cells
with thrombin and ionomycin stimulate a rapid
increase in the cytoplasmic Ca?* concentration,
caused mainly by release of Ca®* from intracellular
stores®. ‘This increase «in cytoplasmic Ca?*
concentration is thought to open K€ channels,
resulting in an efflux of K*, which hyperpolarizes the
cell membrane. On the other hand, activation of
human platelets by agonists such as thrombin
is folowed by membrane depolarization®.
Voltage-dependent K* channels (K, channels) open
when a cell is depolarized, and that results in the
repolarization of the cell membrane.

In the experiments described above, thrombin
and ionomycin stimulated ®Rb* efflux from
8Rb*-loaded human platelets. The sensitivity of this
efflux to inhibition by specific Kz, channel inhibitors,
apamin and charybdotoxin, suggests the presence
of two types of K¢, channels (SKc, and Kg;). Also,
apamin and charybdotoxin together had an
approximately additive effect on thrombin- and
ionomycin- stimulated %Rb* efflux (Table 1),
suggesting that the K, channels that human
platelets contain are independently sensitive to
apamin and charybdotoxin. :

a-dendrotoxin inhibited the thrombin-stimulated
86Rb* efflux in a concentration-dependent manner,
suggesting the presence of K, channels in human
platelets. Furthermore, o-dendrotoxin added
together with apamin and charybdotoxin had a
greater effect on thrombin-stimulated %Rb* efflux
than any of these toxins alone and a greater effect
than apamin and charybdotoxin combination (Table
1a). This provides evidence to suggest that normal
human piatelets contain at least three differenttypes
of K* channels (SKc¢a., Kon and K,) which are
independently sensitive to apamin, charybdotoxin,
and o-dendrotoxin.

Having characterized Na*/K* pumps and K*
channeis in platelets from healthy volunteers, |
investigated **Rb* fluxes from platelets of patients
with AD and age-matched controls in order to
determine whether Na*/K* pumps and K* channels
are abnormal in AD.
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Table 1

(@) Thrombin-stimulated **Rb* efflux

-Inhibitor % inhibition

Apamin (100nM) 30 (29-34)
Charybdotoxin (300 nM) 33 (28-34)
Dendrotoxin (100 nM) 31 (29-35)
Dendrotoxin (200 nM) 45 (43-48)
Apamin (100nM) + charybdotoxin

(300nM) 55 (51-58)
Apamin (100nM) + charybdotoxin

(300 nM)dendrotoxin (200 nM) 86 (84-88)

(b) lonomycin-stimulated ®Rb* efflux

Inhibitor % inhibition
Apamin (100 nM) 24 (19-25)
Charybdotoxin (300 nmot) 32 (30-35)
Apamin (100nM) + charybdotoxin
(300 nmol) 54 (49-57)

Table 1. Percentage inhibition of thrombin-stimulated and
ionomycin-stimulated ®Rb* effluxes in platelets by apamin,
charybdotoxin, and o-dendrotoxin. Data are given as median
(range).

Abnormalities of potassium channels in
the platelets of patients with Alzheimer’s
disease

K* channels (K¢, channels in particular) change
during the acquisition of memory in both molluscs
and mammals®, and memory loss is characteristic
of AD*. The involvement of K* channels in the
pathogenesis of age-related cognitive impairment
was first suggested by Landfield and Pitler®2. They
observed an increased after-hyperpolarization in
hippocampal slices of aged rats, which they
attributed to altered Ca®-dependent K*
conductance. Subsequently, several studies have
shown K* channel abnormalities in both neural and
non-neural cells. These include a functionally absent
K* channel from cultured human fibroblasts from AD
patients®, and reduced binding of [1251)-apamin, a
specific inhibitor of SK, channels®*, to post-mortem
hippocampal neurones in AD*, suggesting that an
anatomically discrete loss of K¢, channels within the
hippocampal formation occurs in AD.

H A de Silva

The human platelet, which carries out a number
of biochemical processes that also occurin the brain,
has been proposed as a peripheral model for
neurones. The demonstration of abnormalities of
function and morphology pf platelets in Parkinson's
disease®, Huntington's disease®, depression®,
and AD (see above), and the association between
megakaryocytic leukaemia and Down’s syndrome®,
suggests that disease-specific abnormalities in the
brain could be reflected in the platelet.

Inthe study described here, | have studied **Rb*
fluxes from platelets of patients with AD and
non-demented individuals of comparable age
(age-matched controls), in order to determine
whether those fluxes are abnormal in AD, and if so
the nature of the abnormalities. | describe here that
the platelets from patients with AD had significant
differences in the pharmacology of their K* channels,
compared with young volunteers age-matched
controls®.

Methods

Patients and controls

Subjects were recruited, after having been
given a full explanation of the study protocol, by the
Oxford Project To Investigate Memory and Ageing
(OPTIMA): 14 patients with AD and 14
non-demented age- and sex-matched controls; each
experiment was performed with platelets obtained
from these individuals. Informed consent was
obtained from those without cognitive deficit, and for
those with a significant deficit it was given by a close
relative.

Diagnosis of probable AD was made according
to criteria of the National Institutes of Neurology and
Communicative Disorders-Alzheimer's Disease and
Related Disorders Association Work Group
(NINCDS-ADRDA)"' and criteria of the DSM-IIIR'®.
A detailed clinical and psychiatric history was taken
from each subject, followed by a full physical
examination of all systems, and blood tests to
exclude identifiable metabolic causes of memory
loss and dementia. Each subject underwent
neuropsychological assessment with the Cambridge
Mental Disorders of the Elderly Examination

Journal of the Ceylon College of Physicians
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(CAMDEX)®. The cognitive section, Cambridge
Cognitive Examination (CAMCOG), includes
sections for testing memory, praxis, language,
attention, concentration, orientation, abstract
thinking, and calculation and had a maximum score
of 107. It also enables the derivation of the Mini
Mental State Examination (MMSE)*', which is
scored out of 30. A score of less than 80 in the
CAMCOG and of less than 24 in the MMSE
was - considered to indicate a significant cognitive
deficit. In addition, screening specifically included

“temporal-lobe-oriented x-ray computed tomogra-

phy (CT) and single-photon-emission computed
tomography (SPET) regional cerebral blood flow
scans of the brain®?, Those with a diagnosis of
probable AD had no evidence of any other significant
metabolic or psychiatric process that was.thought
to contribute to the dementia and also had evidence
of significant medial temporal lobe atrophy on CT,
and a moderate or greater parietotemporal blood
flow deficit on SPET.

In a previous necropsy-confirmed cohort, the
use of these criteria, using CT and SPET changes
alone, without taking into account the clinical history
or cognitive profile, had a sensitivity of over 85% and
a specificity of over 95%*.

Controls were selected to be age- and
sex-matched, had no evidence of cognitive
dysfunction, i.e. their CAMCOG scores were over
79/108*, complained of no memory problems, and
did not have the combination of a minimum medial
temporal lobe width on CT of less than the fifth
centile for controls and a moderate or greater
parietotemporal perfusion deficit on SPET.

Demographic and other details of the subjects
are given in Table 2. Platelets from patients with
probable AD and age-matched controls were
prepared, and perfusion experiments were carried
out as previously described. | was blind to the
diagnoses. The study was conducted in the
University Department of Clinical Pharmacology,
Oxford, and was approved by the Central Oxford
Research Ethics Committee.
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Table 2
Alzheimer's
disease Controls

Measure (n=14 (n=14)
Age (y) 69.4 (7.3) 68.5(7.7)
Sex (M/F) 8/4 8/4
Systolic blood pressure .

(mmHg) 140 (6) 142 (21)
Diastolic blood pressure

(mmHg) 85 (6) 80(12)
Serum sodium (mM) 139 (3) 139 (2)
Serum potassium (mM) 3.9(0.4) 4.0(0.3)
Serum calcium (mM) 2.43 (0.10) 2.31(0.13)
Serum urea (M) 5.5 (1.4) 6.6 (2.7)
Serum creatinine (uM) 104 (12) 103 (23)
Blood glucose (mM) 5.9 (2.0) 55(1.1)
Platelet count (X10%/1) 233 (57) 229 (61)
Haemoglobin (g/dl) 13.9(1.0) 14.2(1.1)
Mean red cell volume (fl) 89 (5) 90 (5)
White cell count (X10%/1)  6.9(1.4) 6.4 (1.5)
Total plasma

cobalamins (ng/1) 270 (88) 330 (133)

Table2. Subject data. The data are given as mean (sd).
There were no significant differences between the groups.
Statistical comparisons by Student's unpaired t-test.

Results

Uptake of rubidium by platelets and
non-stimulated ®Rb* efflux

The uptake of 8Rb* by the platelets was the
same in both groups (Figure 6). Since about 85%
of this uptake in platelets is attributable to the Na*/K*
pump (see above), this result suggests that the
pump functions normally in AD. Furthermore, the
non-stimulated cumulative ®Rb* efflux which is
mediated by the Na*/K*/2CI" co-transporter®®, was
linear with time (open circles; Figures 7-12), and did
not differ between AD patients and controls
suggesting that this co-transporter too functions
normally in AD.

Thrombin-stimulated %Rb* efflux

Control subjects

In control subjects, thrombin stimulated an
increase in ®Rb* efflux from platelets (Figures 7 and



Rb uptake (dpm)

24

9). In these subjects, apamin and charybdotoxin
inhibited the thrombin-stimulated ®®Rb* efflux by at
least 18% and 16% respectively. When the data from
all the control subjects were pooled, both apamin
and charybdotoxin caused significant reductions in
8Rb* efflux (Figure 7; Table 3a). In addition,
a-dendrotoxin inhibited thrombin-stimulated ®Rb*
efflux from the platelets of the controls (Figure 9;
Table 3a). These resuits are similar both qualitatively
and quantitatively to the effects of these toxins on
thrombin-stimulated ®Rb* efflux in the platelets of
young volunteers?’.

Alzheimer’s disease

Thrombin stimulated ®Rb* efflux from the
platelets of patients with AD (Figures 8 and 10), to
the same extent as in controls (cf. Figures 7 and
8). In contrast to the results in controls, apamin
and charybdotoxin had minimal effects on
thrombin-stimulated %Rb* efflux (less than 4%
inhibition) in patients with AD. When the data from
all the patients with AD were pooled, neither apamin
nor charybdotoxin caused significant reductions in
®Rb* efflux (Figure 8; Table 3a). In contrast,
o-dendrotoxin  inhibited the thrombin-stimulated
86Rb* efflux from the platelets of patients with AD
(Figure 10; Table 3a).

100000 -
80000 -
60000 1
O Controls
W Alz. disease
40000 -
20000
0
Figure 6. The uptake of by the platelets of patients with AD

and by the platelets of age-matched controls, The
results are expressed as mean (s.e. mean) and
were compared using Student's unpaired t-test
(n=12 in each group; p > 0.1)
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Figure 7. The effects of apamin and charybdotoxin on
thrombin-stimulated  %Rb* effiux. Control
subjects. Thrombin 0.31U/ml (4-filled circles)
perfused over the platelets for 5 min (from 0-5 min
of the experimental period, indicated by the
horizontal bar) increased %°Rb* efflux over the
non-stimulated efflux (1-open circles). Apamin
100nM (3-open squares) and charybdotoxin
300nM (2-open triangles) inhibited the stimulated
%Rb* efflux (n=14; p < 0.0001).
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Figure 8. The effects of apamin and charybdotoxin on
thrombin-stimulated %Rb* efflux. Alzheimer's
disease. Thrombin 0.3{U/ml (4-filled circles)
increased %Rb* efflux over the non-stimulated
efflux (1-open circles) to the same extent as in
controls (p=0.996). Apamin 100nM (3-open
squares) and charybdotoxin 300nM (2-open
triangles) had no significant effect on the
stimulated ®Rb" efflux (n=14; p=0.941).
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Figure9. The effect of a-dendrotoxin on thrombin-stimulated
%Rb* efflux. Control subjects. Thrombin 0.3 IU/ml

(filled circles) increased *Rb* efflux over the

non-stimulated efflux (open circles). a-dendrotoxin
200nM  (open triangles) inhibited the
thrombin-stimulated efflux (n=14; p < 0.0001).
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Figure 10. The  effect of w-dendrotoxin on
thrombin-stimulated ®Rb* efflux. Alzheimer's
disease. Thrombin 0.31U/m! (filled circles)
increased ®Rb* efflux over the
non-stimulated  efflux (open circles).
a-dendrotoxin  200nM  (open triangles)
inhibited the thrombin-stimulated effiux (n=14;
p < 0.0001).
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Table 3
(a) Thrombin-stimulated *®Rb* efflux
Alzheimer's
Toxin Controls disease P value
Apamin 26 (20-27) 0(00) <0.01
Charybdotoxin 22 (18-29) 0(0-3) < 0.01
o-dendrotoxin 26 (20-29) 19(18-27) NS

(b) lonomycin-stimulated %Rb* efflux

Alzheimer's
Toxin Controls disease P value
Apamin 30 (20-31) 1(0-2) < 0.01
Charybdatoxin 28 (24-34) 4(1-2) < 0.01
Apamin +
Charybdotoxin 51 (34-52) 2(04) <0.01
Iberiotoxin 2(0-3) 0(0-4) NS

Table 3. Inhibition of thrombin-stimulated and ionomycin-
stimulated %°Rb* effluxes by apamin, charybdotoxin,
o-dendrotoxin, and iberiotoxin in platelets of patients with AD
and age- and sex-matched controls. Data are given as median
(interquartile range) percentages. Statistical comparisons by
rank sum tests.

lonomycin-stimulated *Rb* efflux

Control subjects

In contro! subjects, apamin and charybdotoxin
inhibited the ionomycin-stimulated %®Rb* efflux by at
least 18% and 22% respectively. When the data from
all the controls were pooled, both apamin and
charybdotoxin caused significant reductions in Rb*
efflux (Figure 11; Table 3b). The two toxins combined
resulted in a greater effect than when either was
added alone (Figure 11; Table 3b). These results
are qualitatively and quantitatively similar to those
seen in young volunteers?’.

Alzheimer’s disease

lonomycin stimulated ®Rb* efflux from the
platelets of patients with AD (Figure 12), o the same
extent as in controls (cf. Figures 11 and 12).
However, apamin, charybdotoxin, and their
combination had minimal effects on the
ionomycin-stimulated **Rb* effluxin patients with AD
(less than 5% inhibition). When the data from all the
patients with AD were pooled, apamin and
charybdotoxin, either alone or in combination, had -
minimal effects on 8Rb* efflux (Figure 12; Table 3b).
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Figure 11.
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Figure 12.

Time (min)

Effect of apamin and charybdotoxin on
jonomycin-stimulated %Rb* efflux. Control
subjects. lonomycin 1uM (5-filled circles)
increased ®¥Rb* efflux over the non-stimulated
efflux (1-open circles). Apamin 100 nM (4-open
squares) and charybdotoxin 300nM (3-open
triangles) inhibited the stimulated *Rb* efflux
(p < 0.0001). Apamin and charybdotoxin
combined (2-filed squares) inhibited the
stimulated efflux more than either toxin alone
(n=14; p < 0.0001).

o
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Effect of apamin and charybdotoxin on
ionomycin-stimulated %Rb* efflux. Alzheimer's
disease. lonomycin 1pM (5-filled circles)
stimulated %8Rb* efflux over the non-stimulated
efflux (1-open circles) to the same extent as in
controls (p=0.960). Apamin 100nM (4-open
squares) and charybdotoxin 300nM (3-open
triangles), either alone orin combination (2-filled
squares), had no significant effect on the
stimulated %Rb* efflux (n=14; p=0.883).
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Iberiotoxin had no effect on ionomycin-
stimulated effluxes in platelets from any individual
(Table 3b). This is similar to results in the platelets
of young volunteers®”, and suggests that human
platelets do not contain BK¢, channels.

Comment

Although abnormalities of K* channels have
been reported in AD in neural cells (reduced
post-mortem binding of ['?°l}-apamin to hippocampal
neurones®) and in fibroblasts (absence of a 113 pS
TEA-sensitive channel®®) this study is the first to
show functional K* channel abnormalities in the
platelets of patients with AD. The ®Rb* effluxes in
platelets in response to both thrombin and ionomycin
were quantitatively normal in AD, and the
thrombin-stimulated efflux showed normal sensitivity
to inhibition with a-dendrotoxin, suggesting that the
K, channels are normal in platelets in AD. However,
the lack of inhibition of both thrombin-stimulated and
ionomycin-stimulated effluxes by apamin and
charybdotoxin suggests either that the SK¢, and K,
channels are not present in platelets in AD or, if they
are present, that they are not sensitive to inhibition
by these toxins.

SKc¢a and K¢, channels may be present in the
platelets of patients with AD, but unresponsive to
inhibition. This would be consistent with the
observation that the binding of ['%l]-apamin is
reduced in post-mortem hippocampal neurones in
AD*. This might be due to a change in the structure
of the binding sites of the inhibitors. Alternatively,
it might be due to an abnormality of the specific
interaction of Ca?* with the channels, since the efflux
stimulated by ionomycin, which increases the
intracellular concentration of Ca®*, was not
inhibitable. Furthermore, the Na*/K* pump and K,
channels were not affected, suggesting that K,
channels are selectively impaired in AD.

Alternatively, the SK¢, and K¢, channels may
not be present at all in AD. However, if that is so,
then %Rb* efflux must be occurring through other
K* channels, since the thrombin-stimulated and
ionomycin-stimulated effluxes were quantitatively
normal. However, normal human platelets do not
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contain BK¢, channels®, and iberiotoxin, a selective
inhibitor of BK., channels, had no effect on
ionomycin-stimulated effluxes in platelets from any
individual (Table 3b), while the only other type of
K* channel that is found in platelets, K, channels?’,
responded normally to a-dendrotoxin. These
observations argue against upregulation of other
normal channels in AD. On the other hand,
metabolites of the B-APP are capable of de novo
formation of K* channels*, which are insensitive to
some inhibitors'®, and the %°Rb* efflux that was
detected in AD might be via such channels.

Although the exact pathogenetic mechanisms
involved in AD are unknown, mismetabolism of
B-APP and abnormal deposition of Ap are
considered “central events” in the aetiology and
pathbgenesis of the disease®. AR may be directly
toxic or may increase the vulnerability of neurones
to external insults®. Several studies have shown that
A toxicity might involve disordering of intracellular
Ca®* homeostasis,. particulaly by increasing
resting and/or stimulated intracellular Ca®*
conqentrations([Ca"’*]i). Chronic exposure of human
cortical and rat hippocampal neurones to A results
in an increase in resting [Ca®*}; and increased [Ca®*};
responses to depolarization and excitatory amino
acids*S. More recently, it has been shown that Ap
increases cell excitability and causes a rise in [Ca*);
in hippocampal neurones*®. Consistent with a
[Ca®*}-destabilizing mechanism of action of ABis the
finding that basic fibroblast growth factor can protect
hippocampal neurones against AP toxicity by
preventing loss of [Ca®*], homeostasis?.
Furthermore, cultured fibroblasts from patients
with AD had higher bombesin-stimulated and
bradykinin-stimulated increases in [Ca®*}; compared
with those from healthy controls®. Also, platelet$
from patients with AD had a higher
thrombin-stimulated rise in [Ca?*}'®. Increased
[Ca?*/l can alter cell function and lead to cell damage
by muitiple pathways, including induction of
apoptosis, abnormal membrane permeability,
damage to the  cytoskeleton, protein
phosphorylation, and production of free radicals®.
interestingly, the toxicity of Ap was not ameliorated
by L-type Ca®* channel blockers®, indicating some
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specificity in the actions of AB on Ca®* metabolism.
In this context, the absence or non-functionality of
the K., channels might explain the observation that
platelets from patients with AD had higher stimulated
rises in [Ca®*}, which might represent an
exaggerated attempt to switch on non-existent or
non-functional channels. The absence or
non-functionality of K., channels may lead to
increased intracellular Ca®* accumulation in these
cells, thus beginning a cascade of subsequent
cellular responses that eventually resulls in
abnormal processing of B-APP and increased
production of AB.

If the results described here are supported by
furthertesting, K¢, channel abnormalities in platelets
might provide a surrogate marker for similar
abnormalities ofion channels inthe brains of patients
with AD and might also provide a diagnostic marker
for AD. Furthermore, if further research proves that
K* channel abnormalities induced by B-APP and its
metabolites are responsible for the neurotoxicity
observed in AD, drugs that modulate K* channel
activity could form the basis of a therapeutic
treatment. K* channel activators have been shown
to protect neurones against oxidative injury and Ap
toxicity*?, whilst some metabolites of B-APP itself,
by activating K* channels, might also be
neuroprotective®. Interestingly, tacrine a drug with
anticholinesterase aclivity used to treat AD, can also
modulate K* channels®. Tacrine blocks the slow
outward K* current in neurones and blocks delayed
outward and inward rectifying K* channels®. From
this perspective, the pharmacological modulation of
K* channels represents a rational therapeutic target
in AD.

Conclusion

Alzheimer's disease represents an increasing
financial and healthcare burden to society. Despite
increasing knowledge of the pathological processes
underlying AD, there are at present no biochemical
markers for the definitive diagnosis of the disease.
Accurate diagnosis is essential to initiate appropriate
treatments and to provide information about
prognosis and factors that may affect the course of
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the disease. Therefore, the importance of identifying
a peripheral marker of this disease in cells such as
platelets or erythrocytes cannot be understated.
Furthermore, despite the large amount of research
devoted to discovering the causes and pathogenesis
of AD, we are a long way from achieving such goals.
However, the common denominator in the
pathophysiology of this devastating disease appears
to be the B-amyloid peptide.

Recently, B-APP and its amyloidogenic
metabolic fragments have been shown to alter
cellular ionic activity, either through interaction with
existing ion channels or by de novo channel
formation, and such alteration of ion channels,
particularly of K* channels, has been linked with
cellular toxicity underlying the neurodegeneration
seen in AD.

Several abnormalities have been reportedinthe
platelets of patients with AD, and platelets are the
maijor circulating repository of B-amyloid. In addition,
abnormalities of K* channelsinnon-neural cells such
as skin fibroblasts taken from patients with AD have
been demonstrated. Therefore, | investigated the
pharmacology of K* channels in human platelets as
a possible site for AD pathology, and have shown
that Ca?*-activated K* channels in platelets are
selectively impaired in AD. This might provide a
diagnostic marker for the disease and might also
provide a short cut to the understanding of its cause.

Finally, medical treatment of AD is in its infancy.
Therefore, one of the mostimportant goals in current
AD research is the development of a therapeutic
regimen that will prevent, slow, or stop the
neurodegenerative process. Interestingly, K*
channel activators have been shown to protect
neurones against [3-amyloid toxicity, and tacrine, a
drug used in the treatment of Alzheimer's disease,
may act by modulating K* channels. Given the
possibility that the beneficial effects of tacrine and
other drugs on Alzheimer's disease are mediated
via modulation of K" channels, platelet
Ca®*-activated K* channels may become a new
target for future anti-Alzheimer's disease drug
development.

H A de Silva
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