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ABSTRACT

Deficits in central cholinergic neurotransmission in the brain correlate with cognitive
impairment in Alzheimer disease (AD) patients. This fact has resulted in the introduction
of cholinesterase inhibitors (ChEIs) e.g. tacrine, donepezil, rivastigmine and galantamine,
which are so far the most successful therapeutic agents for symptomatic treatment of AD
patients. The ChEIs principally act by inhibiting acetylcholinesterase (AChE), which is
primarily associated with cells involved in cholinergic neurotransmission and is
responsible for inactivating acetylcholine at the synapses in the central and peripheral
nervous systems. The neurobiological role of butyrylcholinesterase (BuChE) is not yet
fully understood. Long-term clinical observations indicate that the ChEIs may, in addition
to cognitive, functional and global improvement of AD patients, have stabilizing effect on
the progression of AD. This in turn implies that the ChEIs may induce some changes in
the brain that gradually affect the pathological processes of the disease.

The overall aim of this thesis was to characterize changes in AChE and BuChE, at the
molecular, protein expression and activity levels in AD patients during the natural course
of the disease as well as treatment with ChEIs, in conjunction with changes in cognitive
function of the AD patients.

Comparative analysis of the neurochemical findings in brain and cerebrospinal fluid
(CSF) in this thesis suggested that the expression of the globular (G) catalytic subunit of
AChE variants and their monomeric (G1), dimeric (G2), and tetrameric (G4) molecular
isoforms in CNS neurons were most likely the major source of the AChE protein in CSF.

The protein expression of AChE variants was found to decrease during the time
course of AD in untreated patients, whereas expression of the G2 isoform of the synaptic
variant (AChE-S) was unexpectedly increased. These changes were reversed after
treatment with the ChEIs. These bi-directional changes in the expression and composition
of the AChE isoforms were shown to have an impact on the cognitive function of the
patients, suggesting different mechanisms adapted by neurons in response to the ChEIs
and controlling the intrinsic stimulatory signals in untreated AD patients. In particular,
preferential and distinct changes in the expression and activity levels of the “readthrough”
variant (AChE-R) were observed in both untreated and treated patients with a consistent
strong positive correlation with cognitive improvement in the AD patients. These
observations support experimental data, which ascribe a putative neuroprotective role of
AChE-R variant in CNS. These findings may in addition offer insight into the
neurochemical processes underlying the possible stabilizing effect of ChEIs in AD
patients.

Long-term treatment with the pseudoirreversible ChEI, rivastigmine was shown in
this thesis to cause a sustained inhibition of both AChE and BuChE in CSF of AD
patients, whereas the reversible ChEIs, tacrine, donepezil and galantamine upregulated the
AChE activity. A crucial and clinically relevant question is whether such an increase in
response to the reversible ChEIs reflects a tolerance against long-term treatment with the
ChEIs. This question was approached by a combination of different methodologies, which
showed that the elevated CSF AChE activity following donepezil and galantamine
treatment reflects the in vivo brain AChE inhibition and is not a tolerance phenomenon.

Attention was shown to be the main cognitive domain improved by long-term AChE
inhibition and an optimal AChE inhibition appeared to be a prerequisite to prevent
cognitive deterioration in the AD patients. Positive correlations were also observed
between inhibition of BuChE activity and several cognitive measures of attention and
episodic memory in the AD patients. These findings suggest that BuChE may be involved
in neuronal function and that simultaneous inhibition of both enzymes in AD patients may
clinically be advantageous.
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BuChE in AD. In this thesis, the majority of AD patients with high BuChE levels in CSF
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level had also a high score in cognitive tests. In addition, some measures of attention and
episodic memory as well as cerebral glucose utilization, assessed by PET, positively
correlated with the BuChE level in CSF. A reduced BuChE level in CSF, in particular in
WKH�0��FDUULHUV��PD\�KHQFH�UHIOHFW�DQ�LQYHUVH�UHODWLRQVKLS�WR�LWV�GHSRVLWLRQ�LQ�WKH�EUDLQ
regions, where much of the increased BuChE in AD brain may be ascribed to amyloid
plaques.

In conclusion, these studies show that selective and distinct changes occur in the
transcription, alternative splicing and inter-protein interactions of AChE variants during
the natural course of AD or during the ChEIs treatment, which may influence the long-
term efficacy of the therapeutics and progression of the AD. Different levels of CSF
BuChE might clinically be useful to differentiate responders from non-responders of ChEI
therapy. This thesis may provide a further understanding of pharmacological features of
the ChEIs in conjunction with the clinical responses in AD patients and optimizing the
efficiency of the therapy.
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1. INTRODUCTION

Alzheimer’s disease

With changing global demography, age-associated impairments in cognition and
memory processes are becoming increasingly prevalent. The most common cause of
dementia in the elderly is Alzheimer disease (AD), which substantiates 40-70% of all
dementia disorders. Alzheimer's disease (AD) is a multifactorial disease with a strong
genetic component, and can be subdivided into two distinct types, the ‘familial’ and

‘sporadic’ forms. AD is associated with deposition of beta-amyloid (Aβ), accumulation
of neurofibrillary tangles (NFT), neuronal loss, synaptic damage, and loss of cholinergic
activity in susceptible brain regions1-4.

Although age is the main common risk factor for development of AD pathology,
genetic risk factors also appear to play a central role.

It is now well-established that some forms of AD, mainly early-onset cases, show
autosomal dominant inheritance patterns due to the presence of mutated genes. At
present, there are four well-confirmed genes in which mutations or polymorphism can
result in AD and several other candidates are in various stages of confirmation5.

The products of three genes have been shown to cause early-onset familial AD: the
amyloid precursor protein (APP), presenilin 1 (PS1) and presenilin 2 (PS2)5,6. Most

mutations in APP and PS genes increase levels of a 42-residue amyloid species (Aβ42)
in vitro and in vivo and promote deposition of Aβ42

6,7.
However, sporadic AD, which represents 85–90% of all cases worldwide, is

generally of late onset, occurring after 65 years of age8. Several genetic risk factors have
been associated with this form of the disease, but only the gene encoding apolipoprotein
(�DOOHOH�0���$SR(�0���KDV�EHHQ�UHSHDWHGO\�OLQNHG�ZLWK�$'9. All other putative genetic
risk factors have shown poor or controversial replications10. Although, the discovery of
genetic linkages and the identification of genes responsible for AD have greatly
enhanced our understanding of the disease, there is still no cure for the disease.
Neuropathological features of AD

An increased extracellular concentration of highly amyloidogenic species results in
neuritic plaques (senile plaque), which are spherical multicellular lesions, usually found
in moderate or large numbers in limbic structures and association neocortex6,11. They

contain extracellular deposits of Aβ that include abundant amyloid fibrils intermixed
with non-fibrillar form of this peptide4,6,12.

Affected regions in AD patients also show neurofibrillary tangles (NFT), which are
intraneuronal cytoplasmic lesions consisting of non-membrane-bound bundles of paired,
sometimes interspersed with straight filaments. The subunit protein of the filaments is
the microtubule-associated protein tau4,12. NFT generally occur in large numbers in the
Alzheimer brain, particularly in entorhinal cortex, hippocampus, amygdala, association
cortices of the frontal, temporal and parietal lobes, and certain subcortical nuclei that
project to these regions.

An increased level of total tau protein and decreased level of the Aβ42 protein in the
CSF of AD patients are reported13-17. Assessment of phosphorylated tau (P-tau) protein
in addition to the other two CSF markers seems to increase the specificity of these CSF
markers in differentiating AD patients from patients with other type of dementia, since
in contrast to the total tau, normal levels of the P-tau are observed in other dementia and
in cerebrovascular disease16-18.
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Companion molecules in the Aββ deposits

Senile plaques contain variable numbers of activated microglia that are often
situated within and near the fibrillar amyloid core, as well as reactive astrocytes
surrounding the core4,6,12. In addition, numerous companion molecules are found within

the amyloid plaques. For instant, they include α1-antichymotrypsin, heparin sulfate
proteoglycan, serum amyloid P, protease nexin-1, complement factors, ApoE,
apolipoprotein J, acetylcholinesterase (AChE) butyrylcholinesterase (BuChE)19-24 and

α7 nicotinic receptor25.
The incorporation of AChE and BuChE into the amyloid aggregates results in the

formation of stable complexes and may increase neurotoxicity of the Aβ fibrils19-22,26,
suggesting that these proteins could play a pathogenic role in AD by influencing the
process leading to amyloid toxicity and the appearance of AD.
Apolipoprotein E (ApoE) genotypes and AD

Apolipoprotein mediates cholesterol, fatty acid, and phospholipid storage, transport
and metabolism in the central nervous system and is encoded by three alleles ($SR(��0��
�0��DQG��0���DW�D�VLQJOH�ORFXV8. The brain is a major site of ApoE mRNA expression in
humans, ranking second only to the liver, and its transcripts have been localized to
astrocytes and microglia by in situ hybridization27. Over 95% of brain ApoE protein
seem to be synthesized and secreted by glial cells, to serve as a ligand for the members
of the low-density lipoprotein receptor family in the brain27. In the CNS, ApoE plays a
pivotal role in cholesterol delivery during the membrane remodeling that is associated
with synaptic turnover and dendritic reorganization28.

The prevalence of the ApoE 0� in individuals with AD significantly exceeds that
observed in general populations, which confers increased risk for developing AD9,29.
Abnormally low concentrations of ApoE are observed in the brains of AD subjects,
FDUU\LQJ�WKH�0��DOOHOH30. Similarly, a decrease with time has been observed in the CSF
FRQFHQWUDWLRQ�RI�$SR(�SURWHLQ�LQ�WKH�0��FDUULHUV�EXW�QRW�WKH�QRQ�FDUULHU�$'�SDWLHQWV31.
7KHVH�ILQGLQJV�PD\�LQGLFDWH�D�OLQN�EHWZHHQ�$SR(�0��DOOHOH�DQG�WKH�LPSDLUHG�FRJQLWLYH
functioning of brain and hippocampal atrophy32-35 due to abnormal local lipid
homeostatic processes, which are strongly dependent upon proper lipid delivery by the
ApoE transport system10��+RZHYHU��WKH�SUHVHQFH�RI�RQH�RU�WZR�0��DOOHOHV�LV�DOVR
associated with enhanced amyloid burden in brain but no change in the rate of
progression of dementia29,36-38��$SR(�0��DOOHOH�VHHPV�WR�EH�DVVRFLDWHG�ZLWK�VHOHFWLYH
decreases in functional connectivity, as assessed by electroencephalography (EEG)
coherence in alpha frequency band, between major cortical association pathways39.

The cholinergic system, in contrast to other neurotransmitter system in CNS, relies
heavily on lipids to synthesize acetylcholine40. Thus, the ε4 allele may have a direct
impact on cholinergic system activity in the brain as well as on drug efficacy profile in
AD subjects.
The cholinergic nervous system

In the human CNS, the cholinergic neurons are widespread within the brain, being
found in such diverse systems as the anterior horn cells innervating the neuromuscular
junction, cerebellum, thalamus, basal ganglia, and cerebral cortex41.  The
neuroanatomical identification of the cholinergic neurons is commonly assessed by the
activity of acetylcholine (ACh) synthesizing enzyme, choline acetyltransferase
(ChAT)41. While the cholinergic neurons are defined by their ability to synthesize ACh
for neurotransmission, the cholinoceptive neurons contain nicotinic or muscarinic or
both receptors and response to the action of ACh41.
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In the cerebral cortex and hippocampus, the predominant contribution to ChAT
activity is from the nerve terminals of an input system rather than intrinsic cholinergic
neurons. The projection to the neocortex appears to arise from cholinergic cells in the
nucleus basalis of Meynert in the basal forebrain, whereas the cholinergic neurons
whose cell bodies lie within the medial septal nucleus project to the hippocampus42-44.

Evidence suggests that the marked cognitive impairment seen in AD results from
impaired cholinergic neurotransmission due to selective damage of specific neuronal
circuits in the neocortex, hippocampus, and basal forebrain cholinergic system3,4.

Acetylcholine receptors

Muscarinic receptors

The muscarinic acetylcholine receptors (mAChRs) belong to the metabotrophic G-
protein coupled receptors family. So far, five subtypes mAChRs (M1–M5) have been
characterized. The M1 and M3 subtypes are localized to the somatodendritic cell
surfaces of large pyramidal neurons throughout the cortex and the hippocampus, as well
as on small cholinergic interneurons in the striatum45,46. In contrast, M2 and M4
mAChRs are predominantly present on axons of the large basal forebrain projection
neurons that innervate cholinergic target cells throughout the cortex and the
hippocampus47.

The muscarinic neurotransmission is involved in several aspects of neuronal
plasticity and functions including attention, learning, memory and cognition. The
muscarinic binding sites are unchanged or increased in different forms of dementia
associated with cortical cholinergic deficits, including Alzheimer's and Parkinson's
disease, dementia of Lewy body type (DLB) and Down's syndrome47.

Nicotinic receptors

The neuronal nicotinic receptors (nAChRs) are ligand-gated ion channels
FRPSULVLQJ�ILYH�VXEXQLWV��YDULRXVO\�FRQVLVWLQJ�RI�.��WR�.��DQG����WR�����7KH�QHXURQDO
nAChRs are involved in cognitive processes in brain, where both α4- and α7-subunits
have been suggested to play an important role in cognitive functions48-51. One of the
most consistent observations in relation to normal human brain aging is a persistent and
widespread decline in nAChRs52.

Radioligand binding as well as in situ hybridization have been used to localize
various nAChRs in rodent and human brain. The best-characterized subtypes in human
EUDLQ�LQFOXGH�WKH�.�����FRPELQDWLRQ��ZKLFK�ELQGV�DJRQLVWV��VXFK�DV�QLFRWLQH��F\WLVLQH��RU
HSLEDWLGLQH��ZLWK�KLJK�DIILQLW\��DQG�WKH�.��KRPRPHUV��ZKLFK�ELQGV�WKH�VQDNH�WR[LQ�.�
bungarotoxin. The number of high-affinity α4 nAChRs is high in thalamus, nucleus
caudatus, putamen and substantia nigra, intermediate in cerebral cortex and cerebellum
and low in hippocampus, amygdala, pons and globus pallidus in postmortem human
brain48.

The nicotinic receptors are severely affected in AD brains48-51, with selective loss
RI�WKH�.��VXEXQLW�LQ�WKH�FHUHEUDO�FRUWH[��ZKLFK�LV�UHODWHG�WR�WKH�VHYHULW\�RI�GHPHQWLD52,53.

In contrast, the α7 nAChR subunits seems to be increased in AD brain54.

Potential neuroprotective properties

A great number of in vitro studies indicate that stimulation of the cholinergic
nervous system may interact with events underlying the disease, such as the process of

��DP\ORLGRVLV52,53. Some nicotinic agonists have been shown to attenuate Aβ induced
toxicity and may hence be involved in neuroprotection55-57. Among the many cellular
responses induced by mAChRs is the regulation of posttranslational modification of two
proteins with central roles in the pathophysiology of AD, namely PS1 and APP58-60. It
has been shown that selective M1 agonists decrease tau protein phosphorylation and
promote the non-amyloidogenic APP processing pathways, by phosphorylation of the
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PS1 C-terminus, which may increase proteolytic α-secretase processing of APP within

its β-amyloid domain45,59.
Cholinesterases (ChEs)

Vertebrates possess two cholinesterase genes, encoding AChE and BuChE.  The
AChE gene is located on chromosome 7q2261

. AChE is associated primarily with cells
involved in cholinergic synaptic transmission and is responsible for inactivating ACh at
the synapses in both central and peripheral nervous systems. Besides its classical role in
neurotransmission, AChE appears to be involved in the plasticity of cholinergic and
non-cholinergic neuronal tissues62-69.

Figure 1

Figure 1. Schematic presentation of alternative mRNA splicing, which

generates three different globular catalytic AChE subunits with unique

carboxyl terminus.

The BuChE gene is located on chromosome 3q26, and is highly expressed in the
liver. Its protein product is secreted into the serum, and transiently in many embryonic
tissues70. Each of these enzymes exists under multiple molecular forms. The two human
proteins are also similar in sequence and tertiary structure. As catalyst, BuChE is very
similar to AChE, but has a broader substrate spectrum69. The biological role of BuChE
is not yet fully understood, but it has been suggested to function as a decoy to protect
the highly essential cholinergic enzyme, AChE from inhibition71-73. However, this
functional view of BuChE is already changing as recent findings suggest that the
BuChE may modulate cholinergic transmission in smooth muscle and substitute for
AChE in the neuromuscular junction74,75.
Acetylcholinesterase (AChE)

The various molecular forms of AChE possess the same catalytic domain, which is
about 500 residues, corresponding to a common core domain in all AChEs (mRNA
consisting of exons 2, 3 and 4, Fig. 1)69. The catalytic domain is well conserved and is
sufficient to generate an active cholinesterase69,76,77. The catalytic site of this domain
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contains an active serine that is part of a catalytic triad, Glu-His-Ser. In general, the
various AChE forms seem to be catalytically equivalent, indicating that their oligomeric
state may have no direct influence on their catalytic activity. In contrast, kinetic
differences may be related to glycosylation. Differences in glycosylation may thus
explain the reported differences in the sensitivity of solubilized, isolated G1 and G4

AChE forms to various inhibitors77,78.
AChE splice variants have different C-terminals

Alternative mRNA splicing gives rise to AChE splice variants with different C-
termini, which confer characteristic hydrodynamic properties, capacities for
multimerization and/or attachment to membranes and cellular distribution patterns (Fig.

1). The common catalytic domain of AChE may hence be associated with one of several
types of short C-terminal peptides, of about 40 residues. However, neither of these short
C-terminal peptides is necessary for catalytic activity69,76,77.

The major AChE splice variant, present in brain and muscle is the synaptic variant
(the AChE-S, S for synaptic according to Soreq et al.)69, which is also known as the
AChE-T (T for “tailed” according to Massoulie et al.)69,76,77. The AChE-S is encoded by
mRNA carrying the common core exons (exon 2, 3 and 4) plus exon 6 (Fig. 1).

The AChE-S is the only type of catalytic subunit that exists in all vertebrates. This
major type of AChE is characterized by the presence of T peptide C-terminal (also
called the ‘tryptophan amphiphilic tetramerization’ (WAT) domain). This domain is
responsible for hydrophobic interactions and for the capacity of AChE-S subunits to
form quaternary associations with membrane anchoring proteins, thereby conditioning
their functional localization and generates a series of homomeric and heteromeric
molecular forms (Fig. 2)77.
Figure 2

Figure 2. Schematic presentation of different membrane anchoring

proteins for AChE splice variants. ECD. extracellular, TMD. Transmembrane,

CD. Cytoplasmic domain, NMJ. Neuromuscular junction, EP. End Plate and

PRiMA. Proline rich membrane anchor.

The hematopoietic AChE-H splice variant (also known as the Erythrocyte AChE-
E) derives from mRNA carrying exon 5 instead of exon 6. The AChE-H generates
glycosylphosphatidylinositols(GPI)-anchored dimers, e.g. on mammalian blood cells
(Fig. 2)76. In vertebrates, the type H and S (or T) splice variants are the most
important76.
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A third mRNA species carries over the intron 4 directly into exon 5, hence the
name, “readthrough” or AChE-R (Fig. 2)77,79,80. In mammals, R transcripts are relatively
abundant in embryonic liver and muscle and they seem to be specifically induced by
stress and anti-cholinergic drugs in the mouse brain81.
The globular and asymmetric molecular forms

The AChE molecular forms include globular forms (G) and exist as monomers,
(G1), dimers, (G2), and tetramers, (G4, Fig. 3). The globular forms may be either soluble
(G4

na, na for non-amphiphilic) or membrane associated (G4
a, a for amphiphilic i.e.

detergent soluble) and are devoid of any detectable collagen-like components77,82

The asymmetric molecular forms (An) are found mainly in the peripheral nervous
system (PNS) at the skeletal neuromuscular junction (Fig. 3). In PNS, they are anchored
by a collagenic structural subunit called Q (ColQ) to the basal lamina at the synaptic
clefts77,82. The asymmetric AChE forms consist of A4, A8, or A12, in which one, two,
or three soluble G4

na tetramers are covalently associated to the ColQ (Fig. 3). The ColQ
contains a short peptidic motif that triggers the formation of AChE-S tetramers, from
monomers and dimers. The critical feature of this motif is the presence of a string of
prolines, and in fact, synthetic polyproline shows a similar capacity to organize AChE-S
tetramers82.

Although, the COLQ gene produces multiple transcripts, it does not generate the
hydrophobic structural subunit known as PRiMA (proline rich membrane anchor), a 20-
kDa hydrophobic anchoring protein77,82,83. PRiMA is functionally equivalent to the
ColQ, but is responsible for organizing and anchoring amphiphilic G4

a tetramers of the
AChE-S at synaptic cleft of cholinergic neurons in the CNS (Fig. 3)83.
Figure 3

Figure 3. Schematic presentation of different molecular isoforms of the AChE

splice variants.

AChE forms in normal and Alzheimer human brain

The major forms of AChE in the central nervous system of birds and mammals are
monomers, dimers and tetramers of AChE-S subunits. In adult human brain, as in other
mammals, AChE is mainly present as the membrane-bound G4

a form, and the more
soluble G1 form, with minor contributions of G2 and other forms. During development,
AChE becomes progressively less and less soluble without detergent (about 25% at
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birth, and l5% in the adult). Surprisingly, the adult proportion of G1 is reached as early
as 11 weeks in the human embryo in contrast with the fact that this mature form only
becomes predominant postnatally in the rat. It is likely that the membrane-bound G4

a

form progressively replaces the soluble G4
na form during post-natal maturation77

Total AChE activity is found to be lower in AD than in normal brains, mainly
because of a decrease of the membrane-bound G4

a
 form, principally in the frontal cortex,

with a concomitant increase in the relative percentage of the soluble G4
na form and of

the G2
a and G1

a forms84,85. Since G2
a and G1

a forms probably represent intracellular
precursors of the mature physiologically active G4

a species, these changes resemble
regression to an embryonic state. Although the level of collagen-tailed forms is very low
in normal brain, it was reported to increase 3-4 fold in the cortex of Alzheimer’s
patients, reaching about 15% of the total AChE activity77.
Acute stress and ChEIs induce “readthrough” AChE

Acute stress elicits a transient increase in the amounts released of the
neurotransmitter ACh and a phase of enhanced neuronal excitability81. Inhibitors of
AChE also promote enhanced electrical brain activity, presumably by increasing the
survival of ACh at the synapses69. In vivo and in cultured hippocampal brain slices, long
lasting accumulation of “readthrough” AChE is induced in response to acute stress86 and
to anti-ChE exposure, respectively, leading to AChE-R accumulation69,81. Human
AChE-R is localized to secretory epidermal cells, and does not accumulate at
neuromuscular junctions. The AChE-R is therefore believed to represent a soluble,
secretable, non-synaptic form of AChE69. In the short term, excess of AChE-R would be
advantageous, as it can suppress the initial excitation state by enhancing ACh
hydrolysis69. Several observations in transgenic mice overexpressing either AChE-R or
AChE-S demonstrate that excess AChE-R attenuates, whereas AChE-S intensifies,
neurodeterioration. In AChE-S transgenics, but not the AChE-R transgenics or control
FVB/N mice, the somatosensory cortex displayed a high density of curled neuronal
processes indicative of hyperexcitation80.  In the hippocampus, the AChE-S transgenics
and control mice, but not the AChE-R transgenics, displayed progressive accumulation
of clustered, heat shock protein 70-immunopositive neuronal fragments and a high
incidence of reactive astrocytes. AChE-R seems to serve as a modulator that may play a
role in preventing the shift from transient, acute stress to progressive neurological
disease80.

Further new reports attribute a role to AChE-R and its 26 amino acid C-terminal
domain (ARP) in hematopoietic homeostasis following stress responses87,88. Ex vivo,
ARP-peptide is found to be more effective than cortisol and equally as effective as stem
cell factor in promoting expansion and differentiation of early hematopoietic progenitor
cells into myeloid and megakaryocytic lineage87. The AChE-R may also interact intra-
neuronally with the scaffold protein RACK1 and through it, with its target, protein

kinase CβII (PKCβII), which is known to be involved in fear conditioning89.
In comparison, numerous reports indicate that a 14-residue peptide sequence in the

C-terminus of human synaptic AChE-S variant seems to have novel bioactivity with
both neurotrophic and neurotoxic inferences in certain neuronal populations in the brain

through an interaction with the α7 nAChR62-64,67,68.
Butyrylcholinesterase (BuChE)

The BuChE protein and molecular forms are similar to that of AChE, both in
sequence and tertiary structure. Although the total activities of AChE are of the same
order of magnitude in plasma and CSF, there is a considerable difference (120-500 fold)
between total BuChE activity in the CSF and the BuChE-rich plasma90.
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The G4 and G1 forms are the major molecular species of BuChE observed in
different areas of the human brain91. The predominant molecular species of BuChE in
the CSF and plasma is the G4 form90.
Distribution and role of BuChE in CNS

Accumulating evidence during recent years points at an important neurobiological
function of BuChE in CNS. This enzyme is able to hydrolyze ACh92. Nullizygotes of
AChE-knockout transgenic mice show a normal development and maintenance of the
cholinergic pathways in the CNS and survived for 3-4 months after birth, but are highly
sensitive to subtoxic levels of the selective BuChE inhibitor, bambuterol92,93.

In situ histochemical analysis has demonstrated that BuChE is more widespread
than previously suspected and that it is distributed to all parts of the brain known to
receive cholinergic innervation.

In the human amygdala, hippocampal formation and thalamus, this enzyme is
primarily expressed in neurons and their proximal dendrites, whereas AChE is found in
the somata and axon94,95. In general, the BuChE- and AChE-positive neurons seem to
have both distinct and overlapping distribution patterns, supporting the possible
involvement of BuChE in neural function, such as co-regulation of cholinergic and non-
cholinergic neurotransmission in human92-95. Furthermore, a reduction in the BuChE
activity, either due to treatment with cholinesterase inhibitors (ChEIs) or due to
possession of a BuChE variant with reduced activity, may influence the cognitive
function of patients with AD or DLB96-98.
Genetic variants of BuChE

A substantial number of genetic variants of BuChE has been identified99-101, the
majority of which arise from point mutations within the single BuChE gene on
chromosome 3102, such as the atypical, the K- and J-variants of the BuChE. The K-
variant seems to be the most common and is also frequently found in the same molecule
containing the point mutation of the atypical BuChE genotype102,103. The serum BuChE
activity of individuals with such BuChE variants appears to be 30-33% lower compared
to subjects with the wild type genotype102,103. The J-variant mutation has not been
identified without the K-variant mutation and results in 66% lower BuChE activity in
serum compared to wild type104.
Altered BuChE level in aged and AD brains

The activity of BuChE increases in hippocampus with age105. In addition, the
activity of BuChE shows a substantial increase in the hippocampus and temporal cortex
of AD brain, compared to normal subjects105,106.  In contrast, both BuChE and AChE
activities are reduced in the CSF of patients with a clinical or histopathological
diagnosis of AD, compared to age-matched controls107-110 and the reduction seems to
correlate with the severity of dementia107,109.

/LQN�EHWZHHQ�$SR(�0��DOOHOH�DQG�WKH�%X&K(�YDULDQW�LQ�$'
Several reports have brought up the possibility of a genetic interaction between the

%X&K(�N�YDULDQW�DQG�$SR(�0��DOOHOH�DQG�WKDW�WKH�SRVVHVVLRQ�RI�ERWK�%X&K(�N�DQG
$SR(�0��DOOHOHV�PD\�LQFUHDVH�WKH�ULVN�RI�GHYHORSLQJ�ODWH�RQVHW�$'111-115. Others have
KRZHYHU�IDLOHG�WR�GHWHFW�DQ\�OLQN�EHWZHHQ�WKH�%X&K(�N�YDULDQW�DQG�WKH�$SR(�0�
allele116-119. Lehman et al.,114 reported higher densities of neuritic plaques in the
temporal and parietal cortex of confirmed late-onset AD patients with BuChE-k
genotype compared to AD patients without. In the same study, it was shown that the
BuChE-k carriers had about six-fold greater densities of ChE-positive neuritic plaques
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than non-carriers, suggesting that BuChE-k variant may more readily bind to the plaque
constituents or promote the plaque formation114. Thus, much of the increased BuChE
activity in the AD brain may be attributed to the presence of amyloid plaques26,114,120-122.

Table 1: Pharmacological characteristics of Cholinesterase inhibitors

References: a 
123-127

, b 
123-129

, c 
130-139

, d 
140-144

, e 
144-147

, f 
148-151

 and Kadir et al.,

(submitted). na= not available in AD subjects. The in vivo brain AChE inhibition has

been assessed by PET in AD patient.

ChE inhibitors in AD therapy

The prominent role of central cholinergic pathways in learning and memory and the
correlation of severe cholinergic deficits with cognitive impairment in AD patients
contributed to the development of symptomatic cholinergic therapy. Besides the
degeneration of subcortical cholinergic projection neurons in AD, post-synaptic
mAChRs expressed by cholinergic target cells are preserved in AD cortex and
hippocampus45,47,152,153. Thus, cholinomimetic compounds were designed to stimulate
post-synaptic cholinergic target neurons. Cholinesterase inhibitors (ChEIs), such as
tacrine, rivastigmine, donepezil and galanthamine have been used in many countries for
the symptomatic treatment of mild to moderate AD126.

The ChEIs act by inhibiting the degradation of acetylcholine126. The clinical
efficacy of these drugs are characterized by cognitive, functional and global
improvements in AD patients126,154. It appears that the anti-cholinesterase treatment
reduces the progression rate of the disease126,155.

The ChEIs that have been studied in clinical trials are different from each other
with respect to mechanism of action, pharmacokinetic/pharmacodynamic (PK/PD)
properties, and selectivity for AChE and affinities for AChRs receptor etc. These
differences may be reflected in their efficacy or safety profiles.
Pharmacokinetic and pharmacodynamic properties

The reversible inhibitors, e.g. tacrine, donepezil and galantamine, inhibit AChE by
binding to hydrophobic binding sites126. These inhibitors bind to and leave the enzyme
intact, i.e. they are not transformed by the reaction. For a reversible inhibitor, the drug
concentration and enzyme inhibition are mirror images of each other. The duration of
action is directly linked to the pharmacokinetic properties of the drug, i.e. to the rate at
which it is eliminated, and the drug has to be present in order to cause inhibition.

Cholinesterase Inhibitors

Donepezil Rivastigmine Galantamine Tacrine References

Inhibitory action Reversible
Pseudo-

irreversible
Reversible Reversible a

Selectivity AChE/BuChE +++/-- +++/+++ ++/? +++/+++ b

Effect on nAChRs/mAChRs +/? +/? ++/? ++/+ c

RBC AChE inhibition (%) 33-78 na na 50-60 d

Change in CSF AChE
activity (%)

400
(increase)

40-62
(inhibition)

200
(increase)

50
(increase)

e

In vivo brain AChE
inhibition (%)

19-39 28-37 30-36 na f
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The carbamates (e.g. rivastigmine, physostigmine) and organophosphates (e.g.
metrifonate) all inhibit AChE by binding to the esteratic site, the catalytic site, of the
enzyme126. One part of the molecule binds covalently to the enzyme while the other
part, the leaving group, is split off. Due to this cleavage of the molecule upon binding to
the enzyme, there is no relationship over time between pharmacokinetic and
pharmacodynamic properties of such inhibitors. The enzyme can be inhibited for a long
period after the parent drug, the inhibitor, has been eliminated156,157.
Selectivity for AChE and BuChE

The clinical importance of the selectivity of ChEIs for AChE over BuChE is not
clear. Based upon recent data it is evident that BuChE is capable of compensating for
some function of AChE in the brain, particularly in AD patients92-95. In this regards,
Giacobini et al.,158 demonstrated that a selective BuChE inhibitor is actually able to
increase extracellular levels of cortical ACh in rat brain. Thus, as the regulation of ACh
may become more dependent on BuChE as AD advances, it might be advantageous to
simultaneously inhibit both enzymes or to use selective BuChE inhibitors122.

There are certain differences among the inhibitors in use or under development
regarding their selectivity for the AChE and BuChE. Donepezil is a selective inhibitor
of AChE while tacrine and rivastigmine inhibit both AChE and BuChE78. Galantamine
seems to be a quite selective AChE inhibitor, with a weak-moderate potency123,124

However, it has been suggested that inhibition of BuChE concurrently with AChE
may contribute to toxicity159 and hence the inhibition of BuChE in peripheral tissues
may contribute to the side effects that are usually dose limiting for the ChEIs.
Affinity for cholinergic receptors

Tacrine, donepezil and galantamine may directly interact with cholinergic
receptors57,130,135,136,160. In support of the influence of tacrine, galantamine and donepezil
on the nAChRs, some in vitro studies indicate that these ChEIs are able to increase the
number of nicotinic receptors at pharmacologically relevant concentrations57,135,136.
Galantamine is found to be a positive modulator of the nAChRs through its APL
(allosterically potentiating ligands) activity, which may both sensitize nAChRs and slow
down the receptor desensitization131,133,135,161. However, a recent study by Smulders et
al.,162 indicate that both galantamine and rivastigmine may actually block inward ion

currents through the nAChRs α2β4 subtype in a non-competitive manner.



11

2. THE AIM OF THE THESIS

The overall aim of this thesis was to study the molecular forms of AChE in CSF of
patients with AD, and to investigate whether the changes in the AChEs in blood, CSF
and brain during the natural course of the disease or treatment with the ChEIs was
related to cognitive performance of the patients assessed by neuropsychological tests.
These studies would then provide insight into neurochemical processes that might affect
the pathomechanism of AD toward a positive direction leading to stabilization of the
rate of cognitive decline in the patients. The thesis focused on modulation of the
alternative mRNA splicing, protein expression and inter-protein interactions of different
AChE variants in CSF as a surrogate for adaptive mechanisms in the cholinergic and
related neurons in response to stimulation by ChEIs or lack of stimulatory signals in
untreated AD patients. In this thesis, we investigated in addition the influence of BuChE
activity and protein levels on the cognitive performance of AD patients as well as AD
pathology.

The specific aims of this thesis were:
To evaluate long-term changes in AChE and BuChE activities following treatment

with the pseudoirreversible ChEI, rivastigmine and the reversible inhibitors such as
galantamine.

To evaluate changes in the protein levels of the enzymes in CSF of AD patients
treated with tacrine, rivastigmine or galantamine.

To investigate whether the expression of AChE variants or the composition of the
heavier complexes of AChE in CSF reflect the in vivo expression of these variants in
the brain.

To compare specific changes with time in the expression of the read-through and
synaptic AChE variants, and their molecular isoforms in CSF of ChEI-treated and
untreated AD patients.

To investigate whether the AD patients’ performances in the cognitive tests such as
MMSE or the more specific measures of attention and memory correlates with AChE
inhibition, modulation of the alternative mRNA splicing, protein expression and inter-
protein interactions of different AChE variants in CSF of these patients.

To investigate whether inhibition of BuChE activity influence the cognitive
performance of AD patients treated with ChEIs.

7R�LQYHVWLJDWH�WKH�UROH�RI�%X&K(�LQ�$'�SDWKRORJ\�LQ�UHODWLRQ�WR�WKH�$SR(�0��DOOHOH
as well as the correlates of cognition, such as MMSE, ADAS-Cog and cerebral glucose
metabolism.
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3. MATERIAL AND METHODS

Designs of Studies and Patients

General information

Patients diagnosed with probable AD were invited to participate in the treatment
studies, with rivastigmine (Paper I-II and V), tacrine (Paper II)144, galantamine
(Paper III and IV), and donepezil (Paper IV).

The patients had underwent assessment for memory problems and were diagnosed
with probable AD in accordance with the NINCDS-ADRDA criteria (National Institute
of Neurological and Communication Disorders and Stroke-Alzheimer’s disease and
Related Disorders Association)163.

Only patients with mild AD as defined by a Mini Mental State Examination
(MMSE) score164 of 20 to 30 inclusive were included. The patients finding the potency
of the drugs difficult to tolerate due to typical cholinergic side effects, such as nausea,
vomiting or diarrhea, were maintained on a lower dose.

All patients or their responsible caregivers provided written informed consent to
participate in the studies. The studies were conducted according to the Declaration of
Helsinki and subsequent revisions.
Paper I

This was an open-label, 12-month study undertaken at the Department of Geriatric
Medicine, Karolinska University Hospital Huddinge, Stockholm, Sweden. Eleven mild
AD patients (four women and seven men) with a mean MMSE score of 24.9±0.8 (range
21–29 points) were included in the study and were treated with rivastigmine for 12
months. Their mean age was 70.4±1.8 years (range 59–80 years). All patients received
rivastigmine (Exelon®, Novartis) twice daily with food. The dose of rivastigmine was
escalated every 2 weeks in increments of 1.5 mg b.i.d to a maximum dose of 12 mg/day.
All patients completed the study.

Overall, the mean doses of rivastigmine at three, six, nine and 12 months were

6.9±1.1, 8.3±1.3, 8.6±1.3 and 8.6±1.3 mg/day, respectively. Seven patients tolerated the
drug well and reached a dose of 10.5–12.0 mg/day at 12 months. About one-third of the
patients (n = 4) were not able to increase the dose of rivastigmine to optimal levels due
to the incidence of gastrointestinal side effects such as diarrhea or vomiting. These
patients were maintained on a lower dose of rivastigmine (3.0–4.5 mg), which was well
tolerated. Mean daily doses of rivastigmine in the higher dose group at three, six, nine
and 12 months were 9.3±1.0, 11.4±0.4, 11.8±0.2, and 11.8±0.2 mg/day. Corresponding
values for the lower dose group were 3.4±0.4, 3.0±0.0, 3.0±0.0, and 3.0±0.0.
Paper II

In this study, CSF samples of the AD patients treated with rivastigmine (the
rivastigmine group, Paper I) or tacrine144 were used for analysis. The tacrine study was
an open-label, 12-month study undertaken at the Department of Geriatric Medicine,
Karolinska University Hospital Huddinge, Stockholm, Sweden and included seventeen
mild AD patients [10 men and 7 women, age: 66.3±1.6, MMSE: 24.3±0.9, the tacrine
group] who received the drug (Cognex®, Park Davis Scandinavia) four times daily and
the maximum recommended dose was 160 mg/day. The untreated group included five
mild AD patients [one man and 4 women, age: 74.6±2.0, MMSE: 24.6±0.7]. Other
details concerning inclusion/exclusion criteria, escalation of the dosage and side effects
of the drugs were described previously (Paper I and Noredberg et al.,144,165).
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Paper III

The aim of this study was to evaluate the relationship between AChE activity and
protein level in CSF and the in vivo brain AChE inhibition as assessed by positron
emission tomography (PET) in patients with AD following galantamine treatment. The
PET study is described elsewhere (Kadir et al., Submitted 2005).

The patients were admitted to the geriatric clinics at the Karolinska University
Hospital Huddinge and the Danderyd Hospital, Stockholm, Sweden for memory
impairments. Eighteen mild AD patients (mean age 69±2 years, MMSE 26±1, duration
of disease 4±1 years) were recruited to the study. The first three months of the study
was double blind placebo-controlled, when six AD patients were randomly assigned to
receive placebo (the placebo group) and 12 patients received galantamine in flexible
doses (16-24 mg daily, the galantamine group). After 3-months, the placebo group
switched to galantamine for nine months (the Pla/Gal group) while the galantamine
group continued on galantamine.
Paper IV

Baseline CSF samples from the AD patients, included in the studies on the long-
term treatment with rivastigmine, donepezil and galantamine were used for measuring
the BuChE activity and protein level. The details regarding the design of the studies are
described above (Paper I and III).

In addition baseline CSF samples from some of the AD patients who were enrolled
in the Swedish Alzheimer Treatment Study (SATS-study)166 were used for analysis. The
SATS-study was an open-labeled, multi-centers study with a naturalistic setting at
different geriatric clinics in Sweden (the Neuropsychiatric Clinic in Malmo, the
Geriatric Clinic in Pitea River Valley hospital and the Geriatric Medicine in Karolinska
University Hospital Huddinge, Stockholm, Sweden). The patients were examined at
baseline, after two-three months for up-titration of the drug dosage if possible and then
every six months. The day after the baseline visit, the patients received 5-mg donepezil
hydrochloride (Aricept ®, Pfizer Inc) once daily with food at the evening. After two-
three months the dose was increased to 10 mg/d (the maximum recommended dose), but
the patients having difficulty to tolerate the higher dose were maintained on a lower
dose.

The details about the donepezil study will be published elsewhere (Darreh-Shori et
al., 2005, Submitted). Briefly, the aim of the donepezil study was to evaluate changes in
the activity and protein levels of AChE variants in CSF in relation to donepezil
concentration in CSF for up to 24 months after donepezil treatment. Therefore, CSF
samples from 53 AD patients, who had participated in the SATS-Study, were collected
at baseline. From these patients, CSF samples were also collected after one year (n=50)
and two years of donepezil treatment (n=41). In addition, blood samples from 51 AD
patients were collected for measurement of AChE activity in red blood cells (RBC) and
donepezil concentration in plasma after 3, 6, 12 and 24 months of donepezil treatment.
However, due to lack of a minimum amount of packed red blood cells, required for the
analysis, the measurement of RBC AChE activity was limited to 35 AD patients with
focus on up to six months after treatment since the majority of previous reports have
been after up to 3 months treatment140,142,167,168. In addition, the relationship between
CSF and plasma donepezil concentration as well as the changes in the AChE activity in
CSF relative to that in RBC of some of the AD patients were investigated after 1-2 years
of chronic donepezil treatment (Overall, n=104; mean age 75.1±0.6; men/women 41/63;
006(�����������$SR(�0��FDUULHU�QRQ�FDUULHU���������
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Cerebral glucose metabolism by PET (Paper I, III and IV)

The methodological details are described previously165. The regional cerebral
glucose metabolism (CMRglc) was assessed by PET using the tracer [18F]-
fluorodeoxyglucose (FDG) at the Uppsala PET-Center (Uppsala Academical Hospital,
Uppsala University, Sweden). The CMRglc data were available only from the AD
patients receiving rivastigmine (Paper I) and galantamine (Paper III) at the baseline
and after up to one year of treatment. Mean cortical CMRglc was calculated by
averaging the values from the “region of interest” (ROI) in each brain hemisphere for
the cingulum anterior, frontal, frontal association, parietal, parietotemporal, temporal,
and temporal medial lobe cortices, which are known to be affected by AD. Similarly,
the mean overall CMRglc was calculated by including the ROI data from the visual and
sensory motor cortices, thalamus and pons.
Neuropsychological assessments (Paper I-IV)

In order to evaluate the effects of long term ChEIs treatment on the cognitive
abilities of mild AD patients, the patients underwent a battery of neuropsychological
assessments at baseline (pre-drug assessment) and after 3, 6, 9 and 12 months treatment.
Global cognition was assessed using the MMSE test score164 (Paper I-IV) and the
cognitive subscale of Alzheimer’s Disease Assessment Scale (ADAS-cog169, Paper III-

IV). Episodic memory was evaluated (Paper I and III-IV) using the Stockholm
Gerontology Research Center (SGRC)170 test of memory for words: 1) the number of
correct responses in free recall of words (FRW-test); and 2) the d-prime value (an
integration of correct responses and false alarms following decision theory) in
recognition of words (RWd-prime). In particular, these measures assess abilities related
to medial temporal brain activity171.

Attention was assessed (Paper I and III-IV) using 1) the number of correct
responses in the Digit Symbol response (Attention-DS) test from the revised Wechsler
Adult Intelligence Scale172, 2) the time needed to complete the Trailmaking A test
(TMA-test)173 and 3) the number of correct responses in the Trailmaking B test (TMB-
test)173. These measures are known to assess abilities associated with frontal-subcortical
brain activity174.

Visuospatial ability was evaluated (Paper I and III-IV) by recording the number
of correct responses in reading and setting a clock175. This test reflects parietal lobe
function176.
AChE and BuChE activity assays

Blood, plasma and CSF samples (Paper I-IV)

To evaluate cholinesterase activity levels in the plasma and CSF of patients with
AD, blood and CSF samples were collected from all patients at baseline (Paper I-IV).
Blood was also collected after three weeks (Paper III), and after 3, 6 and 12 months
(Paper I and III) of treatment follow-ups.

CSF samples were taken after 3 and 12 months (Paper I-III) of treatment with one
of the ChEIs. The CSF samples were collected by lumbar puncture in the L3/L4 or
L4/L5 interspace at mornings between 9-12 a.m.. The blood or CSF samples were
centrifuged at 2000 xg for 10 minutes. Then, the plasma and red blood cells was

separated and transferred to new tubes. All samples were kept frozen at –70°C until the
assay time. Plasma and CSF samples were thawed and centrifuged at 15,000 xg for

three minutes at 4°C immediately before the assay.
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RBC AChE and DFP protection assay (Paper IV)

The inhibition level of the target enzyme, in the sample of patients treated with
reversible ChE inhibitors, is affected by the inevitable dilution of the samples during the
Ellman’s colorimetric assay. To correctly evaluate the inhibition of RBC AChE activity
in the AD patients, a DFP (diisopropylfluorophosphate, Sigma, St. Louis, MO)
protection assay was performed at 1.25 dilution of RBC samples, prior to colorimetric
measurements of the enzyme activity, which is a modified non-radioactive version of

the DFP protection assay described before177. Fresh working solution of DFP (9 µM)
was prepared by sequential dilution from a 20 mM stock solution of DFP (in peanut oil

stored at 4 °C) as follows: 50 µl of stock solution was added to 500 µl of absolute
ethanol (Sigma) and mixed vigorously. Then, 9.5 ml double distilled water (ddH2O) was

added to the tube and mixed vigorously (the final volume 10.05 ml) and then 900 µl of
this solution was diluted again with 9.1 ml ddH2O. The vehicle’s (Peanut oil, Sigma)
working solution for measuring the basal AChE activity was prepared in the same
manner as described above but without DFP. All solutions were kept on ice-water bath.

The RBC samples were thawed in a 20 °C water bath. 100-µl aliquots of each RBC
sample were then delivered (in quadruples) to the bottom of a 6-ml flat-bottom tube by
positive displacement using a repeater pipette. After pipetting, the tube was gently

vortexed to achieve a uniform cell layer at the bottom of the tube. To each 100-µl RBC

aliquot, either 25 µl of DFP working solution (duplicates or more) or 25 µl of the
vehicle’s working solution (duplicates) was added just above the RBC layer surface.

Then, the sample was vortexed for 10 sec and incubated in water bath at 37 °C with
continuous shaking for 30 min. The incubation was individually timed for each sample.
To reduce phosphorylation of the enzyme that might still occur on ice, the DFP solution

was added to each aliquot immediately prior to incubation at 37 °C, whereas the vehicle
was added ahead of the incubation. At this step, the dilution factor of RBC samples was
1.25. After the incubation, the phosphorylation of RBC AChE by DFP was terminated
by addition of 5 ml Na/K-Phosphate buffer (50 mM, pH 7.4) to the RBC aliquots. The
vehicle samples were treated in the same way. All samples were quickly frozen on dry-

ice and kept at –70 °C until the Ellman’s colorimetric AChE assay.
AChE and BuChE activity assay in plasma and CSF (Paper I-IV)

The AChE and BuChE activities were assayed by the Ellman´s colorimetric
method178, using acetylthiocholine (ATC; Sigma) and butyrylthiocholine (BTC; Sigma)
as substrates. AChE activity was assessed in the presence of the selective BuChE
inhibitor Iso-OMPA (Tetra[monoisopropyl]pyrophosphortetramide; Sigma, Paper I) or
ethopropazine (Sigma, Paper II-V) with a final concentration of 0.1 mM. BuChE
activity was assessed in the presence of the selective AChE inhibitor BW284C51 (1,5-
bis(4-allyldimethylammoniumphenyl)pentan-3-one dibromide; Sigma) with a final

concentration of 1.0 µM. Blank values were assessed in the presence of both inhibitors.
Mixed total ChE activity was assayed without the addition of the selective inhibitors and
using ATC as the substrate (0.5 mM final concentration). Ellman´s reagent, DTNB
([5,5´-dithio-bis(2-nitrobenzoic acid)], Sigma), ATC and BTC solutions were prepared
daily in sodium-potassium phosphate buffer (50 mM, pH 7.4). CSF samples (50 µl,
dilution factor 4) and plasma samples (10 µl, dilution factor 20) were placed in wells of
a 96-well microplate containing 50 µl and 90 µl of the buffer.

The reaction was started by adding 100 µl of the reagent mixture. This mixture
contained sodium-potassium phosphate buffer (50 mM, pH 7.4); 0.75 mM DTNB (final
concentration 0.38 mM); 1.0 mM ATC (final concentration 0.50 mM) or 10 mM BTC
(final concentration 5.0 mM); and 0.2 mM Iso-OMPA (or Ethopropazine, final
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concentration 0.1 mM) or 2.0 µM BW284C51 (final concentration 1.0 µM). The

reaction was monitored using a microplate spectrophotometer reader (SpectraMax
250; Molecular Devices Corporation) for at least 10 minutes at 412-nm wavelength at

room temperature (22.5 °C), using SOFTmaxPRO software (version 2.6.1 for PC;
Molecular Devices Corporation). Reaction rates were assessed from the linear portion of
the reaction curves as changes of absorbance per minute. At each time interval, values
were calculated separately for each patient in comparison with his or her own baseline.
All samples were run in triplicate.
Measurement of  In vivo AChE activity by PET (Paper III)

The in vivo brain AChE activity was measured as the rate constant K3 for
hydrolysis of the AChE substrate analogue, N-[11C]methyl-piperidin-4-yl propionate
(11C PMP) using PET, according to the kinetic model developed by Koeppe et al., for
11C PMP179. The methodological details are described separately in Kadir et al.,
(Submitted 2005). The changes in the in vivo brain AChE activity (K3, min-1) was
calculated as the percentages of K3 value (in different brain regions) at the follow-up
intervals compared to the baseline. Mean cortical AChE activity was calculated by
averaging the K3 values from the “region of interest” (ROI) in the anterior cingulate,
frontal, frontal association, parietal, parietotemporal, temporal, primary visual, sensory
motor and temporal medial lobe cortices of the left and right brain hemispheres. For
simplicity, the percent changes in the K3 value in brain regions will be referred to as the
in vivo AChE inhibition in the following sections, which was defined using the
following formula [100-%K3=100-(K3 (f)/ K3 (b) x100), f and b indicate the K3 values at
the follow-ups and the baseline, respectively].
Assays of AChE protein level

Immunoblotting analysis (Paper I and II)

Reducing and Non-Reducing SDS-PAGE

The AChE splice variants were quantified by immunoblotting after resolution by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions (Paper I and II) as well as under non-reducing conditions (Paper II).
Immediately after addition of 6X-Loading buffer [0.5 M Tris-HCl, pH 6.8, containing
glycerol (30% vol/vol), SDS (10% wt/vol), DTT (10% wt/vol), and bromphenol blue
(1.2% wt/vol)] to each CSF sample, it was agitated for ~5 seconds and incubated in a

95°C water-bath for 5–10 minutes. Duplicates or more of each CSF sample were
applied on pre-cast mini-gels. For the reducing SDS-PAGE, 4–20% gradient gels was

used (10 wells, 50µl, BioRad
 Ready Gel). For the non-reducing SDS-PAGE, the

reducing agent, DTT, was omitted from the 6X-Loading buffer and CSF samples were

applied on 10% linear pre-cast gels (BioRad
 Ready Gel). The molecular weight

markers were Cruz Marker™ MW (sc-2035, Santa Cruz Biotechnology, Inc.) and
Rainbow Marker (RPN-800, Amersham Life Science).

The gels were run at 150 mV constant voltage at room temperature for 60–70
minutes using the BioRad Protean™ II system. Protein bands were then blotted on
Hybond-P PVDF membrane (RPN 303 F, Amersham Life Science) for 2.5 hr at

constant current (10 mA/Gel) at 4 °C with an ice-cooling unit, using a Mini Trans-Blot
electroblotting cassette system (170-3930, BioRad). Running and protein transfer
buffers (pH 8.3) were prepared and used according to the manufacturer’s instructions,
with the exception that the protein transfer buffer contained SDS (0.0375% w/v).
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Detection of AChE variants in cortex and CSF

Two primary antibodies were used to detect different splice variants of AChE in the
CSF samples. The anti-Core antibody supplied by Santa Cruz Biotechnology [AChE
(N-19); sc-6431] is an affinity-purified goat polyclonal antibody mapping at the amino
terminus of the core domain of human AChE. The anti-AChE-R Ab is an affinity-
purified rabbit polyclonal antibody elicited towards the C-terminal peptide of the AChE
‘read-through’ isoform, which is unique to this AChE splice variant80,180. The specificity
of the primary antibodies were tested by using recombinant AChE-S and AChE-R
protein on the gels as positive and negative controls. Non-specific binding sites were
blocked by incubating the blots in blocking buffer, MPBS-T0.3% (5% w/v non-fat dried
milk, BioRad; 0.3% v/v Tween-20, Sigma; in phosphate buffered saline, PBS, pH 7.5)

for 1 hour at room temperature or overnight at 4°C.  The blots were then incubated with
either diluted solution of anti-Core Ab (1:500, v/v) or anti-AChE-R Ab (5 µg/ml) in
MPBS-T0.3%  (containing 0.03% w/v thimerosal, Sigma) for 2 hours at room
temperature. They were then washed three times (15 minutes each time) using 1X PBS-
T0.2% (0.2% v/v Tween-20, pH 7.5). Two secondary antibodies (goat anti-rabbit IgG
against the anti-AChE-R Ab, sc-2030; and donkey anti-goat IgG against the anti-Core
Ab, sc-2033, Santa Cruz Biotechnology) were diluted (1:1000, v/v) in MPBS-T0.3%.
After the washing step, each membrane was incubated with the appropriate secondary

antibody solution for 2 hours at room temperature or overnight at 4°C. The blots were
washed as before, and incubated for 5 minutes in 4 ml/blot of ECL Plus™ reagents
(Amersham Life Science). Films (Hyperfilm™ ECL, Amersham Life Science) were
exposed to the blots and developed according to standard procedures.

The immunostaining procedure in the Paper II was essentially the same as outline
above, but for one exception. After probing the blots with one of the primary antibodies
and the corresponding secondary Ab, the membranes were stripped to remove the bound
antibodies, by submerging the membranes in 40 ml stripping buffer [100 mM of 2-ME

and 2% SDS in 62.5 mM Tris-HCl, pH 6.7] and incubation at 55 °C for 30 minutes with
occasional agitation. To ensure the removal of the antibodies, blots were incubated with
ECL Plus™ detection reagents and exposure of Hyperfilm™ ECL for 10-15 min. The
blots were then washed and reprobed by the other primary Ab and its corresponding
secondary Ab as described above.

Quantification of AChE isoforms

Quantification of the relative changes in protein levels of AChE splice variants and
heavier molecular isoforms was performed only on CSF samples from the treated and
untreated AD patients. To quantify each band, the films were scanned using a Sharp JX-
325 scanner. The background signals were uniformly removed and optical densities
(ODs) of the bands were calculated as a product of contour OD and the area of the

contour using ImageMaster 1D software (version 1.10; Pharmacia Biotech).
Duplicates or triplicates of all of CSF samples of each patient were applied on the same
gel, allowing the comparison of average ODs of bands detected in samples collected at
three and 12 months with the patients’ own average baseline values.

Sucrose gradient density analysis (Paper II)

Molecular isoforms of AChE were also separated by sucrose gradient
sedimentation technique by ultracentrifugation at 165,000 g in a continuous sucrose

gradient (5-20% wt/vol) for 18 h at 4 °C in a Beckman rotor (SW 41 Ti). Pooled CSF
(1.0 ml) or brain homogenate (0.30 ml) samples were applied on the top of gradients.
The gradients contained 10 ml Tris-HCl (10 mM, pH 7.4) containing 1.0 M NaCl, 50
mM MgCl2 and 0.5% Triton X-100. Approximately 40 fractions were collected from the
bottom of each tube. Enzymes of known sedimentation coefficient—bovine liver
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catalase (11.4S; ~250kDa) and calf intestinal alkaline phosphatase (6.1S; ~140 kDa)—
were used in the gradients to estimate the sedimentation coefficient of AChE isoforms.
AChE activity in the collected fractions was determined as outlined above. Then, the
fractions with considerable AChE activity were used to detect AChE isoforms by anti-
AChE-R and anti-Core Ab immunostaining after resolution by SDS-PAGE under
reducing and non-reducing conditions as described above. To remove any confounding
effects due to the stripping procedure and re-probing of the blots, duplicate blots were
prepared and used.
ELISA-like assay setup for CSF AChE protein (Paper III)

Immunoprecipitation analysis for selectivity of new antibodies

Since the quantitative immunoblot analysis, described above, is very time-
consuming and because the anti-Core Ab and the anti-AChE-R Ab did not work in an
ELISA set up, new antibodies were screened for selectivity against the synaptic and the
read-through AChE splice variants. Two mouse monoclonal antibodies were used: i)
The MA3-042 Ab (Affinity BioReagents, CO), which is raised against cerebellar
AChE181-183. ii) The MAB337 Ab (Chemicon International, CA), which is raised against
human RBC AChE184.

To determine the selectivity of the new antibodies immunoprecipitation analysis
was performed as follows. Conjugates of antibodies and Protein G plus-Agarose beads
(sc-2002, Santa Cruz biotechnology, CA) were prepared for primary antibodies (the
MAB337 and the MA3-042, the anti-Core and the anti-AChE-R antibodies) as well as
control IgGs according to standard procedure. Then, pooled CSF samples (500µl-
aliquotes) were pre-cleared by incubation with the control IgG-Protein G plus
conjugates at 4° C on a rotating device for one hour. After centrifugation, the pre-
cleared CSF supernatants were transferred to the tubes, containing the primary

antibody-Protein G plus conjugates and incubated overnight at 4 °C. The pellets were
collected, washed three times, and finally resuspended in 6x-reducing or non-reducing
sample loading buffer. The above samples were heated and used for immunoblot
analysis essentially as described previously, but with following modifications, to
remove interference of protein bands (corresponding to the light and heavy chains of the
primary antibodies) with the AChE bands on blots, a biotin-labeled antibody was used
as detecting antibody.  MAB303 Ab (directed against human AChE185, Chemicon Int)
was first labeled with biotin, using the biotin labeling kit Cat #1418165, Roche,
Mannheim, Germany]. Then, the blots were blocked by M-PBS-T (PBS, pH 7.4; 5%
non-fat dried milk, w/v, and 0.3% Tween 20; for one hour at RT), incubated with the

Biotin-MAB303 Ab (1 µg/ml in M-PBS-T; for two hours at RT), washed with PBS-T (3
x 10 min), incubated with streptavidin-conjugated HRP (Santa Cruz Biotechnology,
diluted 1/3000 in M-PBS-T; for one hour at RT), washed with PBS-T (4 x 10 min) and
finally, the detected protein bands on the blots were documented as described before.
These analysis showed that the MAB337-Ab and the MA3-042 Ab were highly selective
against the AChE-R and AChE-S splice variants, respectively. However, it should be
mentioned that some overlap in the affinity of the antibodies could not be excluded due
to the possible heteromeric nature of the heavier AChE isoforms.

The ELISA-like assay

All CSF samples were diluted five times in advance in dilution buffer (10 mM Tris-
HCl, pH 7.4; 0.9% NaCl; 1.0 mM EDTA; 0.05% Triton X-100 and 1% BSA) and were

kept frozen at -20°C until the assay.  Partially purified human AChE with a specific
activity of 2.0 U/mg total protein content (#C1682, Sigma) was used as the standards
protein. This standard was diluted in the dilution buffer (ranging between 2.0 and 0.15
ng/µl, by serial 2-fold steps). Nunc maxisorb ELISA plates were coated overnight at
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4°C by 150µl/well of the MA3-042 Ab (1:1000) or the MAB337-Ab (1:3000), diluted in
coating buffer (0.1 M Carbonate buffer, pH 9.6, containing 0.2% (wt/v) sodium azide).

The plates were blocked at 37 °C for 2 hrs with 250µl/well of the coating buffer
containing 5% BSA (wt/v, Fraction V, Sigma), washed 3x with TBS-T (10 mM Tris-

HCl, pH 7.4, containing 0.9% NaCl; 0.05% Tween 20), then incubated overnight at 4°C
with 150µl/well of the standards (in triplicates) or the diluted CSF samples (in
duplicates), washed five times with TBS-T, and finally incubated with ATC-reagent mix
(200µl/well of Na K-phosphate buffer, pH 7.4, containing 1.3 mM ATC, 0.5 mM

DTNB) for one-two hrs at RT (22.5 °C). The absorbance was read at 412 nm
wavelength as described before. Possible affinity of the antibodies to BuChE was
checked by washing the above plates once with TBS and incubation with appropriate
BuChE reagent mix.

Estimation of CSF AChE inhibition

To provide an index for the inhibition level of CSF AChE activity after treatment
with the reversible ChE inhibitors, such as galantamine and donepezil, the CSF AChE
activity was normalized to the protein level of the enzymes in CSF, using the following

two definitions:  i) A baseline-normalized activity level (expressed as nmol/min/µg CSF
AChE), where the baseline enzyme activity (nmol/min/ml CSF) was divided by the

protein level of the enzyme (µg AChE/ml CSF) at baseline and at the follow-up
intervals. The baseline-normalized activity level might overestimate the actual values
and was used to calculate the upper limit of the inhibition (the Imax) level.  ii), An
interval-normalized enzyme activity, where the enzyme activity at each time interval
was normalized to the protein level of the enzyme at the corresponding interval. This
may underestimate the actual level, and was used to define the lower limit of the
inhibition (the Imin) level. Then, the Imax was calculated using the formula [the Imax=((1-
Af/Ab)x100), where Af is the baseline-normalized activity of the CSF AChE variants at
the follow-ups and Ab is the normalized activity at baseline]. The Imin level was
calculated by the above formula but using the interval-normalized activity of the AChE
variants.

ELISA assay for CSF BuChE protein (Paper IV)

All CSF samples were diluted 4-fold with TBS-T-BSA (10mM Tris-HCl, pH 7.4;

0.9% NaCl; 0.05% Tween 20; and 0.1% BSA) and were then frozen at –70 °C until the
assay. Partially purified human serum BuChE with a specific activity of 12.7 U/mg (c-
9971, Sigma) was used as the standard protein. This standard was diluted in the TBS-T-
BSA buffer to concentrations of 2.0-0.016 ng/µl (by serial 2-fold steps). To quantify the
BuChE protein levels, two selective mouse monoclonal antibodies against human
BuChE were used in a sandwich ELISA181,186. Briefly, Nunc maxisorb ELISA plates

were coated overnight at 4 °C by adding 150µl/well of a working solution of B12
antibody (1.5µg/ml in Sodium Carbonate buffer, pH 9.6 containing 0.02% w/v sodium

azide). The plates were then incubated for 2 hrs at room temperature (RT, 22.5 °C) with
250µl/well of a blocking solution (5%BSA, w/v, in the coating buffer). The plates were
washed 3x with TBS-T (300 µl/well) and incubated with the standards and the diluted

CSF samples (all in triplicates) at 4 °C overnight. After washing as before, the plates
were incubated for 2 hrs at RT with 150µl/well of the biotin-labeled B18 antibody
(1.5µg/ml in TBS-T-BSA). The plates were washed as before and incubated at RT for 2
hrs with working solution of streptavidin-alkaline phosphatase (cat#1093266, Roche,
1/5000 dilution in TBS-T-BSA buffer). The plates were washed 4 times with TBS-T
and incubated with 200µl/well of the substrate (di-Sodium 4-nitrophenyl phosphate,
10mM, #73724, Sigma) in diethanolamine buffer,(1.0 M, pH 9.8, Sigma) for 2.5 hrs at
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RT. The endpoint reaction was monitored using a microplate spectrophotometer reader
(SpectraMax* 250; Molecular Devices Corporation) at 405 nm wavelength at RT, using
SOFTmaxPRO software (version 2.6.1 for PC; Molecular Devices Corporation). Final
levels of BuChE in CSF samples were determined with reference to the simultaneously
measured standard curve, using a value of 740 U/mg (the established specific activity of
BuChE187), to calculate the amounts of pure protein.
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4. STATISTICAL ANALYSIS (PAPER I-IV)

Data are expressed as mean values and standard error of the mean (SEM) (Paper I-

IV).
The effects of treatment duration and drug dosage were assessed using repeated

measures (RM) ANOVA on the raw data (Paper I-III).
Comparisons between different groups were performed using factorial ANOVA or

the unpaired student t-test (Paper I-IV). A significant ANOVA (p<0,05) followed by a
post hoc analysis (Bonferroni-Dunn post hoc test) that tested the significance of results
at each time point compared with baseline or between groups (Paper I-III). The non-
parametric Wilcoxon signed rank test was used to compare the OD of different AChE
isoforms at different treatment follow-ups (Paper I-II).

All mean values are expressed as the percentages, which were individually
calculated for each patient compared to the patient’s baseline value [(1-Atn /At0)x100;
the At0 and Atn were the values measured for the patient A at baseline and after n
months, respectively].

No statistical comparison was performed between the data derived from
homogenates of AD brain versus control brain or between homogenates of AD or
control brains and the CSF from treated/untreated AD patients (Paper II).

The two-tailed correlation Z-test and the non-parametric Spearman Rank
correlations were used in correlation analysis, which then visualized graphically using a
simple or quadratic regression plot (Paper I-IV).

An important limitation of the studies (Paper I and III) is the relatively large
number of statistical analyses performed between neuropsychological tests and changes
in the RBC and CSF AChE levels, which may render some of the results obtained to be
by chance because of a mass significance effect. For this reason, result patterns rather
than isolated findings were taken into consideration. Another limitation of the studies is
the relatively small number of subjects. In addition, due to the invasive nature of CSF
sampling by the lumbar puncture procedure, several CSF samples were not available
from the patients who completed the galantamine study (Paper III). These features
make it necessary to be cautious when interpreting the data since a small sample size
may result in a lack of statistical power, although this might make the significant results
even more interesting.
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5. RESULTS AND DISCUSSIONS

Neurochemistry of AChE

Variants and molecular isoforms of AChE in Human CSF and Cerebral

Cortex

Reducing immunoblot analysis indicated that the “readthrough” AChE variant
(AChE-R) might have two G1 subunits, namely a 50-kDa and a 65-kDa subunit (Paper

I-II). Similarly, two G1 subunits of the synaptic AChE variant (AChE-S) were detected
in CSF with approximately 55 and 70 kDa molecular weight (Fig. 4, the left panel).

Figure 4

Figure 4. Immunodetection of AChE splice variants and multimeric complexes after

reducing and non-reducing resolution. Blot I shows the protein bands detected by

anti-Core Ab, indicating that these proteins contain the core-domain common to all

AChE variants. Blot II represents the same blots as in blot I that was re-probed by

anti-AChE-R Ab after complete removal of anti-Core Ab. It shows those bands that

have the C-terminal characteristic to the “read-through” AChE-R splice variants. The

lanes, as indicated in the figure, show the detected AChE bands in representative

blots of CSF of AD patients (“AD CSF”); purified recombinant human AChE-S

protein (“rAChE-S”); P2 membrane fraction of cortical region of postmortem AD

brain tissue (“AD brain”) and control (“C brain”).

Non-reducing immunoblot analysis revealed that the major molecular forms of the
AChE-R variant in CSF were the 50-kDa G1 monomer and a heavy complex with
migration properties of a G4 isoform (Fig. 4, the right panel). The corresponding
molecular isoforms of the AChE-S variant in CSF were a medium sized G2 and the
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heavier G4 complexes. The 65-kDa subunit of the AChE-R variant and both G1 subunits
of the AChE-S variant (the 55- and 70-kDa) were most likely the incorporated subunits
in the heavier G4 complexes, since they were detected only under the reducing
immunoblotting condition (Paper I-II).

Non-reducing immunoblot analysis also revealed that the heavier G4 AChE-R and
AChE-S complexes were the most abundant AChE species in both CSF and cortex
(Paper II).

In the cortex, besides the heavy AChE complexes91, a mixed population of
monomers of both AChE-S and AChE-R splice variants were found (Fig. 4). The major
AChE subunits in the cortex had a Mw of about 65-, and 75-kDa, i.e. about 20 kDa
heavier than the 50-kDa AChE-R and 55-kDa AChE-S in CSF. The Mw differences
might hence reflect the presence or absence of the 20-kDa membrane-anchoring PRiMA
subunit83.

Altogether, the G4 form of the AChE variants, the medium sized G2 AChE-S and
the 50-kDa AChE-R G1 were present in CSF as free molecular isoforms (G4 >> G2 �
G1), whereas the 55- and 70-kDa AChE-S and the 65-kDa AChE-R molecules were the
major incorporating subunits of the heavier G4 and G2 complexes. Using the ELISA-
Like assay, the protein level of the AChE-R in CSF was found to be three-fold higher
than the synaptic AChE variant (Paper II-III), suggesting that the major AChE variant
in CSF is the AChE-R variant, consistent with its putative properties such as being a
secretory and soluble form of AChE molecule69.

FIGURE 5

Figure 5. Analysis of AChE isoforms by sucrose density gradient technique in

pooled CSF samples of the AD patients (A) and in pooled brain extract from AD

brain (C). Enzymes with known sedimentation coefficient, catalase (C; 11.4S) and

alkaline phosphatase (P; 6.1S), were used to approximately determine

sedimentation coefficients of AChE isoforms. It should be noted that the scale on

y-axis in the graph A is different from that in the graph C. The open symbols

indicate the fractions used in the subsequent immunoblot analysis.
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AChE-R variant and its heavier AChE complexes

The C-terminal peptide of the AChE-R variant lack the cysteine residue essential
for the formation of the classical disulfide inter-subunits linkage in the heavier AChE
molecules81,188. Therefore, the AChE-R have putatively been regarded to solely function
as soluble G1 monomers69. The AChE-R variant however was not exclusively
monomeric, as it was incorporated into the heavier AChE complexes (Fig. 4). Since this
finding was unexpected, we performed sucrose density gradient analysis on pooled CSF
and brain homogenate to separate the different molecular isoforms of AChE (Fig. 5).

The subsequent immunoblot analysis of these molecular isoforms in the sucrose
fractions strongly supported the notion that the AChE-R variant was incorporated into
the heavier complexes of AChE. In fact under non-reducing condition, it was shown that
two out of three heavier complexes of AChE contained the C-terminal polypeptide
unique to AChE-R (Fig. 6).

FIGURE 6

Figure 6. Non-reducing immunoblot analysis of AChE isoforms separated by

sucrose density gradient technique. Blot I shows AChE bands detected by the anti-
Core Ab in sucrose fractions 19-22 (the G4 peak) and 26-31 (the G2+G1 peak in

Fig. 5A). Blot II is a duplicate of the blot I, but was immunostained by the anti-
AChE-R antibody. A comparison between these two blots suggest that AChE-R

variant is included in two of the three heavy bands (band a and b), whereas the

third heavy band (band c) is devoid of AChE-R variant. “rAChE”= purified

recombinant human AChE protein. The numbers on the top of the blots specify the

sucrose fractions (the open symbols in Fig. 5A) used for immunostaining.

Although the nature of molecular interactions resulting in the inclusion of AChE-R
subunits in the heavier AChE complexes is not clear, it has been shown that in a G4

AChE complex, not all of the subunits are disulfide-bonded189,190. Thus, the cysteine
residues in the C-terminal domain of AChE monomers might not be essential for
multimerization of AChE-R subunits83.
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Are CNS neurons the major sources of AChE in CSF?

Different AChE variants and multimeric complexes were identified by reducing
and non-reducing immunoblot analysis of brain homogenates from parietal cortex of
AD patients and controls, which were compared with the AChE variants found in CSF
(Fig. 4). All the immunopositive AChE bands—both AChE splice variants (AChE-R
and AChE-S) and all AChE isoforms (G1 and heavier G2 and G4 complexes)— were
detected in CSF of AD patients and the parietal cortex of both AD and control brain
(Paper I & II).

 Furthermore, in situ hybridization analysis using probes selective for mRNA of
AChE-S and AChE-R variants clearly showed that both mRNA variants were expressed
in neurons of frontal and temporal cortices of both AD and control brains (Fig. 7,
unpublished experiment).

Figure 7. The mRNA splice variants of the synaptic and the read-through AChE

are clearly expressed in neurons of frontal and temporal cortices of both AD and

control brains. The in-situ hybridization analysis was performed using

oligonucleotides probes selective for mRNA of AChE-S and AChE-R variants.

FIGURE 7

The in vivo AChE activity (K3 value) in brain regions of AD patients was assessed
by PET using the ACh analogue tracer, 11C-BMP. Strong positive correlations were
observed between the level of AChE activity in the CSF and the majority of brain
regions of the AD patients (Paper III). In contrast, no significant correlations were
observed between the AChE activities in the plasma or RBC and the in vivo level of
AChE activity (the K3 value) in the brain of the AD patients. The overall findings hence
strongly supported both animal and human studies, which indicate that the origin of
AChE in CSF is CNS neurons191-193. Thus, it is reasonable to assume that the CNS
might be at least one of the major sources of AChE proteins in CSF. Changes in the
protein levels of AChE variants in CSF may then reliably be used as a surrogate of
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changes in the in vivo expression of AChE isoforms in the brain’s cholinergic and
cholinoceptive neurons.
Molecular Changes of AChE during the natural course of AD

Quantitative immunoblot analysis revealed bi-directional changes in the levels and
composition of the AChE-S and AChE-R variants in the CSF of untreated AD patients
during a follow-up period of one year (Paper I-II). Decreased levels of both AChE
variants were observed within the one-year follow-up, which is summarized in Table 2.
Similar findings were also observed in the placebo group in the galantamine study after
a shorter 3-month follow-up (Paper III), where compared to the baseline levels, the
protein level of AChE variants were reduced 13-27% in three out of five AD patients.
However, a 3-months period seems to be a too short time to detect disease deterioration
in all the patients.

Evaluation of the protein levels of the multimeric AChE complexes in the CSF,
assessed by the non-reducing immunoblot analysis (Paper II), showed that the protein
levels of the G1 and G4 AChE-R isoforms were reduced by 32-37% after one-year
follow-up in untreated AD patients. The protein levels of the G1 and G4 isoforms of the
AChE-S variant were also reduced but to a lesser extent (13-28%, Table 2). In contrast,
expression level of the G2 isoform of the AChE-S variant was increased by 32% in the
untreated AD patients (Paper II, Table 2).

In overall, these findings are compatible with previous reports, which attributed
much of the AChE reduction in the CNS to cholinergic neurons85,106,194. Continuous loss
of such neurons as the disease progresses would expectedly be accompanied by
reduction in the levels of both AChE variants.
FIGURE 8

Figure 8. Positive correlation between the averaged in vivo AChE activity in

overall cortical brain regions and the activity of the synaptic AChE in CSF of

patients with mild AD.

Molecular Changes of AChE following treatment with ChEIs

Intriguingly, the quantitative immunoblot analysis suggested opposite changes in
the expression level of AChE variants and their molecular isoforms in the CSF of ChEI-
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Table 2. Summary of the densitometric analysis of the changes in the composition of different

AChE splice variants and multimeric complexes in treated and untreated AD patients.

The arrows, ↑or ↓, indicate direction of the changes in protein levels of AChE variants. The

number of the arrows indicate the significant levels (p<0.05 and p<0.001, respectively). The

horizontal arrows, ↔, indicate no significant changes in the protein level. All values are

expressed as the percentages of changes compared to the baseline levels.

treated AD patients compared to the baseline or the untreated group, namely increases
in the protein levels of AChE variants (Table 2). Both reducing and non-reducing
immunoblot analysis indicated a mild (~10%) increase in the protein level of 50-kDa G1

and heavier G4 AChE-R variant following treatment with rivastigmine compared to
baseline level (Table 2). The protein level of the G1 and G4 AChE-S variant remained
however essentially unchanged up to 12 months of rivastigmine treatment, whereas the
protein level of the G2 AChE-S isoform was unexpectedly reduced by 14-21%
compared to baseline in the rivastigmine group (Paper I-II).

Tacrine treatment elevated the protein levels of AChE variants as well as their G1

and G4 isoforms to a much higher extent relative to that observed in the rivastigmine-
treated AD patients (Table 2). Nonetheless, the protein level of the AChE-R variant
showed a stronger increase than the corresponding changes in the expression of the
AChE-S variant. Interestingly, the protein level of the G2 AChE-S isoform was elevated
as well in the tacrine group (98-117% increase, Table 2). Thus, the expression of the G2

AChE-S isoform was increased in both untreated and tacrine-treated groups, but
decreased in the rivastigmine group (Table 2).

The changes in the protein level of AChE variants were evaluated by the ELISA-
like assay instead of the quantitative immunoblotting method, in the galantamine-treated
AD patients. The ELISA-like assay most likely measures the levels of the G4 isoforms
of the AChE variants, since the major free molecular isoform of the AChE variants in
CSF was shown to be the G4 isoforms (see Fig. 1).

After 12-24 months of treatment with donepezil, a significant increase was
observed in the protein level of both AChE-R (110%) and AChE-S variants (160%) in
the overall patients group (Darreh-Shori et al., 2005, Submitted). The increase in the
protein level of AChE variants was highly dose-dependent (Fig. 9-I).

After 3 and 9-12 months of treatment with galantamine (Paper III), the overall
protein levels of CSF AChE variants were significantly increased by 48-54% for the
AChE-S and 65-47% for the AChE-R, respectively (Fig. 9-II). Strong positive
correlations were observed between the concentration of donepezil (Darreh-Shori et al.,

Rivastigmine
Group

Tacrine
Group

Untreated
Group

3 12 3 12 12

AChE molecular variants

 in CSF
months months months

AChE-R (50-kDa) 10% ↔ 10% ↑ 67% ↑↑ 91% ↑ 32% ↓↓

AChE-R (65-kDa) -8%↔ -5%↔ 29% ↑ 62% ↑ 37% ↓

AChE-S (55-kDa) -8%↔ -1%↔ 63% ↑ 18%↔ 28% ↓

Light isoforms
(G1)

AChE-S (70-kDa) -7%↔ -5%↔ 44% ↑ 43% ↑ 13% ↓

Medium sized

form (G2)
AChE-S (130-kDa) 21%↓↓ 14% ↓ 98% ↑ 117% ↑ 32% ↑

AChE-R (>240-kDa) 10% ↑ 8%↔ 54% ↑↑ 59% ↑ 37% ↓
Heavy

 complexes AChE-S (>240-kDa) 5%↔ 10%↔ 33% ↑↑ 36% ↑ -13%↔
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2005, Submitted) or galantamine and the elevated expression of the AChE variants.
However, a comparison between donepezil and galantamine showed that the elevation
of AChE gene expression was more pronounced in response to the donepezil than the
galantamine treatment (about 2-fold). Another difference between these two ChEIs was
that the expression of the AChE-S was more affected than the AChE-R by donepezil
treatment (Fig. 9-I). Whilst, the changes in galantamine-treated AD patients showed the
same pattern observed following rivastigmine or tacrine treatments, i.e. a more selective
upregulation of the AChE-R protein (~16%) compared to the AChE-S protein level
(Fig. 9-II).

FIGURE 9 I-II
Figure 9. The elevated level of CSF AChE activity is highly disproportional to the

increased protein of the CSF AChE variants in the AD patients treated with donepezil

(I, Darreh-Shori et al., 2005, Submitted) and galantamine (II). The data are given as

Mean ± SEM. ***p<0.001, **p<0.01, *p<0.05 between the donepezil dosage groups (I)

or compared to baseline in the galantamine group (II). ap<0.05, 
b
p<0.01 and 

c
p<0.001

indicate differences compared to the Placebo group. ###p<0.001 indicates a difference

at 12 months compared to after 24 months of donepezil treatment in the 10-mg group.

Elevated CSF AChE activity reflects in vivo AChE inhibition

A significant dose-dependent reduction of the AChE activity was observed in CSF
of the AD patients treated with rivastigmine as assessed by the Ellman’s colorimetric
assay (Paper I). The measurement of AChE activity by this assay on the opposite
showed increased AChE activities in the CSF of AD patients treated with donepezil or
galantamine (Fig 9-I and –II, respectively), which is compatible with previous
reports144,145. The CSF AChE activity was increased by 20-35% after chronic donepezil
treatment compared to baseline (Fig. 9-I). The corresponding increase in the CSF of
galantamine-treated AD patients was about 25% (Fig. 9-II).

A crucial question is whether an increase in CSF AChE activity reflects a tolerance
phenomenon45,81, because an increase in the AChE expression may accelerate
degradation of ACh at the synaptic cleft.
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However, as was demonstrated in the thesis, direct colorimetric assay alone (as
used in all of previous studies) might be misleading due to the bias resulting from
inevitable dilution of the CSF samples and the consequential reduction in the actual
concentration of these reversible inhibitors in the samples. In contrast, the dilution of
samples has a negligible effect on the AChE inhibition by rivastigmine due to a covalent
attachment of rivastigmine’s carbamyl-moiety to the active site of the enzyme156,157.

Indeed, the direct colorimetric assay showed mild increases in the CSF AChE
activity in the treated AD patients, which were highly disproportional to the strong
increases in the protein level of the enzyme in CSF, assessed by the ELISA-like method
(see Fig. 9 I-II). Both assays measure only the active proportion of the enzyme in CSF,
but during measurement with the ELISA-Like assay the reversible inhibitor is
completely washed away. In contrast, during the direct colorimetric assessment of the
enzyme activity the inhibitor is still present, although at one-fourth of its original
concentration (depending on the dilution factor for CSF samples). This finding hence
indicated that a major proportion of the inactivated AChE molecules became reactivated
upon complete removal of the reversible inhibitor.

We circumvent the problem of estimating the actual AChE inhibition in CSF by
combining the data from both the direct colorimetric and the ELISA-like assays (for
details see the methods section). By normalizing the AChE activity to its protein level in
CSF, a significant dose-dependent reduction was observed in the CSF AChE activity
compared to the baseline level in donepezil (Darreh-Shori et al., 2005, Submitted) as
well as galantamine-treated AD patients (Paper III), compatible with the reduction in
levels observed after rivastigmine treatment (Paper I). In addition, we showed that the
reduced normalized AChE activity in CSF strongly correlated to a similar reduction of
in vivo AChE activity in the brain as assessed by PET in the same AD patients (Paper

III). Thus, the elevated CSF AChE activity observed following treatment with
reversible ChEIs reflects the in vivo AChE inhibition in CNS rather than tolerance to the
ChEIs (Fig. 10).

FIGURE 10
Figure 10. The changes in the CSF AChE activity reliably reflect the in vivo brain

AChE inhibition. The graphs illustrate a positive correlation between the averaged

in vivo AChE inhibition in overall brain regions and the inhibition of the synaptic

AChE variant in CSF after 3 months follow-up. ◊= the Placebo group. ♦= the

galantamine group.

AChE Inhibition after treatment with different ChEIs

Following 3-12 months of rivastigmine treatment, a sustained dose- and time-
dependent inhibition of both CSF AChE (29-46%) and BuChE activities (45-65%) was
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FIGURE 11
Figure 11. The AChE inhibition after treatment with donepezil or galantamine.

A and C show the inhibition of the synaptic AChE variant in CSF after donepezil

(Darreh-Shori et al., 2005, Submitted) and galantamine treatment, respectively. B

and D show the RBC AChE inhibition after donepezil and galantamine treatment,

respectively. ***p<0.001, **p<0.01 and *p<0.05 between the donepezil dosage

groups (A and B) or between the placebo and the galantamine-treated groups (C

and D).

observed (Paper I). The findings also showed that rivastigmine might have a greater
affinity for BuChE than AChE and that longer treatment periods are probably needed to
obtain maximal inhibition levels. The CSF AChE inhibition after up to two years of
donepezil treatment was estimated by the combined colorimetric-ELISA like methods
(Darreh-Shori et al., 2005, Submitted). The averaged level of CSF AChE-S inhibition
was 35-55%, whereas the RBC AChE inhibition was lower (20-30%, Fig. 11 A-B).
Similar to rivastigmine, the CSF AChE inhibition seemed to be both dose- and time-
dependent and highly correlated with donepezil concentration in plasma and CSF
(Darreh-Shori et al., 2005, Submitted). These findings were also in agreement with the
in vivo AChE inhibition in the brain regions of AD patients, which has been estimated
by PET following short-term donepezil treatment150,151.

The same methodological approach showed taht 3-12 months of galantamine
treatment caused 30-36% inhibition of the activity of CSF AChE-S variant (Fig. 11 C,

Paper III). The inhibition of the RBC AChE activity by galantamine was however quite
mild, ranging between 10-15% (Fig. 11 D).

Nonetheless, the estimated CSF AChE-S inhibition was almost identical to and
strongly correlated with the in vivo levels of AChE inhibition in the brain, in particular
the cortical regions, of the galantamine-treated AD patients (see Fig. 10, and Paper III).
In addition, strong positive correlations were observed between the plasma or CSF
galantamine concentration and the RBC AChE inhibition, the estimated CSF AChE
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inhibition and the in vivo AChE inhibition. Altogether, these findings provided
additional support for the accuracy of our methodological approach for estimation of the
inhibition level of AChE in the CSF of AD patients treated with one of the reversible
ChEIs.
Pharmacokinetic and -dynamic findings of the ChEIs

A comparison of changes in the expression level of CSF AChE splice variants and
their molecular isoforms following treatment of AD patients with rivastigmine, tacrine,
donepezil and galantamine suggested a differential induction of AChE gene expression.
Rivastigmine treatment seemed to induce a mild but selective increase in the expression
of AChE-R variant. In contrast, treatment with the reversible inhibitors tacrine,
donepezil and galantamine produce a general increase in the expression level of both
AChE variants, more pronounced with donepezil compared to tacrine or galantamine.
This is consistent with a previous report showing a much stronger increase in the CSF
AChE expression after donepezil treatment compared to after galantamine treatment145.

The mechanism underlying these differences is not clear, but it might be due a
direct interaction between tacrine, donepezil and galantamine with muscarinic and/or
nicotinic AChRs131,135-137,160. Another possible explanation might be that neurons adopt
other regulatory mechanisms in response to the pseudo-irreversible nature of AChE
inhibition by rivastigmine compared to their adjustment to the reversible inhibition of
AChE. Thus, the differential effects on the AChE gene expression between the ChEIs
most likely arise from a combination of their pharmacodynamic and pharmacokinetic
properties127,128,131,135-137,160,195.

Both donepezil and galantamine, in contrast to rivastigmine, showed no affinity for
BuChE (unpublished data), suggesting that both drugs are selective AChE inhibitors140.

Inhibition levels of the RBC AChE activity by galantamine was milder than the
inhibition level observed with rivastigmine (unpublished data) or donepezil (compare
Fig. 11 B and D), and was compatible with previous reports suggesting galantamine as a
moderate competitive AChE inhibitor131,133.

A comparison of the AChE inhibition in CSF by the ChEIs (Paper I, III and
Darreh-Shori et al., 2005, Submitted) however demonstrated that the inhibition level of
AChE in CSF or in vivo in the brain caused by galantamine is similar to that observed
by rivastigmine and donepezil (compare Fig. 2C in the Paper I and Fig. 11AC). We
found evidence suggesting that rivastigmine produces a higher level of inhibition in
CSF than in plasma (Paper I), which indicate its pharmacokinetic properties128. We also
found that the galantamine concentration in CSF was very similar to its concentration in
plasma following both subchronic and chronic treatment of AD patients195. In contrast,
the CSF donepezil concentration was approximately ten times lower than the plasma
level (Darreh-Shori et al., 2005, Submitted). In addition, the AChE activity is
approximately 400-folds higher in the blood compared to CSF (Personal observation).
Thus, although galantamine is a moderate AChE inhibitor, its higher penetration into
CNS and milder elevation of AChE gene expression compared to donepezil, and the
400-fold lower AChE activity in CSF or brain than in blood might compensate for
galantamine’s weaker potency compared to donepezil or rivastigmine.

AChE inhibition is reflected in the attention domain of cognition in AD

patients

Evaluation of the patients’ cognitive performance in different neuropsychological
subsets indicated the cognitive target domain for positive treatment effects was attention
rather than memory and global cognitive function. In the rivastigmine-treated AD
patients, the AChE inhibition correlated with the scores of neuropsychological tests
associated with attention, such as the Digit-Symbol test, TMT-A and TMT-B tests for
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up to 6 months (Paper I). A similar pattern was observed in the galantamine study
(Paper III). Similar findings are reported by others for ChEIs treatment148,151,196-203.
Thus, the relationship between AChE inhibition and test performance was shown to be
most striking in the attention domain of cognition. These observations are consistent
with the putative role of the activity of projectory neurons of the basal forebrain
cholinergic system204-206. Altogether, these findings hence indicate that AChE inhibition
activates areas of the brain specific to attention and improves functions of the frontal
and temporal brain regions207-209.
Threshold level of AChE inhibition

The cognitive response to rivastigmine as well as donepezil was more pronounced
in the AD patients with a higher AChE inhibition (Paper I and Darreh-Shori et al.,
2005, Submitted). A stronger AChE inhibition was observed in the majority of the
patients treated with 10 mg/day of donepezil, which positively correlated with the
cognitive performance of patients as measured by the MMSE test after one and two
years of treatment (Darreh-Shori et al., 2005, Submitted).

Dose-dependent increases in CSF AChE activity have been particularly prominent
in patients exhibiting a clinical response to the treatment with the ChEIs, donepezil and
galantamine145. This is consistent with the findings in this thesis, since such an increase
was shown to be associated with AChE inhibition (see Fig. 9 to 11). We also found that
donepezil-treated AD patients with 45% or stronger AChE inhibition in CSF showed a
preserved performance in MMSE test for up to two years, while the patients having 30%
or less AChE inhibition showed cognitive deterioration (Darreh-Shori et al., 2005,
Submitted). A similar finding has been reported by others after subchronic treatment of
AD patients with donepezil151. Altogether, these observations suggest that a certain level
of AChE inhibition is needed to obtain therapeutic response in the AD patients,
particularly following chronic treatment.

FIGURE 12

Figure 12. Positive Correlations between the increases in the relative protein

expression of the “read-through AChE variant and the inhibition of the synaptic

AChE variant in CSF of AD patients after one (A) and two years (B) treatment

with donepezil (Darreh-Shori et al., 2005, Submitted). (A: r=0.62, n=50,

p<0.0001; B: r=0.60, n=41, p<0.0001).

Preferential changes in the AChE-R expression

As mentioned in previous sections, differential modulation of alternative mRNA
splicing and hence the protein expression of AChE variants were observed between
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untreated and treated AD patients as well as between treatment with different ChEIs. In
principal, the reduction in the protein level of the CSF AChE during the natural course
of AD (untreated AD patients) appeared to be due to a selective reduction in the
expression level of the AChE-R variant (Table 2, Paper II-III). In contrast, the protein
level of this AChE variant was in general preferentially increased following treatment
with the ChEIs (Paper I-III). However, the degree of the changes in the expression
level of the AChE-R variant varied between the ChEIs. Rivastigmine caused a very mild
increase, whereas tacrine treatment produced a quite strong elevation in the protein level
of the AChE-R (Table 2). The protein level of AChE-R was 16% higher than the
AChE-S variant in response to the galantamine treatment (see Fig. 9-II).

The inhibition level of the synaptic AChE was found to induce expression of the
AChE-R variant following chronic treatment with donepezil, since the increased protein
level of AChE-R positively correlated with the inhibition of the AChE-S variant (Fig.

12, Darreh-Shori et al., 2005, Submitted). These findings are consistent with reports that
the AChE-R variant may accumulate in response to acute stress and to exposure to
ChEIs69,81,86.

Relationship between CSF AChE-R variant and cognitive performance in

AD patients

Selective up-regulation of AChE-R seems to attenuate neurodeterioration in
transgenic mice that over-express human AChE-R, suggesting that AChE-R may exert a
neuroprotective effect. In contrast, excess of the human synaptic variant intensifies
neurodeterioration80,210. The altered protein level of four AChE isoforms was shown to
strongly correlate to the changes in the patients’ cognition as measured by MMSE test
score (Paper II). A higher expression of the heavy G4 and the 50-kDa G1 isoforms of
the AChE-R variant positively correlated with a better performance in MMSE test
(%G4: p<0.0007 and %50-kDa G1: p<0.05). In contrast, the changes in the 65-kDa
AChE-R and in particular the G2 AChE-S showed an inverse correlation with changes in
the MMSE test score (%G1: p<0.02 and %G2: p<0.0003).
FIGURE 13

Figure 13. Correlation between the percentage changes in MMSE of AD patients

and the ratio of AChE-R to AChE-S at 12 months. The letters “T”, “R” and “U”

indicate the AD patients in the tacrine, the rivastigmine and the untreated group,

respectively. It should be noted that the scales on the X-axis of this graph are in

reversed order.

The overall contribution of the changes in the composition of CSF AChE isoforms
was calculated as the ratio of AChE-R to AChE-S (R/S-ratio). The R/S-ratio strongly
correlated with the changes in MMSE (Fig. 13). The AD patients with high R/S-ratio
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were quite stable in their cognitive function after one-year treatment compared to their
baseline levels or the untreated-group. Furthermore, increased AChE-R expression
positively correlated with the changes in MMSE test scores after 1-2 years of treatment
with donepezil compared to baseline (Fig. 14, Darreh-Shori et al., 2005, Submitted).
Similarly, positive correlations were observed between the increased expression of the
AChE-R variant and the patient’s performance in the clock drawing test, the attention
digit symbol test and the Trailmaking A and B tests, following both subchronic and
chronic galantamine treatment (Fig 15, Paper III).

Overall, the neurochemical changes in the composition of CSF AChE in relation to
the cognitive changes of the AD patients provided clinical observation, supporting the
putative neuroprotective role of the stress-associated “readthrough” AChE splice
variant80,81. The mechanism by which the AChE-R variant might exert its
neuroprotective role is however still unknown. Both acute stress and AChE inhibitors
elicit a phase of enhanced neuronal excitability, leading to the selective and long-lasting
upregulation of the AChE-R81. Interestingly, the C-terminal peptide of the AChE-R is
shown to be more effective than cortisol and equally as effective as stem cell factor in
promoting expansion and differentiation of early hematopoietic progenitor cells87.

The observation that an increased activity but not inhibition of AChE-R correlated
with the stabilized MMSE scores of the patients seems however to suggest that the
neuroprotective role of AChE-R may at least partially be dependent on the activity level
of this AChE variant.

FIGURE 14

Figure 14. Positive correlation between the increased activity of AChE-R variant

and the changes in MMSE scores of the patients after two years chronic donepezil

treatment compared to the baseline (Darreh-Shori et al., 2005, Submitted).

Compensatory modulation of AChE gene expression

Combined, the aforementioned findings point at a complex picture whereby the
disease or the ChEIs change the transcription, alternative splicing and inter-protein
interactions of AChE variants in conjunction with the long-term efficacy of the
therapeutic treatment. The long-term changes in the protein levels of AChE variants
clearly differed between the treated and untreated groups, as well as between treatment
with the reversible inhibitors, tacrine, donepezil or galantamine and the pseudo-
irreversible inhibitor, rivastigmine. These findings were shown to be clinically
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FIGURE 15
Figure 15. Positive correlations between the relative increase in the expression of

AChE-R variant in CSF with improvement of the patients in the test, associated

with attention (A) and visuospatial ability (B) at the 3-months follow-up.

important and suggested that different mechanisms were adapted by neurons in response
to the ChEIs and controlling the intrinsic stimulatory signals in untreated AD patients.
The increased amounts of AChE variants point at up-regulation of AChE gene
expression under ChEI treatment, in agreement with the previous reports45,211, whereas
changes in the composition of these variants reflect long-lasting alternative splicing
modulation86.

The sucrose density gradient analysis indicated that the molecular formation in a G4

complex might increase the catalytic efficiency of G1 subunits in the native G4 AChE
isoforms (Paper II). In the sucrose fractions from pooled CSF samples, the AChE
activity was about 10-fold higher in the G4 peak than in the G2+G1 peak (see Fig. 5).
The protein level of the enzyme was however much higher in the G2+G1 peak than in
the G4 peak (see Fig. 6), contrasting the ten times higher activity in the G4 peak. The
differential changes in the expression level of G2 AChE-S isoform compared to the G1

and G4 molecules might hence indicate a compensatory adaptation of AChE gene
expression in affected neurons.

During natural course of AD, neurons compensate for a low level of ACh at the
synaptic clefts by increasing the level of G2 AChE-S instead of the G4 isoform. Such a
modulation not only reduces the number of catalytic subunits of AChE at the synaptic
cleft, but also the catalytic efficiency of the enzyme, which could in turn prolong the
action of ACh at synaptic clefts. In contrast, following treatment with the ChEIs the
inhibition of AChE increases the level of ACh and enables it to persist longer, which
induces the AChE gene expression in the cholinergic or cholinoceptive or both neurons
in CNS. The increased protein levels of the G1 subunits facilitate the formation of the G4

complexes, which increases the catalytic efficiency of the enzyme in hydrolyzing ACh
at the synaptic clefts, and hence preventing hyperexcitation of the neurons. The
modulation of the alternative mRNA splicing increases the protein level of the AChE-R
subunits, which facilitate both its incorporation in the G4 AChE complexes and
secretion of this highly soluble variant in the interstitial fluid. This may reduce the
diffusion range of ACh in the interstitial fluid which otherwise may disturb
synchronized neuronal activity in the adjacent ACh-sensitive neuronal network in CNS.
The upregulated AChE-R variant may also prevent a prolonged hyper-excitation of
vulnerable neurons, and hence couple the putative neuroprotective role of this AChE
variant to its increased activity level.
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Neurochemistry of BuChE

&6)�%X&K(�OHYHOV�DQG�$SR(�0��JHQRW\SH
7KH�$SR(�0��DOOHOH�LV�WKH�JHQHWLF�YDULDQW�ZKLFK�QRW�RQO\�SUHGLVSRVHV�WR�$'�EXW�DOVR

is associated with mature plaques9,29. In addition, several reports indicate a genetic
LQWHUDFWLRQ�EHWZHHQ�WKH�%X&K(�N�YDULDQW�DQG�$SR(�0��DOOHOH�DQG�WKDW�SRVVHVVLRQ�RI�ERWK
%X&K(�N�DQG�$SR(�0��DOOHOHV�LQFUHDVHV�WKH�ULVN�RI�GHYHORSLQJ�$'111-115. Both BuChE
and AChE activities are reduced in the CSF of patients with a clinical or histological
diagnosis of AD, compared to age-matched controls107-110, and the reduction of enzyme
activity seems to correlate with the severity of dementia107,109. In the Paper IV, we
reported that the CSF BuChE activity and protein levels significantly differed between
WKH�$SR(�0��DOOHOH�FDUULHUV�DQG�QRQ�FDUULHUV�$'�SDWLHQWV��0������!�0�����!�0������Fig.

16). The AD patients with a low CSF BuChE activity were exclusively carriers of one
RU�WZR�$SR(�0��DOOHOHV��7KHVH�SDWLHQWV�LQ�JHQHUDO�KDG�DERXW��������ORZHU�%X&K(
SURWHLQ�DQG��������ORZHU�DFWLYLW\�LQ�WKH�&6)�FRPSDUHG�WR�0��QRQ�FDUULHUV��LQGLFDWLQJ
WKDW�PRVW�RI�WKHVH�$SR(�0��SRVLWLYH�$'�SDWLHQWV�PLJKW�HLWKHU�EH�FDUULHU�RI�D�%X&K(
variant with an altered enzymatic activity or have less circulating BuChE molecules in
the CSF99,100,212. Interestingly, several reports suggest that the serum BuChE level in
individuals with the A-, J- or K-variant is quantitatively lower (about 30-66%)
compared to individuals with the wild-type phenotype102,103,111-113,213. However, it has
been shown that the differences are unlikely to arise from a differential catalytic rate,
substrate affinity, secretion rate, structural stability or intracellular protein turnover
between the BuChE variants214. Compatible with these findings, we found no
correlation between the plasma BuChE activity and the CSF BuChE activity or protein
level in the AD patients prior to commencing treatment with the ChEIs (rivastigmine,
donepezil and galantamine, Paper IV).

FIGURE 16

Figure 16. Differential levels of butyrylcholinesterase in the CSF of AD patients
ZLWK�GLIIHUHQW�DSROLSRSURWHLQ�(�0��DOOHOH�JHQRW\SHV��7KH�&6)�%X&K(�DFWLYLW\��$�
DQG�SURWHLQ�OHYHO��%��LQ�WKH�$SR(�0��JURXSV�SULRU�WR�FRPPHQFLQJ�WUHDWPHQW�ZLWK
the different ChEIs. The values are given as Mean ± SEM. ***p<0.001 and

**p<0.01 compared to WKH�$SR(�0����JURXS� ###p<0.001 and ##p<0.01 indicate

differences compared to WKH�$SR(�0����JURXS�
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The most plausible explanation might hence be a decrease of the number of
circulating BuChE molecules due to molecular interactions between BuChE protein and
one or several partner proteins214,215 that may be more abundant in the brain of AD
SDWLHQWV�LQ�UHODWLRQ�WR�WKH�JHQH�GRVH�RI�$SR(�0��DOOHOH29. In this regard, it has been

shown that the levels of both soluble Aβ�DQG�$SR(�GHFUHDVHV�ZLWK�WLPH�LQ�&6)�RI�0�
carriers, but not the non-carrier patients with moderate AD and these changes correlate
with changes in MMSE score31. Interestingly, strong positive correlation was observed
between the cognitive performance in MMSE test and the level of BuChE activity in
&6)�RI�WKH�$SR(�0��FDUULHUV��Fig. 17, Paper IV).
FIGURE 17

Figure 17.�3RVLWLYH�FRUUHODWLRQ�EHWZHHQ�WKH�FRJQLWLYH�SHUIRUPDQFH�RI�WKH�$SR(�0�
carriers in MMSE test and the level of BuChE activity in CSF at baseline prior to

commencing treatment with ChEIs.

Neuropathological role of BuChE in AD

The BuChE activity in hippocampus appears to increase with age105. Intriguingly,
ZH�IRXQG�WKDW�WKH�%X&K(�SURWHLQ�OHYHO�LQ�&6)�RI�WKH�$SR(�0��SRVLWLYH�$'�SDWLHQWV
negatively correlated with age, suggesting that the circulating BuChE molecules in CSF
PD\�UHGXFH�ZLWK�LQFUHDVLQJ�DJH�RI�WKH�$SR(�0��FDUULHU�$'�SDWLHQWV��Fig. 18, Paper IV).
FIGURE 18

Figure 18. The number of circulating BuChE molecules decreases in CSF with

DJH�LQ�WKH�$SR(�0��FDUULHU�$'�SDWLHQWV��FRQWUDVWLQJ�LWV�LQFUHDVH�LQ�$'�EUDLQ�ZLWK
DJH��7KH�$SR(�0�����U� ���������S��������Q ���DQG�WKH�$SR(�0�����U� ��������
p<0.05, n=16.
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The AD patients with the lowest CSF BuChE level had also a low AChE activity in
CSF and the lack of correlation between the BuChE activity in plasma and the CSF
BuChE activity and protein level in the AD patients apparently excluded the BuChE-
rich plasma as a major source of BuChE in CSF (the Table in Paper IV).

It is likely that the BuChE protein found in CSF, similar to CSF AChE, originates
from neurons of the CNS191,192 and may thus be related to the neuropathological features
of AD. In support of this notion, we found that the AD patients with low CSF BuChE
levels showed poorer performances in cognitive tests addressing global cognition
(MMSE test), compared to the AD patients with a high to moderate CSF BuChE level
(Fig. 19, Paper IV). A positive correlation was also observed between ADAS-Cog test
performance and the CSF BuChE activity (Fig. 20). In addition, some measures of
attention (the TMA-test) and episodic memory (the word-recognition d prime, RWd-
prime, Fig. 21-A) as well as glucose utilization in the cortical brain regions positively
correlated with the BuChE level in CSF of the patients (Fig. 21-B, Paper IV).

The activity of BuChE, but not AChE shows a substantial increase in AD brain
compared to normal subjects105,106, which contrasts the reduction observed in CSF107-110

and in vivo in the brain region of AD patients assessed by PET216. Much of the increased
BuChE activity in cortical AD brain is probably attributed to amyloid plaques26,114,120-

122,216. Thus, the overall observations strongly point at an inverse relationship between
the BuChE level in CSF and AD brain, in particular those brain regions with a high
density of ChE-rich neuritic plaques114,120. Interestingly, Perry et al.,97 reported a
positive correlation between the annual decline in MMSE and the BuChE level in the
temporal cortex of patients with dementia, suggesting a highly significant association
between higher levels of BuChE activity in the gray matter homogenates and a higher
rate of cognitive decline97.

$'�SDWLHQWV�ZLWK�HLWKHU�RQH�RU�WZR�0��DOOHOHV�VKRZ�D�PRUH�LPSDLUHG�SODVWLF
neuronal remodeling as well as severe neurodegeneration217, consistent with the
observed strong positive correlation between the patients performance in MMSE and the
OHYHO�RI�%X&K(�DFWLYLW\�LQ�&6)�LQ�WKH�$SR(�0��FDUULHUV��VHH�Fig. 17 and Paper IV).

FIGURE 19

Figure 19. Low MMSE score in the AD patients with low CSF BuChE activity.

The values are given as Mean ± SEM. **p<0.01 compared to the patients with

High or Moderate BuChE activity, UHJDUGOHVV�RI�WKH�SDWLHQWV¶�$SR(�0��JHQRW\SHV
(see also the Table in Paper V).
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Low CSF levels of cholinesterases, in particular the BuChE might thus reflect
higher degree of neurodegeneration of the cholinergic and related neuronal network in
AD patients, most likely due to a higher incorporation rate of BuChE (and perhaps
AChE) in the neuritic plaques and the consequential increases in the neurotoxicity of
ChE-loaded neuritic plaques21,26,218. Further studies are needed to specifically
investigate this association by measuring the BuChE levels in both postmortem brain
tissue and CSF samples of AD subjects in relation to the pathological hallmarks of AD.

FIGURE 20

Figure 20. Inverse correlation between the patients score in ADAS-Cog test and

the CSF BuChE activity indicating that the AD patients with a high CSF BuChE

activity show a better performance in ADAS-Cog test.

FIGURE 21

Figure 21. Positive correlations between the baseline CSF BuChE activity and the

neuropsychological test of episodic memory (A) or the cortical glucose utilization

as assessed by PET in the rivastigmine and galantamine study groups at baseline
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Relationship between BuChE inhibition and Cognition

During recent years, accumulating reports based on neurochemical findings in both
human and animals have raised the suggestion of a possible involvement of BuChE in
neuronal function, such as co-regulation of cholinergic and non-cholinergic
neurotransmission in human, particularly in AD brain92-95,97,122,219.

In this regard, two independent studies have simultaneously reported the first
clinical observations, supporting the role of BuChE in the cognitive function of AD
patients (Paper I and Giacobini et al.,96). In this thesis, it was shown that the inhibition
of BuChE in the rivastigmine-treated AD patients correlated with both the neuropsycho-
logical measures of attention (such as the Digit Symbol and TMT-B tests) and episodic
memory (such as RWd-prime and Free-Recall of Word, FRW tests, Paper I).
Interestingly, Giacobini et al.,96 also found positive correlations in rivastigmine-treated
AD patients between speed-, attention- and memory-related subsets of the computerized
neuropsychological test battery and inhibition of CSF BuChE rather than AChE96.

These observations, supporting the involvement of BuChE in neural function in
human brain seems however to be in paradox with those findings that indicate a
neuropathological role for this enzyme in AD brain. Pharmacogenetic studies in patients
with DLB or AD suggest that the patients with the wild-type BuChE variant show
improvement in attention after rivastigmine treatment compared to the patients with an
under-active BuChE variant98,220.

FIGURE 22

Figure 22. Changes in MMSE score in AD patients after up to two years of

treatment with donepezil (Darreh-Shori et al., 2005, Submitted). *p<0.05,
S�������$SR(�0����� �WKH�$SR(�0��QRQ�FDUULHUV��$SR(�0����DQG�0���� �FDUULHUV
RI�RQH�DQG�WZR�FRSLHV�RI�0��DOOHOH��UHVSHFWLYHO\�
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In contrast, a comparison of the baseline score in the measures of attention between
these patients groups indicates an association between the presence of one atypical- or
two K-variant alleles (the under-active BuChE variants) and a better performance in the
attention tests98,220. The latter observation has been explained by an inherent inhibition
(under-activity) of BuChE in these patients98,220. Furthermore, in this thesis it was
observed that all of the AD patients included in the rivastigmine study (Paper I) had a
high-to-moderate CSF BuChE level at baseline (the Table in the Paper IV). Hence, in
agreement with the pharmacogenetic studies, a high CSF BuChE level appears as a
prerequisite for detection of a positive clinical response to treatment with rivastigmine.
Additional supportive clinical findings were observed following the treatment with
donepezil (Darreh-Shori et al., 2005, Submitted). 7KH�0��QRQ�FDUULHU�$'�SDWLHQWV
showed stabilized cognition (MMSE) for up to two years of donepezil treatment
FRPSDUHG�WR�ERWK�EDVHOLQH�DQG�WKH�$SR(�0��FDUULHUV��:KLOVW�D�VLJQLILFDQW�FRJQLWLYH
GHFOLQH�ZDV�REVHUYHG�LQ�WKH�$SR(�0��FDUULHUV�DIWHU�RQH�DQG�WZR�\HDUV�RI�WUHDWPHQW
compared to their baseline (Fig. 22, Darreh-Shori et al., 2005, Submitted). The majority
RI�WKH�$SR(�0��QRQ�FDUULHU�$'�SDWLHQWV�KRZHYHU�KDG�D�KLJK�WR�PRGHUDWH�&6)�%X&K(
level at baseline, whereas AD patients with the lowest CSF BuChE level were
H[FOXVLYHO\�0��SRVLWLYH��WKH�7DEOH�LQ�WKH�Paper IV).

It might then be concluded that a poorer clinical response to the ChEIs therapy
should be expected in AD patients with a reduced BuChE level, irrespective of whether
such a low BuChE level is due to an inherited mutation in BuChE gene or due to a
reduction in number of circulating BuChE molecules in CSF.

In contrast to pharmacogenetic studies, this thesis suggests that the reduced BuChE
level is due a decrease in number of circulating BuChE molecules in CSF and not a
defective enzyme variant187,214. This distinction may have clinical impact on treatment
of AD patients, since the suggested inverse association between a low CSF BuChE level
and a high brain BuChE in amyloid plaques may reflect a higher degree of
neurodegeneration (and lower clinical response).
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6. CONCLUDING REMARKS

In this thesis, by using multiple methodological approaches, it was shown that the
changes in the protein level of AChE splice variants and their monomers and heavy
complexes in CSF may reflect the actual molecular changes in the cholinergic and the
related cholinoceptive neurons in the brain. Intriguingly, quantitative analysis revealed
bi-directional changes in the levels and composition of the AChE-S and AChE-R
variants in the CSF of the treated and untreated AD patients. The ChEIs apparently
reversed a decline of AChE expression, in particular the AChE-R variant into an
increase without a substantial negative impact on the inhibition level of the synaptic
AChE variant. A stronger increase of AChE-R protein together with the inhibition of the
AChE-S coincided with stabilized performance in MMSE test and the specific
neuropsychological subsets of attention domain compared to both baseline and the
untreated group.

Although the majority of clinical trials have not been designed to detect a disease
modifying effect of the ChEI-therapy221, the clinical observations in patients with
dementia indicate that the ChEIs, beside the symptomatic improvement, may delay the
progression of cognitive decline in the patients126,155. These observations hence indicate
that the effects of the ChEIs may not be solely symptomatic, but the treatment induces
some changes in the brain that may halt or gradually affect the pathomechanism of the
disease. The studies presented in this thesis provided neurochemical evidences,
supporting the clinically observed stabilization of cognition in AD patients following
long-term treatment with the ChE inhibitors. As most of the brain AChE is produced in
cholinergic and related cholinoceptive neurons, the general increased amounts of AChE
variants in CSF, associated with the positive clinical response in the AD patients points
at a general cholinergic plasticity or synaptic remodeling in response to the
stimulation222, rather than a mere feedback response through activation of muscarinic
ACh receptors45,46,81,130. Thus, the cholinergic therapy might stabilize AD by initiating a
compensatory response to restore or strengthen neuronal circuitry between cholinergic
and related systems in a disconnected but structurally preserved area in AD brain.
Indeed, in vivo neurophysiological findings are compatible with a cholinergic plasticity
and disease modifying response to chronic anti-cholinesterase therapy53,165,223-225. The
increases in the regional cerebral blood flow, glucose metabolism and the number of
nicotinic ACh receptors in AD patients may support the above notion165,226-228.

In this thesis it was also shown that the elevations of CSF AChEs activity or protein
levels were unlikely to reflect a tolerance phenomena since such elevation actually
indicated a higher inhibition level, which in turn was associated with the positive
clinical response. In addition, it was shown that the ChEIs, rivastigmine, donepezil and
galantamine despite their pharmacodynamic and pharmacokinetic differences produce a
similar AChE inhibition level in CSF of the AD patients. There was also indication for a
threshold level of AChE inhibition of about 45% for detection of a positive cognitive
response. The relationship between AChE inhibition and test performance was most
striking in the attention domain of cognition, consistent with the putative role of the
basal forebrain cholinergic neurotransmission204-206. The AChE inhibition seems to
activate areas of the brain specific to attention and hence may improve functions of the
frontal and temporal brain regions207-209.

The major differences between the ChEIs were the differential modulation of
AChE expression and the alternative mRNA splicing in the AD patients. This may
reflect the pharmacological differences between these drugs, a biological difference
between the AD patients or between patients at different stages of the disease.
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Regardless of the reason, the findings in this thesis and by others80,87-89 suggest that the
expression level of the readthrough AChE variant in brain may be a key actor in the
processes of neuronal regeneration or plastic remodulation of cholinergic or
cholinoceptive or both neuronal networks. It might hence be rewarding to investigate
how the expression of the AChE-R variant or its ARP C-terminal peptide affect in vitro
expansion or differentiation of human embryonic stem cells.

The severity of AD, as it was deduced by the differential levels of circulating
%X&K(�PROHFXOHV�LQ�&6)�LQ�UHODWLRQ�WR�WKH�JHQH�GRVH�RI�$SR(�0���LQ�WKH�$'�SDWLHQWV�
affected the level of clinical benefit of ChEIs therapy. This is an important factor to
consider, since the clinical benefit of ChEIs therapy may be enhanced by initiating the
treatment at an early stage of the disease, probably because the brains neuronal circuitry
at early stages of AD is still not grossly impaired or disconnected229.

The proposed inverse association of BuChE levels in CSF and AD brain deserve
further investigation, since if proven correct, such an association may clinically be
useful to differentiate responders from non-responders to treatment with ChEIs, as the
methodology can easily be adopted for routine clinical analysis.

In addition, an increase in the protein level of CSF BuChE, alone or in conjunction

with CSF level of soluble Aβ or Aβ1-42 and/or ApoE protein, may have a potential use
for the detection of the disease-modifying effect of the current or new therapeutics, such

as the β-sheet breakers, the β��RU���VHFUHWDVH�LQKLELWRUV�RU�QHZ�KLJKO\�VHOHFWLYH�%X&K(
inhibitors. Changing an apparent affinity between BuChE protein and components of
neuritic plaques, for instant by a selective irreversible BuChE inhibitor that induces
radical conformational changes in the tertiary structure of the enzyme, may potentially
be a new therapeutic strategy in itself.

Although, in the near future new therapeutic agents with a pronounced disease-
modifying effect will be available, the ChEIs still should be useful to restore the
compromised neuronal networks, in particular the cholinergic deficiency, in the brain of
AD patients. This thesis hopefully provides pharmacological insight into ChEI therapy
that may optimize the efficiency of these drugs.
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