
Innovation in cholinergic enhancement for Alzheimer's Disease
Baakman, A.C.

Citation
Baakman, A. C. (2021, November 17). Innovation in cholinergic enhancement for Alzheimer's Disease. Retrieved from
https://hdl.handle.net/1887/3240157
 
Version: Publisher's Version
License: Licence agreement concerning inclusion of doctoral thesis in the Institutional Repository of the University of Leiden
Downloaded
from: https://hdl.handle.net/1887/3240157

 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3240157


chapter 1

Introduction
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Historical context

In 1906, the German psychiatrist Alois Alzheimer studied the case of Auguste D, 
a woman suffering from cognitive impairment in her early fifties. He described 
her symptoms in detail, including aphasia, apraxia, agnosia, disorientation, para-
noia and memory deficits. After her death, he examined her brain and described 
the now well-known triad of neurofibrillary tangles, amyloid plaques and atro-
phy.1,2 The combination of symptoms and pathological findings was later named 
Alzheimer’s Disease (ad) by Emil Kraepelin, one of his colleagues. Although this 
was a new disease, it took over half a century before any progress was made in 
diagnosis and research. In the sixties and seventies, as a result of the success of 
the levodopa treatment for Parkinson’s disease, it was discovered that certain 
neurotransmitter deficits were the central feature of a degenerative neurological 
disease and it became commonly assumed that a clearly defined neurochemical 
abnormality could also be identified in ad, which would provide the basis for the 
development of therapeutic interventions.3 Post-mortem studies in the early sev-
enties with brains of ad patients confirmed a substantial presynaptic cholinergic 
deficit, reduced choline uptake, reduced acetylcholine (ACh) release and loss of 
cholinergic neurons from the nucleus basalis of Meynert.3 Additionally, other stud-
ies found a reduced choline acetyltransferase activity especially in those areas 
containing high density of neurofibrillary tangles, confirming a selective neuro-
degenerative process.4 Clinical research in animals and humans confirmed that 
administration of anticholinergics induced memory loss and impairment in atten-
tion that were in some aspects comparable to the deficits occuring in aging.5–8

The positive effect of cholinesterase inhibitors like physostigmine on cognitive 
functioning supported this hypothesis.7,9 All those discoveries resulted in the 
‘cholinergic deficit hypothesis’ that at least some of the cognitive and behavioural 
symptoms of ad are explained by the lack of ACh, which was the dominant theory 
in ad in the early eighties.

Acetylcholine
Acetylcholine is synthesized from choline and acetyl co-enzyme A by choline 
acetyltransferase. After depolarization of the presynaptic neuron, it is released 
in the synaptic cleft and binds to the postsynaptic receptors. To limit its action, 
acetylcholine is degraded by acetylcholinesterase in the synaptic cleft. The 
cholinergic system consists of the neurons using acetylcholine as neurotransmitter 
for transsynaptic communication. The highest density of these neurons is found in 

the basal forebrain (including the nucleus basalis of Meynert and the substantia 
innominata) and the brain stem, with a widespread projection to the cerebral 
cortex.10 Cholinergic neurons can also be found in the peripheral nervous system 
and are crucial for neuromuscular signal transduction. The autonomic nervous 
system also contains many cholinergic neurons, influencing for example heart rate, 
blood pressure and bowel movements. Acetylcholine exerts its action by binding 
to the postsynaptic receptors, divided in two subtypes. The muscarinic AChRs in 
the central nervous system (CNS), especially the M1 subtype, are mainly located in 
the cerebral cortex, hippocampus, striatum, nucleus accumbens, dentate gyrus 
and brainstem and associated with memory, arousal and sleep.11–15 Nicotinic 
AChRs are mostly found in the cerebral cortex, thalamus, hippocampus, dentate 
gyrus and striatum and associated with memory.16,17

There are several possible pharmacological approaches for stimulating the 
cholinergic system to accomplish a potential procognitive effect. To increase 
the level of ACh in the synaptic cleft, the break-down can be diminished by 
cholinesterase inhibitors. Another option is to stimulate the postsynaptic neuron 
with a direct AChR agonist. With these principals in mind, several compounds 
were developed to influence the cholinergic system. 

In the second half of the eighties, several M1 AChR agonists were evaluated 
because of the high density of M1 AChRs in the hippocampus. In general, they 
had positive cognitive effects, but the cholinergic side effects overshadowed the 
benefits. This might have been due to a lack of selectivity leading to dominant 
peripheral cholinergic stimulation.18 This strategy was therefore soon abandoned. 
The other approach, inhibiting ACh breakdown appeared more hopeful and 
several cholinesterase inhibitors were developed.19–23 The cholinesterase inhibitor 
(CEI) tacrine was the first to acquire registration in 1995. The registration was 
supported by mitigating effects of tacrine on the scopolamine model of cognitive 
impairment in healthy volunteers.24 However, this did not lead to widespread 
acceptance of the scopolamine model, or more generally of CNS testing, in 
healthy volunteers during the development of drugs for dementia. This may have 
been due to the disappointing effects of tacrine, which did not fulfill its huge 
expectations as a first-in-class anti-dementia drug. Soon after launch, tacrine was 
withdrawn because of limited clinical effects in combination with hepatotoxicity 
and gastrointestinal side effects (over 70% on the highest dose).22,23 Consequently, 
other CEIs were developed, aiming to at least equal the clinical efficacy of tacrine, 
while inducing fewer side effects – but without using neuropharmacodynamic 
testing in healthy subjects. This led to donepezil and a few years later rivastigmine 
and galantamine entering the market. The pre-registration studies of these 
drugs were quite promising, indicating a positive effect on cognition in several 
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patient studies.25,26 These drugs have also shown effects on cognitive tests in 
healthy (young and/or elderly) subjects, but this was only demonstrated late 
during development or after launch.27 This thesis explores the possibility to use 
CNS pharmacodynamics much earlier during development of drugs in dementia, 
to provide proof of pharmacological activity and support dose selection. To 
understand the relevance of this approach, it is first important to summarize the 
more traditional development trajectories of these drugs.

Figure 1	 Cholinergic synaps.

Rivastigmine 
After careful evaluation in preclinical studies, further study of the new compound 
ENA 713 (rivastigmine) was carried forward to human subjects.28 This started with 
a first in human study, investigating pharmacokinetics (PK), safety and tolerability 
of single doses up to 3 mg in 80 young healthy male subjects. These doses were 
well tolerated, but no information was obtained about cognitive function.29 PK and 
safety studies were also performed in healthy elderly volunteers, although these 
data were never published.28 

As a next step, safety, tolerability and efficacy were tested in a 13 week trial in 
402 ad patients with doses of 2 and 3 mg of rivastigmine twice daily compared 
to placebo.30 In the highest dose group, a beneficial effect on the Clinical Global 

Impression of Change (CGIC – a now rarely used impression of the change in over-
all clinical state of the patients) at week 13 was found for 43%, compared to 30% in 
the placebo group (p=0.05) and for DSS (Dementia Signs and Symptoms) at 7 and 
13 weeks (p=0.005 and p=0.05 respectively). Adverse events (AEs) were generally 
mild, short, predominantly gastrointestinal and did not result in dose reduction or 
discontinuation. The low incidence of AEs and good tolerability suggested that 
higher dose of rivastigmine could be given. Since tolerability differences between 
patients and healthy volunteers had been previously reported after administra-
tion of CEIs, the possibility was considered that ad patients could tolerate doses 
of rivastigmine higher than 6 mg/day. This hypothesis was supported by a study 
assessing plasma PK and AChE inhibition in cerebrospinal fluid, indicating a much 
higher AChE inhibition centrally compared to the periphery.31 

Consequently, a study was designed to investigate the maximum tolerated 
dose (MTD) in ad patients in order to test if higher doses could demonstrate greater 
efficacy in subsequent clinical trials. Fifty ad patients were randomized to receive 
12 mg/day in two or three doses per day or placebo, for a 9-week dose escalation 
period followed by 1-week washout. In this study, the highest dose permitted was 
12 mg/day, based on 50% of the no-toxic-effect level determined in animals. A 
MTD could not be established. Doses up to 12 mg/day were well tolerated, with 
the majority of patients experiencing only mild to moderate AEs. Surprisingly, but 
perhaps exemplary for the relatively uninformed protocols of the time measures 
of pharmacodynamics were not measured in this study.32

Next, a double-blind, randomized study in 114 ad patients was conducted to 
again assess adverse events and tolerability, this time combined with assessment 
of efficacy.33 This study aimed to determine the MTD as well, while evaluating 
the tolerability of the same dose in a BID compared with a TID, but also to assess 
the efficacy of the individual MTD compared with placebo. In order to do that, 
patients received increasing doses of either rivastigmine BID, TID or placebo until 
they reached their MTD over the 10-week titration period, followed by an 8-week 
maintenance phase. The MTD was approximately 10 mg/day (both BID and TID); 
mild gastrointestinal complaints were the most frequent AEs. With respect to 
efficacy, a clear improvement in global function (CIBIC+), in cognition (adAS-cog), 
and in activities of daily living (adL) was seen. Nonetheless, the main goal of this 
study was to optimize dosage rather than testing efficacy. As a consequence, it 
has been criticized for that the sample size was too small and the duration of the 
trial too short. 

These studies were followed by several double-blind, placebo-controlled 
clinical trials in ad patients, testing doses of 1-12 mg/day.30,34–36 These studies 
showed a statistically significant improvements in the 6-12 mg/day group 
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compared with placebo on adAS-cog, MMSE scales, CIBIC+ and adL and led to the 
market approval of rivastigmine. 

By providing more continuous delivery of drug into the bloodstream, it was 
expected that peak-dose fluctuations in drug plasma concentration would be 
reduced and, therefore, tolerability would be improved. After unsuccessfully 
developing an extended-release rivastigmine formulation Novartis started 
working on the development of a rivastigmine transdermal patch. The first study 
compared the efficacy, safety and tolerability of rivastigmine patches with capsules 
during 6 months in 1195 ad patients.37,38 Patients were randomized to placebo, 
10 cm² rivastigmine patch (delivering 9.5 mg/24 hours), 20 cm² rivastigmine 
patch (17.4 mg/24 hours), or 6 mg BID rivastigmine capsules (12 mg/day). The 
study established the 5 cm² patch as the recommended initial dose and the 10 
cm² patch as the maintenance dose, becoming the first transdermal treatment 
for patients with mild-to-moderate ad in July 2007. As the study showed that 10 
cm² of rivastigmine was safer but 20 cm² was more efficacious, Novartis planned 
to analyze the potential of a 15 cm² rivastigmine patch (delivering 13.3 mg/24 h) 
with the OPTIMA (OPtimizing Transdermal Exelon In Mild-to-moderate Alzheimer’s 
Disease) study. OPTIMA demonstrated higher efficacy of the 15 cm² rivastigmine 
patch on functional outcomes compared to 10 cm², without compromising safety 
and tolerability.39 Subsequently in 2012 the 15 cm² rivastigmine patch received 
approval by the FDA for the treatment of severe ad after the positive results of 
the ACTION (activities of daily living and cognition) study became public.40 In this 
study, the 15 cm² patch demonstrated superior efficacy on adL and cognition when 
compared to a 5 cm² patch for 24 weeks in patients with severe ad. The high-
dose patch was generally well tolerated, with no unexpected safety concerns.41 
An open-label extension of the ACTION study showed greater decline in severe ad 
patients with delayed up-titration to high-dose 15 cm² patch compared to patients 
who received it since the beginning of the trial. In addition, no clinically relevant 
differences in safety and tolerability were observed.42 

Donepezil
In 1983 Eisai Japan started with tacrine derivatives until they discovered a 
highly selective and reversible AChE inhibitor donepezil hydrochloride (E2020, 
Aricept®).43,44 Donepezil was entered in clinical trial investigation in 1989. Phase I  
trials designed by Eisai used the erythrocyte membrane acetylcholinesterase (rbc-
AChE) inhibition as measurement of pharmacodynamic (PD) activity. This was an 
improvement over rivastigmine, as an early evaluation of pharmacodynamics was 
done in Phase I, rather than just side effect incidence. A direct correlation was 

observed between plasma donepezil concentrations and rbc-AChE inhibition, 
with the obvious caveat that this may not be a direct measure of central inhibition.
Later, phase II trials testing donepezil started to use several other clinical outcomes 
after a minimum of 8 weeks as a measurement of PD activity. Specifically, an open 
phase II study found that 9% of the patients taking 1 mg and 21% of those taking 
2 mg improved their functioning, and 56% in the 1 mg group and 57% in the 2 mg 
group were slightly improved. Another phase II open trial found that in 22% of the 
cases the administration of donepezil was rated as more than useful, in 67% it was 
slightly useful, and there was no case were it was not useful at all.45

Phase III studies showed improvements in adAS-cog, Clinician Interview-Based 
Impression of Change Plus (CIBIC+), and MMSE.46

Based on those pivotal phase III trials, in 1997 donepezil received marketing 
approval by the Food and Drug Administration (FDA) and was commercialized 
under the name of Aricept® by Eisai and Pfizer. Currently, donepezil (10 mg/day) 
is the most prescribed cholinesterase inhibitor worldwide.

After the FDA approval, a considerable number of studies have continued with 
this drug. Greenberg and Homma confirmed an improvement in cognition after 
24 weeks of taking 5 mg/day of donepezil, and Krishnan and Burns confirmed this 
in patients taking 10 mg/day of donepezil for 24 weeks.47–50

Galantamine

Throughout the Caucasus Mountains, extracts from the snowdrop (Galanthus spp) 
have been used for hundreds of years to treat painful neurological conditions and 
poliomyelitis.51 Once its synthetic production was established, galantamine was 
registered under the trade name Nivalin® and became commercially available in 
Bulgaria in the ‘50s for the treatment of post-poliomyelitis paralysis, myasthenia 
gravis and to reverse neuromuscular blockade in anesthesia.52,53

In the 1980s, researchers studying ad in Western Europe turned their attention 
to galantamine, because this does not only have beneficial effects on neuromus-
cular cholinergic function, but is also able to penetrate the blood–brain barrier.51 
For instance, galantamine injections reduced scopolamine-induced learning and 
memory deficits in rats, inhibited scopolamine-induced passive avoidance in 
rats, and improved spatial memory in mice with lesions to the nucleus basalis of 
Meynert.54–56

The 90s witnessed the clinical development of galantamine into a medication 
for ad. During this same period, the dual mechanism of action of galantamine was 
discovered, that is, galantamine inhibits AChE and at the same time potentiates 
nicotinic neurotransmission by allosteric modulation on nAChR.57
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In vitro studies showed 50-fold selectivity for AChE, as opposed to cholinesterase 
confined to the peripheral circulation. In vivo administration of galantamine in a 
healthy volunteer and in a patient who underwent long-term treatment confirmed 
the high selectivity of galantamine for AChE.58

In 1989, the first modern phase I clinical study of galantamine was performed 
in 8 healthy volunteers.59 The obtained pharmacokinetics suggest that the sc and 
oral Nivalin® formulations are bioequivalent. Thus, there seems to be no reason 
to prefer the sc instead of the oral route of administration. Additionally, the typical 
scheme of application at that moment used to begin with 2.5 mg/day, and it was 
eventually increased to 25-30 mg/day. However, an initial daily dose of 2.5 mg 
was too small to quickly reach biologically relevant steady state levels. Since 
this study showed that a single dose of 10 mg galantamine did not increase side 
effects, 10-15 mg as a loading daily dose at the very beginning of the galantamine 
treatment seemed preferable.

Three open pilot studies were published between 1989 and 1993.60 The first 
study involved 10 ad patients receiving 30 mg/day of galantamine for 8 weeks. 
The results for CGIC, two psychometric tests and tolerability were promising, but 
in view of the low numbers understandably, statistically not significant for MMSE. 
In the second open pilot study, 18 ad patients received 30 mg/day galantamine. 
Although no statistically significant differences in neuropsychological tests were 
seen after 8 weeks, 6 patients with a favourable drug response continued for 13 to 
16 months. This means that 30-60 % of these patients benefited from a sustained 
response to the drug. In the third trial, 19 ad patients received a low galantamine 
dose (30-40 mg/day) for 6 weeks and a high dose (45-60 mg/day) for 6 additional 
weeks, with a 3-week washout period between the two treatment phases. adAS-
cog and MMSE scores improved in the low dose regiment. Nevertheless, in this 
study the dropout rate was 37% due to adverse drug reactions. According to the 
Cochrane Review, there were some more early-phase clinical trials, although these 
are not publicly available.61 

In 1993, the first galantamine study to employ a double-blind design was 
published.61 The design of the study was the following: 3 weeks of starting washout 
period, followed by 3 weeks of single-blind 10 mg/day, then the dose was titrated 
up to 50 mg/day, and finally there were 10 weeks of double-blind maintenance 
phase. The 141 patients who completed the 3-week single-blind phase showed a 
dose-related improvement in adAS-cog. Responders who had been randomized 
to continue in the treated group significantly improved in adAS-cog, MMSE, SBT and 
CGIC, while placebo deteriorated. However, this study has been criticized for its too 
selective inclusion criteria, which makes the outcome reflect the potential of the 
drug, rather than its clinical efficacy. 

In 1996, a placebo-controlled phase II trial studied the efficacy and safety of three 
doses of galantamine: 22.5, 30 and 40 mg/day. Patients treated with the 30 mg/
day dose showed statistically significant improvements in the adAS-cog scale.62 

Phase III clinical trials studied the efficacy and safety of galantamine compared 
to placebo in patients with mild to moderate ad, providing evidence of efficacy 
and tolerability of the drug.63–67 All those trials were published in the year the 
drug was launched or soon thereafter. Two different studies showed that after 6 
months the cognitive function and clinical outcome of patients treated with both 
24 and 32 mg/day of galantamine is maintained above baseline 63,65 with the same 
results after 3 months of treatment in another study.66,67 Moreover, in one trial 
benefits were also seen in adL and in a preserved functional performance.67 In a 
5-month trial was shown that patients receiving 16 and 24 mg/day of galantamine 
experienced a significant benefit in adAS-cog and CIBIC+. Doses of 8 mg/day 
did not provide significant results. Since the 32 mg/day group did not generally 
provide significantly superior scores on cognition over the 24 mg/day dose but it 
did increase the AEs, daily 24 mg of galantamine was considered to be the optimal 
therapeutic dose.64 All those trials were carried out for a maximum of 1 year, and 
longer powerful trials testing the long-term effect of galantamine in ad-treatment 
are still lacking.

Conclusion

The development of the cholinesterase inhibitors for Alzheimer’s disease are a 
long and winding road of trials that are generally geared towards an effect on 
questionnaire-based outcome measurements. Whilst this is currently the only 
biomarker for clinical improvement in the disease, it is also relatively limited 
and difficult to assess. The human pharmacology of these medicines is easier to 
evaluate but does of course not necessarily relate to the clinical outcome. This 
is the dilemma for any future development of drugs for ad. If the early phase 
human pharmacology is ignored, the development will be done with relatively 
unsupported dose levels and a non-differentiating outcome measurement. The 
upper side of the dose range is then determined by an increase of subjective side 
effects. This has led to dosages that are registered but the approach is long and 
expensive and is difficult to use for new compounds. Alternatively more use can 
be made of early human pharmacology which is the approach that is practiced in 
the experiments in this thesis.

After the demise of tacrine, the development of all three currently registered 
CEIs started with traditional single and multiple ascending dose safety and 
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tolerability studies, without any cognitive outcome measures to assess efficacy 
in an early stage. So, the knowledge derived from these studies was about 
pharmacokinetics and side effects. Only during the development of donepezil, 
the effect on red blood cells was investigated as measure for pharmacological 
effects. Cognitive effects were first measured in phase III studies. In these large 
trials in ad patients, multiple doses compared to placebo were administered and 
efficacy was assessed after weeks to months, using clinical outcome measures, 
such as adAS-cog, MMSE and clinician’s global impression of change (CGIC). In 
some studies in patients with ad being treated with galantamine or donepezil, a 
computerized test battery was used at several time points between 1 and 52 weeks 
of treatment.68,69 Thus, both the effective dose and efficacy on clinically relevant 
outcome measures were only studied in a later phase of clinical development, in 
heterogeneous patient groups over a relatively long treatment period. A different 
approach to development of neuropharmacological compounds is to combine 
the assessment of safety and tolerability, efficacy and dose finding in early phase I 
and II studies in healthy volunteers or small, well selected groups of patients. When 
sensitive, frequently conducted pharmacodynamic tests are used, in combination 
with pharmacokinetic measurements, proof of concept and an impression of the 
effective dose range can be acquired, even in small groups of healthy volunteers. 
This approach goes from the assumption that such early phase effects after a 
single dose may better reflect the pharmacological -and ultimately clinical effects 
than just dosing to a level where side effects become prohibitive. The value of 
such an approach has been shown on numerous occasions by us and others for 
an orexine receptor antagonist, a subunit selectieve GABA A agonist, neublastin 
in patients with sciatica and a compound reducing growth hormone release.70–73

Preview of this thesis
The central question of this thesis is if the integration of pharmacokinetics, CNS 
pharmacodynamics and clinical assessments in early phase drug development is 
feasible for drugs for Alzheimer’s disease. ad affects global cognitive functioning 
and early studies – often in optimally functioning subjects may not be able to show 
improvement. The room for improvement is greater in patients (with a larger 
decline) but the potential for improvement may be less. Additionally, practical 
and ethical objections exist when groups of affected patients are included in early 
studies with inherent large burden for the cognitively impaired subject.

An obvious intermediate approach would be to induce a temporary state of 
cognitive dysfunction in subjects, preferably affecting the cholinergic system. 
For this purpose, the anti-muscarinic drug scopolamine is often used. However, 

scopolamine administration also induces a considerable level of sedation, which 
may obscure potential improvements induced by co-administration of a new 
procognitive compound. This thesis describes several examples of the above 
mentioned study designs and suggestions for further improvement.

Chapter 2 describes a study of the effects of several doses of the α7 nAChR 
partial agonist EVP-6124, alone and in combination with two doses of donepezil in 
healthy elderly subjects, receiving a scopolamine challenge prior to administration 
of EVP-6124 and/or donepezil. 

Chapter 3 is an extensive exploration of another anticholinergic challenge 
model with the nAChR specific antagonist mecamylamine. Although this challenge 
model has been used before, its PD and PK characteristics were not well described 
and a detailed comparison with scopolamine was never done. 

Chapter 4 delineates a PKPD model of mecamylamine and explains its use in 
study design.

Chapter 5 is a first in human trial with Gln-1062, a prodrug of the CEI galantamine, 
started on the standard starting dose of 10% of the level of no adverse effects 
(NOAEL) in animal studies. Since no PD effects were expected at the two lowest 
doses to be administered, these were given to healthy young male volunteers. In 
accordance with the pharmacodynamic approach that is central to this thesis, PK, 
PD and safety were measured. 

Chapter 6 is a study in which we attempt to see if an early pharmacodynamic 
test battery after a single dose of galantamine predicts the response after 6 
months. Such a study design could serve as an example to connect early phase 
pharmacodynamics to longer term clinical effects.

Chapter 7, a different approach to improve cognition was chosen. In this study, 
the histamine 3 receptor (H³R) inverse agonist CEP-26401 was investigated. As 
histamine has an indirect effect on several neurotransmitter systems, including 
the cholinergic system, this might also be a target for procognitive medication. 
Based on previous studies with this compound, low doses were administered and 
its effects were compared to placebo, donepezil and modafinil. 
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