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Abstract

Objective—Accumulation of amyloid-β (Aβ) by over-production or under-clearance in the

central nervous system is hypothesized to be a necessary event in the pathogenesis of Alzheimer

Disease. However, previously there has not been a method to determine drug effects on Aβ
production or clearance in the human central nervous system. The objective of this study was to

determine the effects of a gamma-secretase inhibitor on the production of Aβ in the human CNS.

Methods—We utilized a recently developed method of stable-isotope labeling combined with

cerebrospinal fluid sampling to directly measure Aβ production during treatment of a gamma-

secretase inhibitor, LY450139. We assessed whether this drug could decrease central nervous

system Aβ production in healthy men (age 21–50) at single oral doses of 100mg, 140mg, or

280mg (N=5 per group).

Results—LY450139 significantly decreased the production of central nervous system Aβ in a

dose-dependent fashion, with inhibition of Aβ generation of 47%, 52%, and 84% over a 12 hour

period with doses of 100 mg, 140, and 280 mg respectively. There was no difference in Aβ
clearance.

Interpretation—Stable isotope labeling of central nervous system proteins can be utilized to

assess the effects of drugs on the production and clearance rates of proteins targeted as potential

disease modifying treatments for Alzheimer Disease and other central nervous system disorders.

Results from this approach can assist in making decisions about drug dosing and frequency in the

design of larger and longer clinical trials for diseases such as Alzheimer Disease, and may

accelerate effective drug validation.

INTRODUCTION

Alzheimer’s disease is the most common neurodegenerative disease and currently affects

greater than 5 million patients in the United States, and 18 million worldwide.1 The number

of affected people is expected to increase exponentially unless disease modifying treatments
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are developed. Current treatments for Alzheimer Disease may delay cognitive decline as

assessed by cognitive testing by three to twelve months; however, treatments do not appear

to have a disease modifying effect.2 Therefore, more effective treatments are needed.

Neurodegenerative diseases such as Alzheimer Disease, Parkinson’s Disease, Amyotrophic

Lateral Sclerosis, and Huntington’s Disease are characterized by dysregulation of protein

metabolism.3 In these diseases, normally soluble proteins such as amyloid-β (Aβ), tau, α-

Synuclein, TDP-43, and huntingtin aggregate in the central nervous system and their

accumulation in toxic forms is believed to cause neurodegeneration. Treatments that

decrease production or increase clearance of these proteins improve pathology and have

beneficial cognitive effects in animal models. In the translation of drugs from animal models

to humans, it is difficult, but important to measure the pharmaco-dynamic effect in the

human central nervous system. The ability to directly measure the pharmaco-dynamic

actions of drugs on the human central nervous system provides critical information to assist

in the design of large and lengthy definitive studies of clinical outcomes.

Development of disease modifying therapies for Alzheimer Disease has now advanced to

the testing of several proposed disease modifying treatments designed to modify the

underlying disease pathology in large phase III clinical trials. Most of the treatments in

development target reducing the production or enhancing the clearance of proteins that

accumulate in the brain, particularly Aβ. Aβ accumulation is believed to be involved in the

initiation and progression of Alzheimer Disease.4–7 However, to date, none of the drugs

that are being assessed have been shown to decrease the production or enhance the clearance

of targeted proteins in the central nervous system of the humans prior to moving to

protracted and costly trials necessary to show a slowing of the cognitive decline indicative

of a disease modifying effect. Thus, a method to assess the ability of a drug to affect central

nervous system protein metabolism would be very useful in early phase human trials in this

area to determine if 1) a drug is sufficiently affecting its target in the central nervous system

and 2) to determine the best drug dose and timing to increase the probability of success in

phase III trials.

A number of small molecules have been discovered that can inhibit the enzymes known as

β-secretase and γ-secretase that are required for Aβ production. Utilization of certain γ-
secretase inhibitors has been shown to decrease soluble Aβ levels and Aβ accumulation in

animal studies.8–11 Based on these results, such treatments have moved forward into human

clinical trials. One γ-secretase inhibitor, LY450139, has been shown to decrease plasma Aβ
concentrations, but clear decreases in central nervous system Aβ have not yet been

demonstrated.12, 13 In order to measure central nervous system Aβ metabolism, we recently

developed a method to measure central nervous system production and clearance rates of

specific proteins in the cerebral-spinal fluid of humans. Prior results with this stable isotope

labeling kinetic (SILK) technique indicate that Aβ production and clearance rates can be

measured in human research participants Figure 1.14, 15 The goal of this study was to

determine if this technique could be utilized to demonstrate whether a γ-secretase inhibitor,

LY450139, could decrease central nervous system Aβ production in humans.

METHODS

A randomized double-blind placebo controlled study was performed to determine the central

nervous system effect of single oral doses of the gamma-secretase inhibitor (GSI)

LY450139. This study was approved by the Washington University Human Studies

Committee and all participants had written consent. The first two participants were single

blind and given a single oral dose of LY450139 of 140mg, after which all participants were

given study drug in a double-blinded fashion. Healthy 21–50 year old male volunteers were
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invited to participate, screened, and enrolled. Women were excluded due to possible

unknown effects of gamma-secretase inhibition on fertility. Exclusion criteria included any

serious or unstable medical illness including neurologic disease. Each participant received

either placebo or a single oral dose of 100mg, 140mg, or 280mg of LY450139 one hour

before the start of the central nervous system stable isotope labeling kinetics study of Aβ as

previously described.14 Briefly, a lumbar catheter was placed at the L3-4 interspace, intra-

venous catheters placed in both arms, and hourly sampling of blood and cerebral-spinal fluid

during and after administration of a stable-isotope labeled amino acid (13C6-leucine).14, 15

We administered 13C6-leucine with an initial bolus of 2 mg/kg over 10 min, followed by 9

hours of continuous intravenous infusion at a rate of 2 mg/kg/h. Participants rested overnight

with discharge at 48 hours. Aβ1–x, Aβ1–40, and Aβ1–42 concentrations were measured in

human cerebral-spinal fluid and plasma samples using a denaturing, sandwich ELISA as

previously described.16 To measure labeled and unlabeled Aβ in each hourly cerebral-spinal

fluid sample, we immunoprecipitated Aβ using a mid-domain anti-Aβ binding antibody as

previously described.14

LY450139 quantitation was performed in human K3 EDTA plasma using a validated LC/

MS/MS method (Eli Lilly and Company, data on file). Limits of quantitation were between

0.200 ng/mL and 250 ng/mL. Samples above the limit of quantitation were diluted and

reanalyzed to yield results within the calibrated range. The inter-assay precision (percent

relative standard deviation) during validation was ≤ 7.68%. CSF samples were also analyzed

for LY450139 using a validated LC/MS/MS method (Eli Lilly and Company, data on file).

The limits of quantitation were between 0.500 ng/mL and 500 ng/mL. The inter-assay

precision (percent relative standard deviation) during validation was ≤ 8.99%.

ANALYSIS

We calculated the average Aβ1–x, Aβ1–40, and Aβ1–42 concentrations from duplicate ELISA

measurements for each hourly cerebral-spinal fluid sample. The change from baseline in Aβ
cerebral-spinal fluid concentrations was calculated for each subject at each timepoint, where

the baseline was the first sample prior to administration of drug. The percentage of Aβ that

can be labeled during its generation is limited by the percentage of leucine that is labeled.

Therefore, the percentage of new Aβ generated during labeling relative to the total Aβ that

was present was calculated by dividing the percentage of Aβ that was labeled by the

percentage of leucine that was labeled in the cerebral-spinal fluid for each subject during the

leucine infusion (hours 1–10). The production of new Aβ was calculated as the product of

the concentration of Aβ1–x measured by ELISA, and the percentage of new Aβ generated

during labeling. The Area Under the Curve (AUC) for the first 12 hours was assessed for

each subject for each of the following variables: 1) production of newly generated Aβ, 2) the

concentration of LY450139 in cerebral-spinal fluid, and 3) absolute concentration of Aβ1–x

in cerebral-spinal fluid. The hours 1–12 were chosen for the AUC calculations based on the

time period when the majority of the drug exposure occurred in the central nervous system

and on the duration of the 13C6-leucine infusion. The hours 24–36 were chosen for the

clearance AUC calculations based on the time period previously defined as the clearance

phase of labeled Aβ.14 A one-way ANOVA analysis comparing placebo and each dose of

LY450139 group was performed for newly generated Aβ and total concentration of Aβ1–x in

cerebral-spinal fluid.

Comparison was made by group analysis for dose-response with a test for linear trend by

group analysis and also comparison of group means to placebo with Dunnett’s test with

correction for multiple comparisons. We performed a simple correlation analysis of AUC

pharmacokinetics to AUC pharmacodynamics with Pearson correlation analysis and

significance with a two-tail p-value. All calculations were performed with Graphpad Prism

5.0 and Microsoft Excel.
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RESULTS

Healthy men, age 21–50, without neurologic disease were enrolled in the study unless they

met exclusion criteria for medical disease, ECG, or laboratory abnormalities. Thirty six

healthy male volunteers were screened for inclusion and exclusion criteria, and twenty-eight

were enrolled for the study. Of the twenty-eight subjects enrolled, there were two screen

failures, two subjects with post-lumbar puncture headaches whose participation had to be

halted during the study, one subject with no obtainable cerebral-spinal fluid and three

subjects excluded due to protocol failures or patient withdrawal. Participants’ average age

was 38 years and the range was 23 to 50. Participants were not taking concomitant

medications and did not have active medical illnesses. Twenty subjects completed the study

and received a single oral dose of placebo, 100 mg, 140 mg, or 280 mg of LY450139.

Adverse events included 4 post-lumbar puncture headaches requiring epidural blood patch,

and one episode each of dizziness and numbness requiring a follow-up MRI, elevated blood

pressure, back and leg pain, and nausea and vomiting. All adverse events resolved and were

likely related to lumbar cerebral-spinal fluid sampling. Twenty subjects (five in each group)

had measurements of Aβ levels in cerebral-spinal fluid as well as labeled and unlabeled

SILK Aβ in cerebral-spinal fluid.

We measured the pharmacokinetics of the drug concentration in cerebral-spinal fluid. The

results indicate a peak concentration at 5 hours, with dose dependent increases in

concentration at 100 mg, 140 mg and 280 mg (Figure 2a). In most subjects, the majority of

the drug in the cerebral-spinal fluid was cleared by 12 hours. The kinetics of Aβ production

and clearance over the 36 hour study in the placebo group (Figure 2b) are almost identical to

previous findings in young normal male controls with fractional Aβ synthesis rates of ~8%

per hour.14 For this study, the production portion of the curve was defined as the first 12

hours (hours 1–12) when the 13C6-leucine infusion administered was labeling Aβ as it was

being produced during exposure to the drug and the clearance portion was defined as the last

12 hours of the study (hours 24–36) when labeled Aβ was being cleared.

In assessing the absolute levels of newly generated Aβ, there is a dose dependent decrease in

the amount of newly generated Aβ (ANOVA p=0.005) and this change is statistically

significant for the 100 mg (p<0.05), 140 mg (p<0.05) and 280 mg (p<0.01) oral doses as

compared to placebo (Figure 3a,c). The mean decrease in Aβ generation over 12 hours was

47% for 100mg, 52% for 140mg, and 84% for 280mg. As expected, there was no difference

in newly generated Aβ clearance between groups (Figure 3b,d). This indicates inhibition of

the production of Aβ without a difference in the clearance rates between groups.

In order to analyze the pharmacokinetic to pharmacodynamic relationship, we compared the

concentration of LY450139 in cerebral-spinal fluid to the amount of newly generated Aβ
during the first 12 hours. There was a significant dose-response relationship (Figure 4), with

a Pearson correlation = −0.646 (p=0.002). The maximum concentrations of LY450139 in

CSF in this study were 128 ± 14.9 ng/mL, 194 ± 38.1 ng/mL and 327 ± 82.3 ng/mL for the

100 mg, 140 mg and 280 mg dose groups respectively. The average concentration during the

12 hours of the AUC was 87.6 ng/ml, 127.1 ng/ml, and 241.8 ng/ml for the 100mg, 140mg

and 280mg doses respectively. The peak concentration of LY450139 in CSF occurred

between 4 and 6 hours after dosing, and the half-life in CSF ranged from 1.96 to 3.04 hours.

In addition to assessing production and clearance rate of newly generated Aβ, we measured

hourly cerebral-spinal fluid concentrations of Aβ1–x, Aβ1–40 and Aβ1–42 by ELISA in

individual subjects and values were compared over time between groups (Figure 5A). There

is marked hourly variability of cerebral-spinal fluid Aβ levels as previously reported.16

Aβ1–x, Aβ1–40 and Aβ1–42 ELISA hourly cerebral-spinal fluid measurements with baseline
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normalized values were subtracted from placebo (Figure 5B). The AUC1–12 for ELISA

Aβ1–x was significantly decreased by 48.2% (95% CI 26.7%–69.7%, p<0.05) when

comparing the 280 mg dose of LY450139 versus placebo.

DISCUSSION

To translate treatments for disorders of protein metabolism for clinical use, it is useful to

accurately determine the degree of decreased production or increased clearance of the

pathogenic protein of interest in the central nervous system of a human. The measured effect

of a proposed disease modifying treatment on protein metabolism can be leveraged to better

design clinical outcomes studies. This allows for informed design and offers a definitive

clinical study the best chance of success.

The findings herein demonstrate that the γ-secretase inhibitor LY450139 dose-dependently

decreases Aβ production in the human central nervous system. Further, the amount of effect

is quantified in relation to oral dose administered and the central nervous system

pharmacokinetics, providing an opportunity to assist in the design of a phase III clinical trial

with this drug. The same technique can be applied to assessing other treatments and

additional pathogenic proteins that are involved in neurodegenerative diseases.

A balance between the efficacy and toxicity of the study drug is considered in determining

which dose to test in a pivotal phase III clinical trial. In the case of γ-secretase, complete

inhibition is undesirable due to toxic effects including impaired lymphocyte and intestinal

cell development.17 Animal studies suggest that Aβ inhibition of approximately 25–30%

results in decreased Aβ accumulation in the brain.18, 19 Therefore, the ability to accurately

measure a 20–50% reduction in newly synthesized Aβ as well as the full pharmacokinetic

and pharmacodynamic effects of a drug has a practical application in determining optimal

drug dosing and timing.

Previous attempts to measure the central nervous system effects of the gamma-secretase

inhibitor LY450139 in humans have demonstrated robust peripheral effects however no

clear significant effect on cerebral-spinal fluid Aβ in the human central nervous system.12,

13 The reasons for not previously detecting central nervous system effects may include not

measuring production of newly generated Aβ, higher variability of cerebral-spinal fluid Aβ
concentrations measured by ELISA,13, 16 lower doses used, 20 or timing of cerebral-spinal

fluid collection. Aβ levels in cerebral-spinal fluid are rapidly turned over and there is

marked hour to hour variability likely making the analysis of single time points difficult to

interpret.16 These difficulties in measuring a significant central effect of the drug were

resolved by the direct measurement of newly produced Aβ over a 36 hour period. By

measuring direct Aβ production during administration of a single oral dose, we

demonstrated highly significant differences using only five subjects per group. This

indicates lower variability and greater sensitivity of measuring production of central nervous

system Aβ compared to prior methods. However, these pharmacodynamic findings may or

may not generalize to women, older individuals, or patients with AD.

The inhibition of γ-secretase demonstrated by the SILK technique is consistent with the

pharmacokinetic-pharmacodynamic properties of LY450139. The IC50 for γ-secretase with

LY450139 as determined by in vitro cell based assays is approximately 15 nM or 5.9 ng/mL

(Eli Lilly and Company, data on file). Assuming concentrations of LY450139 in brain

interstitial fluid are similar to those in CSF, and noting that the peak concentrations of

LY450139 in CSF ranged between 128 – 327 ng/mL, inhibition of Aβ synthesis using these

doses would be expected. The average concentration during the 12 hours of the AUC was

87.6 ng/ml, 127.1 ng/ml, and 241.8 ng/ml for the 100mg, 140mg and 280mg doses
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respectively. As the 100 and 140 mg doses inhibited production of newly generated Aβ by

approximately half, the in vivo IC50 is likely higher than the in vitro IC50.

The dynamic variability in hourly cerebral-spinal fluid Aβ ELISA levels (Figure 5) makes it

difficult to interpret drug effects in treatments which decrease cerebral-spinal fluid Aβ by

20–50%, as evidenced by the dynamic fluctuations recorded in this study (see hours 28–36

in Figure 5, for suggestive decreases in Aβ1–x when none are expected, but increases in

Aβ1–42). Direct measurement of production and clearance of Aβ by SILK analysis

demonstrates clear dose-response relationships with low variability and statistical

significance between groups with only five subjects in each treatment group (Figure 3a,c).

Significant decreases in Aβ production with no difference in Aβ clearance suggest the

groups were well matched and the mechanism of action of LY450139 is through inhibition

of Aβ production. Further, there is a strong relationship between the amount of drug in the

central nervous system and the decrease in Aβ production (Figure 4). This allows for more

precise estimates of what dose of drug is needed to inhibit Aβ by a pre-defined amount.

Although the magnitude of gamma-secretase inhibition (if any) that will be clinically

effective in treating Alzheimer Disease is not known, the SILK-Aβ technique allows for

accurate determination of the amount of inhibition provided. As phase III trials are

completed, clinical outcomes can be compared to measures of pharmacodynamic effects to

assist in the interpretation of large and expensive clinical trials. The development of disease

modifying treatments will be accelerated by the implementation of a therapeutic biomarker

that reflects the underlying pathophysiology of the disease. The cardiovascular field has

leveraged cholesterol and LDL/HDL biomarkers21–23 to great success in treating and

preventing atherosclerotic causes of diseases such as myocardial infarction and stroke. The

validation of meaningful therapeutic biomarkers for Alzheimer Disease drug development

will be tested over the next several years in Alzheimer Disease phase III therapeutic studies

and the correlation and predictive power of therapeutic biomarkers such as absolute rates of

protein production and clearance can now be accurately tested in the central nervous system.
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Figure 1. Diagram of Central Nervous System Stable Isotope Labeled Kinetics (CNS-SILK)

1) A stable isotope labeled amino acid is infused into the blood stream and is transported to

the brain. 2) The labeled amino acid is incorporated into newly synthesized proteins (e.g.

APP in neurons). 3) Labeled APP is cut by β- and γ-secretases to produced labeled Aβ, or in

the presence of a gamma-secretase inhibitor (4) labeled Aβ production is inhibited. 5)

Labeled and unlabeled Aβ is transported and cleared through the cerebral-spinal fluid which

is in direct communication with the extracellular space of the brain, where sampling occurs

over time to measure the production and clearance of Aβ.
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Figure 2. Concentration of LY450139 in cerebral-spinal fluid during production and clearance
of Aβ during and after labeling

A) There are dose-dependent increases in the concentration of LY450139 in cerebral-spinal

fluid with the majority of drug present in the central nervous system during the first twelve

hours. B) The absolute amount of newly generated Aβ (labeled) was measured during

exposure to placebo or the γ-secretase inhibitor LY450139. The production phase (hours 1–

12) and clearance phase (hours 24–36) indicate the time period of analysis for production

and clearance of labeled Aβ.
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Figure 3. Area under the curve (AUC) analysis of newly generated Aβ
A) A dose-response reduction in newly generated Aβ is present during hours 1–12. B) There

was similar clearance of Aβ between hour 24–36. C). Individual AUC values for hours 1–12

(AUC1–12) of newly generated Aβ1–x for each participant is plotted according to dose as

well as mean +/− 95% confidence intervals. There is a dose-dependent decrease in the

production of Aβ. D) AUC for hours 24–36 (AUC24–36) of newly generated Aβ for each

participant as well as mean +/− 95% confidence intervals are shown. There is no significant

difference in Aβ clearance between groups.
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Figure 4. Analysis of pharmacokinetic-pharmacodynamic (PK-PD) relationship of LY450139

The AUC1–12 of newly generated Aβ is plotted as a function of AUC1–12 of LY450139 in

the cerebral-spinal fluid. There is a significant (p=0.002) correlation of drug exposure and

decreased Aβ generation.
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Figure 5. Normalized cerebral-spinal fluid Aβ levels measured by ELISA

A. The average Aβ levels normalized to baseline values at hour 0 is shown for each group.

There is a trend for increasing Aβ levels over time in the placebo and treated groups. The

average standard deviation is 48 percent in the placebo group, and error bars are not

displayed for readability.

B. The average Aβ levels for each group were subtracted from the placebo group values at

each hour. Although fluctuations are present, there is a trend towards decrease in the Aβ1–x

AUC1–12, with only LY450139 280mg dose being significant (p<0.05).
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