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            Abstract
Alzheimer disease (AD) is one of several neurodegenerative diseases characterized by dysregulation, misfolding and accumulation of specific proteins in the CNS. The stable isotope labelling kinetics (SILK) technique is based on generating amino acids labelled with naturally occurring stable (that is, nonradioactive) isotopes of carbon and/or nitrogen. These labelled amino acids can then be incorporated into proteins, enabling rates of protein production and clearance to be determined in vivo and in vitro without the use of radioactive or chemical labels. Over the past decade, SILK studies have been used to determine the turnover of key pathogenic proteins amyloid-β (Aβ), tau and superoxide dismutase 1 (SOD1) in the cerebrospinal fluid of healthy individuals, patients with AD and those with other neurodegenerative diseases. These studies led to the identification of several factors that alter the production and/or clearance of these proteins, including age, sleep and disease-causing genetic mutations. SILK studies have also been used to measure Aβ turnover in blood and within brain tissue. SILK studies offer the potential to elucidate the mechanisms underlying various neurodegenerative disease mechanisms, including neuroinflammation and synaptic dysfunction, and to demonstrate target engagement of novel disease-modifying therapies.
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                    Fig. 1: Stable isotope labelling kinetics methodology.[image: ]


Fig. 2: Compartmental modelling of 13C-leucine kinetics in humans.[image: ]


Fig. 3: Data from stable isotope labelling kinetics studies of amyloid-β in humans.[image: ]


Fig. 4: Imaging scans showing incorporation of a stable isotope tracer into living brain tissue.[image: ]
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Supplementary Movie 1 One-compartment model of isotope labeling with varying synthesis rates. Each panel in the top row shows ~10,000 particles in a volume. Because particle formation and removal are determined using a random number generator, the total number of particles might diverge slightly from 10,000. New particles have a given probability of forming at each time increment, and existing particles have a given probability of being removed at each time increment. The synthesis rate increases with increasing probability of particle formation. The degradation (or clearance) rate increases with increasing probability of particle removal. At time 0, all 10,000 particles are nonlabelled (red). The bottom row illustrates fractional labeling — the number of unlabeled versus labeled (blue) particles. Each new particle is assumed to have a chance of being labeled or nonlabeled that is dictated by the mole fraction of labeled precursor (green curve). This assumption is justified by the fact that incorporation of labeled or nonlabeled amino acids relies on competition for binding sites on transfer RNA. Faster synthesis rates result in an increased rate of production of new particles. However, the overall system is assumed to be at a steady state. If degradation rates are equal, the ‘fast synthesis’ system simply has more total particles than the ‘slow synthesis’ system. Because the ‘slow synthesis’ system starts with fewer particles, the slower synthesis of labeled particles is negated when calculating or measuring the mole fraction of labeled particles. Thus, the kinetic curves for the fast and slow synthesis systems overlap (except for stochastic variations due to the relatively small number of particles in the model).


41582_2019_222_MOESM2_ESM.mov
Supplementary Movie 2 One-compartment model of isotope labeling with varying degradation rates. Fewer particles also result from fast degradation (right panel) if synthesis rates are the same. Because new particles are synthesized at the same rate, the mole fraction of labeled particles increases at a greater rate when fast degradation is present. The fast-degradation system simply has fewer unlabeled particles. Initially, the number of labeled particles is nearly identical in the fast-degradation and slow-degradation situations, but the effect of rapid degradation becomes evident over time. The net result is that the fast-degradation system peaks earlier and higher and declines faster. Stable isotobe labeling kinetics (SILK) directly measure degradation rates, but indirectly measure synthesis rates (because synthesis rates can only be determined if the total concentration of particles is known). At steady state, the total concentration of particles is equal to the degradation (turnover) rate constant divided by the synthesis rate constant.
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Supplementary Movie 3 Three-compartment model of isotope labeling. In this model, synthesis and degradation rate constants are identical for all three compartments (APP, C99 and Aβ42). The probability of new APP particles being labeled or nonlabeled is dictated by the mole fraction of labeled precursor (blue curve). APP particles move at a certain rate into the C99 compartment, which simultaneously represents both degradation of APP and synthesis of C99. Similarly, C99 is converted to Aβ42, which is degraded at a certain rate and disappears from the system. The kinetic plot of mole fraction labeled peptides shows that sequential synthesis results in a delay in the onset of production of labeled C99 and labeled Aβ42. Although APP concentration shows a monoexponential rise to plateau, C99 and Aβ42 curves have sigmoidal shapes during the labeling phase. After administration of the labeled precursor halts, the mole fraction of labeled APP immediately decreases and this curve shows a monoexponential decay. After some delay, the C99 and Aβ42 curves also show monoexponential decay. This very simple model captures the typical shape of in vivo stable isotope labeling kinetics (SILK) amyloid-β (Aβ) curves. Most Aβ-SILK curves are consistent with a single rate-limiting compartment serially connected to about five other compartments. Aβ42, amyloid-β protein 42, APP, amyloid-β precursor protein; C99, β-secretase C-terminal fragment.
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