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Abstract

Amyloid beta (Ap) peptides, and in particular Ap42, are found in senile plaques associated with
Alzheimer's disease. A compartmental model of Ap production, exchange and irreversible loss
was recently developed to explain the kinetics of isotope-labeling of Af peptides collected in
cerebrospinal fluid (CSF) following infusion of stable isotope-labeled leucine in humans. The
compartmental model allowed calculation of the rates of production, irreversible loss (or turnover)
and short-term exchange of AP peptides. Exchange of Ap42 was particularly pronounced in
amyloid plaque-bearing participants. In the current work, we describe in much greater detail the
characteristics of the compartmental model to two distinct audiences: physician-scientists and
biokineticists. For physician-scientists, we describe through examples the types of questions the
model can and cannot answer, as well as correct some misunderstandings of previous kinetic
analyses applied to this type of isotope labeling data. For biokineticists, we perform a system
identifiability analysis and a sensitivity analysis of the kinetic model to explore the global and
local properties of the model. Combined, these analyses motivate simplifications from a more
comprehensive physiological model to the final model that was previously presented. The analyses
clearly demonstrate that the current dataset and compartmental model allow determination with
confidence a single ‘turnover’ parameter, a single ‘exchange’ parameter and a single ‘delay’
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parameter. When combined with CSF concentration data for the AB peptides, production rates may
also be obtained.
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amyloid beta; Alzheimer's Disease; amyloidosis; Kinetics; compartmental model; sensitivity
analysis; identifiability

1. Introduction

The amyloid hypothesis posits a direct link between amyloid -peptide (AP peptide)
turnover kinetics and Alzheimer's Disease (AD) [1]. The AB precursor protein (APP),
produced in high amounts by neurons, is known to be degraded by different enzymes [2].
The enzyme B-secretase cleaves APP to produce the C99 peptide. C99 is then further
processed by y-secretase to produce AP peptides of different lengths (e.g. AB38, AB40,
AP42, where the number indicates the number of amino acids in the peptide). Ap peptides
are able to self-aggregate, with AB42 being more prone to formation of large aggregates [3],
and the major constituent of senile plaques [4]. Although the amyloid hypothesis is well-
supported by a number of lines of evidence, the roles of Ap peptide and other proteins (e.g.
Apolipoprotein E) that result in the formation of senile plaques are only beginning to be
deciphered [1].

A promising approach to characterize the kinetics of Af} production and clearance in humans
relies on in vivo labeling of AP peptides during protein translation via infusion of stable
isotope-labeled amino acids, stable isotope labeling kinetics (SILK) [5]. The fraction of
isotope-labeled A is measured at timed intervals in cerebrospinal fluid (CSF) collected at
the lumbar subarachnoid space. The traditional method to estimate rates of irreversible loss
of AP peptides from the CNS is analysis of the terminal slopes of isotopic enrichment time
course curves evaluated on log-normal plots. This analysis method yields a measure that is
referred to herein as the monoexponential fractional clearance rate (monoexponential FCR)
[6]. Previous results demonstrated decreased monoexponential FCR of both AB40 and AB42
in late-onset AD [7]. However, the monoexponential FCR should not be confused with the
true underlying fractional clearance rate, which may be difficult to determine in
complicated systems. The true fractional clearance rate is the rate of irreversible loss of a
product divided by the pool size of the product. To avoid confusion, we use the term
fractional turnover rate or FTR, which has the same meaning as the true fractional clearance
rate. The FTR is also equal to the sum of all of the rate constants describing routes of
irreversible loss. The fractional synthesis rate (FSR) was determined by fitting a line to the
upslope of the isotopic enrichment time course curve. FSR is defined as “the rate of
incorporation from precursor to product divided by the pool size of the product” [6]. Thus,
FSR is distinct from our desired quantity, called here the production rate constant, which is
the rate of incorporation from precursor to product divided by the pool size of the precursor.
The FSR and monoexponential FCR analysis methods were acknowledged to have
limitations, in that they imposed a simple one-compartment model on a complicated system
[8]. However, more physiologically relevant models had not yet been developed.
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In a recent publication, we introduced a physiologically relevant multi-compartmental model
to distinguish carriers of presenilin-1 or presenilin-2 mutations that are the active enzymatic
components of y-secretase and result in onset of AD at younger ages than non-mutation
carriers (familial autosomal dominant AD) [9]. The main strength of the new model is that
the rates of production, transport, reversible and irreversible loss of APP, C99, and the AP
peptides may be estimated by fitting the model to the entire time course of the isotopic
enrichment data while also accounting for the AB peptide concentrations in CSF. The model
successfully detected an increase in the rate of production of AB42 relative to Ap40 in
human subjects with presenilin mutations, consistent with results in vitro and in mice [10].
Increased FTR of soluble Ap42 relative to Ap40 were also detected in participants known to
have senile plaques demonstrated by positron emission tomography (PET) using Pittsburgh
Compound B (PIB). The previous observation of decreased monoexponential FCR of Af42
in late onset AD was re-interpreted in the context of amyloid positive mutation carriers
when the full enrichment time courses were fit to the compartmental model [7]. From the
analysis of AP isoforms in mutation carriers, it was concluded that the data actually reflected
increased irreversible loss of soluble Ap42 relative to AB40. Faster irreversible loss in
combination with exchange of Ap42 with higher order structures (e.g. aggregates, micelles,
or the surface of pre-existing plaques) resulted in a ‘slower’ terminal exponential tail.

The compartmental model answered several questions concerning the amyloid hypothesis.
However, the previous publication on the compartmental model did not discuss the
identifiability of particular parameters [11, 12]. In this work, the identifiability of the
different parameters in the compartmental model is described via a parameter sensitivity
analysis. Analysis of the steady state of the model also revealed a potential mechanism for
the decrease in the CSF concentration of AB42 in Alzheimer's disease [13]. Additionally, we
address some issues concerning the nature of isotope labeling experiments that have been
debated in the literature [14].

2. Methods

Experimental methods for isotopic labeling of AP peptides and measurement of their
concentrations in CSF are described in a separate publication [9]. Systems identifiability
analysis and sensitivity analysis were performed as described in the text.

3. Theory/calculation

A compartmental model was constructed to describe AP peptide-labeling data (Figure 1)[9].
The brain was modeled as a reactor that produces APP from a pool of isotopically labeled
plasma leucine with a zero-order rate constant kapp. APP is then processed to become C99
(first order rate constant kcgg) or other products (first order rate constant vapp). C99 is
further processed to produce soluble AB38, AB40, or AB42 and other products (e.g. Ap
peptides of other lengths) with first order rate constants Kapss, Kabao, Kapaz and vgg,
respectively. Irreversible loss of each soluble AB peptide from the brain compartment that
does not result in transport to CSF (e.g. insoluble deposition, degradation, or transfer across
the blood-brain barrier) is modeled as first order processes with rate constants vag, Vg, Va2
for the respective A peptides. The soluble Af peptides may also enter a reversible, short-
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term exchange compartment while in the brain (Kexag, Kexao and kexa2 for entry into and
Kretags Kretag and kyerao for return from the respective compartments). Transport of soluble AB
peptides out of the brain into the CSF is modeled as a first order process with rate constants
Kcsras, Kosrag and Kosrap, respectively. In practice, Keetsg, Kretao @nd Keetap Were assumed to
be identical and were called simply k;gand kcgeag, Kesrag and kegeaz were assumed to be
equal (with justifications to follow). Transport within the CSF is modeled by three
compartments with equal first order exit rate constants (Kqejay Or Sometimes Kgei), which are
assumed to be the same for all AP peptides. The lumbar CSF concentration and isotopic
labeling of each AP peptide was measured and used in the model as the target concentration
and labeling fraction in each peptide’s third delay compartment. Appendix A describes the
development of the model, starting from a mathematical model with the minimal structure
necessary and sufficient to account for the shape of the isotopic enrichment time courses,
and progressing through steps that transformed this starting model into a physiologically
relevant model. The model in Appendix A was simplified compared to that shown in Figure
1, due to our empirical observation of identifiability issues for some of the parameters. To
address identifiability concerns rigorously, the exact solution to the rate equations for the
full model shown in Figure 1 was calculated and is described below. A more detailed
description of the exact solution is found in Appendix B.

3.1. APP labeling kinetics during infusion of isotope-labeled leucine

Prior to the addition of labeled leucine, a steady state was presumed whereby the rate of
production of the unlabeled protein (kapp) Was equal to the rate of conversion to C99 (—kcgg
X Capp) Or other products (-vapp X Capp). A steady state pool size of APP (concentration of
APP multiplied by compartment volume) was assumed throughout the labeling experiment,
thus:

de

APP,SS
T:kAPP - (kcgg +UAPP) CAPP,SSZO Eq(3.1.1)

or,

kAPP
c =——"——— Eq(B12
APP,SS kcgg 0,00 a( )
To simplify the analysis, the fraction of isotopically labeled leucine in plasma was taken to
be the average value during the labeling phase, f. Rates of change in the pool size of

unlabeled APP (capp) and labeled APP (cappi) during the infusion phase are thus:

dc
2:}) =k, pp (1= ) = (Kpoo=V4pp) Capp EA(3.13)

and

de
%:kAPPf - (kC790+UAPP) Cappr  EA(314)
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These equations imply that labeled leucine is added to tRNA proportional to the fraction f of
labeled leucine, not the tracer-to-tracee ratio (TTR). The fraction f is [Labeled leucine]/
([Unlabeled Leucine] + [Labeled Leucine]), while the TTR is [Labeled leucine]/[Unlabeled
Leucine]. The fraction f has been shown to be the appropriate model for protein synthesis
[15], and differs from the previous analysis method that used the TTR [7], although at the
limit of low enrichment this is a minor difference. The use of TTR versus fractional labeling
is further described in Appendix C.

The equations are solved:

k )
Capp :cAPPOef(kCQ.(H“vAPP)t_Q_% (]_ — f) <1 — ef<k099+LAPP)t) Eq(3.1.5)
(Koo T0app)
and
k
_ —(kpge+ t (koo T t
Cappr=CaPPLo® (keon +varr) +mf (1 —e (koo +eape) ) Eq(3.1.6)

The initial conditions at the moment of addition of labeled amino acid were:

Eapp

Cappo™ (k Eq(3.1.7)

99 +UAPP)
and
Cappro=V EQ(3.1.8)

The solutions appropriate for these initial conditions are:

kipp —(k +v )t
=227 (1 - 1— co9 TVAPP
Carp (k099+v‘4pp< f ( € )) Eq3.19)
and
Eapp —(kegotvapp )t
c = arrZ 1—e co9TVApPP
A g+ arg) ( ) e

If the rates of production and irreversible loss of APP do not change during the course of the
labeling experiment, the pool sizes of labeled plus unlabeled protein will equal the original
steady state pool size of protein:

Cappss—CapptCappr  Eq(3.1.11)

Stated another way, the pool size of unlabeled protein must decline because a fraction of the
tRNAs are loaded with the labeled amino acid.

The fractional labeling of APP (pappL) is obtained by dividing equation 3.1.10 by equation
3.1.2:
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_CapPL _ CappPL ¥ (1 . e*(kcgng”App)t)

p = = 1
e CAPP,ss kapp/ (Eogytv,pp) Eq(3.112)

The same result would be obtained by dividing the rate equation for capp; by the steady
state concentration of APP and solving this differential equation:

d( CAPPL )
cAPPss) _WPappr _Kkappf— (kcgg +vapp )“'APPL
dt Toodat CAPP,ss
_ kyppf Eq(3.1.13)

- kAPP/(kCQ.() +UA PP) B (kcog +/UA1)I)) pAP])L
= (kcog +UAPP) (f - pAPPL)

Notice that the ‘rate of appearance’ of labeled APP in Eq(3.1.12) does not depend on the
parameter kapp. Basic kinetic intuition would suggest that the slope of the initial portion of
the labeling curve should equal the APP synthesis rate constant kapp. This would be true if
concentrations or pool sizes were measured, but not if TTR or fractional labeling are
measured. To see this, the exponential terms in the equations for capp; and pappL are
expanded as Taylor series in time. Assuming very short times, the terms in t2 and higher
may be neglected:

— kapp _ —(k 1 2
Carre =Tyl (1= (1= ot 45 (e v ) 0%4))
= kaPPt
However, for fractional labeling:
Pappr :f (1 - (1 - (kCPP+UAPP) H‘%((kcgg +UAPP) t)2)) Eq(3.1.15)

= f (kCPP+UAPP) t

Although this section specifically described APP production and clearance rates, the
conclusions are valid for any one compartment model. The initial slope of a labeling curve
for a one-compartment model yields a measure of the irreversible loss rate constant and not
its production rate constant. However, later it will be shown that the upslope of a labeling
curve for a system described by a multicompartment model is more complicated.

3.2. APP labeling kinetics following removal of isotope-labeled leucine

At the end of the labeling period, the infusion of labeled amino acid ceases. The labeled
fraction of isotope-labeled leucine in plasma drops rapidly and is well-described by a bi-
exponential decay:

f=fo (ae*q'"“r,@e*q"t) Eq(3.2.1)

where fj is the fraction of labeled amino acid in plasma during the labeling period. For
compactness, t = 0 in this equation corresponds to the end of the labeling period. The sum of
the parameters a and B is one. The parameters « and g, tend to be large and presumably
represent rapid clearance of the labeled amino acid throughout the body. The parameters j
and ¢, tend to be much smaller and likely represent reappearance of labeled leucine in
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plasma due to exchange of labeled plasma amino acid with non-plasma spaces and/or
incorporation into and subsequent degradation of rapidly turning over proteins throughout
the body.

At the end of the labeling period, labeled APP had a pool size of capp|_eng. The rate
equation for labeled APP Eq(3.1.4) is solved with the new expression for f and with initial

condition cappy (0) = CapPL end -

o N B .y
C =k fo (—e q””t+4 e Ir )
APPL—ApPP KootV app — dm ErootVapp — Gr c0322
+ <CAPPL nd kAppfO ( 2 — gm+ p )) ef(k099+”APP)t
- kcgg +TUupp kcgg +tVspp — 4r

The pool size of APP at the end of the labeling period is obtained from equation (3.1.10):

kipp —(kpog+vapp )t
CAPPL,end ™ T, f (1 — e \TC T TAPP md) Eq(3.2.3)
EoogtVapp

where teng is the length of the labeling period.

Dividing by the pool size of APP at steady state, the fractional labeling of APP after removal
of labeled amino acid is:

a (e_lhnt — e_(k009+UAPP)t> Ié] (e_qrt — e_(k099+UAPP)t)

k.. +v

C99 app — 9m Yc99 +UAPP —4r

Pappr= (Koo tVapp) fo ( + k ) +pAppL,cndei(kCQOJrvA“))t Eq(3.24)

The first term on the right hand side represents new synthesis of labeled APP due to residual
labeled amino acid. If the ‘new synthesis’ term is neglected, then a semilog-y plot would
yield:

In (pAPPL) =ln (pAPPL,end) - (kcgg "H)APP) i Eq(3.25)

with slope of —(kcgg + Vapp). This illustrates the fact that the downslope of a one
compartment model would yield an approximation of the rate constants describing
‘clearance’ but no information about rate constants of ‘production’ (the full model described
below does not neglect new synthesis, unlike simple fits of monoexponential curves to the
downslope of the labeling curve).

3.3. Labeling kinetics in other compartments
The rate equation that describes production of labeled C99 during the labeling phase is:

de

Cco9L _ . . o
dzg =kcooCarpr, — (Kayss TR a0 T 445 F0000) Cogor,  EA3:3.1)

The rate constants Kapsg, Kanao, and Kapao govern the rate of production of Ap38, Ap40 and
AB42, respectively. The rate constant Vicgg describes all other irreversible losses of C99,
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including production of AP peptides of other molecular weights. For compactness, kap =
Kanas + Kabao *+ Kapaz + Voo

The rate equations for all three Ap peptides are similar and will be elaborated for Ap42 only.
The rate equation for labeling kinetics of soluble AB42 in the ‘brain’ is:

de

ZZ?QL :kAmz Cooor, — (v42+kCSF+k6I42) Cabazr +k7"5t426Ab42emL Eq(33.2)

The parameter kapao represents production of AB42 from C99 by the action of y-secretase,
Vgo describes irreversible loss of AB42 from the soluble brain compartment by means other
than transfer to CSF, koo describes irreversible loss into CSF, keyao describes entry into an
exchange compartment, Kqet42 describes return of AB42 from the exchange compartment to
the *brain” compartment, and Cagoex is the pool size of labeled AB42 in the exchange
compartment.

The kinetics of entry/exit of labeled AB42 into/from the exchange compartment are
described by the rate equation:

de

— AE;;EIL :kez42cAb42L - kT€t42cAb42€1-L Eq(333)

We hypothesize that the ‘exchange’ compartment represents a reversible interaction with
higher order structures, perhaps with the surface of amyloid plaques or oligomers (see
reference 9 and Appendix A for additional discussion) [9]. In contrast, permanent or even
slowly reversible assimilation into stable plaques would lead to an increase in the parameter
V42, because the labeled A would not return to the soluble form during the time course of
the experiment. This would thus be indistinguishable from other mechanisms of irreversible
loss of AB42.

The rate equations for the three CSF delay compartments are:
1. First CSF delay compartment:

de

Ab42d1L __ .
dt =KospCapior, — KdelCapanarr, EA(33.4)

2. Second CSF delay compartment:

dc
Ab42d2L __
dt =kdel (cAb42d1L - CAb42d2L) Eq(3.3.5)

3. Third CSF delay compartment:

de

Ab42d3L

dt =kgel (CAb42d2L - CAb42d3L) Eq(3.3.6)

The system of differential equations in terms of fractional labeling may be written as:
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pAPPL
PCQQL
'pAb42L
pAbALZSzL
pAb42d1L
pAb42d2L
L pAb42d3L J
- (kcgg +UAPP) 0 0 0 0 0 0 Parpr
kAb _kAb 0 0 0 0 0 Pooor,
0 (U42 +kCSF) - (v42+kCSF +kew42) keza2 0 0 0 Papaar
= 0 0 Eretaz —kretaz 0 0 0 Dppazear | EA(33.7)
0 0 Kder 0 —Kder 0 0 P apazarr
0 0 0 0 kger  —kdel 0 P panaar,
L 0 0 0 0 0 kger  —Kdel 1 L Pavazasr |
(k 99+/UAPP) f
0
0
+ 0
0
0
L O .
and may be solved directly. The solution during the post-labeling phase is:
P spa2asr :kdel3 X
X ((e_kAbt—(1+t(kdel_k;Ab)+%t2 (Skdel—kAb)Q)e_kdelt) gt FapT(QTE) Ab-f— Q+R (63 — ’03)>
(kdel*k/xb)
iy <e—k099t,(1+t(/€del*kcgg)Jr%t2(.kdel*kcgg)ze*kdezt)) B ¢ +k()99+(Q+R) (¢ —w )
! (kaer—hy )’ ’ 2R BT Eq(3:38)

+Zp (H p3+ IR (g Us)) +Z' (p Gy + TR (o Us))

’
p ~(@+R)p )
Ab42L,end Ab42L,end
+pAb42L cnd¢3+ 2R (¢3 - 1)3)

+ (pAb42ddL end+kdelpAb4zdzL endt+kdel P apa2a1 L end 3t ) e "

with the full derivation shown in Appendix B and solution with definitions of coefficients
summarized in Appendix D for easy reference. For the labeling phase, the same equation
applies but with f = fo, meaning that g, and g, in equation 3.2.1 are equal to zero, and
fractional labeling is zero at t = 0 for all peptides. The predicted time course of labeling in
each compartment is shown in Figure 3.

Equation (3.3.8) describes the shape of the isotopic enrichment time course curve according
to this compartmental model. An important conclusion is that the rate constant for
production of AB42 (kasp) does not appear in these equations except through its inclusion in
Kab- Thus, any impact that kasp has on AB labeling kinetics would only be manifest if this
caused an increase in the rate of turnover of C99. If increases in secretase activity to produce
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AP42 are exactly balanced by decreases in production of other Af isoforms, then the model
predicts that increases in the rate of production of AB42 would not be detectable by an
isotope labeling experiment alone. However, as will be shown by a steady state analysis, the
rate of production of Ap peptides may be calculated by using both AB42 isotope labeling
kinetics and CSF AB42 concentration data.

3.4 Fractional synthesis rate (FSR) and fractional clearance rate (FCR) in
multicompartment systems

The goal of the experimental studies was to determine the rate constants for the production
(ksg, kag and kyo) and irreversible loss (Vag, Vag and vgo) of the AB peptides. In the former
case, this may sometimes be stated as determining the ‘production rates of the Af peptides’.
Because the AP peptides have a common precursor (C99), the production rate constants are
in fact the true determinants of the production rates. Similarly, it may be stated that the
‘clearance rates’ are of interest. However, this is much less precise, because these rates (or
fluxes, both with units of mass/time or concentration/time) depend on the pool size/
concentration of each A peptide, which differ greatly. In fact, the kinetic measures that
allow meaningful comparisons of irreversible loss between the different Af isoforms are the
‘clearance rate constants’ or “irreversible loss rate constants’.

Because the models are at steady state, the production rate and irreversible loss rate must be
equal. Thus, only one rate is required, the “turnover’ rate [16, 17]. The turnover rate divided
by the concentration or pool size of the product is the fractional turnover rate (FTR), which
is equal to the irreversible loss rate constant. The “fractional synthesis rate’ is the rate of
appearance of labeled product divided by the pool size or concentration of the product [6],
which is the same as dividing the turnover rate by the product pool size. Thus, the fractional
synthesis rate is theoretically the same as the FTR (i.e. true FCR) and the irreversible loss
rate constant. However, the ‘FSR’ often refers to the method of estimating the fractional
turnover rate by fitting a line to the upslope of a curve and dividing the slope by the
enrichment of the precursor. This method of estimating FTR is only accurate for systems
well-described by single-compartment models. However, CSF AB kinetics are best described
by a multi-compartmental model, and the ‘FSR’ that was previously applied to CSF Af
kinetics [7, 14] may thus actually reflect changes in the production rate constant, one of the
two quantities of interest.

Figure 4 illustrates these concepts. A simple model is simulated (Figure 4A&B), in which a
precursor with constant concentration during a nine-hour labeling phase may produce two
products with different irreversible loss rate constants (v; & v,). However, Figure 4A is
simply two parallel one-compartment models. The production rate constants (k; & ko) are
varied. The FSR is estimated from the initial slope of the product labeling curves (first three
data points), while the FCR is the monoexponential slope from 24-36 h. As the production
rate constants vary, the labeling curves do not change in the one-compartment models.
However, both the FSR and FCR provide good estimates of the fractional turnover rate (i.e.
irreversible loss rate constants v & v,). Although the production rate constants appear to be
indecipherable from the data, they are simply:
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3 V1 X Cpductt,ss _FCRPFOdHC‘B1 X € roductl,SS _FSRPTOduCtl X Croduct1, S8 Eq(3.4.1)
1= = = q(3.4.
cprecursor,SS Cprecursor,SS Cpl‘ecursor,SS
3 _ U2 X € duct2,55 _FCRPYOdHCt2 X € roduct2, 58 _FSRPIOduCt2 X € roduct2, 58 Eq(3.4.2)
2= = = q(3.4.
Corecursor,SS Chrecursor,SS Corecursor,SS

where Cproduct x,ss 1 the steady state concentration of product x.

In Figure 4C, the model is expanded into a multi-compartmental model, where precursor A
is at a constant concentration during the labeling phase, and produces precursor B, which
then splits to produces products 1 & 2. The rate constant ks has no impact on the labeling
curve, but could be calculated as:

(k‘l—l—k'g) X c
ky=

precursorB,SS

Eq(3.4.3)

cpl‘ecu[‘so[‘A ,SS

Changes in kq or ks also do not impact the labeling curve aslong as k; + ko remains constant
(Figure 4D). At constant kg + ko, the shape of the labeling curve is only affected by v & v,
(Figure 4E). However, if kq + k; varies, the labeling curve shape is affected (Figure 4E).
Thus, k1 + ko is identifiable, but k; and ks are unidentifiable [11]. At constant v; & Vs,
increases in kg + ko result in higher values for FSR and FCR, with the FCR coming closer to
v1 or Vo (Figure 4F). The meaning of the measured value of the FSR for multicompartment
systems is difficult to decipher, however it is clear that FSR is a measure of both production
and irreversible loss, but only if an increase in production of the product causes a change in
the irreversible loss of its precursor. Similar to the one-compartment model, the production
rate constant is easily calculated if the irreversible loss rate constant is multiplied by the pool
size/concentration of the product.

3.5. Steady state analysis

In addition to measurement of the fractional labeling of each of the AP peptides in the CSF,
the concentration of each peptide in the CSF was measured by mass spectrometry. The
concentrations of the AP peptides in CSF provided additional constraints on the parameters
in the system. Although some diurnal variation in AB42 concentration in the CSF has been
noted [18], the concentration in CSF at the start of the experiment was assumed to represent
a steady state throughout the experiment.

To calculate pool size in each CSF compartment, the measured CSF concentration was
multiplied by a typical CSF volume of 135 mL, and divided by 3 to account for three equal-
volume CSF compartments in the model. The assumption that every participant had a CSF
volume of 135 mL divided into 3 compartments seems strong but actually has little impact
on the results. If the CSF concentrations of AB peptides were used instead of pool sizes, the
results for all of the first-order rate constants would be identical, but the zero-order rate
constant kapp would simply be lower by a factor of 3/135. Because kapp does not affect the
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shape of the predicted isotope-labeling curve, use of either concentrations or pool sizes in
fitting the labeling curves is justified.

According to the current model, the pool size of AB42 measured in the lumbar CSF is equal
to the steady state pool size of AB42 in the third delay compartment. The steady state pool
sizes of AP42 in each of the three delay compartments must be equal:

C

CAbaz,delay3,55 — CAba2,delay2,55 — CAba2,delay1,55  Eq(3.5.1)

Relative to the pool size of soluble AB42 in the brain, the pool size of Ap42 in each delay
compartment is predicted to be scaled by a factor kege/Kqgg-

k

_PFesr
Ab42,delay3,5S Egel CAbaz,brain,ss EA(3.5.2)
€.

(&
The exchange compartment has no effect on the steady state pool size of soluble AP peptides
in the brain or CSF. However, the pool size of the exchange compartment itself is:

cAb42,czchang&,SS :kem42 kret42 CAb421brain,SS Eq(353)

Deposition into plaques or aggregates that do not return labeled AB42 on the time scale of
the experiment would only impact the irreversible loss parameter, v4o. Thus, rates of
deposition of AB42 into plaques can be estimated by comparing the difference between vz»
and vy , or between vy, and vg, because AB38 and AB40 deposition into plaques is
expected to be minimal [19].

After additional substitutions for the steady state concentrations of APP, C99, and Ap
peptides in the brain, the steady state concentrations in the CSF for each of the AB peptides
is predicted to be:

c _ kospkcokapp E 4y
Ab38,delay3,SS . . Eq(3.5.4)
Kaet (kCQQ +UAPP) <v38+1rCSF ) (L'AbBS +L’Ab40+k/‘sb42 _H)Cgs))
c _ kospkcookapp E 410
Ab40,delay3,S5 Eq(3.5.5)
Kael (kcgg +UAPP) (v‘w‘*’fcsz«“ ) (kAbSS HE 10 TE 410 H0000 )
c _ kospkcookapp k ypio
Ab42,delay3,5S Eq(3.5.6)
Kdel (kCQQ +UAPP) (v‘*z*fcs‘F ) (kAbss HE a0 TE 4o +UC’99)

Overall, the model has 25 parameters:

kAppa Vapps kcgga Voo s kAb3ga kAMoa kAb42a V38, V40, V42, kezSSa kez407 kex42; kret387 kret40>

Kreta2s Rogpasr Fosraos Kosrass Kdel38 Kdelaos Kdela2, SF3g, SFyo, SFya
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The last three parameters are scaling factors that were applied to the predicted labeling curve
for each peptide. The scaling factors were found to improve the fit and may correct for
systematic errors caused by variability in the standard curves used in the daily calibration of
the mass spectrometers, or isotopic dilution between plasma leucine and APP production.
The mean values of the scaling factors for all participants were 0.941 + 0.08, 0.944 + 0.08,
and 0.937 £ 0.11 for AB38, AB40 and AB42, respectively, with no significant differences
between groups. The model predictions of fractional labeling of the AB peptides in the CSF
are linearly related to the scaling factors, and thus sensitivity to this parameter in isolation is
uninformative.

As will be shown below, this model is ‘system unidentifiable’. To reduce the number of
parameters, the following assumptions were applied:
kose=Kospas=Fk
kaet=FKde138=Fde140=Fde142
kret:kret38:kret402kret42

csra0—Keosra

The first two parameters (kcge and kgg) represent fluid flow processes and likely affect all
three peptides equally. The third parameter (k) could only be discerned for AB42 (see
Appendix A) and may be different for Ap38 and Ap40. However, choosing the same value
for k¢ for all three peptides allowed us to examine the extent of exchange of Ap38 and
AP40 relative to Ap42. Exchange of AB38 and AB40 was found to be minimal and improved
the fit of the model to the data in only a few subjects.

These assumptions reduced the model to 19 parameters. The CSF concentration size of each
peptide is known, and because of steady state relationships Eq(3.5.4), Eq(3.5.5) and
EQq(3.5.6), only 16 of the 19 parameters are independent. The choice of which three
parameters are considered to be dependent is arbitrary, but the Af production rate constants
kams: Kamo and ks are easily calculated (see Appendix E) and a convenient choice.

3.6. Simplified model

Most of the Af isotope-labeling curves were found to be well-fit by a simple model
consisting of 5 ‘delay’ compartments arranged in series, with equal-valued rate constants for
transfer between compartments, plus a single compartment turning over at a unique rate (see
Appendix A). The data sets that could not be fit were primarily AB42 in subjects with
significant amyloid plaque load as demonstrated by PET-PIB. The different morphology of
the Ap42 isotopic labeling time course compared to AB38 and AB40 in PIB-positive subjects
is readily observed (e.g. see Figure 2A). The AB42 isotopic labeling time course from PIB-
positive subjects was only well-fit when an exchange compartment was added to the model.

Although the exact solution presented above incorporates known biology and physiology,
the current dataset was unable to independently identify all 16 rate constants in the model,
for reasons that will be clear following the system identifiability and sensitivity analysis
below. Thus, the model was further simplified using the following assumptions:
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kcgg :k(iel

Vypp=0
— 1]
Voo™ El“del
E =k s TE apa0 T apao H0000 =Kael

Justifications for these assumptions are driven by the need to replace some of the poorly
identified rate constants (i.e. kcgg and kap) with kgq, thus producing a model that was quite
similar to a simple five compartment delay that was known to be sufficient to fit the labeling
curves in subjects without plaques (Appendix A). The irreversible loss rate constant of APP
was poorly identified (vapp) and its effects were lumped into vcgg. It was further assumed
that only half of C99 led to the production of AB38, Ap40 and AB42. This is because AB
peptides of other sizes are produced, with their abundance very roughly estimated from
MALDI-TOF spectra of Ap peptides in CSF [20]. It was further assumed that 50% of the
irreversible loss of AB40 was to the CSF (i.e. v49 = kcgr). Varying this fraction lost to the
CSF between 10% and 90% had little effect on the results of the model (Appendix A).
Finally, the return rate constant from the exchange compartment (k) was set to 0.1 h'1.
This was optimized using the three participants with the largest extent of AB42 exchange,
using different fixed values of k. and determining which value gave the best fit to the
labeling curves (Appendix A). The six imposed relationships reduced the total number of
parameters from 19 to 14 (because kcgo, Vcgg and vag were replaced by other parameters and
Vapp and k¢ Were set to specific values) and the number of independent parameters was
reduced to 10 (an additional degree of freedom was lost by setting kapzg + Kapao + Kapaz =
Y2Kqet). Choice of the four dependent parameters is arbitrary, but calculation of kapp, kass,
kagao and kaso from the other 10 parameters is illustrated in Appendix F. Exact solutions
for the simplified model used in the previous publication are shown in Appendix G.

4.1 System identifiability

Although development of the simplified model was described in section 3.6, the process was
empirical. Using system identifiability analysis, a more rigorous approach is described here.
The three transfer functions for the full model reveal that in principle 13 independent
parameters may be determined from the labeling curve of each peptide (for methods, see
references [11] & [12] and Appendix H). The full model has 25 parameters, demonstrating
that the system is underdetermined. The assumptions from Section 3.5 of a common kcef,
ket and Kqg for the three peptides were physiologically based and reduced the number of
parameters to 19. The following parameters appear together as sums everywhere within the
transfer functions: vag + ke, Vag + Kose, Vaz + Kese, Kegg + Vapp, and Kagag + Kagag +
Kaga2 + Vcgg. This led to some of the assumptions of the simplified model, namely that kcge
is a constant fraction of v4q, and that vapp is zero. Additionally, if the sum Kagsg + Kagao +
Kagao + Vcog IS replaced with the one parameter kap, the number of parameters is reduced to
14. Recognizing that kapp does not appear in the rate equations for fractional labeling
reduces the number of parameters to 13. Thus, these assumptions make the problem ‘system

Math Biosci. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Elbert et al.

Page 15

identifiable’ [11]. The 24 algebraic equations that appear in the transfer functions were not
further manipulated to demonstrate ‘parameter identifiability” due to their complexity.
Rather, ‘practical identifiability’ issues with the model are demonstrated by the sensitivity
analysis below, further motivating the reduction from 13 to 10 parameters in the simplified
model.

4.2. Sensitivity analysis

Sensitivity analysis of the simplified model would not yield information about kcgg and kap
because these were explicitly replaced by kqg in the solution. Thus, the exact solutions to the
full model were utilized in the sensitivity analysis. Sensitivity analysis was performed using
parameters from a PIB-negative non-carrier and a PIB-positive presenilin-1 mutation carrier.
Both participants were of similar age. The parameter values for the simplified model were
originally optimized using the measured hourly plasma leucine enrichment data as the input.
To simplify the sensitivity analysis, all of the parameters in the simplified model were re-
optimized using the mathematical functions f (Equation 3.2.1) to describe plasma leucine
values. The differences between the raw hourly plasma leucine data and the f functions are
shown in Figure 3A and 3C. The results of the parameter re-optimization are summarized in
Appendix I.

The sensitivity analysis describes the sensitivity of the fractional labeling of Ap42 in the
third CSF compartment (paga2q3L) to changes in each of the major model parameters. For
example, for Kapao, the sensitivity Siapao is:

oP

S el 7T T
kAbA2 q(4.2.1)
Ok 4,15

This is obtained by taking the partial derivative of the exact solution for papaog3. (Eqn 3.3.8)
with respect to kapap. The sensitivity can be interpreted as:

op
AP ypanasr, B Ak gy, X w Eq(4.2.2)

Ab42
for small Akapao.

For the sensitivity analysis, the exact solutions become unbounded when kcgg — Kgg OF Kap
— Kge- TO overcome this, the derivatives with respect to each of the parameters was taken
and then the limit of the resulting equations was evaluated as kap — Kcgg and then kegg —
kel » applying L’Hépital's rule when necessary. The detailed methods are described in
Appendix J.

Figures 5A and 5B show the sensitivity of pap4oq3 to the various parameters, along with the
measured and model papazqaL (Scaled by 6 for readability). The largest effect on papazqaL
was found with changes in v4o. Identical sensitivity was observed for koo, because both rate
constants describe irreversible loss of AB42 (see Equation 3.3.2). Within the first five hours
of labeling, increases in v or kege had no effect on papasgsr . This is expected, because of
the delay in the appearance of AB42 in the final compartment. However, between hours 5
and 36, increased vy, or Koge leads to increases in the values of papasgs. for the mutation
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carrier, with a maximum effect immediately prior to the peak enrichment of AB42. For the
non-carrier, increases in v4o or Koo also increased papasdar, between hours 5 and 24, with a
maximum effect about 2 hours prior to the peak enrichment of AB42. However, increases in
Vg0 or ke decreased papazgsr between hours 24 and 36. The effects of increases in v4p or
kcse on actual Kinetic curves are shown in Figure 6A and 6B (for these figures, the rate
equations were solved numerically, increasing one of the parameter values by 0.1 h=1 while
holding all other parameters constant). Increasing vz, results in the labeling curve rising
earlier, peaking higher, and falling more quickly. However, in the mutation carrier (Figure
6A), the quicker fall is halted after about 28 hours, likely due to the effects of the exchange
compartment.

Returning to Figure 5, the next most important parameter that affected papaoqal Was Kexa2,
the rate constant for entry of Ap42 into the exchange compartment. An increase in this
parameter lowered the peak papaoq3. and flattened the tail of the curve in both participants
(Figure 6A and 6B). Increasing the rate constant for exit of AB42 from the exchange
compartment (K.¢) led to increases in papaoqgs. for the mutation carrier (Figures 5A and 6A),
but this only became substantial after the peak in AB42 enrichment. As expected, k.¢ had no
effect with the non-carrier because no exchange was present in this participant (kg2 = 0).
The other parameters had only small effects on papazgat, including Kegg, Kapaz, Kese and Kyg
(Kapa2 and vcgg have identical sensitivities because both are constituents of kap, which
governs the irreversible loss of C99). Changes in the rate of irreversible loss of APP/C99
thus have much less of an effect on the AB42 labeling curve than the rate of irreversible loss
of AP42 itself. Thus, substantial differences in labeling curves between subjects most likely
reflect changes in the irreversible loss of Ap42 and/or the presence of short term exchange,
assuming that anatomical differences can be neglected.

The sensitivity of the FSR to parameter changes in the model parameters was also examined
(Figure 7), which is simply the sensitivity of the time derivative of papaoqaL (i.€. the slope of
the labeling curve). Using the parameter kapgo as an example, this is:

9 OP pvasasr 0D soirisr. O [ OP spinusi.
L - = | ) =08 at
Ok 1o ( ot > ok,, 0t Ot < Ok 4,10 ) Kaba2 Eq(4.2.3)

Ab42

Figures 7A&B shows the actual value of dpapa2g3 /0t around the upslope of the labeling
enrichment curve (scaled by 10 for readability). The value of 0papaoq3L /0t varies
considerably between 5-14 h, and resembles the result of fitting the middle portion of a
sigmoidal curve to a straight line. Figures 7C&D show the sensitivity of 0papaoq31 /0t to
changes in different parameters, and the measured papazgz. and model papazgaL in the region
of the upslope are shown on all plots. For both participants, the largest effect on dpap42q3L /0t
(and thus FSR) came from vz and kcge. The next largest effect on FSR was from Keyao,
which had an opposite effect from v and kcgr. Thus, if both of these parameters are
increased (as was noted in participants with plaques), they will tend to cancel each other out.
The parameter k¢ had a modest effect on FSR, while the other parameters had even less
effect.
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The sensitivity of the monoexponential FCR was calculated (Figure 8), which is simply the
sensitivity of the time derivative of the natural logarithm of papaodaL

_ddk d ln (pAb42d3L) _ d d ln (pAb42d3L) dpAb42d3L d 1 dpAb42d3L
- Ab42 - dl

dt Ab42 dpAb42d3L dt dkAb42 pAb42d3L dt

In Figure 8A, the actual —dIn(p)/at for each participant is plotted. When —0In(p)/ot is
relatively flat, this indicates a good monoexponential fit. For the non-carrier, —0In(p)/dt was
relatively flat between 24-36 hours, the exact region used previously to determine the
monoexponential FCR [7]. For the mutation carrier with plaques, however, the curve is not
flat, meaning that it would not be fit as well by a monoexponential function. Overall,
-0In(p)/ot has a smaller mean value for the mutation carrier with plaques compared to the
non-carrier, suggesting (incorrectly) decreased ‘clearance’ (i.e. irreversible loss) of AB42 in
the mutation carrier with plagues compared to the normal control, when in fact irreversible
loss is increased but masked by exchange.

The sensitivity of —dIn(p)/ot to changes in parameters is presented in Figure 8B&C, along
with the measured papazgz. and model papaoga scaled by 4 for readability. The sensitivity
analysis on a log scale shows that increases in Vo or kcge lead to increases in
monoexponential FCR (i.e. increases in —dIn(p)/dt between 24-36 hours), while increases in
Kexaz Would result in a decreased monoexponential FCR. The parameter k¢ had a
complicated effect on —dIn(p)/ot, decreasing monoexponential FCR up to 30 h, but
increasing it after that. The parameters kapao, Vcgg and Kegg had nearly negligible effects on
monoexponential FCR.

The goal of the isotope-labeling study was to determine kapap, Which governs the production
rate of AB42, and (V42 + Kcse), which govern the irreversible loss rate of AB42. The
sensitivity analysis demonstrated that most of the variation in the AB42 labeling curve
between subjects is likely due to differences in Vo, kcsr, Kexaz and Keer. However, Kapgo may
be reliably estimated because it has a large and direct effect on the concentration of AB42 in
CSF. The sensitivity of the CSF AB42 concentration is the derivative of equation (3.5.6)
with respect to the various parameters. For example, for Kapao:

o e Seerbontu (L L) g

Ab42 del (kcm +UA1’P) (U42+A’CSF) A’Ab k

Ab

The sensitivity of AB42 CSF concentration to changes in the different parameters is
presented in Table 1. The most important parameters that evoke changes in the CSF
concentration of AB42 are Kapap, Va2 and Kcge. The production rate constant of Ap42 from
C99 (kapap) Was the most important parameter in determining the CSF concentration in the
non-carrier, and second only to ke in the mutation carrier. Increases in kapap or kcge are
predicted to result in increases in the CSF concentration of AB42, whereas an increase in Vo
causes a reduction in CSF AB42 concentration because vy represents shunting of Ap42
away from the CSF. For this reason, the model predicts that CSF AB42 concentration is
decreased due to shunting to irreversible loss, perhaps including deposition into plaques.
Thus, most of the information about the rate of production of AB42 is provided by the
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concentration of Ap42 in CSF, while the shape of the isotopic enrichment curve tends to
provide information about irreversible loss and exchange of Ap42.

4.3 Effects of Scaling Factors and baseline correction

Sensitivity analysis is not helpful to analyze the effects of the scaling factors. However, the
scaling factors affect the overall size of the fitted curve, which allows other parameters to be
adjusted in combination to better fit different regions of the curve. Examining Figure 5, it is
easy to imagine how changes in different parameter could reshape different parts of the
curve. In Appendix K, the effects of removing the scaling factors are examined for both
subjects. The parameters Vag, Vag, Va2, Kcse appear to move in opposite directions from kegg,
Vcog: Kapas, Kabao and Kgelay- In the mutation carrier with plaques, when the scaling factor is
removed, the first group of parameters is increased and the second group decreases. The
opposite occurs in the non-mutation carrier, probably because this subject had a scaling
factor less than one, while the mutation carrier had a scaling factor greater than one.
Interestingly, the production rate constant kapgo Was increased in both subjects when the
scaling factor was removed. The effects of baseline correction were also studied. The
baseline was considered to be the first five time points, and their average was subtracted
from all data points. Removing the baseline correction improved the fit for the non-mutation
carrier only. Overall, the scaling factors might be needed due to instrument calibration
errors, isotopic dilution or the presence of other processes not well-captured by the current
model.

4.4 Relationship between production rate constants, irreversible loss rate constants, and
CSF concentration
The ratio of production rate constants for Ap42 relative to AB40 is simply Eq(3.5.6) divided
Eq(3.5.5):

kAb42 _ [A’342]OSF <U42+kcsp

= Eq(4.4.1
k [ AB40] U4o+kcsp> q¢41)

Ab40 CSF

This shows that if the CSF concentration ratio of AB42:AB40 is to remain constant, increases
in irreversible loss of AB42 relative to Ap40 must be accompanied by increases in
production of AB42 relative to AB40. However, if production is held constant and
irreversible loss of AB42 relative to AB40 increases, as may occur in the presence of plaques,
then the CSF concentration of AB42 relative to AB40 will decline, as has been observed [13].
This equation also shows that an increase in production without an increase in irreversible
loss (perhaps due to an absence of plaques) should result in an increase in CSF concentration
of AP42 relative to Ap40. This has also been observed in mutation carriers that are much
younger than their expected age of onset [13]. An important observation is that exchange of
AB42 has no impact on the steady state CSF concentration, because the flux of mass into the
exchange compartment is identical to the flux of mass out if at a steady state.
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5. Discussion

The sensitivity analysis demonstrated that the overall shape of the AB labeling curves was
affected by all of the parameters in the model, although some parameters had much larger
effects than others. Previously, the FSR of the labeling curve between 5-14 hours was used
to estimate production kinetics of AP peptides [7]. The sensitivity analysis demonstrates that
the AB isotopic enrichment upslope is not highly affected by differences in production rate
constants between subjects. Rather, the FSR likely reflected primarily irreversible loss and
exchange, although no differences in FSR were found between Alzheimer's subjects and
controls. However, in this region of the labeling curves, increased irreversible loss and
increased exchange will tend to act in opposite directions, potentially canceling out each
other's effects on FSR. On the other hand, as expected, the monoexponential FCR is strongly
affected by the rate of A irreversible loss in the absence of short-term exchange. However,
the presence of exchange complicates the use of monoexponential FCR as a reliable measure
of the true turnover rate. Much more information about the system is gleaned by fitting the
entire time course to the new compartmental model, which is rooted in the biology and
physiology of the system. In addition, the simultaneous use of CSF concentrations along
with the labeling data allows determination of rate constants for both production and
irreversible loss of AP peptides.

In other models, it was suggested that only the first fifteen hours of labeling data were
required to fully describe the kinetics of the system [14]. While it is possible that the
irreversible loss rate might be reasonably well estimated from the upslope of the labeling
curve in normal participants, the current sensitivity analysis shows that the presence of
exchange will affect the upslope of the curve, potentially muting the effects of increased
irreversible loss (Figure 7C&D). Figure 2A illustrates that, in the mutation carrier, the
largest difference between the AB40 and AB42 labeling curves occurs in the time period
between about 19-30 h. Within this time frame, the effects of increased irreversible loss are
declining, while the effects of exchange peak at about 19 h (Figure 5A&B). The sensitivity
curve for vy is not a perfect mirror image of that for keywsp and thus analyzing the full time
course is the best hope for separating out the effects of irreversible loss and exchange.

The FSR has also been used to analyze the effects of y-secretase inhibitors on the labeling of
AP peptides in humans and non-human primates [21, 22]. Large changes in the upslope of
the labeling curves were noted. This is not inconsistent with the present analysis. Although
the sensitivity of the FSR to changes in production rate constants is small, it is not zero. In
the case of inhibition of y-secretase, this should result in a large decrease in the production
rate constants, resulting in a decrease in the FSR. As illustrated in Figure 4, FSR is in fact a
measure of production, although it is affected by other parameters as well. The transient
introduction of the y-secretase inhibitors results in a non-steady state system, although the
importance of the non-steady state nature of the system is difficult to estimate.

Several caveats about the compartmental model must be mentioned. Flow processes likely
dictate the rate at which A peptides transit from brain to the lumbar space. These processes
are approximated here as a sequential series of compartments. More elaborate models that
account for brain and subarachnoid space anatomy and flow may allow more accurate
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determination of the rates of AB peptide irreversible loss and production. Thus, the
sensitivities reported here are those of the current compartmental model, not of the
underlying biological system, which has yet to be fully elucidated. The current dataset is
also not rich enough to identify the rates of production and irreversible loss of APP and C99.
Additional kinetic data relevant to the production and irreversible loss of APP and C99
would certainly improve the estimation of Ap production and irreversible loss rate constants.
Also, measurement of concentrations of various Ap peptides has a large impact on the
estimates of the production rate constants for the Ap peptides, and improvements in the
precision and accuracy of concentration measurements would greatly aid future studies.

6. Conclusions

We demonstrated rigorously that the FSR and monoexponential FCR previously used to
characterize production and irreversible loss of AP peptides actually reflect the values of
multiple parameters within a complicated system, and are not pure measures of production
and irreversible loss. In steady-state studies, it is shown that estimation of the production
rate is greatly enabled by combining isotope labeling data with concentration or pool sizes
measurements. This also provides a mechanism for the observed decrease in CSF
concentration of AB42 in Alzheimer's disease. The irreversible loss and exchange rate
constants for AP peptides dominate the shape of the isotopic enrichment time course curve,
and both constants may be readily determined by fitting the entire time course to the
compartmental model. The later phases of the labeling process are better suited to resolve
the irreversible loss and exchange processes of Ap42. The conclusions of this study should
enhance the design and interpretation of isotope-labeling experiments applied in the central
nervous system.
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AD Alzheimer's Disease

APP Amyloid beta precursor protein
AB amyloid beta

PET positron emission tomography
PIB Pittsburgh Compound B

CSF cerebrospinal fluid

FSR fractional synthesis rate
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Schematic of compartmental model
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Figure 2. Morphology of Abeta isotopic labeling curves
Isotopically labeled leucine was infused into human volunteers for nine hours, while

cerebrospinal fluid (CSF) was collected via lumbar puncture (spinal tap) hourly for 36
hours. The tracer-to-tracee ratio of Af peptides was measured by mass spectrometry and
converted to fractional labeling of AP peptides. This was then normalized by the mean
fractional labeling of leucine in blood plasma during the infusion period. (A) The Ap42
isotopic labeling curve was markedly different from those of AB38 and AB40 in a
presenilin-1 mutation carrier with amyloid plaques validated by PET PIB. (B) In a non-
carrier without amyloid plaques, the isotopic labeling curves were similar for all three
peptides. The averaged data for all study participants was published previously in reference

[9].
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The rate equations were solved numerically with re-optimized parameters listed in Appendix
H for: (A&B) a presenilin-1 mutation carrier with plaques validated by PET PIB, and
(C&D) a non-carrier without plaques. The predicted time course of plasma leucine, APP,
C99 and AB42 in the brain compartment are shown in A&C. The predicted time course of
AP42 in the brain, first delay compartment, second delay compartment, and third delay
compartment are shown in B&D. The third delay compartment corresponds to the lumber

sub-arachnoid space from which CSF was sampled.
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Figure 4. Fractional synthesis rate (FSR) and fractional clearance rate (FCR) for compartmental
models with multiple pathways

(A) A simple model of a single precursor with constant labeling fraction during the labeling
phase, which produces two products. (B) The labeling kinetics of each product show that
variation of the production rate constants (k; & ko) have no effect on labeling kinetics.
Variation of the clearance rate constants (v1 & v») has the only impact on labeling kinetics,
and FSR and FCR are both provide good estimates of v1 or vo. (C) A two-step model in
which precursor A is maintained at constant concentration during the labeling phase, but
produces a precursor B, which then produces two products. (D) With v; & v, given the same
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value, the values of k; & ko were set to different values, however, their sum remained
constant. Regardless of the individual values of k; & ky the labeling curves for both products
overlapped. FCR was close to but slightly lower than v; & v, while FSR was difficult to
associate with any of the parameters. (E) The values of kq; & ky were set to different values,
however, their sum remained constant. The value of v4 was set to twice that of vs.
Regardless of the individual values of k; & ko the labeling curves for each product
overlapped. FCR was a close to but slightly lower than v4 or v,. FSR was 47% higher when
the clearance rate constant was twice as large. (F) Production rate contants k; & ko were set
equal to each other, but their sum was varied while setting vi & v, equal to each other.
Changes in kq + ky led to distinct labeling curves. FCR approached the value of v; & vo
when k; + ko became larger, but was much lower than v & v, when kq + ko was lower. FSR
increased by 28% when k; + kowas doubled.
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Figure 5. Sensitivity analysis of exact solution to the compartmental model
The rate equations corresponding to the compartmental model were solved analytically for

the labeled fraction of AB42 in the third delay compartment (papazqst ), Which corresponds
to the fraction of labeled AB42 found in the lumbar CSF. The derivative of this function with
respect to the listed parameters was taken and plotted as a function of time. Also plotted are
the measured (‘Meas p”) and predicted (‘Model p’) fractional labeling, multiplied by 6 for
readability. (A) Presenilin-1 mutation carrier with plaques validated by PET PIB scans, (B)
Non-carrier without plaques.
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Figure 6. Changes in model predictions with changes in parameters
The indicated parameter values were increased by 0.1 h~1. The rate equations were solved

numerically with all other rate constants at their original values. (A) Presenilin-1 mutation
carrier with plaques validated by PET PIB scans, (B) Non-carrier without plaques. The
observed trends help to visualize the results of the sensitivity analysis shown in Figure 4.
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Figure 7. Sensitivity analysis of time derivative of exact solution
The time derivative of the labeling time course between 5 and 14 hours has previously been

used to estimate production rate constants of kinetic systems (reference [7]). (A&B) ‘Slope’
of the labeling curve (dpapazqgz./dt; multiplied by 10 for readability) shows that the data are
not well-described by a straight line between 5 and 14 hours. (C&D) The sensitivity of
dpapazgaL /dt with respect to changes in the various parameters was evaluated. Also plotted
are the measured (‘Meas p’) and predicted (‘Model p’) fractional labeling. (A&C)
Presenilin-1 mutation carrier with plaques validated by PET PIB scans, (B&D) Non-carrier
without plaques.
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Figure 8. Sensitivity analysis of the monoexponential FCR
The time derivative of the logarithm of the labeling time course was previously used to

estimate ‘clearance’ kinetics between 24 and 36 hours (reference [7]). (A) The time
derivative of —In(pap42qat) is the instantaneous ‘monoexponential slope’ or FCR is shown
for each subject. This is relatively constant for the non-carrier between 24 and 36 hours, but
varies considerably for the mutation carrier. (B&C) The sensitivity of d(—In(papsa2d3))/dt to
changes in parameter values was evaluated. Also plotted are the measured (‘Meas p’) and
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predicted (‘Model p’) fractional labeling, scaled by 4 for readability. (B) Presenilin-1
mutation carrier with plaques validated by PET PIB scans, (C) Non-carrier without plaques.
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Table 1

Sensitivity of CSF concentration of AB42 to changes in listed parameters

Seonc with respect to:

Participant

Mutation carrier  Non-carrier

Kapp

Vapp

Keag

Va2
Kael
kess
Kexas
Kexao
Kexaz
k( et

0.024 0.032
-0.83 -14
0 0
-0.83 -14
-0.83 -14

-0.83 -1.395
12.7 30.7
0 0
0 0
-4.7 -9.6
-0.83 -14
143 8.8
0 0
0 0
0 0
0 0
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