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Abbreviations: AD, Alzheimer’s disease; AUC, area under the concentration-time curve; BAB,
blood-arachnoid barrier; BBB, blood-brain barrier; BCSFB, blood-CSF barrier; CSF,
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density lipoprotein receptor-related protein 1; Mrpl, multidrug resistance-associated protein 1; P-
gp, P-glycoprotein; PK, pharmacokinetics; SDB, Standard Dilution Buffer; subarachnoid space,

SAS

0202 ‘0T 1snbny uo speuinor 134SV e Bio'seulno flsdse pwip wioJ) papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on August 5, 2020 as DOI: 10.1124/dmd.120.090886
This article has not been copyedited and formatted. The final version may differ from this version.

Abstract

Amyloid- peptides of 40 and 42 amino acid lengths, which are synthesized in neurons and
degraded in the brain and liver, have the potential to aggregate and form neuritic plaques in
Alzheimer’s disease (AD). The kinetics of human ApBao (hAB4o) was examined in the rat pursuant
to intravenous (IV) and intracerebroventricular (ICV) administration after pretreatment with
calcitriol, the active vitamin D receptor ligand [6.4 nmol-kg™ in 0.3 mL corn oil every other day
for 4 intraperitoneal (IP) doses] to induce P-glycoprotein (P-gp) and enhance hAPB4o brain efflux.
The interference of hAB4o by media matrix that suppressed absorbance readings in the ELISA assay
was circumvented with use of different calibration curves prepared in Standard Dilution Buffer,
undiluted, 10-10,000 or 5-fold diluted plasma, or artificial cerebrospinal fluid. Simultaneous fitting
of hAB4o plasma and CSF data after 1V and ICV administration were described by catenary-
mammillary models comprising of a central and two peripheral compartments, the brain, and one
to four CSF compartments. The model with only one CSF compartment (Model 1) best fitted the
IV data that showed a faster plasma decay ti» and slower equilibration between plasma and
brain/CSF. Calcitriol induction increased the brain efflux rate constants, kaz (1.8-fold) at the blood-
brain barrier (BBB), when compared to the control group, as confirmed by the 2-fold (P < 0.05)

increase in brain P-gp relative protein expression.
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Significance Statement

An accurate description of the kinetic behavior of hABao, is needed in defining the toxic peptide
as a biomarker of Alzheimer’s disease. Modeling of hAP4 data after intravenous and
intracerebroventricular administration to the rat revealed an initially faster plasma half-life that reflects
faster peripheral distribution but slower equilibration between plasma and brain/CSF; with calcitriol
pretreatment, which increased P-gp protein expression in brain, clearance was enhanced for hAB4o efflux

from brain.
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Introduction

Amyloid-p (AB4o and ABa42) of 40 and 42 amino acid lengths are formed via sequential cleavage
of the amyloid precursor protein (APP) by B- and y-secretases in neurons (Haass et al., 1992; Hartman et
al., 1997; Weidemann et al., 1999). These pathogenic peptides are precursors of plaque formation in
Alzheimer’s disease, AD (Hardy and Higgins, 1992), and contribute to the amyloid cascade hypothesis
that centers on the concept that A toxicity in brain is pivotal to AD pathology (Zlokovic et al., 2000). In
humans, the fractional synthesis and clearance of Ap are 7.6% and 8.3% per h, respectively (Bateman et
al., 2006). The average AP production rate (6.6% - 6.8% per h) by B-secretase (BACEL) is similar between
normal and AD subjects, whereas brain AB clearance is much lower for those diagnosed with AD (~5.2%
per h) compared to normal subjects (7.0-7.6% per h) (Mawuenyega et al., 2010). A clearance across the
BBB is 6-fold higher than the interstitial fluid bulk flow (Bell et al., 2007) and 2-fold higher than
metabolism by neprilysin, the proteolytic enzyme in the microglia that degrades AP4o (lwata et al. 2000,
Qosa et al., 2014). AP4o clearance is construed as injection-site specific since 1%°1-AB4o and **C-sucrose
injected into the lateral ventricles of rat brains were found to be rapidly distributed throughout the CSF
and cleared into blood while diffusion into brain tissue (parenchyma) was poor and negligible (Ghersi-
Egea et al., 1996a; 1996b). About 62% of 1%1-ABao injected intracerebrally to the mouse brain is found
effluxed across the BBB, while the remaining 38% was associated with degradation and CSF bulk flow
(Qosa et al., 2014). These processes appear to be APa4o- or AP42-dependent, since radiolabeled APaso
injected into the hippocampus is readily transported across the BBB (lwata et al., 2000) to reach the liver
for elimination (Ghiso et al., 2004; Tamaki et al., 2006), whereas radiolabeled AB42 injected into the
hippocampus lingered and was mostly recovered in the brain (Iwata et al., 2005).

The efflux of AP peptides from the brain via the blood-brain barrier (BBB) and blood-
cerebrospinal fluid barrier (BCSFB) to the peripheral circulation allows the peptides to reach peripheral

degradation organs, namely the liver (Ghiso et al., 2004; Tamaki et al., 2006) and potentially the kidney
6

0202 ‘0T 1snbny uo speuinor 134SV e Bio'seulno flsdse pwip wioJ) papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on August 5, 2020 as DOI: 10.1124/dmd.120.090886
This article has not been copyedited and formatted. The final version may differ from this version.

(Yasojima et al., 2001). Currently, there is strong evidence that the liver is a major organ that contributes
to AP peptide degradation (Marques et al., 2009; Maarouf et al., 2018). An imbalance of A peptide
accumulation and degradation in brain or liver, or efflux from the brain across the BBB and BCSFB could
contribute to the seeding effect, allowing for accumulation, aggregation, and insoluble senile plaque
formation (Shibata et al., 2000; Zlokovic et al., 2000; Bates et al., 2009; Deane et al., 2009).

Currently, there has not been any cohesive description of hAB4o kinetics. Ap pharmacokinetic
studies are scarce and the results have been spurious. Different half-lives (t12s) of 2.5 to 3 min (Ghiso et
al., 2004), 0.7 to 1.7 h (Abramowski et al., 2008), 2 h (Cirrito et al., 2003), and some ranging from 26 to
240 min (Shibata et al., 2000) have been reported in mice in vivo. The disparity in the t12’s is likely due
to inappropriate methodology (inadequate sampling or use of total radioactivity to represent Ap),
misinterpretation, aggregation problems of AB (Teplow, 2006), and/or interference in the enzyme-link
immunosorbent assay (ELISA) (Lanz and Schachter, 2006). Whether CSF concentration is a good
surrogate of the unbound brain concentration (Tang et al., 2009) and whether hAB4o or the ratio of
hABa2/hAao in plasma or CSF relate to the extent of cerebral amyloidosis or AD progression (Seppala et
al., 2010; Vergallo et al., 2019) are unknown. We initiated a study in rats with intravenous (1V) or
intracerebroventricular (ICV) administration of hAB4o to appraise the complex kinetics of hAB4o after
calcitriol treatment. The rat, a larger rodent that does not synthesize hAB4o, was chosen for study since its
size allows for sequential plasma and CSF sampling, and any variation in hABao synthesis is non-existent.
A sound strategy that accounted for matrix interference by albumin, transthyretin, or a-2-macroglobulin
that quench the AP signal (Biere et al., 1996; Kuo et al., 1999; Lanz and Schachter, 2006; Alemi et al.,
2016) in the sample was used to assay for hAB4in plasma and CSF. The pharmacokinetics of hABao, a
substrate of P-gp (Lam et al., 2001), was studied after pretreatment with calcitriol, active ligand of the
vitamin D receptor, VDR, and known to induce for P-gp in humans, mice and rats (Durk et al., 2012;

2014).
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Materials and Methods

Reagents and chemicals. All reagents, chemicals, and calcitriol in powder form were obtained from
Sigma-Aldrich (Mississauga, ON). Powdered hAB4o peptide was purchased from Biopeptide Co., Inc.
(San Diego, CA). The ELISA kit for the hAB4 (KHB3841) assay and the primary mouse anti-rat P-gp
antibody (C219) were purchased from ThermoFisher Scientific (Mississauga, ON), whereas the rabbit
anti-rat neprilysin antibody (AB5458) was from Millipore Sigma (Etobicoke, ON) and rabbit anti-Lrpl
antibody (ab92544) and mouse anti-rat Gapdh (ab8245) antibodies, from Abcam (Cambridge, MA). The
rat anti-Mp1l antibody (MC-106) was from Kamiya Biomedical (Seattle, WA). The goat anti-mouse or
goat anti-rabbit 1gG secondary antibody conjugated to horseradish peroxidase was procured from BioRad
(Mississauga, ON). Artificial CSF (aCSF) was obtained from Harvard Apparatus (St. Laurent, QC).
Preparation of hABso stock solution for dosing. The hAB4o peptide for dosing was prepared according to
previously described reports (Stine et al.,2003; Teplow 2006; Roychaudhuri et al., 2015). Briefly, the
hABa4o in powder form was solvated in 100% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and made up to 1
mM (Stine et al., 2003) in the original glass vial, and left at room temperature until a clear solution was
obtained. The content was transferred to a 1.5 mL polypropylene microcentrifuge tube for evaporation of
HFIP overnight in the fume hood. The clear peptide film was dried under vacuum in a SpeedVac rotary
evaporator for 2 h to ensure complete HFIP removal, and the resulting desiccated peptide film was re-
dissolved in 10% (v/v) 0.06 N NaOH, 45% (v/v) ddH-20, and 45% (v/v) phosphate buffer solution (PBS,
20 mM sodium phosphate, pH = 7.4) to a 1 mg-mL stock solution. This reconstituted hABao peptide
stock solution was sonicated over an ice bath (Branson) for 1 min then aliquoted and stored immediately
at -80 ° C for future use. The preparation and storage of hAB4o in this fashion ensured that the peptide was
stable and reproducible for IV and ICV administration. The integrity and stability of the 1 mg-mL™ hAB4o
stock solution stored at -80°C up to a month was ascertained on different occasions with ELISA assay and

a LC-MS/MS procedure developed at InterVivo Solutions. Briefly, an AB Sciex 6500QTrap mass
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spectrometer with Exion LC system and autosampler, a Thermo ProSwift RP-4H column, and gradient
elution (mobile phase A: 0.3% NH4OH in water, mobile phase B: acetonitrile at 0.4 mL/min) was used
over arun time of 4.7 min. The mass spectrometer was operated with a TIS interface and multiple reaction
monitoring in positive ion mode. lon transitions that were used for quantitation were: hAB4o m/z 1083.3
(M+4H]*) — 1054.2 with N-AB4o (m/z 1096.3 (M+4H]*) —1066.9) as internal standard. hABsowas
shown to be stable with 1-4 freeze-thaws. For IV dosing, the 1 mg-mL™ stock solution was further diluted
with PBS (1:4, viv, pH 7.4 from GIBCO, obtained from ThermoFisher Scientific, catalog
number,10010023) on the day of the experiment, whereas for ICV dosing, the desiccated peptide film was
used to prepare a 2 mg-mL* solution for administration. The concentrations of the IV and ICV doses were
first estimated by ultraviolet (UV) spectrophotometry (UV-1700, Shimadzu Scientific Instruments,
Columbia, Maryland) at the wavelength of 280 nm due to the single Tyr residue present on the hAB4o
peptide (Jan et al., 2010), and concentration of the dosing solution was subsequently confirmed by ELISA.
ELISA. The primary 160 ng standard stock of hABa4o, provided in the kit by the manufacturer, was first
dissolved with 1.6 mL of the Standard Reconstitution Buffer (55 mM sodium bicarbonate, pH 9) to obtain
a 100 ng-mL™ stock solution. This stock solution was diluted to 10,000 pg-mL™* with the Standard Dilution
Buffer (SDB) to prepare the 8 standards by serial dilution (500 to 7.81 pg-mL™), according to the protocol
suggested by the manufacturer. The absorbances of the standards were measured at 450 nm (SpectraMax
340PC; Molecular Devices, Sunnyvale, CA) for construction of the calibration curve for the determination
of plasma or CSF concentrations.

The presence of albumin, transthyretin, or o-2-macroglobulin could quench the AB signal and
interfere with the ELISA assay for hAB4in plasma and CSF (Biere et al., 1996; Kuo et al., 1999; Lanz and
Schachter, 2006; Alemi et al., 2016). The interference from plasma was examined by varying the
proportion of rat plasma (from 0% to 95% plasma) in the hAB4o standards, prepared as 1,000, 2,000, 5,000

and 8,000 pg-mL™ (n = 3 in each set). Also, different media were used to prepare the standards of various
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calibration curves. The CSF standards were prepared in SDB (0, 10 to 10,000-fold, v/v) or aCSF or directly
loaded as 50 uL aliquots onto the ELISA plate. The interference from rat plasma or aCSF was examined
among calibration curves generated from undiluted blank plasma (50 uL direct loading), 5- and 10-10,000-
fold diluted plasma in SDB, or in 100% aCSF vs. the calibration curve based on hABa4o standards prepared
in SDB.

In vivo experiments. All animal protocols were approved by the InterVivo Solutions Animal Care
Committee and studies were carried out in accordance with the principles of the Canadian Council on
Animal Care. Male Sprague-Dawley rats, purchased from Charles River Laboratories (St. Constant, QC),
were acclimated under a 12 h light/dark cycle and given water and chow ad libitum at InterVivo Solutions
for at least 5 days prior to dosing. The rats (318 + 41.6 g) were weighed on the day of dosing.

The effect of corn oil, the vehicle for intraperitoneal (IP) injection of calcitriol, on hABa4o kinetics
was first investigated in absence of calcitriol. The hAB4o dose was determined after a broad and exhaustive
literature search on A injections via intravenous, intracerebral or intracerebroventricular routes to various
animal (guinea pigs, mice, and rats) models. In the first set of animals, the hAB4o dose (68.5 + 12.0 ug-kg
1-'n = 4) was administered 1V to rats that were pretreated blank corn oil (0.3 mL), given every other day
IP for 4 doses, for comparison of hAB4o Kinetics (64.5 +13.2 ug-kg™ in saline, n = 12) among control rats
that were not pretreated with corn oil. In the second set of rats, hAB4o kinetics following a single hAB4o
ICV dose (48.0 = 14.9 ug-kg™? in corn oil, n = 4) were compared to those after 1V dosing (data from first
set, combined; n = 16, since corn oil did not affect hABao Kinetics). For the last set, rats were pretreated
with calcitriol (6.4 nmol-kg?in 0.3 mL corn oil, every other day for 4 doses, intraperitoneally, IP), then
administered a single 1V (73.5 £ 6.02 ug-kg™; n = 7) or ICV (20.3 + 1.30 ug -kg!; n = 5) dose of hAB4o
one day after completion of the calcitriol pretreatment regimen.

Surgery was performed under 4% isoflurane in oxygen for anesthesia and 1-3% for maintenance

and rats were allowed to fully recover for one day before dosing. Catheters were implanted into the jugular

10
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vein for IV dosing or the lateral ventricle (LV) for ICV dosing, into the carotid artery for serial blood
sampling, and into the cisterna magna (CM) for CSF collection. The common bile duct was cannulated
for the collection of bile in 3 rats (IVV control group) that remained anesthetized during dosing and
sampling. For IV dosing, the jugular vein catheter (CX-2011S, BASi West Lafayette, IN) was prefilled
with heparinized (40 U/mL) physiological saline solution to prevent blood coagulation. A hAB4 (~ 0.2
mL) bolus dose was injected into the jugular vein followed by flushing with ~ 0.1 mL of heparinized
saline. For ICV dosing, an intracerebroventricular guide cannula (P1 technologies, Roanoke, VA) was
placed into the right lateral ventricle of the brain (stereotactic coordinates: -0.92 AP, -1.3 L, and -3.1 DV
relative to the bregma) with facilitation of a stereotaxic instrument. The dosing solution (0.01 mL) was
administered via a 1 mL Hamilton glass microsyringe (ID 1.46 mm) fitted to the ICV injection catheter at
1 uL-s using a Harvard Apparatus Pump 11 elite system. Serial blood sampling (0.15 mL) was performed
after both IV and ICV injections via the carotid artery catheter at times 0, 0.5, 1, 2, 5, 10, 15, 30, 45, 60,
90, 120, 150, and 180 min post-dose, and sampled volumes were replaced with heparinized saline. Plasma
was obtained by immediate centrifugation of blood at 4,000x g for 10 min at 4 °C. For CSF sampling, a
BSIL-T015 0.015ID tubing cannula (Plymouth Meeting, PA) was inserted into the cisterna magna and
kept in place by a metal pin stopper (SP22/12), Serial CSF sampling (10-50 uL) was conducted via the
cisterna magna cannula at times 0, 15, 30, 60, 120, and 180 min. A BASi CX-8000S catheter was inserted
into the common bile duct for sampling (untreated IV injected saline-treated rats, n=3) at 30 min intervals.
Urine was collected into pre-tared tubes throughout the 180 min of experimentation. After the last sample
collection, rats were sacrificed by exsanguination under isoflurane anesthesia and transcardially perfused
with 50 mL ice-cold physiological saline solution prior to tissue collection. Hemibrains, liver (minced),
kidney, and all subsequent samples were flash frozen with liquid nitrogen, weighed and stored at -80 °C

for future analysis.

11
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Non-compartmental analysis. All plasma concentrations and amounts in bile or urine were normalized to
dose and expressed as %dose-mL™? (frequency) and %dose, respectively. The dose normalization
facilitated data comparison among studies even when the doses differed slightly. Non-compartmental
analysis was conducted for plasma and CSF hAB4o data. The AUC., (area under the concentration-time
curve to time infinity) was obtained by summing the area up to last sampling point based on the trapezoidal
rule (AUCo.1ast) and the extrapolated area under the curve obtained upon dividing the concentration of the
last sample, Ciast, by the terminal decay constant. Total body (plasma) clearance (CLpiasma) and CSF
clearance (CLcsF) after IV and ICV injections, respectively, were calculated as dosen/AUCx plasma and
doseicv/AUCcsr; biliary clearance was determined as foile: CLplasma, Where foile = hAB4o amount in
bile/dosey.

Compartmental modeling. Compartmental models (Fig. 1) were constructed for data fitting after IV and
ICV administration of hABswith ADAPT5®. We employed models that embellish physiologic meanings.
After extensive preliminary modeling, a three-compartment model (one central and two peripheral
compartments) was considered as more consistent with data than the one or two compartment model. Fits
to a one or two compartment models did not predict the data well (data not shown). To the central
compartment, a brain and additional (1, 2, or 4) CSF compartments were included (Fig. 1). Model I (Fig.
1A) is the simplest model whereby the entire volume of CSF is present in the ventricles/choroid plexus/
cisterna magna (CM) and subarachnoid space (SAS). Model 1 distinguishes the site of ICV injection (LV)
from the site of CSF sampling downstream. In Model 111, the 4 CSF compartments corresponds to the four
ventricles, CM (sampling compartment) and subarachnoid spaces (SAS) modeled by Westerhout et al.
(2012) and de Lange et al. (2017). The number of CSF compartments is based on the flow of CSF, being
formed from the four ventricles at the choroid plexus then flowing from the first two lateral ventricles
(LV) through the single midline third ventricle (TV) and midline fourth ventricle (FV) into the CM, then

upward over the convexities of the brain in the SAS where CSF is absorbed through the arachnoid villi at

12
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the top of the brain into the superior sagittal sinus of the venous circulation (Pardridge 2016). From the
CM, CSF flows downward to the spinal cord (Fig. 1C) (Yamamoto et al. 2018).

In Models I, Il and 11, the intercompartmental transfer or distributional rate constants between the
central, peripherals, brain, and CSF compartment are denoted as kiz, ko1 ki3, ka1, Kia, ka1, kas, kis, ks1, and
kss. V1, V2, V3, and V4, are the volumes of distribution for the central, two peripheral and brain
compartments, respectively, and the volumes Vs, Vs, V7 and Vs are for the CSF compartments. V4 was
taken as 1.8 g (Davies and Morris, 1993). In all the models, the elimination rate constants: kio, kao, and
kso, denote the possible degradation pathways of hAB4o from the central, brain and CSF compartments,
respectively: degradation by neprilysin in brain is denoted by kaso, whereas degradation in CSF occurs via
the insulin degrading enzyme (kso), normally considered to be an insignificant pathway (Saido and
Leissring, 2012). There are four barriers: the blood brain barrier (BBB) exists between the brain capillary
endothelial cells containing tight junctions, and brain parenchyma, where P-gp is present apically (ks1); a
barrier from the ventricular ependymal cells that present as a reltively leaky barrier between the CSF and
brain interstitial fluid, with kss for efflux and kss for the return from CSF to brain (Takasawa et al., 1997);
the blood arachnoid villi barrier (BAB) lies between the fenestrated blood vessels in the meninges and the
CSF in the arachnoid space, formed by tight junctions of the arachnoid epithelial cells (Yasuda et al.,
2013), where return of CSF to the circulation also occurs; lastly, the blood CSF barrier (BCSFB), formed
by tight junctions between the choroid plexus epithelial cells, which restrict the movement of molecules
that leak from the fenestrated capillaries into the extracellular compartment of the choroid plexus, then
into the CSF: ks for influx from blood at the ventricular choroid plexus, and ks; for return to peripheral
blood. For Model I where there is only one CSF compartment, ks1 now represents the sum total of the
return from BCSFB, BAB and CSF bulk flow. For Model 11, ks1 represents the return from the BCSFB,
and ke1, the return CSF flow and efflux functionality at the arachnoid villi (BAB). For Model Ill, ks1
represents the return from the BCSFB with ks: representing the return CSF flow and efflux functionality

at the BAB.
13
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Fitting. The ADAPT5® System Analysis Software (Biomedical Simulations Resource, Version 5.0.53;
University of Southern California, Los Angeles, CA) was used for data fitting with the Maximum-
Likelihood Expectation Maximization (MLEM) algorithm. Initial estimates were determined from curve
stripping analysis. Simultaneously fitting of both the control and calcitriol data sets was not successful.
First, only first-order conditions are assumed to prevail. The first fit was based on the combined control
data of hAB4o in plasma and CSF after IV and ICV injections into the rat. The second fit was performed
on model fitting to the combined data from 1V and ICV injections to the treated rats. Preliminary fitting
showed that inclusion of the rate constant kis in Model I did not affect the fit, as the value was very low
and could be omitted. The same was observed for ks1. For subsequent fits to Model Il and 11, setting kis
or ks1=0 did not affect the fit (Supplemental Tables 1 and 2), suggesting that the net transport at the BCSFB
is insignificant. The decision agrees with reports on the low permeability of unconjugated human AB in
the rat (Saito et al., 1995; Poduslo et al., 1999; Kandimalla et al., 2005), and that the activity at the BCSFB
is much lower (1/30) than that at the BBB (Morris et al., 2017).

As a starting point, Model | (Fig. 1A) was used to fit the hABa4o IV and ICV data sets in absence of
calcitriol treatment. The fit provided both individual and population best fits of the data to render final
estimates. These rate constants were then used as initial estimates to fit the 1V and ICV sets of data with
calcitriol treatment in the second fit. Since preliminary modeling showed that volume of the CSF
compartment (Vs) was increased 5-fold after calcitriol treatment without any compelling physiological
reasons, the volume estimates of V1 piasma @nd Vs csr from the first fit (control data set) were fixed for the
second fit (calcitriol treatment data, labeled as the model “A”); in other fits (model “B”), we also fixed
the CSF return rate constant, ks1, ke1, or ks1. We also assigned physiological volumes for fitting (Davies
and Morris, 1993) for Model Il. For best fits, graphs were visualized (prediction plots), and statistical
outputs, the weighted sum of squared residuals (WSSR) and Akaike Information Criterion (AIC); the

lowest number suggest the best fit. We examined the F-test statistic (with use of degrees of freedom and
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WSSR to calculate the F-score for comparison to the critical F-value, with the significance level, «, as

0.05) for the best fit (Boxenbaum et al., 1974).

Western Immunoblotting. Rat hemibrains were homogenized in 5x homogenizing buffer containing
protease inhibitors (1:100; v/v), and the brain homogenate was subsequently centrifuged at 3,000x g for
10 min at 4 °C (Chow et al., 2011). The resulting brain supernatant was further diluted with homogenizing
buffer and centrifuged at 33,000 x g for 60 min at 4 °C. The resultant pellet or non-nuclear crude
membrane fraction was resuspended in 200-300 uL of resuspension buffer containing protease inhibitor
(2:100; v/v) (Chow et al., 2011), and protein concentration was determined by the Lowry method (1951).
Aliquots containing 40 pg of non-nuclear (crude) membrane protein in brain for P-gp, neprilysin, and
Mrpl (multi-drug resistance associated protein 1) and 5 pg for Lrpl (low-density lipoprotein receptor-
related protein 1), were resolved with 10% SDS-polyacrylamide gel electrophoresis. The resolved proteins
were wet transferred (BioRad, Mississauga, ON) onto nitrocellulose membranes (GE Health, Mississauga,
ON) and blocked with 5% skim milk dissolved in Tris-buffered saline + 0.1% Tween-20 (1X TBS-T) at
room temperature for 1 h. After this step, blots were washed once with TBS-T solution, cut, and probed
over night at 4°C with respective primary anti-P-gp (1:500; v/v), anti-neprilysin (1:1000; v/v), anti-Mrpl
(2:50; v/v), anti-Lrpl (1:50,000; v/v), and anti-Gapdh (1:15,000; v/v) antibodies in 2% skim milk TBS-T
solution. The blots were washed 3 times with TBS-T (15 min for each wash) and incubated further at room
temperature for 2 h with goat anti-mouse or rabbit IgG secondary antibody conjugated to horseradish
peroxidase (1:1,000 for P-gp, neprilysin, Mrp1, Lrp1, and 1:10,000 for Gapdh; v/v) in 2% skim milk TBS-
T solution. After 2 h of incubation, blots were washed again 3 times with TBS-T (15 min for each wash)
and imaged by the enhanced chemiluminescence reagent (Amersham, GE Health) with ChemiDoc MP
(BioRad). The band intensities were quantified by densitometry and normalized to the house keeping

protein, Gapdh.
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Statistical analysis. All concentration data were normalized to dose and expressed as %dose-mL™, and
data are expressed as mean £ SD. The Student’s unpaired t-test was conducted for the comparison of
Western Immunoblots and parameters obtained for untreated and corn oil treated rats by non-
compartmental analysis, and the Wilcoxon Rank Sum test (nonparametric test, R) was conducted for

individual parameters from population data set, and the significant P value was < 0.05.
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Results
Quantitation of hA4o

Calibration curves that were generated from different types of media (SDB, 10-10,000-fold diluted
plasma, 5-fold diluted plasma by mixing 10 uL plasma with 40 uL SDB or 50 uL undiluted plasma, or
aCSF were used for appraisal of the matrix effect. The limit of quantitation was 7.81 pg-ml* for plasma
and CSF hAP4o concentrations. Clearly, the matrix effect that resulted in quenching of absorbance by
plasma components was observed among the 1,000 to 8,000 pg-mL™ samples (Fig. 2A); the greater the %
rat plasma, the greater the magnitude of quenching. Signal suppression by the undiluted plasma was about
50% for the 8,000 pg-mL* sample. The calibration curves prepared in SDB and 5-fold diluted plasma
were essentially identical, whereas values of the standards generated in 50 pL undiluted plasma were
lower (Fig. 2B). The calibration curves prepared in SDB and 5-fold diluted plasma were essentially
identical, whereas values of standards generated in 50 uL undiluted plasma were diminished (Fig. 2B).
For standards prepared in aCSF, the assayed value for the highest calibration standard was higher than
that prepared in SDB or the 10- to 10,000-fold diluted plasma, but values for other calibration standards
were all similar (Fig. 2B). Hence, multiple calibration curves were prepared in different matrices and
different dilutions of the sample (Fig. 2B). Since most of the measured concentrations were between 7.81
to 250 pg-mL1, the resulting concentrations after interpolation were similar for the samples prepared in
SDB or in plasma samples with sufficiently high dilution (>10-10,000-fold dilution with SDB). The
calibration curve prepared in SDB was deemed appropriate for the determination of hAB4o samples at
earlier time points (>10 to 10,000-fold dilution), whereas for the late-in-time undiluted plasma samples
(last data point at 180 min), the calibration curve that was prepared in undiluted rat plasma was used for

quantitation.
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Pharmacokinetics of hAB4o

Non-compartmental modeling of IV data in untreated versus corn oil treated rats. We first tested
whether corn oil, the vehicle for calcitriol administration, affected the kinetics of hABa4o in groups of rats.
In both groups of rats given IV hAB4o, similar multi-exponential decay profiles were observed for the
hAB4o in plasma; CSF concentrations rose quickly and remained quite constant over the 180 min of
sampling (Fig. 3A). The apparent terminal t12s of hABao, estimated by regression of the log-linear portions
of the plasma decay curves, were similar (24.5+0.05 min and 16.8+5.66 min for the untreated and the corn
oil-treated rats (Fig. 3B), respectively; P > 0.05), whereas those for CSF were considerably longer
(75.5+17.9 min and 47.9 £+ 20.9 min, respectively; P > 0.05). The AUCx piasma (extrapolated to infinity)
normalized to the dose for the injections in saline and corn oil (vehicle) pretreated rats were not different
(P > 0.05; Table 1), yielding similar plasma clearances (CLplasma) 0f 17.9 £ 6.20 and 23.2 £ 2.21 mL-min
1.kg* for both groups. The total amounts recovered in bile, collected for untreated rats, and the fraction of
dose (foile) excreted into bile were both very low, and hAB4o was undetectable in urine. The partition
coefficient for CSF/plasma (Kp,csrplasma), Calculated as ratio of AUC. cse/AUC plasma, Was low and
similar (0.0085 + 0.00211 and 0.0099 + 0.00680, P > 0.05) between the untreated and corn oil treated rats.
The composite data showed that corn oil did not interfere with the Kinetics of hABa4o (Table 1).
Compartmental modeling and fitting of data after 1V and ICV injections. Because the hAPao
concentration-time profiles of the control rats, with or without corn oil treatment, were similar after 1V
hAB4o dosing, data for this first group of rats were combined and consolidated as the control 1V group (n
= 16). These IV data that exhibited the shorter t12s in plasma were for comparison to the control data after
ICV injections (n=4), which showed that hAB4o plasma and CSF concentrations decayed in unison. All
models (Fig. 1) were used for fitting of the 1V and ICV data for the control groups (fit 1), then for the IV
and ICV data for the treatment groups (fit 2). Preliminary fits showed minor and 5-fold changes in V1 piasma

and Vs csr, respectively, for Model 1. Because there is no physiological basis of these volume changes, we
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constrained these parameters and assigned the fitted estimates from the first fit as volumes of plasma and
CSF for the second fit (“A” versions of models); another added constraint was carried out by setting the
return CSF clearance: ks1-Vscsr, ke1-Ve,cse and ksi-Vgcse for Models 1, 11, and 111, respectively (“B”
versions of the models). The F scores for all models were not significantly different from Model | for all
fits, although differences in WSSR and AIC were noted (Table 2). The key changes of the derived rate
constants from Models I, 1A and IB (Table 3), and Models 11, l1A, 11B, 11, 111A, and 111B (Supplemental
Tables 1 and 2; Supplemental Figs. 1 and 2) are summarized. Statistically, best fits were observed for
Model I and IA (Fig. 4), and Vs,csr, whether being constraint or not, is not important. Then Model 11 which
revealed low WSSR and AIC values (Table 2) and excellent prediction plots (Supplemental Fig. 1) was
also found to be satisfactory, but Model 1l fits were associated with higher CVs (Supplemental Table 1).
Fits for Models 1B, 1A, IIB, and all Model Il (Fig. 4 & Supplemental Figs. 1 and 2) and other models
(data not shown) were poorer. For the treatment data, the ICV CSF data for Models 1I1B and IIC were
consistently over-predicted, whereas the ICV plasma data for Models IB and 111 were consistently under-
predicted (Fig. 4 & Supplemental Figs. 1 and 2). Additionally, more complex models, including addition
of an interstitial fluid (ISF) or glymphatic compartment or a semi-PBPK model, did not improve the fit to
our data (data not shown). The data for the non-treatment and treatment groups were within the predicted
5% and 95% confidence interval (shaded area between dotted red or blue lines) for Model I (Fig. 5).

For Model I, ka1, kas and ks1 were increased 1.8- 3.4- and 5.4-fold, respectively; Vs csrwas increased
5.3-fold (P <.05) after calcitriol treatment. This volume change was found to be unimportant since Model
IA (assigning Vs.csk and Vi piasma @S constants) also predicted the data well (Fig. 4). Upon restraining the
volumes of plasma and CSF (Model IA), ka1, kss and ksi were increased 1.7-, 1.6- and 8.2-fold,
respectively. The increase in ksi could be explained when P-gp, present abundantly at the arachnoid villi
(BAB) (Yasuda et al., 2013), is also induced by calcitriol. Upon further restraining ks1, V1,piasma, and Vs csr
as constants (Model I1B), ka1 and kss were increased 1.25- and 2.75-fold, respectively. In all fits, the CSF

(kso-V's.csF) and brain (Kao- Va,brain) degradation clearances were unchanged with calcitriol treatment (Table
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3). A closer look at the calcitriol-treated group revealed a slightly but insignificantly faster terminal phase
when compared to the control group. The CLpiasma (K10- V1 plasma) Was increased significantly only for Model
| from 21.8 to 25.8 mLmin™kg™ with calcitriol-treatment and not for Model IA nor Model IB (Table 3).
For Model 11, the fitted values of most of the constants were unchanged, but high CVs were observed. For
Model 111 where there is underprediction of CSF data, there were minor changes in the CSF flow rate
constants, ke7 and kzs, and kso, which increased with calcitriol treatment. CLplasma for Model 11 was double
that of Model | for control data, and treatment increased the value from 44.5 to 55.9 mLmintkg?
insignificantly (Supplemental Table 1), whereas CLpiasma for Model 111 was similar to that of Model I and
the value remained unchanged with calcitriol treatment (Supplemental Table 2). Overall, Model I is best,
but Models I and 11 fail to explain the ratio, kai/kss <1, which is inconsistent with known abundances of
P-gp in the BBB (Qosa et al., 2014; Morris et al., 2017); only Model 111 has the correct pattern.
Commonality of the models. Generally speaking, there is faster equilibration between the central and
peripheral compartments than with the brain compartment (ki) for all of the models (see Tables 1 and
Supplemental Tables 1 to 2). The transfer rate constant from plasma to brain (ki4) is slow among the
distributional rate constants; kis is even slower and the fit was not altered when its value was set to zero;
the efflux rate constants at the BBB (kas1) and ventricular barrier (kss) are faster than the influx constants
from plasma, ki4 and kis. All of the brain/CSF distributional rate constants (K1, Ka1, kas, ks1, and ksa) are
much slower than ki, ki3, k21 and ka1, the distributional rate constants between plasma and the peripheral
compartments 1 and 2.

Modeling and Simulations. To further understand the pharmacokinetics of hAB4o, simulations were
performed based on the fitted parameters of the best model, Model I. The amount of hAB4o in brain
(expressed as %dose) was normalized to the brain volume (1.8 g) (Davies and Morris, 1993). Plasma
concentrations were shown to decay more rapidly with a shorter plasma ty following IV versus ICV

injection, but then plasma levels tapered off and levels became parallel to those for the brain and CSF
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(Fig. 6). This is due to the rapid distribution of hABso (k12 and ki3) to the peripheral compartments and
very slow permeation (k14 and kis ~0) into the brain and CSF. The return of hABao from brain and CSF
(ka1 and ks1) to the circulation were also slower than k21 and ks1 (Tables 1 and Supplemental Tables 1 and
2), and with time, the terminal ti2s of the plasma, brain, and CSF for hAP4o all became similar (Fig. 6).
The slow distribution rate constants ka1 and ks relative to the faster k21 and ks: rate constants rate-limit the
distribution of hAP4o from brain/CSF back to plasma, resulting in an apparently faster plasma ty» after IV
administration. For ICV administration, CSF and brain levels are closer to the injection site, and the CSF
t12 paralleled that in plasma.

The simulated AUC.s for Model | further revealed other dispositional patterns of the
administration route and induction by calcitriol (Table 4). The route of the injection results in higher
AUC.,, for the injected site, for example, plasma exposure (AUC. piasma,1v) after IV administration is higher
than after ICV, and the pattern persists with absence or presence of calcitriol treatment (Fig. 6, Tables 3
and 4). Similarly, CSF exposure (AUC. csr,icv) is much higher after ICV than IV administration, and the
pattern also persists with or without calcitriol treatment. There is little change in AUC. prin after 1V or
ICV administration, or calcitriol treatment, suggesting that this parameter is relatively insensitive to
calcitriol-mediated changes in brain hAB4o disposition (Table 3). The AUC plasma,iv IS much higher than
AUC prain,iv and AUC csr,iv after IV administration due to the slow distribution of hABa4g into brain and
CSF (Table 4). The AUCo csr,icv is similar to AUCx prain icv, and these greatly exceed AUCo piasna icv after
ICV administration, reflecting slow efflux of ks; and ks; at the BBB and BCSFB/BAB (Table 3). Overall,
calcitriol treatment resulted in a substantial reduction of AUC.piasmaiv and AUC.csrkiv after 1V
administration according to Model I, and there is decreased AUC.csr,icv but increased AUC plasma,icv
after ICV administration due to the increases in ka1 (BBB), kas and ks1 (Table 4).

Western Immunoblot for efflux and degradation proteins
P-gp, neprilysin, Lrpl, and Mrpl relative protein expressions. Western immunoblotting was conducted

to determine relative protein changes in brain P-gp and Mrp1, neprilysin, and Lrpl for efflux transporters
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and degradation enzyme(s) in the crude brain non-nuclear membrane fraction. Samples from the corn oil
treated controls (hABa4o IVV) were compared to the calcitriol-treated rats (IV and ICV hAB4o). Calcitriol
treatment resulted in a significant increase (~ 2-fold) in P-gp protein expression in the rat brain, an
observation similar to that observed in mouse (Chow et al., 2011) and rat (Durk et al., 2015), and agreed
with the predictions of Models | and IA (1.79- and 1.72- increase in ka1). However, neprilysin, Lrpl, and
Mrp1 relative protein expression levels were unchanged with calcitriol treatment (Fig. 7). Levels of Bcrp
protein expression were also not altered, as we found previously (Durk et al., 2012). The lack of change

neprilyin protein agreed with the lack of change in the degradation rate constant (ko) in the brain.
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Discussion

Being assured that our strategy of using multiple calibration curves circumvented the sample
matrix interference problem in the ELISA assay (Fig. 2), we proceeded to define the pharmacokinetics of
hAB4o. After 1V injection, a low biliary clearance (0.00161 + 0.00124 mL-min™-kg?) and even lower
(undetectable) renal clearance were noted for hAB4o. The apparent plasma ti2 and IV plasma clearance
were 24.5 min and 18 to 22 mL-mint-kg™, respectively (Table 1), observations that are compatible with
those in mice (t12 = 25.5 min) (Shibata et al., 2000) and rats (Saito et al., 1995) where the ti> was 27 min
and Vs was 273 + 59 mL-kg*. Kandimalla et al. (2005; 2006) reported faster 1'2°>-ApB o half-lives of 9.2 +
2.3 and 11.2 + 5.1 min after IV administration and longer half-lives of 30 and 50 min in a later study
(Kandimalla et al., 2007). CLpiasma Was 10.1+1.2 mL-min't-kg™ (Kandimalla et al., 2005; 2006) after IV
administration of the radioactively labeled peptide, and 5.48+0.38 and 4.58 + 0.57 mL-min*-kg?,
respectively, in two- and twenty-five-month-old mice, respectively (Nishida et al., 2009). These smaller
clearance values are likely due to radiolabeled metabolites present that contributed to a higher area under
the curve. Our data suggest that IV injected hAB4o crosses from plasma into the brain and CSF slowly and
that hAB4o, when injected into the rat CSF after ICV injection is detected in the systemic circulation, as
found by others (Ghersi-Egea et al., 1996b; Spies et al., 2012; Tarasoff-Conway et al., 2015), suggesting
that hABa4o is able to traverse from the CSF to plasma, either via the BCSFB, CSF flow, or arachnoid
barrier (Fig. 3). A notable observation is the faster ty> for plasma but a slightly longer ti> for CSF (76
min) within 180 min in our IV studies (Fig. 3). The lower concentrations of hAB4o in CSF after IV dosing
agree with other studies, showing that A permeability from plasma into brain (via BBB) or CSF (via kis,
BCSFB) is poor (Saito et al., 1995; Poduslo et al., 1999; Kandimalla et al., 2005). Interestingly, reports
on intracerebral administration of 1%1-AB4o concluded that the major clearance pathways are via the BBB
or degradation while efflux across BCSFB via bulk transport is diminutive (Shiiki et al., 2004; Yamada et

al., 2008; Qosa et al., 2014), and that 1%°1-AB4o administered into CSF via ICV poorly diffuses into brain
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tissue but is quickly cleared from CSF to blood (same for'?*I-BDNF and *C-sucrose) (Yan et al., 1994;
Ghersi-Egea et al., 1996a; 1996b).

We modeled the IV and ICV data based on Models I, I, and Ill, and variations thereof. In Model |
(Fig. 1A), the brain compartment is associated with intercompartmental rates constants, ki and kaz, at the
BBB, and kis and ks; at the BCSFB/choroid plexus, although the return clearance of Vs csr ks1, denotes
return from the ventricular CSF (BCSFB), CSF bulk flow and P-gp efflux at the arachnoid villi (BAB) to
the central compartment. Modification of Model | with more CSF compartments provided more
physiological relevance but did not improve the fits (Fig. 1). The F scores showed that fixing the volumes
(version “A”) or the CSF return clearance terms (Vscsr-ks1, Ve csr-ker or Vg cse-ks1) (version “B”) or
assignment of physiological volumes (Davies and Morris, 1993; Yamamoto et al., 2018) did not
significantly alter the F score (Table 2). This is because of the models, being catenary in nature with
interconnections between brain and CSF with plasma, and the brain with CSF, rendered more
uncertainty/ambiguity. Therefore, we used the prediction plots (Fig. 4 and Supplemental Figs. 1 and 2)
and established Models I and IA as the best models. Model | predicts that P-gp efflux at the BBB (k1) and
BAB (ks1) is increased by calcitriol treatment. The trend for the 2-fold increase in P-gp protein expression
in brain (Fig. 7) is in agreement with Model | predictions (Table 3). The influx of hAB4o by P-gp into the
CSF at the choroid plexus (kis) is unimportant, since inclusion or deletion of kis did not alter the fit.
However, the model also predicts that calcitriol treatment results in a 3.4-fold increase in kas, the rate
constant for transfer of hAB4o from brain into CSF via the leaky ependymal cells in the ventricles. Model
I1, although with high CV in the fits, is also acceptable. Model 111 fits are poor.

Although P-gp protein expression is predominantly expressed apically at the BBB, there is
controversy over the localization of P-gp at the BCSFB. Rao et al. (1999) demonstrated the presence of
P-gp apically in primary culture of the choroid plexus epithelial cells from 1-week old neonatal rat’s lateral
and fourth ventricles, but others failed to detect P-gp apically at the choroid plexus among rats of different

ages (Gazzin et al., 2008; Roberts et al., 2008, Pascale et al., 2011; Yasuda et al., 2013). According to
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brain anatomy, the choroid plexus is only a portion of the BCSFB. The arachnoid epithelium (arachnoid
mater) lining the subarachnoid space where the CSF fills (above the pia mater) constitutes another barrier
(Yasuda et al., 2013) and the cranial and spinal arachnoid villi constitute the predominant site of CSF
clearance into the venous outflow system (Sakka et al., 2011). Especially when the efflux from BCSFB is
slow, the sum of this efflux and CSF flow and efflux of the BAB constitute the return clearance from CSF
to the blood compartment, (ks:-Vscsr), which was increased 5.4-fold according to Model | (Table 3). It
should be noted that other clearance processes also exist, such as degradation processes by microglia and
other enzymes (insulin degradation enzyme, angiotensin and or endothelin converting enzyme) (Saido and
Leissring, 2012).

With Model | being the best and simplest model, the disparity in the ti»s was explained with
simulations based on the slow distribution constants, ks, kis, ka1 and ksi, between plasma and brain/CSF
in comparison to the faster constants (ki2, ki3, ko1 and ks1) between plasma and peripheral compartments
(Table 3 and Supplemental Tables 1 to 2). The difference in t12s between plasma and CSF within the 180
min observation period after IV injection disappeared at around 600 min, revealing the slower terminal y
phase of about 50-60 min in plasma that paralleled the t12s in CSF and brain following IV dosing (Fig. 6).
Due to the slow transfer rate constant to brain (ki4) or CSF (kis =0) as rate-limiting steps after 1V dosing
and ka1 and ksz after ICV dosing, we noted that the K values are different due to differences in AUC.s in
the plasma and CSF (based on simulations) and their dependence on the route of administration (Table 4).
We also showed that the specific site of injection of hAB4o may lead to preferential routes of clearance by
the brain, as shown by others (Shiiki et al., 2004; Yamada et al., 2008; Qosa et al., 2014), whether hABao
is effluxed across BBB or undergoes brain enzymatic degradation. Substrates administered into brain
tissue by intracerebral injections are preferentially cleared via the BBB, whereas substrates given by
intracerebroventricular (ICV) injections into the CSF are preferentially cleared via the BCSFB/BAB and

CSF bulk flow. hAPa4o distribution into the CSF is not a measure of BBB permeability but is a measure of
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transport across the choroid plexus (kis) as well as the arachnoid barrier (ks1), and kas, efflux at the
ventricular barrier. The CSF is a not a homogeneous space in brain parenchyma, and a substrate injected
into CSF will distribute in a pattern stepwise along the ventricles to perfuse brain tissue at the arachnoid
villi and ependymal surface of brain or spinal cord, then return to blood.

To conclude, it was shown that matrix interference in the ELISA method was circumvented by
appropriate calibration curves prepared in sample matrix. After verification that corn oil did not affect
hABa4o kinetics or concentration-time profile, we established that Model | best fit the data from IV and ICV
injections in both untreated and calcitriol-treated rats. Calcitriol treatment altered hABa4o disposition via
the induction of P-gp, increasing efflux at the BBB (increase in ks1) and maybe the BAB (increase in ksz).
Although calcitriol treatment induced P-gp protein expression by 2-fold, other clearance mechanisms may
exist, particularly at the arachnoid villi barrier. The model predicts a slow equilibration between plasma
and CSF due to slow permeation of hAB4o to the brain and CSF, but when data were simulated over a long
period of time, the ti2s and levels of hAB4o in plasma, CSF and brain all decayed in unison. Under this
circumstance, the plasma hAao profile would better reflect that in the brain. Hence, use of plasma hABa4o
as a biomarker by itself or as a ratio with hAB42 to reflect brain concentrations or AD progression must

proceed with caution.
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Figure Legends

Figure 1. Model 1, I, and Il are depicted in (A), (B), and (C) respectively, for the fitting of the
plasma and CSF data after IV (intravenous) and ICV (intracerebroventricular) hABao
administration.

Figure 2. Effect of plasma on suppressing absorbance signal (ODS) in the hABs ELISA assay,
post dilution (A), with ODS prepared with different calibration standards in four different matrices
(B), 50 uL standard diluent buffer, SDB, 10 uL plasma + 40 uL SDB, undiluted rat plasma, or
artificial CSF (aCSF), after sequential dilution with plasma or aCSF matrices to generate the
calibration curves. The same colored symbol was used for standards prepared within the same
calibration curve.

Figure 3. Rat plasma and CSF concentration-time profiles (concentrations normalized to
dose, %dose-mL™2) after IV administration of hAB4o to untreated (n = 12, left panels) and corn oil
treated (g2d x4; right panels, n = 4) rats. Serial samples obtained from the same rat were denoted
with the same symbol and color.

Figure 4. Prediction plots for Model I (upper panel), Model IA (middle panel, setting and V1,piasma
and Vs csr constant as those for Model 1) and Model 1B (bottom panel, setting and V1 piasma Vs,csF
and ks1 constant as those for Model 1) after IV and ICV injections; serial samples obtained from
the same rat were denoted with the same symbol. The black line represents the line of identity.

Figure 5. Fits of observed versus predicted plasma and CSF concentrations in control and
calcitriol treated rats after hAB4o IV and ICV administration (data of Figure 4) to Model I. The
red and blue lines represent the lines of best fit for plasma and CSF, respectively, and the shaded
regions denote the 5% and 95% confidence interval. Serial samples obtained from the same rat
were denoted with the same symbol.

Figure 6. Simulations based on fitted parameters for Model I (Table 3) >800 min for plasma, brain,
and CSF concentrations after hABao was given as single 1V and ICV injections, with and without
calcitriol treatment.

Figure 7. Relative brain P-gp, neprilysin (Nep), Lrpl and Mrpl protein expressions in corn oil-
treated control and calcitriol-treated rats, determined by Western Immunoblotting, were presented.
The background-corrected signals of P-gp (170 kDa) and neprilysin (85.5 kDa) in the same sample
were separated on the same gel and normalized to the intensity of the house-keeping gene, Gapdh
(36 kDa). Separate gels were individually used for the determination of Lrpl (85 kDa) and Mrpl
(172 kDa). * P < 0.05 denotes significance.
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Figure 2
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Figure 3
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Table 1. Non-compartmental parameters for hABao after single 1V injections to untreated and IP corn oil trea

calcitriol treatment)?

§d rats (absence of

Without Calcitriol Treatment

4 P3peo|

IV hABao

IV hABao & con oiE(IP)

Parameter (n=12) (n=4) 2 P value

Rat weight (g) 282 + 24.9 339 + 76.2 fé_ NS®

dose (ug-kg™) 64.5+13.2 68.5+12.0 3 NS

AUCo-0 plasma (%dose-min-mL™1)° 24.2+14.7 13.24£2.56 3 NS

AUCo.csr (%dose-min-mL™)© 0.121 + 0.040 0.124 +0.063 % NS

Observed iz terminal plasma (Min) 245 + 4.05 16.8 + 5.66 % NS

Observed tu/2 terminal csF (MiN) 755+ 17.9 47.9+20.9 E NS

CLene (ML-Min-kg™) 17.9+6.20 23.2+221 % NS

CLye = Foie - CLppema (ML-Mint-kg™) 0.00161 + 0.00124 ND¢ (% NA®
g

Kp,cspzp.asmf% 0.0085 + 0.0021 0.0099 + o.ooegz NS
plasma 8

aMean = S.D

bNot significant; P > 0.05

CAUC. (AUCo.180min by trapezoidal rule + Cigomin/terminal phase rate constant)
dNot determined

®Not applicable
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Table 2. The WSSR and AIC for control data sets vs. the calcitriol treated data for the fitted compartment models (shown in Figure 1)
|w)

Statistic Parameterg

o
Control 2 (%Icitriol-Treated
Model Description WSSR? AIC® WESR AIC
l Set k15:_0 for control and treatment groups; no 295 1429 150 794
constraints for volumes o)
IA Set ki5=0 (same as Model I); assign fitted V1 plasma & 4
Vs csk estimates from control data fit to the treatment 225 -1429 1§8 -810
group o
1B Set ki15=0 (same as Model I); assign fitted V1 plasma, S
Vs csr, & ks1 estimates from control data fit to the 225 -1429 123 -454
treatment group %
I Set kis & ks1=0 for control and treatment groups; no 230 1361 188 628
constraints for volumes o}
A Set k15 & ks1=0 (same as Model I1); assign fitted 3
V1 plasma & Ve csr estimates from control data fit to the 230 -1361 1%0 -485
treatment group E
1B Set k15 & ks1=0 (same as Model 11); assign fitted e
V1 plasma, Ve,csr, Kse, & Ke1 estimates from control data 230 -1361 181 -198
fit to the treatment group IS
a1l Set kis, kis, Ks1 & k§1:0 for control and treatment 297 1292 1% 261
groups; no constraints for volumes
A Set ks, kie, ks1 & ke1=0 (same as Model I11); assign
fitted V1 plasma & V7.cm, estimates from control data fit 227 -1292 184 -229

to the treatment group

1B Set kis, k16, ks1 & ks1=0 (same as Model I11); assign
fitted V1 plasma, V7,cMm, Kse, Ke7, k78, & kg1 estimates 227 -1292 187 -307
from control data fit to the treatment group

L] ] e
dfi; and was compared to the critical F value, obtained from the F table with the numerator as dfi-df; and denominator as df;. The F score was compared to the
critical F value with significance level « = 0.05. The scores for the control and calcitriol data were not significant versus Model | (data not shown).

P\WSSR was provided by ADAPT5®

°AIC, a measurement of the goodness-of-fit, provided by ADAPT5®

aF score for the fitted control data sets for Models I, Il and 11l (and the A and B versions) were calculated, was calculated as
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Table 3. MLEM population parameters for simultaneous fit of IV and ICV hAB4o data with Models I, 1A, a
fitting by ADAPTS®

[uMO

ng IB (kis assigned as 0) with

q

Control Rats — Fit 1 Calcitriol Treated Rats — Fi%Z
i Model IA = Model IB

POEiLf[!;tc;on Model | Model | V1 plasma & Vs, csF same as Mod@ [ V1, Vs & ksy same s Model |

Parameters? IV (n=16") & ICV (n=4) IV(n=7)&ICV (n=5) IV(n=7)&ICV (n=5) § IV(n=7)&ICV (n=5)
k1o (mint) 0.186 + 0.0901 0.206 + 0.0335 0.176 + 0.0823 @ 0.231 + 0.0506
kiz (min™) 0.164 +0.0416 0.140 £ 0.0575 0.195 + 0.0796 % 0.141+0.112
kiz (min™) 0.0524 + 0.0255 0.0426 + 0.0207 0.0479+0.0133 3 0.0468 + 0.00727*
k14 (Mint) 0.0000523 +0.0000172 0.0000690 + 0.0000229* 0.0000605 + 0.00002323 0.0000868 + 0.0000411*
k21 (mint) 0.245 + 0.0942 0.271+0.132 0.367 +0.216* @ 0.279 + 0.0920
ka1 (min™) 0.0430 +0.0120 0.0492 + 0.0196 0.0603 +0.0322 % 0.0415 + 0.00437
Kao (Min't) 0.0131 +£0.00619 0.0139 +0.00311 0.0148 +£0.00389 T 0.0124 +0.00278
Ka1 (mint) 0.000105 + 0.0000287 0.000188 + 0.0000302* 0.000181 + 0.0000GOO*§ 0.000131 + 0.0000318*
kas (min™) 0.00274 + 0.00154 0.00938 + 0.00446* 0.00439 + 0.00167* § 0.00754 + 0.00513*
kso (min™) 0.0110 +£0.00117 0.0114 +0.00126 0.0137 £ 0.00168* S 0.0117 +£0.00132*
ks1 (mint) 0.00146 + 0.000787 0.00791 + 0.00548* 0.0120 +0.00841* g 0.00146 (fixed)
ksa (Mint) 0.0722 £ 0.0154 0.0754 + 0.0472 0.180 + 0.124* E 0.435+0.187*
V1 plasma (ML) 33.1+26.7 42.4+15.2 33.1 (fixed) ‘S 33.1 (fixed)
Vs,csk (ML) 0.417 +0.203 2.20 + 1.84* 0.417 (fixed) S 0.417 (fixed)
CLplasma =

K-V s 21.8 25 g* 17.2 22,6

(mL-min?t-kg?)

@Mean +S.D. (CV%) of parameter estimate
®Pooled 1V injected mice (with or without corn oil injections, n=16)
*P < 0.05, Wilcoxon rank sum test (nonparametric test, conducted in R); from individual fits (data not shown)
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Table 4. Simulated AUCo-» for plasma, brain and CSF to yield partition coefficients (Kp) based on fitted paraojneters with Model |

(Table 3) for calcitriol-treated and control rats

o0,brain

3
) ] g Ratio
Control — Fit 1 Treatment - Fit 2 g8
(untreated) (calcitriol in corn oil IP) S (Treated/Control)
g
\Y ICV \Y4 ICV 5 v ICV
AUC., plasma (Yodose-min-mL™) 16.2 0.435 11.4 1.52 ﬂ; 0.70 3.49
AUC.. prain (%dose-min-mLL) 1.14 3482 1.17 2812 2 1.03 0.81
AUC. csr (%dose-min-mL™1) 0.159 3319 0.095 709 § 0.597 0.214
>
K = AYUC i 0.0700 8007 0.102 1847 %
p,brain:plasma Aucm’plasma ' ' E 145 0231
— AUCoo,CSF %
Kp,csF:masma——AUC | 0.00983 7633 0.00827 466 g 0.842 0.051
oo,plasma >
IS
AVC. o5 0.140 0.953 0.0811 0.252 a
AUC : : : : 8 0.58 0.264
N
o
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