\

ﬁ pharmaceutics

Article

Revisiting Cerebrospinal Fluid Flow Direction and Rate in
Physiologically Based Pharmacokinetic Model

Makoto Hirasawa

check for
updates

Citation: Hirasawa, M.;

de Lange, E.C.M. Revisiting
Cerebrospinal Fluid Flow Direction
and Rate in Physiologically Based
Pharmacokinetic Model.
Pharmaceutics 2022, 14, 1764.
https://doi.org/10.3390/
pharmaceutics14091764

Academic Editor: Marios Spanakis

Received: 19 July 2022
Accepted: 21 August 2022
Published: 24 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

and Elizabeth C. M. de Lange *

Division of Systems Pharmacology and Pharmacy, Leiden Academic Center for Drug Research, Leiden University,
2333 CC Leiden, The Netherlands
* Correspondence: ecmdelange@lacdr.leidenuniv.nl; Tel.: +31-71-527-6330

Abstract: The bidirectional pulsatile movement of cerebrospinal fluid (CSF), instead of the tradition-
ally believed unidirectional and constant CSF circulation, has been demonstrated.. In the present
study, the structure and parameters of the CSF compartments were revisited in our comprehensive
and validated central nervous system (CNS)-specific, physiologically based pharmacokinetic (PBPK)
model of healthy rats (LeiCNS-PK3.0). The bidirectional and site-dependent CSF movement was
incorporated into LeiCNS-PK3.0 to create the new LeiCNS-PK”3.1” model. The physiological CSF
movement rates in healthy rats that are unavailable from the literature were estimated by fitting the
PK data of sucrose, a CSF flow marker, after intra-CSF administration. The capability of LeiCNS-PK3.1
to describe the PK profiles of other molecules was compared with that of the original LeiCNS-PK3.0
model. LeiCNS-PK3.1 demonstrated superior description of the CSF PK profiles of a range of small
molecules after intra-CSF administration over LeiCNS-PK3.0. LeiCNS-PK3.1 also retained the same
level of predictability of CSF PK profiles in cisterna magna after intravenous administration. These
results support the theory of bidirectional and site-dependent CSF movement across the entire CSF
space over unidirectional and constant CSF circulation in healthy rats, pointing out the need to revisit
the structures and parameters of CSF compartments in CNS-PBPK models.

Keywords: cerebrospinal fluid; CSF; CSF physiology; bidirectional pulsatile CSF movement;
intra-CSF administration; physiologically based pharmacokinetic model

1. Introduction

Cerebrospinal fluid (CSF) is a physiological medium filling the cerebral ventricles and
subarachnoid space (SAS) of the brain and spinal cord. It functions to (a) protect the brain
from mechanical damage by reducing its effective weight; (b) act as a drainage pathway for
the removal or dilution of waste products by the “sink” effect [1,2]; (c) serve as a transport
medium delivering nutrients and hormones between regions of the central nervous system
(CNS) [2,3]. In addition, CSF is of great importance in the development of drug therapies
for CNS diseases as the almost only accessible fluid in human CNS [4], as well being as
one of the most promising administration routes for the delivery of drugs to CNS through
bypassing the blood-brain barrier (BBB) [5].

However, in spite of their close contact with each other, CSF drug concentrations
do not necessarily provide a reliable measure for predicting drug concentrations in brain
extracellular fluid (ECF), a target site for most CNS drug candidates [4]. To overcome this
limitation, CNS-specific, physiologically based pharmacokinetic (PBPK) models [6-8] have
been developed for the prediction of brain ECF drug concentrations, utilizing available CSF
concentrations. In particular, the potential of the LeiCNS-PK3.0 model [6] for predicting
the unbound concentration-time profiles of small-molecule drugs in multiple physiological
CNS compartments, including four CSF compartments (lateral ventricles (LV), third and
fourth ventricles (TFV), cisterna magna (CM) and SAS), in rats and humans after intravenous
(IV) or intramuscular administration with less than twofold error was demonstrated [6].
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CSF physiology, especially the direction and rate of CSF flow between CSF compart-
ments, is crucially important in predicting CNS PK profiles using CNS-PBPK models, given
that drug movement by diffusion is much slower than CSF flow [9]. In the LeiCNS-PK3.0
model (Figure 1A), drug movement between CSF compartments is governed by the unidi-
rectional CSF flow from LV to TFV, CM and SAS; finally, drugs are transferred from SAS
into the systemic circulation via passive CSF absorption. Constant CSF flow and absorption
rates (2.2 pL/min and 0.42 mL/min in rats and humans, respectively) throughout all CSF
compartments were used [6], which originate from the reported CSF-formation rates [10,11]
and are based on the belief of balanced CSF formation, flow and absorption [12]. These
structures and parameters in CSF compartments of the LeiCNS-PK3.0 model (and other
CNS-PBPK models) are based on the traditional and classical theory of CSF physiology
(known as the “third circulation” [13]), which proposes that CSF (a) is actively produced
mainly by choroid plexuses (CP) in LV and TFV; (b) flows/circulates unidirectionally
within the entire CSF space with a constant flow rate; (c) passively drains into venous blood
mainly via arachnoid villi/granulation. This theory has been widely accepted in scientific
consensus for 100 years [12,14]. However, the situation has been changing in recent years;
a new concept of CSF physiology was proposed by Oreskovi¢ and Klarica with a critical
evaluation of the experimental methods and results on which the classical theory was
based [12,14,15]. According to the new Bulat-Klarica-Oreskovi¢ hypothesis: (a) there is no
net CSF formation inside the brain ventricles; (b) CSF is permanently produced by water
filtration across the arterial capillary walls and absorbed across the venous capillary walls
in the entire CNS system depending on hydrostatic and osmotic forces; (c) CSF movement
is not one of unidirectional circulation but of bidirectional (to-and-fro) oscillatory pulsation
driven by heartbeat, etc.; (d) the intensity of CSF pulsation significantly varies in different
CSF compartments; (e) CSF absorption into venous sinuses and/or lymphatics has minor
importance due to their small surface area [12,14,15].

(A) LeiCNS-PK3.0 model
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(B) LeiCNS-PK”3.1” model
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Figure 1. Structures of (A) the original LeiCNS-PK3.0 model and (B) the new LeiCNS-PK3.1 model.
Green dashed lines represent new features of the LeiCNS-PK3.1 model. Black syringe icons rep-
resent three intra-CSF routes of administration. Barriers abbreviations: BBB—blood-brain barrier;
BCSFB—Dblood—CSF barrier. Compartments abbreviations: CM—cisterna magna; CP—choroid
plexus; CSF—cerebrospinal fluid; ECF—extracellular fluid; ICF—intracellular fluid; LV—lateral
ventricles; MV—microvessel; SAS—subarachnoid space; TFV—third and fourth ventricles. Factors
abbreviations: PHF—pH factor. Flow rates abbreviations: cisQcsgp—downward cisternal CSF
movement rate; cisQcsgy—upward cisternal CSF movement rate; Qcgr—cerebral blood flow rate;
Qcppr—CP blood flow rate; Qcsg—CSF flow rate; Qpcg—ECF bulk flow rate; venQcsgp—downward
ventricular CSF movement rate; venQcggy—upward ventricular CSF movement rate; Clearance
abbreviations: CLcen—central clearance; CLen per1/2—distribution clearance between central and
peripheral compartments; CLyyso—transmembrane clearance of lysosomes; CLqw—lipid-to-water
clearance; CLyo—water-to-lipid clearance; CLp,—paracellular transport clearance; CLtr—efflux
transcellular clearance; CLti,—influx transcellular clearance; sasQcgg—transfer clearance from SAS
to plasma; Administration routes abbreviations: IC—intracisternal; ICV—intracerebroventricular;
IT—intrathecal.

In order to address the need to revisit and scrutinize the structure and parameters
of CSF compartments in the LeiCNS-PK3.0 model, the model’s capability to predict PK
profiles in CSF compartments in healthy rats after intra-CSF (intracerebroventricular (ICV),
intracisternal (IC) or intrathecal (IT; intra-lumbar CSF)) administration was checked. Next,
the model’s structure and parameters were updated through adopting a theory of site-
dependent, bidirectional CSF movement to more accurately describe the observed CSF
PK profiles. The present study shows that a new model with bidirectional CSF movement
can describe CSF PK profiles after intra-CSF administration far more accurately than the
original model with unidirectional CSF flow.

2. Materials and Methods
2.1. In Vivo PK Profiles in Rats after Intra-CSF Administration

A literature search on PK data after ICV, IC or IT administration was performed
using the National Library of Medicine PubMed database with search queries such as
“(intraventricular [tiab] OR intracerebroventricular [tiab] OR intraventricularly [tiab] OR
intracerebroventricularly [tiab] OR ICV [tiab] OR i.c.v [tiab]) AND (pharmacokinetics
[tiab] OR pharmacokinetic [tiab]) AND (rats [tiab] OR rat [tiab])”. Large molecules such
as proteins and nucleic acids were excluded from the dataset for the present analysis
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as the reported correlation between the aqueous diffusivity and molecular weight (MW),
according to which the LeiCNS-PK3.0 model calculates the aqueous diffusivity of molecules,
has the upper limit of MW 5000 Da [16]. In addition, the focus was on PK data in healthy
rats, considering the probable disease-dependent alterations in CSF physiology in CNS
disease model animals. This is also the reason that human PK data were not included in
this study, which were mostly measured in patients with CNS diseases. PK data with a
very short timescale (<15 min) was also excluded due to the limited information. Finally,
interesting PK data of morphine after ICV administration, as reported by Bhargava et al. [17],
was regrettably excluded because the continuous sampling of a large volume of CSF
(>50 pL/timepoint, according to the sample volume used for radioimmunoassay; far
exceeding a sum of physiological volumes of LVs, TFV and CM (32 uL) [6]) from LV of the
same animal is considered very likely to impact on the normal CSF physiology. Table 1
summarizes information on PK data of ten molecules included in this study. Plasma,
brain ECF and CSF PK profiles after IV administration were obtained from other literature
in the case that they are not reported in the article of intra-CSF administration. Total
drug concentrations in plasma were corrected using the unbound fraction in plasma. The
unbound fraction in CSF was assumed to be 1 for all molecules. Kpy,,, rcr/csk, the ratio
of the unbound drug concentration in brain ECF or CSF to that in plasma at steady state,
after IV administration, was either available from the literature or calculated using the area
under the unbound concentration—time curve in ECF or CSF and plasma.

Table 1. Summary of in vivo PK data after intra-CSF and IV administration included in this study.

Molecule Reference Dosing Dosing Volume Dosing Duration Dose Reported PK Profile

Route (uL) (s) CcM SAS ECF PL

[*H]sucrose [18] IcV 1252 NR 5 kBq v v - -
[**C]sucrose [19] IC 100 b NR 4 uCi Vv - - Vv
I\ 100 NR 4 uCi v - - v

Inulin [20] Icv 125¢ NR 25mg/kg v - - :
[*Clinulin [19] IC 100® NR 2 uCi Vi - - Vv
v 100 NR 2 uCi v - - v
Morphine-6-glucuronide [18] cv 1252 NR 50 nmol Vv Vv - V4
Morphine [18] Icv 12.52 NR 50 nmol Vv v - Ve
Atenolol [21] Icv 10 5-10 12 pug Vv - - V4

v 500 60 1mg v - - WV
[22] Icv 15 5 150 g v . v NG

v 500 60 10 mg v - v Y/

Acetaminophen [21] Icv 10 5-10 210 pg Vv - - Vv
v 500 60 825 g v - - v

[22] Icv 10 5 210 ug v . v v

v 500 60 825 g v - v v

Antipyrine [21] Icv 10 5-10 5mg v - - Vv
v 500 60 20 mg v - - v

Cefodizime [23] cv 10 NR 0.074 uCi Vv - - -
v 1f NR 100 uCi/kg NG - v v

Guanidinosuccinic acid [24] Icv 10 NR 0.05 umol/kg Vv - - -
v NR NR 1 pmol/kg Vv - - v

Ziconotide [25] 1T 100 NR 100 pg/kg v - - v
v 100 NR 100 ug/kg v - - v

CM-—cisterna manga; ECF—brain extracellular fluid; IC—intracisternal, ICV—intracerebroventricular; IT—
intrathecal; IV—intravenous; NR—not reported; PL—plasma; SAS—subarachnoid space. # Assumed as the
middle of other ICV cases (10-15 uL); P the same volume of CSF was withdrawn before administration;
€ 50 puL/kg in the literature; d pelow the limit of quantification; ¢ one point only; fmL/ kg.

2.2. Data Analysis and Software

WebPlotDigitizer version 4.5 [26] was used to extract data from the literature. General
data analysis and visualization were performed using R version 4.0.3 [27]. Parameter
estimation was performed using NONMEM version 7.4.3 [28]. Model simulations were
performed using the R package “RxODE” version 0.9.2.1 [29]. Algebraic equations were
solved using Maxima, a computer algebra system, version 5.44.0 [30].
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2.3. Empirical Plasma PK Models

Plasma PK models of unbound molecules were either available from the literature
or developed using plasma PK data after IV administration with a nonlinear mixed-
effects modeling approach, where one-, two- or three-compartment models were eval-
uated. Interindividual variability (IIV) was tested for acetaminophen PK data reported by
de Lange et al. [22] using exponential models for clearance (CL) and volume of distribution
of the central compartment. Residual unexplained variability (RUV) was included using
either proportional or combined error models. The final model was selected based on
the objective function value and visual predictive check plots to compare the model fit to
unbound PK profiles. Unbound plasma PK parameters used as input to the LeiCNS-PK
models are summarized in Supplementary Materials Table S1.

2.4. Drug-Specific Physicochemical Parameters

The physicochemical parameters of ten molecules, including MW, the ionization
constants of the strongest acidic group (pKa) and the strongest basic group (pKy) and
lipophilicity (IogP, /), were collected from DrugBank version 5.1.9 [31] or the Human
Metabolome Database [32] and are listed in Supplementary Materials Table S2. Experimen-
tal logP, /v values were used if available, while calculated pK,/pK} values provided by
ChemAxon [33] were used.

2.5. Consideration of Intra-CSF Administration Volume

The physiological volumes of one LV and CM in rats (250 g of body weight) are quite
small in the LeiCNS-PK3.0 model: LV—3.75 uL (reported range: 1.5-7.5 puL); CM—17 puL [6].
As shown in Table 1, in all cases, the volumes of ICV and IC dosing solutions exceed
the physiological volumes of one LV and CM, respectively. It was therefore assumed
that a part of the dosing solution, exceeding the physiological volume of the adminis-
tration site, reaches the next compartment during administration. For example, in the
case of ICV administration of 10 pL solution into the left LV, 3.75 uL of solution fills the
left LV and 6.25 pL reaches the TFV at the end of administration. No upward transfer
of dosing solution (TFV to contralateral LV during ICV administration and CM to TFV
during IC administration) was assumed. Supplementary Materials Table S3 summarizes
the assumed volumes of dosing solutions reached each compartment at the end of adminis-
tration. A measure of 12.5 puL, the mid-point of other cases (10-15 puL), was assumed for
ICV administration of [*H]sucrose, morphine and morphine-6-glucuronide, reported by
Okura et al. [18], because no information on the dosing volume was reported in the article.
Due to a lack of information on the duration of administration in most cases and short
infusion even when this was reported (Table 1), simulations were performed under the
assumption of instantaneous administration.

2.6. Simulation with the Original LeiCNS-PK3.0 Model

An overview of work steps in the current study is shown in Scheme 1. Firstly, the PK
profiles of ten molecules after intra-CSF administration were simulated using the LeiCNS-
PK3.0 model with the default settings. Asymmetry factors (AFs), which account for active
transport at the BBB or blood—CSF barrier (BCSFB) and metabolism, were calculated using
KpuuEcr/csk values as previously reported [6]. For sucrose, neither active transport at the
BBB and BCSFB nor metabolism in the CNS was assumed based on the information in the
literature [34]. Similarly, the AFs of inulin were assumed to be 1.
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Scheme 1. Overview of work steps in the current study with the original LeiCNS-PK3.0 model
and the new LeiCNS-PK”3.1” model. cisQcsg—cisternal CSF flow rate; CSF—cerebrospinal fluid;
IV—intravenous.

In order to assess the possible improvement in the description of CSF PK profiles by
adopting altered CSF flow rates, further simulations were performed, allowing the site-
dependent CSF flow rates. In addition, application of the correction factor to paracellular
permeability (PPA) across the BBB and BCSFB was considered based on the previous
finding that the LeiCNS-PK3.0 model may overestimate PPA in some cases [35]. PK data of
[*H]sucrose reported by Okura et al. [18] was selected for these simulations for the following
two reasons: (a) sucrose is known to be a CSF bulk flow marker [18], not being metabolized
or bound to protein [34], which suggests that its PK profiles in CSF compartments can be
considered to simply reflect the physiological CSF movement; (b) this article is the only one
reporting PK profiles in multiple CSF compartments (CM and SAS) in rats after intra-CSF
administration, and thus is the most appropriate to assess the impact of the site-dependent
CSF flow rates on CSF PK profiles. Finally, a parameter sensitivity analysis of the CSF
flow rate between CM and SAS (cisQcsr in Figure 2A), in both of which PK profile of
[*H]sucrose is reported, was performed.

(B) Cisterna magna (C) Subarachnoid space
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Figure 2. Parameter sensitivity analysis of cisternal CSF flow rate (cisQcsp) in the unidirectional CSF
flow model. (A) Model structure: cisQcsr is highlighted in red. (B) Simulated PK profiles in CM
and (C) SAS. Black dots and solid lines represent mean concentrations + standard error in CM or
SAS. Dashed lines represent the median of 200 model simulations changing cisQcsg between 10%
(pink) and 60% (purple) of the original Qcsr value. BCSFB—blood—CSF barrier; cisQcgp—cisternal
CSF flow rate; CM—cisterna magna; CSF—cerebrospinal fluid; LV—Iateral ventricles; MV—brain
microvessel; Qcsg—CSF flow rate; SAS—subarachnoid space; sasQcgp—transfer clearance from SAS
to plasma; TFV—third and fourth ventricles; venQcgg—ventricular CSF flow rate.
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2.7. Introduction of the Choroid Plexus Microvessel Compartment

In the LeiCNS-PK3.0 model structure (Figure 1A), the brain microvessel (MV) com-
partment is directly connected to both the brain ECF (via the BBB) and CSFy /tpy (via the
BCSFEB) compartments. This structure allows ICV-administered molecules to traverse the
BCSFB and immediately enter the brain ECF across the BBB, which is unlikely from an
anatomical point of view. Simulations actually showed initial spikes in brain ECF concentra-
tions of acetaminophen and atenolol immediately after ICV administration (Supplementary
Materials Figure S1H,]), largely overestimating their brain ECF concentrations [22]. Based
on this finding, a CP-specific MV (CPy\y) compartment was separated from the whole
brain MV compartment, as shown in Figure 1B. Physiological parameters on CPyry were
collected from the literature as follows; CP weight—4 mg/rat (250 g of body weight) [36,37];
CP blood volume—196 uL/g tissue [37]; CP blood flow rate—4 mL/min/g tissue [38]
(reported range: 2.4-5.5 mL/min/g tissue [39,40]).

2.8. Estimation of the Site-Dependent Bidirectional CSF Movement Rates

Following the simulation results with the unidirectional CSF flow model, the bidi-
rectional CSF movement model was considered as an alternative CSF model. Although
a lot of articles reported clear evidence of the bidirectional CSF pulsation during cardiac
or respiratory cycles in humans [41-43], dogs [44] and zebrafish [45], no information is
available for rats. Therefore, the “handshake” approach [35] was adopted, by which PK
data can provide information on underlying physiological parameters based on the PBPK
framework. Sucrose was selected as a representative CSF flow marker for the reasons de-
scribed in Section 2.6. PK data of [*H]sucrose in CM and SAS after ICV administration [18]
and of ["*C]Jsucrose in CM and plasma after IC administration [19] were simultaneously
fit to the new model with the CPyy compartment and the bidirectional CSF movement
(Figure 1B; hereinafter referred to as the “LeiCNS-PK3.1 model”) and the following five
parameters were estimated; (a) venQcsgp (downward (craniocaudal) CSF movement rate
between LV, TFV and CM), (b) cisQcsgp (downward CSF movement rate from CM to SAS),
(c) U/D ratio (the ratio between upward and downward CSF movement rates), (d) sasQcsr
(transfer CL from SAS to the systemic circulation) and (e) CFppa (PPA correction factor).
Assuming that the PK profiles of sucrose, as CSF bulk flow markers [18,34], reflect the
physiological movement of CSF, the estimated parameters for sucrose were considered to
represent the physiological CSF parameters in healthy rats. Nevertheless, it is important to
note that (d) sasQcsr and (e) CFppa are likely to be drug-dependent. sasQcsr can include
the transfer CL not only via passive (drug-independent) CSF absorption but also across the
BBB, blood-arachnoid barrier and the blood-spinal cord barrier (BSCB) (drug-dependent)
after entering parenchymal tissues by diffusion and/or via perivascular space [46,47]. Ad-
ditionally, CFppa possibly accounts for the charge- and size-dependent restriction of PPA
across the BBB and BCSFB, which are not accounted for in the LeiCNS-PK3.0 model [35].

Next, in order to confirm whether three drug-independent parameter estimates
((@) venQcsgp, (b) cisQcsgp and (c) U/D ratio) derived from sucrose PK data can be
used as the representative physiological CSF parameters in healthy rats, the PK data of
inulin, another CSF flow marker [20], reported in two articles [40,43], were fitto the LeiCNS-
PK3.1 model with three fixed drug-independent parameters, and two drug-dependent
parameters were estimated.

It should be noted that the [*C]sucrose and [*CJinulin concentrations reported in
the literature [19], in which no information on the counting efficiency of the detector
has been reported, were converted from cpm/g to dpm/mL under the assumption that
(a) CM concentrations at the end of administration are equal to the concentrations of dosing
solutions; (b) densities of CSF and plasma are 1 g/mL. Given that 100 uL of the dosing
solution was administered to CM after removing the same volume of CSF, CM, whose
physiological volume is 17 pL [6], was considered to be filled with the dosing solution
(Supplementary Materials Table S3); thus, the first assumption was reasonable.
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2.9. Application of the LeiCNS-PK3.1 Model to Other Molecules

To further confirm the utility of the new model structure and the CSF parameters
of the LeiCNS-PK3.1 model, the same analysis as the case of inulin in the previous sec-
tion was performed for another eight molecules with diverse physicochemical properties
(Supplementary Materials Table S2). Equations to calculate AFs were newly derived by
solving the model equations at steady state in the same way as the previous report [6]
and are provided in the Supplementary Equations. AFs were calculated using the derived
equations and the Kpy,,, gcr/csk after IV administration. In the case that Kpyy < 1, efflux AFs
were calculated using the relevant equation while influx AFs were set to 1, and vice versa.

2.10. Application to IV Administration

To evaluate the possibility of the LeiCNS-PK3.1 model as a generic CNS-PBPK model,
the PK profiles after IV administration were simulated and compared to the observed
data as well as the PK profiles simulated with the LeiCNS-PK3.0 model. Atenolol, ac-
etaminophen, antipyrine, cefodizime and ziconotide were selected for this analysis because
their PK profiles in plasma and CM after IV administration are reported in the same article
as intra-CSF administration.

2.11. Further Modification of Model Structure

For morphine, acetaminophen and antipyrine, further modification of the model struc-
ture was explored to describe their observed PK profiles more accurately. Specifically, for
morphine, a compartment directly connected to SAS (brain/spinal cord surface compart-
ment (BSC) in Supplementary Materials Figure S2A), which can be interpreted to represent
the CSF-facing surface of the brain, the spinal cord and possibly the arachnoid membrane,
was added. A very fast exchange between SAS and BSC was assumed (Qey; fixed to
100 mL/min) through considering the proximity and for parameter estimation. In addition,
drug-independent transfer of CL from SAS to the systemic circulation by passive CSF ab-
sorption (sasQcsgabs) Was assumed to equal to the sasQcgr of inulin, a large-molecule CSF
bulk flow marker [20], and the drug-dependent CL from BSC to the systemic circulation
was estimated.

For acetaminophen and antipyrine, simulations with the LeiCNS-PK3.1 model indi-
cated that CP blood flow is the rate-limiting step in their transfer from LV/TFV to the
systemic circulation due to their faster BCSFB permeability; thus, an additional CL pathway
was required to more accurately describe the observed PK profiles. Therefore, a transfer
CL between LV/TFV and brain MV, which can be interpreted to represent the distribu-
tion to the periventricular parenchymal tissue and subsequent elimination across the BBB,
was added. Periventricular CL, as shown in Supplementary Materials Figure S3A, was
estimated simultaneously with sasQcsr, while CFppy was assumed to be 1.

2.12. Model Evaluation

Model performance was evaluated by a comparison of the predicted PK profiles with
the observed ones in plasma, brain ECF and CSF, where the median and 95% prediction
interval of 200 model simulations were compared to the reported unbound PK profiles. The
model simulations accounted for the IIV and RUV of the plasma PK model. The relevant n
of IIV and ¢ of RUV were randomly sampled from a normal distribution with a mean of 0
and the variance of w? and 02, respectively, and transformed as required.

3. Results
3.1. Simulation with the Original LeiCNS-PK3.0 Model

As shown in Supplementary Materials Figure S1, the LeiCNS-PK3.0 model with the
default settings clearly overestimated the elimination rates of seven molecules, except for
acetaminophen and antipyrine, from CM after ICV administration, whereas those from SAS
were predicted well in all three cases. These results indicate that the original CSF flow
rate (Qcsp; 2.2 pL/min [6]) derived from the reported CSF-formation rates [10,48] is too
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fast, considering that CM concentration is determined by inflow from TFV (Qcsg*Crry) and
outflow to SAS (Qcsr*Ccm), both of which are governed by Qcsr in this model structure.
Underprediction of initial CM concentrations of cefodizime and guanidinosuccinic acid (GSA)
(Supplementary Materials Figure S1L,M) suggests that their efflux transport rates across the
BCSFB in LV and TFV may also be overestimated, indicating the need to apply CFppa [35]. In
addition, initial CM concentrations of IT-administered ziconotide were largely underpredicted
(Supplementary Materials Figure SIN). The observed unbound concentrations of ziconotide
in CM up to 60 min after IT administration were higher than those in plasma in spite of the
fact that its Kpyy o after IV administration is far less than unity (0.018), which is impossible
to describe using the unidirectional CSF flow model and strongly suggests drug movement
from lumbar SAS to CM against the classical CSF flow direction.

3.2. Parameter Sensitivity Analysis of cisQcsr

Figure 2 shows the result of parameter sensitivity analysis where cisQcsp (CSF flow
rate from CM to SAS; red arrow in Figure 2A) was changed from 10% to 60% of the origi-
nal Qcsr value (2.2 uL/min) with other parameters fixed (but modified from the default
settings). The simulated PK profiles of [®H]sucrose in CM and SAS were compared to the
observed ones. At 60%, the elimination rate of [*H]sucrose from CM was largely overpre-
dicted (Figure 2B), while its mean PK profile in SAS was perfectly captured (Figure 2C). In
contrast, at 10%, the elimination rate from CM was well described, while it was too slow
to describe its overall PK profile in SAS. These results indicate that the unidirectional CSF
flow model structure is unable to simultaneously describe the PK profiles of [*H]sucrose in
CM and SAS, especially similar elimination rates from these compartments, even though
the site-dependent CSF flow rates were applied.

3.3. Estimation of the Site-Dependent Bidirectional CSF Movement Rates

Table 2 summarizes the parameter estimates obtained by the “handshake” approach [35],
i.e., fitting the observed PK data to the LeiCNS-PK3.1 model. Based on the PK data of
sucrose, a CSF flow marker, cisternal CSF movement (cisQcsgp), was estimated to be
faster than ventricular CSF movement (venQcsgp). Interestingly, the U/D ratio was esti-
mated to be higher than 1, indicating an upward (caudocranial) net CSF flow. As shown
in Figure 3A,B, the PK profiles of [*H]sucrose in CM and SAS after ICV administration were
quite reasonably described by the LeiCNS-PK3.1 model, especially their similar elimination
rates, which were impossible to describe with the unidirectional CSF flow model, and those
of ["*C]sucrose in CM and plasma after IC administration. Furthermore, when three param-
eter values estimated using sucrose data were fixed as the drug-independent physiological
CSF parameters, the PK profiles of inulin, another CSF flow marker molecule [20] in CM
and plasma after ICV and IC administration was also well described (Figure 3C,D) in com-
bination with the two estimated drug-dependent parameters. A relatively large deviation
between the predicted and observed CM PK profiles of inulin at later timepoints after ICV
administration (Figure 3C) can simply be attributed to the plasma PK parameters, given
that CM concentrations at the elimination phase are dependent on plasma concentrations,
not on the CSF parameters. Although the plasma PK parameters derived from another
article [19] were used in this case because no plasma PK profiles after IV administration
were reported in the original article [20] (Table 1), the use of PK parameters reported in the
same article further improved the description of the overall PK profile in plasma.
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Table 2. Parameter estimates obtained by fitting PK data to the LeiCNS-PK3.1 model.
Parameter Estimates
Molecule Reference Dosing Route venQcsep cisQcsEDp U/D Ratio sasQcsk CF
(uL/min) (uL/min) (uL/min) PPA
[®H]sucrose [18] ICV
[14C]sucrose [19] IC 0.251 1.07 1.59 1.41 0.0387
Inulin [20] ICV
[M4CJinulin [19] IC - -° - 1.22 0.262
Morphine-6-glucuronide [18] ICv -2 -2 -2 1.52 0.00268
Morphine [18] ICV -a -a -a 475" 95.2°
Atenolol [21] Icv -a -a -a 2.22 0.685
Acetaminophen [21] ICV -a -a -a 15.0¢ 529 ¢
Antipyrine [21] ICvV -a -a -a 7.18°¢ 48.0 ¢
Cefodizime [23] ICV -2 -2 -a 1.38 0.00308
Guanidinosuccinic acid [24] (@Y -a -a -a —-0411 0.000239
Ziconotide [25] IT -a -a -a 763 0.00121

CFppa—correction factor for paracellular permeability; cisQcsgp—downward CSF movement rate from CM
to SAS; CM—cisterna manga; CSF—cerebrospinal fluid; IC—intracisternal; ICV—intracerebroventricular; IT—
intrathecal; SAS—subarachnoid space; sasQcsp—transfer CL from SAS to the systemic circulation; U/D ratio—the
ratio between upward (caudocranial) and downward CSF movement rates; venQcsgp—downward (craniocaudal)
CSF movement rate between LV, TFV and CM. ? Fixed to values estimated using sucrose data; ® poor description

of SAS PK profile; ¢ poor description of CM PK profile.
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Figure 3. Comparison of simulated PK profiles of two CSF bulk flow marker molecules with the
LeiCNS-PK3.1 model to the observed ones after intra-CSF administration. Dots and solid lines
represent mean concentrations + standard deviation or standard error in CM (khaki), SAS (orange)
and plasma (black). Dashed lines represent the median of 200 model simulations with 95% pre-
diction intervals (colored band). (A) [®H]sucrose after ICV administration, (B) [*C]sucrose after
IC administration, (C) inulin after ICV administration, and (D) [**Clinulin after IC administration.
CM-—cisterna magna; CSF—cerebrospinal fluid; IC—intracisternal; ICV—intracerebroventricular;
LV—lateral ventricles; SAS—subarachnoid space.

3.4. Application of the LeiCNS-PK3.1 Model to Other Molecules

As shown in Figure 4, the LeiCNS-PK3.1 model captured the PK profiles of eight
molecules well, with the exception of morphine in SAS (Figure 4B), acetaminophen in CM
(Figure 4E), antipyrine in CM (Figure 4G) and ziconotide in plasma (Figure 4]), with the
combination of three fixed drug-independent parameters estimated using sucrose data and
two estimated drug-dependent parameters (Table 2). Plasma concentrations of atenolol
were also overestimated (Figure 4D), which were reported to be below 100 ng/mL at all
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time points [22]. Adopting the CPyry compartment removed irrelevant initial spikes in brain
ECF concentrations of acetaminophen and atenolol immediately after ICV administration
(Figure 4D,F). As shown in Table 2, estimated CFppa was less than 1 except for morphine,
acetaminophen and antipyrine, for which the CSF PK profile was relatively poorly described,
which is consistent with the previous finding of PPA overestimation by the LeiCNS-PK3.0
model [35]. As expected, sasQcsr was estimated to be drug-dependent and inulin showed
the lowest value, with the exception of GSA, which showed a negative value.

3.5. Application to 1V Administration

Plasma and CM PK profiles of atenolol, acetaminophen, antipyrine, cefodizime and
ziconotide after IV administration were simulated with the LeiCNS-PK3.1 model using
parameters in Table 2, as shown in Figure 5, with a comparison to those simulated with the
original LeiCNS-PK3.0 model. The LeiCNS-PK3.1 model demonstrated the same level of
predictability of the CM PK profiles after IV administration as the original model for all
five molecules.

3.6. Further Modification of Model Structure

For morphine, the addition of BSC allowed us to describe the SAS PK profile after ICV
administration far more accurately (Supplementary Materials Figure S2D). The estimated
distribution volume of BSC (5.24 mL) was much larger than the physiological volume of
the whole brain (1.8 mL), which may indicate the strong binding of morphine to CSF-facing
parenchymal tissues.

Similarly, the addition of periventricular CL clearly improved the description of the CM
PK profiles of acetaminophen and antipyrine (Supplementary Materials Figure S3) after ICV
administration, possibly indicating their distribution to the periventricular parenchymal
tissue and subsequent elimination across the BBB. These results indicate that the original
Qcsr in the LeiCNS-PK3.0 model were fast enough to describe the CM PK profiles of these
two drugs relatively well (Supplementary Materials Figure S1I,K).
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Figure 4. Comparison of simulated PK profiles of eight molecules with the LeiCNS-PK3.1 model
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(CD) atenolol after ICV administration, (E,F) acetaminophen after ICV administration, (G) antipyrine after
ICV administration, (H) cefodizime after ICV administration, (I) guanidinosuccinic acid after ICV admin-
istration and (J) ziconotide after IT administration. CM—cisterna magna; ECF—brain extracellular fluid;
ICV—intracerebroventricular; IT—intrathecal; M6G—morphine-6-glucuronide; SAS—subarachnoid space.
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Figure 5. Comparison of PK profiles after IV administration in plasma (left) and CM (middle)
simulated with the LeiCNS-PK3.1 model to those in CM (right) simulated with the LeiCNS-PK3.0
model. Dots and solid lines represent mean concentrations =+ standard deviation or standard error
in CM (khaki) and plasma (black). Dashed lines represent the median of 200 model simulations
with 95% prediction intervals (colored band). (A) Atenolol, (B) acetaminophen, (C) antipyrine,
(D) cefodizime and (E) ziconotide. CM—cisterna magna.

4. Discussion

Given the clearly demonstrated bidirectional pulsatile CSF movement in humans and
the new concept of CSF physiology, the structures and parameters of CSF compartments
in CNS-PBPK models need to be revisited. In the present study, the capability of the new
LeiCNS-PK3.1 model with the adapted bidirectional and site-dependent CSF movement to
describe the reported PK data of small molecules after intra-CSF administration in healthy
rats was compared with that of the original LeiCNS-PK3.0 model with unidirectional and
constant CSF flow. The present study shows that our new model can describe CSF PK
profiles after intra-CSF administration far more accurately than the original model.

4.1. CSF Compartments and Parameters in CNS-Specific PBPK Models

Several kinds of CNS-specific PBPK models have been reported and have demon-
strated their utility to describe PK profiles in multiple CNS compartments [6-8,49-51].
Although they have different model structures, e.g., the number of CSF compartments,
the use of CSF flow and/or absorption rates originating from the CSF-formation rate at
the CP, based on the classical theory of CSF physiology, is common among them. The
4Brain model [8] implemented in the Simcyp Simulator adopts the bidirectional “shuttle”
CSF flows between cranial and spinal CSF compartments, but their rates are calculated
considering the net CSF absorption from the spinal CSF compartment and are still based
on the traditional CSF-formation rate.

According to Oreskovi¢ and Klarica, however, the experimental methods used to
determine CSF-formation rate have been insufficiently scientifically evaluated and the
results are of questionable reliability; moreover, a direct determination of CSF-formation
rate suggests that there is no net CSF formation inside the brain ventricles [12,15]. Instead,
they proposed that CSF and ECF are created by water filtration through the arterial capillary
walls across the entire CNS. These critical views and new concepts of CSF formation imply
that sticking to the traditional CSF-formation rate as a basis may lead to misinterpretation
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of CSF movement rate, which governs substance movements in CSF compartments, and
are therefore worth taking into account.

Given this scientific context, the structure and parameters of CSF compartments in our
CNS-PBPK model were revisited. Our approach to exploring the physiologically relevant
CSF model here was to utilize the existing PK data under the assumption that the PK
profiles of known CSF flow marker molecules simply reflect physiological CSF movement.
A recent article by Monine et al. [52] demonstrated that their CNS-PBPK model with
bidirectional mass transfer flows between CSF compartments can describe the distribution
of IT-administered antisense oligonucleotides (ASOs) in nonhuman primates. However,
they focused on ASOs, and it is unclear whether the estimated transfer rate constants for
ASQOs relevantly reflect the physiological CSF movement. Furthermore, the estimation
of transfer flows between CSF compartments faced a problem of unidentifiability, partly
because the CSF concentrations included in the analysis were only of lumbar CSE, while ASO
concentrations in parenchymal tissues were measured in multiple regions. Accordingly, as
far as we know, the present paper is the first publication reporting a possibly physiological,
bidirectional CSF movement rate in healthy animals based on PK data.

In addition, this is surprisingly the first modeling study analyzing CSF PK data of
small molecules after intra-CSF administration using a CNS-PBPK model, even though
a relevant model should be able to describe PK profiles after intra-CSF administration as
well as systemic administration [5].

4.2. Simulation by the Original LeiCNS-PK3.0 Model with the Unidirectional CSF Flow

Chang et al. [50] demonstrated that CSF PK profiles of ICV- or IT-administered antibod-
ies can be captured well by their CNS-PBPK model with a unidirectional CSF flow, whose
rate originates from the traditional CSF-formation rate, plus the glymphatic flow from SAS
to ECE. Nevertheless, as shown in Supplementary Materials Figure S1, in this study, the PK
profiles in the CM and SAS of most molecules after intra-CSF administration were difficult
to describe by the LeiCNS-PK3.0 model, with very similar structures and parameters of CSF
compartments to those used in Chang’s model except for glymphatic flow.

Further analysis revealed that it is impossible to simultaneously describe PK profiles of
[*H]sucrose in CM and SAS after ICV administration with a unidirectional CSF flow model,
even allowing for the site-dependent CSF flow rates (Figure 2). These results motivated an
exploration of other possible model structures of CSF compartments that can accurately
describe sucrose PK profiles. Altered model structures with unidirectional CSF flow, such
as multiple SAS compartments and diverged CSF flow at CM, were also considered, but it
was concluded that they are unlikely to improve the description of sucrose PK profiles.

4.3. Bidirectional and Pulsatile CSF Movement

The bidirectional and pulsatile movement of CSF in humans was already reported in
1966 [53]; since then, it has been further demonstrated by many studies by means of phase-
contrast magnetic resonance imaging [41-43,54-57] as well as through the use of the time—
spatial spin-labeling inversion-pulse method [58]. These imaging techniques are noninvasive
and have enabled investigation of further details of the pulsatile CSF movement in humans,
such as the correlation between CSF pulsation amplitudes and changes in cerebral blood
stroke volume [54,55], a larger impact of respiration as the driving force [43], age- and
sex-dependent implications [42], and disease-related alterations [41,56-58]. Accordingly, the
existence of the bidirectional pulsatile CSF movement, instead of a constantly unidirectional
flow, is an undoubted fact at least in human, dog [44] and zebrafish [45], and it should be
considered as a physiologically relevant process.

Importantly, bidirectional pulsatile CSF movement allows substances in the CSF to
mix and spread in both directions. This is clearly demonstrated in the study reported by
Smith et al. [59], where ''In- and ™ Tc-labeled diethylenetriamine pentaacetate (DTPA)
were administered to the right LV and lumbar CSF, respectively, of the same patient at
almost the same time, and time-dependent distribution from the injection site to the other
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site was observed in both directions. [*™Tc]DTPA concentrations in the right LV after IT
administration cannot be explained by its re-entry to CSF across the BCSFB after first being
absorbed into systemic circulation given the poor BCSFB penetration of DTPA-chelates [60];
thus, its distribution from lumbar SAS to the LV is a result of the upward movement of
[*™Tc]DTPA against the traditional CSF flow direction.

4.4. Parameter Estimates Possibly Representing the Physiological CSF Values in Healthy Rats

In this study, the new LeiCNS-PK3.1 model with a bidirectional and site-dependent
CSF movement demonstrated the superior description of PK profiles of [*H]sucrose in
CM and SAS after ICV administration, especially their similar elimination rates, as well
as that of ["*C]sucrose in CM after IC administration, in comparison with the original
LeiCNS-PK3.0 model, which had unidirectional and constant CSF flow (Figure 3A,B). More
importantly, this model, with three fixed drug-independent parameters estimated using
sucrose PK data, was able to describe the CM PK profiles of most of the molecules tested,
including another CSF flow marker, inulin, after intra-CSF administration (Figures 3 and 4).
These results suggest that these parameter estimates can possibly be used as representative
values of physiological CSF parameters in healthy rats. Nevertheless, to this end, these
parameter values must be supported by other physiological findings.

First, the movement rate of CSF from CM to SAS (cisQcsgp) was estimated to be
four times higher than that from LV to TFV and from TFV to CM (venQcsgp) (Table 2).
This order is consistent with clinical observations, where CSF volumetric net movement
per cardiac cycle or during forced breathing was much lower at the cerebral aqueduct
than at the cranio—cervical junction (CCJ) [41] or the upper thoracic spinal canal [43]. This
could also make intuitive sense given the narrower radius of the aqueduct having higher
resistance to CSF movement.

Second, the U/D ratio was estimated to be higher than 1, indicating an upward
(caudocranial) net CSF flow throughout all CSF compartments. Although this is difficult to
intuitively understand from the viewpoint of the classical CSF physiology, some clinical
results support this finding. Reported U/D ratio of CSF movement per heartbeat at the
cerebral aqueduct was around 1.4 [42], close to the estimate in rats in this study. In addition,
CSF net flow per forced breathing cycle was in an upward direction at the aqueduct and
thoracic level 2 in almost all subjects [43]. It is also worth noting that upward transfer
of ASOs between CSF compartments in nonhuman primates was estimated to be faster
than the downward transfer [52]. However, it should be noted that there are contradictory
observations, and the net CSF direction is still questionable [15]. For example, Eide et al.
reported that the CSF volumetric net flow per cardiac cycle at the cerebral aqueduct was
downward in 69% of human subjects, whereas they reported that, at CC]J, the volumetric
net flow was upward in 78% [41]. Normal net CSF flow at the aqueduct in beagle dogs was
downward in most cases [44]. On the other hand, the time—spatial spin-labeling inversion-
pulse method for labeling CSF itself demonstrated that there is no dominant net CSF flow
in humans because systolic and diastolic CSF movements are equal [15,58]. Furthermore,
CSF volume redistribution can occur during body position changes and other activities [15].
Taken together, the net CSF flow direction could be condition-dependent and possibly
even species-dependent. Given these findings, however, the successful description of PK
profiles of most molecules in healthy rats with the LeiCNS-PK3.1 model, in spite of the fact
that they were reported from multiple laboratories with different experimental conditions,
should be considered meaningful.

4.5. Possibility of the LeiCNS-PK3.1 Model as a Generic CNS-PBPK Model

Importantly, the LeiCNS-PK3.1 model showed the same level of predictability of
CM PK profiles after IV administration as the original LeiCNS-PK3.0 model (Figure 5).
Given that the LeiCNS-PK3.0 model has been validated as a generic CNS-PBPK model
for systemic administration not only in rats but also in humans [6], it is expected that
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the LeiCNS-PK3.1 model can be used as a more generic CNS-PBPK model, applicable to
intra-CSF as well as systemic administration.

4.6. Limitations

Nevertheless, there are limitations and certain points remain to be improved in the
LeiCNS-PK3.1 model. First, the parameter values we consider as representing the physio-
logical CSF parameters in healthy rats completely depended on PK data of radioisotope-
labeled sucrose, as reported in two articles [18,19]. In particular, the PK data of [*H]sucrose
in lumbar CSF after ICV administration reported by Okura et al. [18] was determined by
the microdialysis method, which might sometimes cause tissue damage [4]. Although we
believe that the overall results of this study strongly support the validity of these values
for healthy rats, it should be noted that the current dataset might include PK data in non-
physiological conditions. With more data available to validate and possibly revise these
parameters, confidence in the model structure could be increased.

Additionally, in this analysis, the impact of the dosing speed on CSF PK profiles was
not considered and the volume of the dosing solution reached each compartment at the
end of administration was simply assumed. Computational fluid dynamics analysis [61]
based on the Navier-Stokes equation will allow appropriate descriptions of the impacts of
dosing speed and administration-derived convective flow.

Next, as shown in Supplementary Materials Figures 52 and S3, further modifications
to the model structure clearly improved the description of the PK profiles of morphine,
acetaminophen and antipyrine, which indicates the need to incorporate the distribution
process to SAS-facing and periventricular parenchymal tissues. The structure and parame-
ters of these exploratory models are not physiologically based at this moment, and thus
need to be updated further. To this end, more in vivo data at multiple CSF sites and about
molecules with more diverse physicochemical properties are required. Overestimation of
the plasma exposure of atenolol after ICV administration (Figure 4D) may also be solved
by incorporating periventricular distribution. On the other hand, overestimation of the
plasma exposure of ziconotide after IT administration (Figure 4]) occurs due to its low
systemic bioavailability [25], through a mechanism that remains unclear; it was possible to
better capture this by applying the bioavailability calculated from the reported area under
the concentration—time curve (data not shown). This case suggests that metabolism or
degradation in CSF, as well as possibly strong binding or adsorption to CNS components,
also need to be considered for some cases.

In addition, large interindividual variability in the ECF concentrations of acetaminophen
after ICV administration (Figure 4F) [22] can be attributed to the differences in spatial
positions of microdialysis probes, as confirmed in [62]. Three-dimensional modeling ap-
proaches [63] can allow the precise description of such local PK profiles.

Furthermore, overestimation of PPA based on molecular aqueous diffusivity was
indicated for the BCSFB, as with the previous study for the BBB [35]. This is noted especially
for highly hydrophilic molecules because of size- and charge-restricted paracellular pores,
which need to be accounted for in future models.

As far as we know, this is the first modeling study using a CNS-PBPK model to show
the drug-dependent transfer CL from SAS to the systemic circulation (sasQcsp), which is
treated as a drug-independent passive CL in other CNS-PBPK models, with the exception of
applying the lymph reflection coefficient for antibodies [50]. This is quite reasonable in light
of recent extensive research on the glymphatic system or the exchange between the CSF
and ECF of the CSF-facing parenchyma of the brain and spinal cord via the perivascular
space [46,64—66], followed by the drug-dependent transport of CL across the BBB and BSCB.
However, the relative contribution of each pathway (including the glymphatic system, the
lymphatic pathway, the vascular pathway via the BBB/BSCB and arachnoid granulation)
to the overall process of waste CL from CNS is yet to be quantitatively established [15,67].
Hence, sasQcgr is currently impossible to predict from physicochemical properties, in vitro
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transporter studies or in vivo Kp,,, pcr/csr values, and can be estimated only with in vivo
PK profiles and model fitting.

When estimating using in vivo data, the selection of timepoints is important. For
example, the sasQcsp of GSA was estimated to be below 0 (Table 2), indicating a net influx
from the systemic circulation directly to SAS. It is possible that this truly represents the
active influx transport at the blood-arachnoid barrier, given the fact that GSA is a substrate
of some solute carrier transporters [24]. Nevertheless, careful consideration of the fact
that this estimate is actually dependent on data at 60 min is required; additionally, it is
important to note that its CM PK profile up to 30 min can be described well even with a
positive sasQcsr value. Accordingly, additional datapoints are necessary to estimate this
value with assurance.

This study pointed out the importance of considering the bidirectional pulsatile CSF
movement whose rate is not necessarily balanced with the traditional CSF-formation rate,
instead of classical unidirectional and constant CSF flow, in the CSF compartments of
CNS-PBPK models. Given the relatively rich data on pulsatile CSF movement and imaging
data with various contrast agents, most of which are considered to have characteristics as
CSF flow markers, in clinical situations, similar analyses of human CSF compartments will
be a significant and meaningful subject of future research.

5. Conclusions

The LeiCNS-PK3.1 model, with bidirectional and site-dependent CSF movement,
demonstrated superior performance in describing the PK profiles of small molecules after
intra-CSF administration in comparison with the original LeiCNS-PK3.0 model, with unidi-
rectional and constant CSF flow. Given the clearly demonstrated bidirectional movement
of CSF in humans and the new concept of CSF physiology, the structures and parameters
of the CSF compartments in CNS-PBPK models need to be revisited.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14091764/s1, Supplementary Equations, Table S1:
Unbound plasma PK parameters used as input to the LeiCNS-PK models, Table S2: Drug-specific
physicochemical parameters, unbound fraction in plasma and Kpuu values, Table S3: Assumed
volumes of dosing solution reached each compartment at the end of administration, Figure S1:
Comparison of simulated PK profiles of 10 molecules using the original LeiCNS-PK3.0 model with
the default settings to the observed ones after intra-CSF administration. Dots and solid lines represent
mean concentrations + standard deviation or standard error in CM (khaki), SAS (orange), plasma
(black) and ECF (red). Dashed lines represent the median of 200 model simulations with 95%
prediction intervals (colored band). Red horizontal dashed lines in (G) and (H) represent the lower
limit of quantification of atenolol. (A) [®H]sucrose after ICV administration, (B) [*C]sucrose after
IC administration, (C) inulin after ICV administration, (D) [**Clinulin after IC administration, (E)
morphine-6-glucuronide after ICV administration, (F) morphine after ICV administration, (G,H)
atenolol after ICV administration, (I,]) acetaminophen after ICV administration, (K) antipyrine
after ICV administration, (L) cefodizime after ICV administration, (M) guanidinosuccinic acid after
ICV administration and (N) ziconotide after IT administration. CM: cisterna magna; ECF: brain
extracellular fluid; ICV: intracerebroventricular; IT: intrathecal; M6G: morphine-6-glucuronide; SAS:
subarachnoid space; Figure S2: PK profiles of morphine after ICV administration simulated with
the LeiCNS-PK3.1 model plus brain-spinal cord surface compartment. (A) Model structure, (B)
parameters estimated by model fitting, (C) simulated vs. observed PK profiles in cisterna magna
and (D) subarachnoid space. A black syringe icon and two magnifying glass icons in (A) represent
the site of administration and measurement, respectively. BCSFB: blood—cerebrospinal fluid barrier;
BSC: brain-spinal cord surface compartment; CFppa: correction factor for paracellular permeability;
CLgsc: clearance from BSC to the systemic circulation; CM: cisterna magna; LV: lateral ventricles; MV:
brain microvessel; Qex: exchange clearance between SAS and BSC, fixed to 100 mL/min assuming
fast exchange due to the proximity; SAS: subarachnoid space; sasQcspaps: drug-independent transfer
clearance from SAS to the systemic circulation by passive CSF absorption; TFV: third and fourth
ventricles; Vpgc: distribution volume of BSC; Figure S3: PK profiles of acetaminophen and antipyrine
after ICV administration simulated with the LeiCNS-PK3.1 model plus periventricular clearance.
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(A) Model structure, (B) parameters estimated by model fitting, (C) simulated vs. observed PK
profiles of acetaminophen and (D) antipyrine in cisterna magna and plasma. A black syringe
icon and a magnifying glass icon in (A) represent the site of administration and measurement,
respectively. BCSFB: blood—cerebrospinal fluid barrier; CFppa: correction factor for paracellular
permeability; CLpy: periventricular clearance; CM: cisterna magna; LV: lateral ventricles; MV: brain
microvessel; SAS: subarachnoid space; TFV: third and fourth ventricles. References [68-76] are cited
in Supplementary Materials.
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correction factor for PPA; cisQcgg: CSF flow rate from CM to SAS in the unidirectional CSF flow model;
cisQcsgp: downward CSF movement rate from CM to SAS; CL: clearance; CM: cisterna magna; CNS:
central nervous system; CP: choroid plexus; CPyry: choroid plexus microvessel; CSF: cerebrospinal
fluid; DTPA: diethylenetriamine pentaacetate; ECF: extracellular fluid; GSA: guanidinosuccinic acid;
IC: intracisternal; ICV: intracerebroventricular; IIV: interindividual variability; IT: intrathecal; IV:
intravenous; Kpy, gcr/csr: the ratio of the unbound drug concentration in brain ECF or CSF to that in
plasma at steady state after IV administration; LV: lateral ventricle; MV: microvessel; MW: molecular
weight; PBPK: physiologically based pharmacokinetic; PPA: paracellular permeability; Qcsg: constant
CSF flow rate in the unidirectional CSF flow model; RUV: residual unexplained variability; SAS:
subarachnoid space; sasQcsr: transfer CL from SAS to the systemic circulation; TFV: third and fourth
ventricles; U/D ratio: the ratio between upward (caudocranial) and downward CSF movement rates,
venQcsgp: downward (craniocaudal) CSF movement rate between LV, TFV and CM.
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