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Abstract

Schizophrenia (SCZ) response to pharmacological treatment is highly variable.
Quetiapine (QTP) administered as QTP lipid core nanocapsules (QLNC) has been
shown to modulate drug delivery to the brain of SCZ phenotyped rats (SPR). In
the present study, we describe the brain concentration-effect relationship after
administrations of QTP as a solution or QLNC to SPR and naive animals. A semi-
mechanistic pharmacokinetic (PK) model describing free QTP concentrations in
the brain was linked to a pharmacodynamic (PD) model to correlate the drug
kinetics to changes in dopamine (DA) medial prefrontal cortex extracellular con-
centrations determined by intracerebral microdialysis. Different structural mod-
els were investigated to fit DA concentrations after QTP dosing, and the final
model describes the synthesis, release, and elimination of DA using a pool com-
partment. The results show that nanoparticles increase QTP brain concentrations
and DA peak after drug dosing to SPR. To the best of our knowledge, this is the
first study that combines microdialysis and PK/PD modeling in a neurodevelop-
mental model of SCZ to investigate how a nanocarrier can modulate drug PK and
PD, contributing to the development of new treatment strategies for SCZ.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Schizophrenia (SCZ) treatment presents 30% of nonrespondent patients. The an-
tipsychotic quetiapine (QTP) increases brain dopamine (DA) concentrations, and
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it is used to treat SCZ. Previously, we showed that QTP lipid core nanocapsules
(QLNC) can increase the drug penetration through the blood-brain barrier of
SCZ phenotyped rats (SPR), and we developed a population pharmacokinetic
(PK) model to describe free plasma and medial prefrontal cortex (mPFC) QTP
concentrations in naive animals and SPR.

WHAT QUESTION DID THIS STUDY ADDRESS?

Is it possible to correlate the increase on free QTP concentrations in the brain of
SPR with the changes in mPFC DA levels following QLNC intravenous dosing?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study shows that pharmacodynamic (PD) properties are altered in disease
animals. A semimechanistic PK/PD model described the relationship between
unbound QTP and DA concentrations following drug administration as solution
or nanoencapsulated (QLNC) to naive animals and SPR, shading light on the
mechanisms involved on the increase in DA brain levels in SPR when the drug is
nanoencapsulated.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

The PK/PD model allows a better understanding of the lack of response to antip-
sychotics in SCZ treatments and the role of the nanodelivery system to overcome
QTP-reduced brain penetration and effect in the disease condition. This work
also demonstrates the importance of evaluating the effect of unbound drug deliv-

INTRODUCTION

Schizophrenia (SCZ) is a severe mental disorder that
affects how a person thinks, feels, and behaves, and in
addition to presenting with the subjective experience of
psychotic symptoms, it significantly shortens a patient's
life expectancy in comparison with the general popula-
tion." A dysregulation in brain dopaminergic circuits
with reduced dopaminergic signaling in the mesocortical
pathway has been proposed as an underlying dysfunc-
tion in SCZ, especially related to negative and cognitive
symptoms. Antipsychotic drugs used in SCZ treatment
are based in blocking the D, dopamine (DA) receptors,
modulating these neurotransmitter levels in the brain,
and contributing to reduced psychotic symptoms.>*

Quetiapine (QTP) is a second-generation antipsychotic
that has an atypical profile against the positive, negative,
and cognitive symptoms of SCZ with a low propensity
to induce extrapyramidal adverse effects. Although its
mechanism of action is not fully understood, QTP has
the ability to increase catecholamine levels, such as DA,
in the prefrontal cortex, which plays a role in its clinical
effectiveness.®”’

Approximately 30% of SCZ patients do not respond
to pharmacological treatment.>® Pharmacokinetic (PK)
and pharmacodynamic (PD) components can be associ-
ated with resistance to SCZ pharmacotherapy. The high

ered by nanocarriers at the site of action in the disease condition.

therapeutic variability related to the PD component can be
associated with alterations in antipsychotic drug-receptor
binding or signal transduction caused by SCZ.'° The dis-
ease can also affect biophase antipsychotic concentrations
(PK) as aresult of changes in the blood-brain barrier (BBB)
transporter expression,u’12 impacting drug penetration to
the central nervous system (CNS).

Assuming that drug delivery to the CNS could be limited
in SCZ patients, we developed QTP lipid core nanocapsules
(QLNC) and investigated the drug unbound cortical and
hippocampal concentrations in naive rats and SCZ pheno-
typed rats (SPR) models of disease.>* A semimechanistic
population PK (popPK) model was used to understand the
changes in plasma and brain PK after administration of
QTP in solution (FQ) or nanoencapsulated (QLNC) to SPR
and naive animals.' We have shown that QTP unbound
brain exposure is reduced in SPR in comparison with naive
animals, supporting the hypothesis that BBB dysfunction
contributes to treatment failures. Furthermore, QTP na-
noencapsulation returned drug penetration in SPR to the
levels observed in naive animals.

Preclinical PK/PD models described in the litera-
ture for antipsychotic drugs use in vivo PK (plasma or
tissue drug concentration) and in vitro PD (dopaminer-
gic or serotoninergic receptor occupancy) data to estab-
lish a temporal relationship between drug concentration
and effect. Antipsychotic drugs such as risperidone and
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olanzapine have been described by these models, which
were used to perform simulations and predictions of ef-
fect in humans.'>'® However, the in vivo temporal rela-
tionship between unbound drug brain concentration and
neurotransmitter concentration in an SCZ animal model
has not been established so far.

In the present work, we aimed to increase the under-
standing of the role of QTP and its nanoencapsulated form
on SCZ pharmacotherapy. The novel contribution of the
present analysis is the developing of a model relating free
brain concentrations of QTP to the response (DA) profiles.
We developed a PK/PD model merging the previously de-
veloped semimechanistic popPK model with medial pre-
frontal cortex (mPFC) extracellular DA levels measured
by microdialysis in naive rats and SPR following FQ and
QLNC administration. The PK/PD model allows explor-
ing the PD component of SCZ variability in response to
treatment and the influence of QTP nanoencapsulation
on these neurotransmitter levels.

METHODS

A brief description of QLNC (1mg/mL) preparation
and characterization as well as the protocol for the neu-
rodevelopmental animal model of SCZ are presented in
Supplementary Material S1.

Experimental design
Animals

The effect of FQ and QLNC on mPFC extracellular DA
concentrations on naive animals and SPR was investi-
gated using intracerebral microdialysis. Naive rats and
SPR offspring were divided into the following eight groups
according to disease status, sex, and treatment type:
FQna’ive,male (n=7); FQna‘ive,female (n=6); FQSPR,male (n=5);
FQSPR,female (I’l=6); QLNCna'l've,maIe (l’l= 7); QLNCna'ive,female
(l’l = 6); QLNCSPR,male (l’l = 6); and QLNCSPR,female (l’l = 6)-

Surgical procedure

Microdialysis methodology for assessing DA concentration
in the brain was performed as detailed by Carrefio et al.'’
Briefly, rats were anesthetized with ketamine, xylazine,
and acepromazine (100, 10, and 2mg/kg, respectively; i.p.),
received preemptive analgesia with ketoprofen (5mg/kg,
s.c.) and local anesthesia with lidocaine (5mg/kgs.c.) and
bupivacaine (2mg/kgs.c.). A guide cannula was surgically
implanted in the rat mPFC (A, +3.2mm; L, +0.8mm; V,

—5.2mm relative to bregma) with a stereotaxic frame 2days
before the microdialysis experiment. On the day of the exper-
iment, the guide cannula was carefully replaced by a CMA
12 microdialysis probe (3 mm, polyarylethersulfone (PAES)
membrane, 20kDa cutoff-CMA®, CMA Microdyalisis),
which was perfused with an artificial cerebroespinal fluid
(ACEF) solution for equilibration at a flow rate of 1 pL/min.
After 1h, four dialysate samples were collected in 20min
intervals to determine DA basal levels. The animals then re-
ceived a single 5mg/kg of FQ or QLNC dose via the lateral
caudal vein, and 15 microdialysate samples (20min inter-
val/sample), up to 280 min, were collected in iced amber mi-
crocentrifuge tubes containing an antioxidative mixture (1:4
parts mixture:sample) to prevent DA degradation. Samples
were stored at — 80+ 2°C until analysis.

Analytical determination

The quantification of DA in microdialysate samples was
performed using a validated liquid chromatography-elec-
trospray ionization-tandem mass spectrometry method."’
Microdialysate samples were directly injected into the sys-
tem without the need of an internal standard or clean-up
process. No attempt to correct for in vitro probe recovery
was made in the present study given that in vitro recov-
ery cannot be directly extrapolated to in vivo samples.
Therefore, DA extracellular concentrations were reported
as directly measured in microdialysate samples.

PK/PD modeling

Data analysis was performed through the population
approach using the software NONMEM (Version 7.4,
ICON Development Solutions) with the first-order con-
ditional estimation method and interaction. The Perl-
speaks NONMEM toolkit Version 4.9.0 was used for
the complementary analysis. Model management was
done in PIRANA® Version 2.9.9 (Pirana Software and
Consulting). Ggplot2 and xpose4 libraries for R Version
4.1.1 and RStudio Version 1.4.1717 (The R Foundation for
Statistical Computing) were used for graphical analysis.

Interindividual variability (IIV) was modeled exponen-
tially, and residual variability was described with an addi-
tive error model. DA microdialysate concentrations were
described by the integral over each collection interval'®;
therefore, no assumptions regarding collection times were
made.

Typical unbound brain QTP concentration profiles for
each experimental group were generated from the semi-
mechanistic PK model developed previously" (Figure S2)
and were used as the drivers of the DA response.
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The following mechanisms and assumptions were
taken into consideration during model building: (i) in the
absence of perturbation (i.e., lack of drug administration),
the DA concentration remains constant as a result of the
balance between the release and reuptake mechanisms
and accounted for the zero- and first-order rate constants
K;, for release and K, for reuptake, respectively; (ii) QTP
exerts its action exacerbating DA release mechanisms; (iii)
delays in response with respect the free brain QTP con-
centration (Cy.i,) profiles can be present as a result of
either further distribution processes and/or noninstanta-
neous receptor binding kinetics; (iv) the presence of acute
autoregulation might have a role in the fast recovery of
the baseline levels after treatment; and (v) an effect of the
nanoparticles (NP) at the level of the target and beyond
their implication in PK cannot be ruled out.

Covariate analysis was performed by the stepwise co-
variate model, considering a significant reduction of the
objective function value (OFV) as described later. From
the base model, we included each covariate one by one.
The model with the covariate was compared with the base
model, and a drop in 3.84 points in OFV was considered
significant. The second step in the analysis was the elim-
ination of each covariate included. Judiciously, when re-
moving a covariate, the OFV increase in 6.64 points was
considered a significant covariate. The variables evaluated
were sex, type of formulation (FQ or QNLC), and the SCZ
condition, which was addressed by the values of the pre-
pulse inhibition (PPI) test. This test evaluates the startle
reduction and the dysfunction in the sensorimotor gating
present in SCZ animals, which was used to confirm the
SCZ phenotype.

Model selection was guided by (i) changes in the mini-
mum value of the objective function approximately equal
to —2 xlog(likelihood) (—2LL) (For two nested models dif-
fering in one parameter, a decrease in 3.84 or 6.64 points
in —2LL is significant at the 5% or 1% level, respectively.);
(ii) visual exploration of goodness-of-fit (GOF) plots; and
(iii) precision of model parameters reflected as the relative
standard error computed as the ratio between the stan-
dard error and the parameter estimate.

The simulation-based diagnostic tool, visual predictive
check, was generated to evaluate model performance. A
total of 1000 data sets of the same characteristics as the
original were simulated using the structure and the cor-
responding parameters of the selected model. For each
simulated data set and sampling time, the 2.5th, 50th,
and 97.5th percentiles were calculated. Then, the 95% pre-
diction intervals of the aforementioned percentiles were
obtained and displayed graphically together with the cor-
responding percentiles calculated from the raw data.

Parameter precision was further investigated analyz-
ing 1000 bootstrap data sets, calculating for each model

ASCPT

parameter the median value and the 95% confidence
intervals.

Statistical analysis

A Student t-test was performed to account the differences
in PPI values between naive rats and SPR considering a
confidence level of 95% (x=0.05). The significance of
the parameters across the four experimental groups was
evaluated through the analysis of variance statistic tests
(¢=0.05) followed by Bonferroni tests. Statistical analy-
ses were performed in the R program Version 4.2.1 and
RStudio Version 2022.07.1+ 554 (The R Foundation for
Statistical Computing, Vienna, Austria).

RESULTS

A total of 924 DA microdialysate observations from 49 rats
were used for the PK/PD model development for FQ and
QLNC formulations. No data below the limit of quantification
were reported, and missing data were excluded from the anal-
ysis because they represented less than 5% of the total. One
animal was excluded from the analysis because it showed a
PPI value discrepant of its experimental group (75.38%).

Figure 1 shows the median time course of DA in the ex-
perimental groups studied. Administration of QTP elicited
a transient increase in DA levels. Maximum median DA
change from baseline was 98.6, 21.4.0, 114.8, and 141.2%
for the FQ,zive» FQgpr» QLNC, ive» and QLNCgpg groups,
respectively. The time at which DA peaks occurred were
3, 2.3, 4, and 4.3h, for the corresponding groups FQ,.ive
FQgpgr, QLNC, 4ive- and QLNCgpy, respectively.

PK/PD model

A model considering the presence of a pool of precursors
of DA behaved significantly better that the simple indirect
response model (p<0.001). Equations (1) and (2) repre-
sent the core model for DA dynamics.

dPool
d‘;" =Ky — Kpeg X [1+(Coyp) X §INP)| x Pool (1)

DA _ K x [1+(Cap) X &NP)] X Pool — Ky X DA x MOD

dt
2
where K;, and K are the zero- and first-order rate con-

stants governing the synthesis and release of DA precur-
sors, respectively, and K, represents the first-order rate
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FIGURE 1 Dopamine concentrations in medial prefrontal cortex determined by microdialysis after FQ and QLNC 5mg/kg i.v. dosing to
male and female naive rats and SPR: FQ, i, (m=13), FQgpg (n=11), QLNC,, ;v (1=13), QLNCgpy (n=12). FQ, solution; QLNC, quetiapine

lipid core nanocapsules; SPR, schizophrenia phenotyped rats.

constant resembling DA reuptake. The terms f{Cqy,), g(NP),
and MOD relate to the PD effects of QTP, impact of the NP,
and the feedback (regulation) mechanisms, respectively. In
the absence of treatment, f{C,) X g(NP) and MOD show the
values of zero and 1, respectively, and the system is charac-
terized by the initial conditions Pool, and DA, where the
parameters K;, and K, are derived from the expressions
K, X Pool, and K, X Pool,/DA,, respectively.

With respect to the PD element of the model, it was
found that the DA response was significantly better char-
acterized with the use of an effect compartment model
compared with the predicted C, y,...;;, profiles or considering
a nonequilibrium in receptor binding (p <0.001). In addi-
tion, the maximum effect (E,,,) or sigmoidal E,, model
did not provide any improvement in the fit compared with
the linear PD model (p> 0.05). Therefore, the term f{Cqrp)
in Equations (1) and (2) takes the form Eqpp X C,, prain e the
former is the parameter representing the slope of the K,
versus Cy prine the predicted unbound concentration in
the effect site according to Equation (3).

dC, prai

% =Kgo X (Cu,brain - Cu,brain,e) (3)
where the parameter K, is the first-order rate constant gov-
erning the distribution equilibrium between the brain and
the target site.

The negative feedback mechanism was incorporated
in the model through a modulator with dynamics de-
scribed by Equation (4) and controlled by the first-order
rate constant, K4 The increase of DA levels over base-
line triggers the increased of MOD, which exacerbates
the reuptake mechanisms, allowing a faster recovery of
baseline.

dMOD
dt

DA ] @

=K X | — —MOD
mod [DAO

The model described by Equations (1) to (4) provided
a fair description of the data except for the delay in DA
increase observed in the groups receiving the drug na-
noencapsulated. We postulate that NP at the target site
compete reversibly with QTP and are degraded following
a first-order process controlled by the first-order rate con-
stant Kyp as shown in Equation (5).

?—tP = — Kyp X NP (5)

The expression g(NP) in Equations (1) and (2) takes the
form 1/(1+ NP), and the initial condition of the NP effect
(NP,) represents a parameter to be estimated.

IIV was found to be significant on the following model
parameters: K;,, Eqrp, Ko, Kipoas DAg, and NP, (p <0.05).

Figure 2 provides the schematic and mathematical rep-
resentation of the selected model, identifying and defin-
ing all model parameters.

The covariate analysis shows that whereas sex and
weight did not impact model parameters (p>0.05), PPI
(a surrogate marker of the disease) was associated with a
greater drug effect and higher values of DA, (p <0.001) as
shown in Equations (6) and (7).

Eqrp = 0qrp X [1 +0g . sPR X (PPI - PPImd)] (6)

DAy =0pag* [1 + 0pa,,spr X (PPI - PPImd)] (7
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Equations
dPool
o = Kin— Krer % [1+ £(Coep) X g(NP)] x Pool
dDA
o = Krer % [1+ f(Cqrp) X gINP)| X Pool — K X DA X- MOD
dCy praim,
% =Ko X (Cu,Brain - Cu,Brain,e)
dmop . [pA
dt ™7 |pa,
dNP
i = K x NP

f(Corp) = EQqp X Cu' Brain ¢
g(NP) =1/(1 + NP)
Initial conditions

DA,
Pool,

NP,
f(CQTP) =0
MOD =1
Derived parameters
K, = Kry X Pool,
K, = Koy X Pooly/DA,

FIGURE 2 Schematic representation of the final pharmacokinetic/pharmacodynamic model developed for quetiapine. All parameters
and terms are defined in the text. DA, dopamine; FQ, solution; QLNC, quetiapine lipid core nanocapsules; SPR, schizophrenia phenotyped
rats. Ky, zero-order rate constant; Koo, Kyejs Koys Kiog and Kyp are first-order rate constants; {Cqrp) and Eqrp, the effect of QTP; g(NP), the
impact of NP on effect; Cu, brain, the free brain QTP concentrations.

TABLE 1 Parameters estimated for the semimechanistic pharmacokinetic/pharmacodynamic model for each group.

Individual estimates, median (SD)

Parameters FQ-niive FQ-SPR QLNC-naive QLNC-SPR

Pool,, (ng/mL) 2.19 (2.97) 2.07 (2.79) 2.57(1.54) 3.19(1.21)

K, (ng/mL * h) 0.299 (0.134) 0.853 (0.902) 0.609 (0.245) 0.913 (0.683)

DA, (ng/mL) 0.298 (0.062) 0.222 (0.068)* 0.340 (0.057) 0.294 (0.032)*

Eqre 37.3 (10.9) 33.6 (18.4) 50.8 (21.5) 100.7 (38.3)*"¢

K., (h™) 0.450 (0.131) 0.500 (0.188) 0.568 (0.238) 1.01 (0.323)0¢
Kpoa (h7H) 0.529 (0.304) 0.910 (0.869) 0.772 (0.646) 1.27 (0.91)

Kyp (h7) - - 3.79 (0.78) 2.56 (0.42)°

NP, (ng/mL) = = 8.4x10* (2.4x10% 6.3%x10%(1.7x 10%?

Abbreviations: DA, dopamine; FQ, solution; QLNC, quetiapine lipid core nanocapsules; SPR, schizophrenia phenotyped rats; K;,,, zero-order rate constant; K,
Knoa and Kyp are first-order rate constants.

“Statistically different from group FQ-naive.

bStatistically different from group FQ-SPR.

“Statistically different from group QLNC-naive; one-way analysis of variance followed by Bonferroni test, p <0.05.

ClStatistically different from group QLNC-ndive; t-test, p <0.05.

where PPI_,; is the median PPI value across the entire ani-
mal study population (33.4%).

The population PK/PD parameters estimated for the
final model are shown in Table S1, where it can be observed
that the point estimates of both fixed and random effects
were obtained precisely (the NMTRAN code correspond-
ing to the selected model is available in Supplementary
Material S1). Visual inspection of the different GOF plots
(Figure S3a) revealed the absence of tendencies, suggesting

the lack of major model misspecifications. However, the
results of the visual predictive checks (Figure S3b) showed
that maximum DA levels were underpredicted for the case
of the animals administered with NP despite the NP effects
incorporated into the model. Such deviation was investi-
gated in detailed following a two-stage approach. Table 1
lists the model parameter estimates for each experimental
group expressed as mean and SD. DA baseline values pre-
sented differences between naive rats and SPR groups as
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expected, accounting for the disease (p<0.05). Eqrp and
K., were different for the animals who were schizophrenic
and received the drug nanoencapsulated. The NP influ-
ence was also different for the naive and schizophrenic an-
imals, indicating that the NP interaction is different in the
presence of disease.

Figure 3 shows the individual observed and model
predicted profiles obtained from the two-stage approach
for each experimental scenario together with the typi-
cal profiles generated using the mean estimates listed
in Table 1. The agreement between observations and
predictions is remarkable. The individual model predic-
tions obtained from the population and two-stage ap-
proaches are shown in Figure S4, indicating very similar
performance.

The dynamics of the main elements of the selected model
are showed in Figure 4. Upper panels (Figure 4a) describe
the time course of QTP-free concentrations in the brain and
effect compartments in each experimental group. Note that
the peak of QTP in the effect compartment is agreeing with
the peak of DA, as shown in Figure 4b. Concentrations de-
crease in the pool compartment across time, whereas DA
increases. Figure 4c shows the time course of NP and the
modulator across groups, in which both have higher effects
when using NP in schizophrenic groups.

DISCUSSION

In the present study, we describe the in vivo concentra-
tion-effect relationship after administrations of QTP as a
solution or nanoencapsulated into lipid core nanocapsules

to SPR and naive animals seeking to explore the PK and
PD components of variability in schizophrenic patient
response to pharmacological treatment. We proposed a
semimechanistic PK/PD model to describe the observed
increase in DA concentrations in SPR following the ad-
ministration of a nanocarrier containing QTP.

Preclinical PK/PD models for antipsychotic drugs nor-
mally combine the drug transport across the BBB and the
time course of D, receptor occupancy, which later can be used
for translating PK/PD information from animals to human."
Although such models have a greater value on antipsychotic
drug development, they do not consider drug-related alter-
ations on PK and PD caused by SCZ status on active influx
and efflux transporters as well as on the D, receptors.

The model published by Movin-Osswald and
Hammarlund-Udeneas® to describe prolactin release
after remoxipride administration to healthy human vol-
unteers was found adequate to describe the time course
of DA in the current investigation and from a mechanis-
tic point of view resembles the synthesis, release, and re-
uptake DA processes.”’

Previously, we demonstrated that SPR did not respond
to the FQ formulation, in the dose investigated, on the PPI
test.! Although the neurological pathway that governs PPI
response and changes in DA levels in the mPFC might not
be correlated, one can infer that alterations in other neu-
rotransmitter receptors as a result of SCZ can be expected.
The PK/PD model considers that DA baseline levels in
the rats before QTP administration and the DAy jine €Sti-
mated for naive rats and SPR were significantly different,
confirming that SCZ alters DA pathways™* (DA, [ng/mLl:
0.288 * [1 + 0.0095 * PPI - PPI 4]) in this animal model.

FQ | Naive FQ|SPR

QLNC | Naive QLNC | SPR

o

~

o
1

0.50+

0.25+

DA concentration (ng/mL)

FIGURE 3 Individual observed and model-predicted profiles obtained from the two stages approach for each group. Points are
observations, colored lines are individual predictions, and black line is the typical profile of each experimental group. DA, dopamine;

FQ, solution; NP, nanoparticles; QLNC, quetiapine lipid core nanocapsules; SPR, schizophrenia phenotyped rats.
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FIGURE 4 Time course of quetiapine-free concentrations in (a) the brain and effect compartment, (b) DA and pool concentrations,

and (c) MOD and NP for the different experimental groups. DA, dopamine; FQ, solution; NP, nanoparticles; QLNC, quetiapine lipid core

nanocapsules; SPR, schizophrenia phenotyped rats.

In the selected model, the DA precursor is syn-
thesized in a rate described by K;, (0.313ng/mL - h).
Catecholamines, such as DA, norepinephrine, and epi-
nephrine, are produced from the precursor amino acid
tyrosine by a hydroxylation in the meta-position and a
sequential L-decarboxylation.”” Those processes are ac-
counted for by the pool compartment, in which the pre-
cursor is transformed in DA that is released from the
pool in a rate determined by K,;. When the unbound

QTP concentration binds to D, receptors'®* in the brain,

it stimulates the formation and release of DA from the
pool. QTP also presents affinity to cerebral serotonergic
2A receptores (5HT,,), histaminergic (H1), and dopami-
nergic receptors.*>** The inclusion of the effect compart-
ment was necessary to account for the time delay between
QTP binding to receptors and DA release, despite the fact
that we are already using free-QTP concentrations in the
mPFC interstitial space as PK input. A similar situation
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was encountered by Bouw et al.,”* when the unbound
morphine-6-glucuronide brain concentrations was used
as the driver of the antinociceptive effect. In that case the
estimate of K., was 1.17x10"*h™".

NP did not cause alterations in PD parameter values
in naive groups because the values for Eqrp are similar to
those observed after FQ dosing (37.3 +10.9and 50.8 +21.5
for FQ and QLNC, respectively). However, because lipid
core nanocapsules were able to modulate QTP delivery
to the brain, an increase in DA levels in the mPFC was
observed, and this effect was included in the model by
the “nano effect,” necessary to describe the QLNC group.
Some researchers have suggested the intrinsic NP impact
on drug response,” and even though we did not find any
study that describes the effect of blank NP in neurotrans-
mitter receptors in the brain, our results suggest that NP
administered as drug carriers penetrate the brain space
and interfere in its receptors, as previously demonstrated
by Carrefio et al.?® The molecular mechanism of this in-
teraction remains to be investigated.

The lack of ability of the population parameter esti-
mates to describe the typical tendency of the DA versus
time profiles (Figure S3) can be attributed to several as-
pects, such as nonsymmetrical distribution of the random
effects around zero and certain model misspecifications
derived by the lack of a control group receiving blank
nanocapsules, hampering a better characterization of the
aforementioned formulation effect.

The biggest limitation of this work is related to SCZ,
which is a very complex disease and difficult to mimic in
an animal model, although the animal model used pres-
ents face, predictive, and construct validity.”’28 It is also
important to point out that DA concentrations were inves-
tigated only in mPFC, which is not the brain region where
the QTP effect is more pronounced,” although previous
work from our group has demonstrated that QTP levels in
the hippocampus and mPFC did not differ after FQ and
QLNC administration.”” From a translational point of
view, the current contribution untangles drug effects into
disease status, PK, and PD, allowing an in silico investiga-
tion integrating human PK and drug PD properties. Also,
we highlight the importance in evaluating PK and PD in a
disease animal model. When translating these findings to
humans, it should be considered that the disease can have
different progress in each individual, as well as the treat-
ments used by the patient and the resistant and tolerance
developed.

To the best of our knowledge, this is the first study
that combines microdialysis and PK/PD modeling in a
neurodevelopmental model of SCZ to investigate nano-
carrier's modulation of antipsychotic drug delivery, con-
tributing to the development of new treatment strategies
for SCZ. This study should be seen as a starting point

for a new approach for preclinical antipsychotic evalu-
ation using mathematical modeling and simulation by
correlating in vivo PK and PD data obtained from a pre-
dictive animal model of SCZ. The findings of this work
can provide important information about QTP PD and
the effect of its nanoencapsulation into lipid core nano-
capsules, contributing to the improvement of this drug
for use in treating SCZ patients.
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