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Abstract

The present study explores the potential of 10-day-old zebrafish (Danio rerio) as a predictive blood-brain-barrier model using a
set of 7 pharmaceutical agents. For this purpose, zebrafish were incubated with each of these 7 drugs separately via the route of
immersion and the concentration reaching the brain was determined by applying a brain extraction procedure allowing isolation
of'the intact brain from the head of the zebrafish larvae. Sample analysis was performed utilizing capillary ultra-high performance
liquid chromatography (cap-UHPLC) on a Pepmap RSLC C18 capillary column (150 mm x 300 pm, d, =2 um) coupled to a
variable wavelength UV detector. Gradient separation was performed in 28 min at a flow rate of 5 uL/min and the optimal
injection volume was determined to be 1 pL. The brain extraction procedure was established for the zebrafish strain TG898
exhibiting red fluorescence of the brain, allowing control of the integrity of the extracted parts. Quantitative experiments carried
out on pooled samples of six zebrafish (n = 6) demonstrated the selective semipermeable nature of the blood-brain barrier after
incubating the zebrafish at the maximum tolerated concentration for the investigated pharmaceuticals. The obtained brain-to-
trunk ratios ranged between 0.3 for the most excluded compound and 1.2 for the pharmaceutical agent being most accumulated in
the brain of the fish.

Keywords Zebrafish - Blood-brain barrier - Capillary UHPLC - Method development - Sample preparation

Introduction the brain, problems of successful target attainment are one of

the major concerns during the development of novel drugs

The blood-brain barrier (BBB) does not only protect the hu-
man brain against chemical or biological intruders but also
maintains stable conditions in the abluminal environment.
As the main function of the BBB is the support of homeostasis
in the brain, only molecules with certain qualities can pass it
[1]. Since the BBB can prevent effective drug distribution into
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addressing the central nervous system (CNS). This is
underlined by the fact that more than 98% of newly discov-
ered CNS drugs are incapable of penetrating the BBB [2]. Due
to the selective nature of the BBB, one of the major challenges
of treating CNS diseases is to achieve a safe and efficacious
drug concentration [3]. The barrier is created by endothelial
cells and a number of tight junctions that tighten up the overall
structure and control the passive diffusion rate of solutes
through the paracellular space. Potential drug candidates have
to comply with certain criteria to permeate through the BBB
(log P 2-5, PSA <90, HBD <3, and MW <450) [4].
Transport proteins and receptors present at both sides of the
BBB supply the brain with large molecules (e.g., insulin).
Some important plasma proteins (e.g., albumin) can be
transported via transcytosis [5—8]. A significant hurdle for
targeting drugs to the brain is the presence of different efflux
transporters in the BBB. Permeability glycoprotein (P-gp) is
considered the most important among them and pumps the
drugs back into the blood stream, which results in their re-
stricted distribution or complete absence in the brain [9].
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ADME (absorption, distribution, metabolism, and excretion)
studies are performed to examine and predict drug behaviorin the
human body. Different models are currently available to investi-
gate the BBB permeability of pharmaceutical compounds.
However, none of these models seem to be generally adopted in
the pharmaceutical industry. In silico models (e.g., QSAR) are
cheap, fast, and do not require expensive lab work or clinical
trials. However, they rely on in vivo data sets, the availability of
which might be limited at the beginning of the drug discovery
phase [10]. Parallel artificial membrane permeability assays
(PAMPA) can be used as support tools for in silico models.
These models show good predictability and high throughput
[11, 12], but do not exhibit efflux transporters present in endo-
thelial cells. Brain capillaries and endothelial in vitro cell lines are
also often utilized, but their major drawback is the lack of com-
plexity as encountered in the whole organism. This results into
differences in expression levels of Pg-p and Pg-p downregula-
tion, as well as poor tightness of monolayer models leading to
possible misinterpretation of the obtained outcomes [13—15]. In
general, both in silico and in vitro outcomes have to be confirmed
by in vivo experiments. The available mammalian models are
intrinsically low-throughput and besides their insufficient time-
cost-yield, the deteriorating public opinion on animal experi-
ments has led to an increased use of non-warm-blooded animals.
Particularly grasshopper and drosophila flies have been success-
fully shown to possess a BBB functionally similar to mammals
[16, 17]. A significant weakness of all insect models is their
exoskeleton consisting of chitin, excluding the topical adminis-
tration route from possible administration options. Hence, there
is still a demand for high-throughput vertebrate models.

Zebrafish (Danio rerio) is a small vertebrate animal model,
which has become highly popular in biomedical research. The
strength of this in vivo model relies on its high genetic, phys-
iologic, and pharmacologic homology to humans [18-20].
This model animal is highly amenable to medium/high-
throughput screening, as only one single adult pair can pro-
duce up to 200-300 eggs/week, resulting in a continuous sup-
ply of large numbers of eggs/embryos during experiments.
Moreover, the developing zebrafish larvae have a size of 3—
4 mm; thus, experiments can easily be performed by immers-
ing the zebrafish in microtiter plates containing a suitable me-
dium spiked with the compound of interest. Due to the small
size of the zebrafish larvae, only microgram amounts of com-
pound are required for this type of experiments, avoiding the
loss of expensive lead compounds during early stages of drug
development. An assessment of internal concentrations can be
used to better understand ADME properties of pharmaceuti-
cals in the early stages of drug discovery [21]. HPLC (high-
performance liquid chromatography) and its miniaturized der-
ivate techniques coupled to suitable types of detectors can be
used to quantify small amounts of chemicals absorbed by the
fish. Liquid chromatography (LC) has been reported frequent-
ly for the determination of internal concentrations of small
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molecules, such as pharmaceuticals, pesticides, and metabo-
lites in whole zebrafish [20, 22-30].

Several studies have been performed on the BBB of Danio
rerio. It has been shown that zebrafish possess a similar CNS
morphology to mammals, whereby the macro-organization of
the brain and its cellular structure have been studied [31]. A
size-dependent exclusion mechanism was demonstrated by
analyzing the distribution of HRP (44 kDa) and sulfo-NHS-
Biotin (0.443 kDa) injected into the heart. HRP was retained
in cerebral vessels, but the smaller Sulfo-NHS-Biotin could
diffuse into the brain [32]. It has also been shown that adult
zebrafish express tight junction proteins in the endothelial
vascular cells within the brain [32]. Tight junctions are how-
ever not present in sufficient numbers to tighten up the BBB at
the moment the embryo breaks through the hull of the egg.
The BBB undergoes graduate development until being fully
maturated and tight by 10 dpf (days post fertilization) [20].

The distribution of several drugs into the brain of
zebrafish has so far been studied using adult zebrafish only
(90 dpformore). These fish were administered with the drugs
of interest using intramuscular injection [33] or oral
gavaging [34, 35]. Although brain dissection is more
straightforward to perform in adult zebrafish, oral gavaging
and intramuscular injection techniques are not as amenable
to high-throughput analysis as immersion in well plates.
Sufficient time and maintenance costs also need to be fore-
seen to grow the zebrafish to an adult age (> 90 dpf versus
10 dpf for zebrafish larvae). One study investigated drug
uptake in the brain of zebrafish larvae (3—10 dpf) after im-
mersion, but considered the whole head of the zebrafish for
brain analysis, since brain dissection was considered impos-
sible due to the small size of the zebrafish. Whole-head sam-
ples therefore also contained non-CNS tissue such as skin,
bone, muscle, gills, eyes, and blood that can bias an accurate
assessment of the actual drug uptake in the brain [20]. The
main goal of this study therefore was to take a more precise
approach by investigating the distribution of 7 drugs
displaying different physicochemical properties and known
to have a variable penetration through the BBB of mammals
[36—40], into the actual brain of the fish. For this purpose, a
technique allowing the extraction of the pure brain of
zebrafish larvae (10 dpf) was developed using a fluorescence
microscope and ultra-fine end tweezers. To analyze the small
sample volumes, capillary LC-UV was used to benefit from
the reduced inner diameter of the column leading to lower
chromatographic dilution and hence lower detection limits
[41]. This technique proved to be sensitive enough to quan-
tify the concentrations of the drugs considered in this study in
pooled zebrafish samples (n = 6). To the best of our knowl-
edge, this is the first study wherein the pure brain of zebrafish
larvae is extracted and subsequently analyzed using a capil-
lary LC methodology to determine the uptake of pharmaceu-
ticals in zebrafish brain.
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Materials and methods
Chemicals

Carbamazepine (CBZ), haloperidol (HLP), and desipra-
mine (DSP) were purchased from Alpha Pharma
(Zwevegem, Belgium); bupropion (BUP), trazodone
(TRA), and warfarin (WAF) were from Sigma-Aldrich
(Steinheim, Germany); and quinidine (QND) from TCI
(Zwijndrecht, Belgium). The physicochemical properties
of the compounds were calculated using the ChemAxon
software imbedded in MarvinSketch 16.12.12, are shown
in Table 1, and largely comply with the criteria to perme-
ate through the BBB as stated in the “Introduction” sec-
tion. In fact, all compounds are known to display some
degree of penetration through the BBB of mammals
[36—40]. All physicochemical values were determined at
pH=7.6, corresponding to the pH value wherein the
zebrafish were maintained (see the “Zebrafish housing
and breeding” section).

Formic acid, methanol (MeOH), and acetonitrile (ACN)
were from VWR (Leuven, Belgium), ethanol was from
Fischer Scientific (Loughborough, UK), and ammonium
formate from Fluka (Buchs, Switzerland). All reagents
were MS-grade. pH modifications were done with a
Metrohm pH meter (Antwerp, Belgium). Polystyrene 24-
well plates (Falcon®) were from VWR. Weighing experi-
ments were performed using a Sartorius Cubis
Ultramicrobalance (Go6ttingen, Germany).

DSP and WAF were prepared as 5 mM stock solutions in
DMSO (Sigma-Aldrich), while BUP, TRA, and QND were
dissolved in ultrapure water in a concentration of 5 mM,
CBZ was dissolved in acetonitrile (5 mM), and HLP was
dissolved in ethanol (5 mM). All stock solutions were
stored at — 80 °C. Ultrapure water was produced using a
Millipore Milli-Q Gradient System (Milford, MA, USA).

Table 1  Physicochemical properties of the compounds investigated in
this study

Compound  PSA Log D HBD MW (g/mol)

(pH=7.6) (pH=7.6) (pH=7.6)

CBZ 46.33 322 2.00 236

TRA 42.39 4.66 0.24 372

WAF 66.43 0.72 0.01 308

BUP 33.68 2.04 1.81 240

DSP 19.85 1.25 2.00 266

QND 46.79 0.86 1.97 324

HLP 41.74 2.5 1.74 376

PSA polar surface area, Log D distribution coefficient, HBD number of
hydrogen bond donors, MW molecular weight

Zebrafish housing and breeding

Animal experiments were approved by the Animal Ethical
Committee of the University of Leuven (approval no.
P007/2016). Adult zebrafish specimen (strain TG898) was kept
under standard aquaculture conditions (temperature of 28.0 °C
and light/dark cycle of 14/10 h). Petri dishes containing Danieau
medium (1.5 mM HEPES, pH 7.6, 17.4 mM NaCl, 0.21 mM
KCl, 0.12 mM MgSO,, and 0.18 mM Ca(NOs),) and placed in
an incubator were used to maintain the freshly laid fertilized eggs
and grow the juvenile fish to the age of 10 days. All fish were
visually screened for possible malformations and only healthy
animals were used for further experiments.

Instrumental analysis

An UltiMate 3000 series RSLC nano system from Dionex
(Amsterdam, The Netherlands) was used for analytical exper-
iments. The system consisted of two pumps (a binary
capillary/nano UHPLC pump and a UHPLC loading pump),
a degasser, an autosampler, a thermostatted column compart-
ment, and a variable wavelength detector VWD-3400RS with
a 45-nL Z-shaped flow cell. Detection was performed at
254 nm at an acquisition rate of 25 Hz. System operation
and data acquisition were done using the Chromeleon soft-
ware 6.80 (Dionex).

A reversed-phase Acclaim Pepmap RSLC C18 capillary
column (150 mm x 300 pm, d, =2 um) in combination with
a C18 Pepmap100 p-precolumn (5 mm x 300 pm, d, =5 pum)
was used for all chromatographic separations. Both columns
were from Thermo Fischer Scientific (Erembodegem,
Belgium) and were thermostatted at 40 °C. The temperature
of the autosampler containing the samples was set at 5 °C.
Different injection volumes (Vi) 0f 0.5, 1, 2, and 5 uL were
evaluated. Mobile phases consisted of 10 mM ammonium
formate adjusted to pH 2.8 using formic acid (A) and 10:90
(v/v) water/ACN with 0.8% formic acid (B). Gradient elution
was performed from 95:5 (v/v) A/B to 18:82 (v/v) A/B at a
flow rate of 5 puL/min. Different gradient times between 25
and 30 min were evaluated.

Linearity, LLOQ, matrix effects

Compounds of interest were spiked into a mobile phase-like
solution (94:6 (v/v) H,O/ACN) at a minimum of 8 concentra-
tions. Each concentration was injected three times consecu-
tively and the average obtained peak areas were plotted versus
the concentration. The lower limit of quantification (LLOQ)
was defined as the lowest concentration point for which a
signal-to-noise ratio (S/N) > 10 was obtained, while the RSD
value was <20%. Matrix effects were investigated by com-
paring the slopes of the linearity curves obtained in matrix
solution (by spiking the compounds into evaporated blank
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samples of trunks and brains of 10-day old zebrafish (six fish
per experiment, n = 6), see the “Sample preparation” section)
at 3 different concentration levels, to those obtained for stan-
dard solutions of the compounds of interest dissolved in 94:6
(v/v) H,O/ACN.

Precision, accuracy, and specificity

Interday precision was determined for three different concen-
trations (0.016 pg/mL—Ilow-range concentration LRC, 1 pg/
mL—mid-range concentration MRC, and 2 pg/mL—higher
limit of quantification HLQ), each prepared separately on
three consecutive days and each injected three times (n =3).
Simultaneously to those measurements, intraday precision
was investigated by performing three additional injections
on 1 day at LRC and HLQ, resulting in a total of six injections
on the same day (n = 6) for these concentrations. Interday and
intraday precision were performed with compounds spiked
into the evaporated blank samples (both brains and trunks)
of 10-days-old zebrafish, using six fish (n = 6) per experiment
(see the “Sample preparation” section).

Intraday and interday accuracy were investigated by
spiking six blank zebrafish brain and trunk samples (n =
6) per concentration with the compounds of interest at con-
centrations corresponding to 3 times the LRC, 37.5% the
HLQ, and 75% the HLQ, respectively. Bias percentage
values of the spiked samples were calculated using the
following formula:

concentration found—concentration spiked
concentration spiked

Bias (%] = x 100 (1)

Method specificity was evaluated by comparing brain and
trunk chromatograms obtained from blank zebrafish samples,
blank zebrafish samples spiked with the compounds of inter-
est, and zebrafish samples obtained after immersion in medi-
um spiked with the compounds of interest.

Sample preparation

The procedure of compound extraction from the whole
body of the fish has been described somewhere else in
detail [42]. Briefly, zebrafish were sacrificed by flushing
them with 25 mL ice-cold ultrapure water on a 200-pum
sieve and subsequently processed as mentioned in the
“Brain uptake experiments” section. Six dissected brains
or trunks were pooled together in one 1.5-mL Eppendorf®
Safe-Lock® tube pre-filled with acid washed glass beads
(diameter 710-1180 wm, Sigma-Aldrich) and 270 uL of
extraction medium (1:2 water/MeOH containing 0.1% v/v
formic acid) were added into each tube. The homogeniza-
tion was performed by ultrasonication (Diagenode
Bioruptor Plus, Seraing, Belgium) at + 4° using the high
energy input setting. The overall treatment time was
15 min spread over 30 cycles of 30 s with pauses of 30 s
in-between. Afterwards, these samples were centrifuged at
14.1 x 1000g (Eppendorf Mini Spin Plus, Hamburg,
Germany) for 15 min and 200 puL of supernatant was trans-
ferred to an empty Eppendorf tube (1.5 mL) and stored on
ice. Subsequently, all samples were placed in a vacuum
oven (Model 1410, Sheldon Manufacturing Inc.,
Cornelius, OR, USA) and evaporated until dryness at +
45 °C during 45 min. The samples were then reconstituted
in a mobile phase-like solution (94:6 (v/v) H,O/ACN),
vortexed for 5 s, re-suspended at least 3 times with a mi-
cropipette, and sonicated (Branson 3510, Danbury, CT,
USA) for 15 min. Specifically for this study, the reconsti-
tution volume was chosen in such a way that the linearity
range of the method was not exceeded (Table 2). To avoid
clogging of the small I.D. capillary LC column, trunk sam-
ples were additionally filtered prior to analysis. To inves-
tigate whether any significant compound loss occurred
during filtering, the amount of compound adsorbed onto
the filter during the filtering process was measured using
three types of filters: regenerated cellulose (RC),
polytetrafluoroethylene (PTFE), and polyamide (PA).
Based on the obtained recoveries, trunk-derived samples

Table 2 Reconstitution volumes

for brain (B) and trunk (T) sam- Reconstitution Reconstitution Filter Filter RSD (%)

ples, including filter types used Compound volume B (uL) volume T (uL) type T recovery (%)

for the trunk samples. The recov-

eries obtained for the filters are BUP 40 500 PTFE 90.9 53

also given, together with the RSD CBZ 50 500 RC 95.5 29

values on these filter recoveries DSP 40 250 PTFE 883 6.9

®=3) TRA 50 500 PTFE 82.1 6.5
QND 40 500 PTFE 82.5 7.8
HLP 40 500 PTFE 71.3 14.3
WAF 50 500 RC 96.0 0.5

RC regenerated celluloses, PTFE polytetrafluoroethylene
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were filtered through 0.2 pm Minisart RC 4 (Sartorius,
Stonehouse, UK) or 0.2 um PTFE (General Electrics,
Buckinghamshire, UK) filters (Table 2, only the best
filter types are shown). Finally, samples were transferred
into glass vials (Supelco, Bellefeonte, PA, USA) with 200
or 400 pL glass inserts (Supelco) for further analysis on
capillary UHPLC-UV.

Method recovery

Method recovery was determined at two concentration levels
(0.05 and 1 pg/mL) for each compound and both brain- and
trunk-derived samples separately. First, a set of evaporated sam-
ples was prepared drug-free and then spiked with each com-
pound during the reconstitution step (Vieconstitution = 200 1L).
The obtained response A, (area of compound), which was un-
affected by the sample preparation, still indicated possible in-
fluences of the matrix on the chromatographic separation. A
second set of samples underwent the described preparation pro-
cedure (see the “Sample preparation” section) with an equal
reconstitution volume of 200 pL, whereby the extraction medi-
um was spiked with the same concentration as in A,. The re-
sponse A, obtained for this second set of samples indicated the
compound loss due to the sample preparation. Method recovery
was subsequently calculated as follows:

Ax2

Recovery [%] = 100% x (2)

x1

Strain:
TG 898

———

Measuring of dry weight

A common approach to express the whole-body uptake of a
pharmaceutical agent is to establish a relation between the con-
centration taken up by the fish and the body weight of the fish
[20, 29]. In this study, the body weight of the fish was expressed
as the dry weight, since this was considered to be more accurate,
as no water film sticking to the skin of the animals would bias
the weighting. Before measuring the dry weight, zebrafish were
sacrificed with ice-cold water, then brains were extracted as
described in the “Brain uptake experiments” section. The
weight was determined by first heating a glass dish at 105 °C
followed by cooling at room temperature in a desiccator and
repeating this procedure until a constant mass () was obtain-
ed. Subsequently, 40 trunks or 40 brains were added to the glass
dish and dried following the same procedure until constant mass
(m5). The initial mass m; was subtracted from the final mass m,
to obtain the dry weight.

Toxicity experiments

Survival ofthe zebrafish larvae was ensured by determining the
maximum tolerated concentrations (MTC) prior to the uptake
experiments. For this purpose, 7 different concentrations per
compound (0.8-50 uM) were investigated in a 96-well plate.
Each fish was put into a single well and six fish were monitored
per concentration. The vitality of the fish was examined after 1 h
ofincubation at+ 28 °C during the light phase. A concentration

Further sample

Fine tip tweezers preparation

=

Fig. 1 Workflow of brain extraction. a The intact head, including the brain. b The empty head after extracting the brain. ¢ The brain extracted from the
head. For further details, the reader is referred to the text (“Brain uptake experiments™ section)
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was considered to be non-toxic, if not more than 1 fish died
during the treatment while all control fish (i.e., fish that were
not incubated with compounds) were still alive.

Brain uptake experiments

To investigate the concentration of the different compounds in
the brain after immersion, a brain dissection technique was
developed to remove the brain from the body without com-
pound loss. For this purpose, the body of an euthanized larva
was carefully separated from the head under a Leica MZ 10F
microscope (Leica Microsystems, Wetzlar, Germany) by ap-
plying a cut with sharp-tipped Dumont Nr.5 tweezers (WPI,
Hitchin, UK) between the end of the opercle and the pectoral
fins. Subsequently, the brain was removed using ultra-fine end
Dumont Nr. 5SF tweezers (WPI). Figure 1 demonstrates the
process of brain extraction. The top pictures visualize the
brain extraction using an optical microscope, while the bottom
pictures illustrate the removal of the brain under a fluores-
cence microscope. For the latter experiments, a special strain
(TG898) of zebrafish that exhibits brain fluorescence was
used to check the integrity of the brain after removal.

Uptake experiments were performed in the wells ofa 24-well
plate filled with 1 mL of Daniecau medium spiked with one
compound ofinterestatthe MTC. Three fish (n = 3) were placed
into asingle well and incubated for 1 hat+ 28 °C during the light
phase. Brains from incubated fish from 2 well plates (n = 6)
were pooled into one Eppendorf® tube for further processing
(see the “Sample preparation” section). The rest of the bodies,
further referred to as trunks, were collected and pooled in the
same way into one Eppendorf® tube. A second 24-well plate
spiked with the compounds of interest at the MTC was prepared
to determine the amount of compound sticking to the skin ofthe
fish. Hereby, zebrafish larvae were immersed into the spiked
medium and immediately transferred on a sieve for further sam-
ple preparation. The final uptake was obtained by subtracting

Fig. 2 Optimized gradient 140

separation of the 7 target

compounds (Vi,j=1 uL). 120 QND
Column: Acclaim Pepmap RSLC

C18 capillary column (150 mm % e
300 um, d, =2 um) and Teoymn = 3

40 °C. Mobile phase: 10 mM £
ammonium formate with formic > 8
acid (pH 2.8) (mobile phase A) 2

and 10:90 (v/v) water/ACN with *qé 60
0.8% formic acid (mobile phase =

B). The flow rate was 5 pL/min E»

and the conditions of the gradient B0
elution are given in Table S1 (see

the ESM) 20

0
84
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the value of compound sticking to the skin of the fish from the
uptake measured after 1 h in the trunk of the fish, while also
taking recovery into account.

Results and discussion
Optimization of chromatographic separation

A gradient method was developed for the 7 compounds under
investigation, wherein the percentage of mobile phase B in-
creased from 5 to 90% in gradient times ranging between 25
and 30 min. For a gradient time of 25 min, co-elution between
CBZ and an impurity was observed. The gradient time was
therefore increased to 28 min with a decrease in gradient slope
steepness between 12.5 and 21 min resulting in the successful
separation of all compounds (Fig. 2). In the final method
(Table S1, see the Electronic Supplementary Material,
ESM), an isocratic hold (z,) of 0.5 min was introduced as
well to better focus the early eluting compounds on the top of
the column and to obtain sharper peak shapes.

Optimization of injection volume

In order to find the best compromise between sensitivity and
extra-column band broadening, different injection volumes
(0.5, 1, 2, and 5 pL) were investigated for the optimized gra-
dient separation (ESM Fig. S1). The concentrations of the test
compounds were adapted to the injection volume in such a
way that the same amount of compound was each time
injected onto the column. In general, a dramatic decrease in
sensitivity was observed at V;,;=5 uL for all compounds,
since such a large injection volume increased the extra-
column band broadening significantly (note that the void vol-
ume of the column is approximately V=4 uL). The signal-
to-noise ratio of QND, BUP, TRA, HLP, and DSP (ESM Fig.

BUP
TRA DSM

HLP CBZ WAF

|

|-
12.4 14.4 16.4 18.4 20.4 224

Time (min)
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Table 3 Determined linear range,

lower limit of quantification Compound Linear range LLOQ R Matrix effects (%)

(LLOQ), linear regression (ng/mL) (ng/mL)

coefficient and matrix effects Brain Trunk
BUP 0.008-2 0.008 0.9997 106 98
CBZ 0.016-2 0.016 0.9993 102 100
DSP 0.003-2 0.003 0.9979 114 88
HLP 0.003-2 0.003 0.9972 110 95
TRA 0.016-2 0.016 0.9999 112 99
QND 0.002-2 0.002 0.9996 109 100
WAF 0.008-2 0.008 0.9984 103 101

Sla—e) was also clearly influenced by an injection volume of
2 uL, yet not to the extent of Vj,;=5 uL. The most retained
compounds CBZ and WAF (ESM Fig. S1f, g) did not show
any signal-to-noise changes for injection volumes ranging be-
tween 0.5 and 2 pL, due to their higher retention volume.
Injection volumes of 0.5 and 1 pL did not show any signifi-
cant differences in peak shape for all compounds; therefore, a
Vinj=1 uL was determined to be the most suitable for all
further experiments.

Linearity, LLOQ, matrix effects

In a previous study using a 2.1-mm ID UHPLC column in
combination with a triple quadrupole mass spectrometer [42],
it was demonstrated that the whole-body uptake of pharma-
ceuticals in zebrafish can be measured using a single fish per
experiment. Uptake values measured in [34], ranged between
0.002 and 0.094 pg/mL. LLOQ values measured with the
capillary UHPLC-UV set-up used in this study were deter-
mined to range between 0.002 and 0.016 pg/mL for all com-
pounds (Table 3). Since the uptake values measured in the
brain were expected to be lower compared to the uptake
values in the whole body of a fish, it was decided to pool six
fish in this study to increase the available amount of com-
pound per experiment. Calibration curves measured between
the LLOQ and 2 pg/mL showed good linearity with R? values

above 0.9972 (Table 3). Matrix effects were measured sepa-
rately for dissected brain and trunk samples at 3 concentration
points (0.016, 1, and 2 pg/mL). The comparison of the line-
arity slopes obtained in biological samples and mobile phase
revealed no significant matrix effects, with a ratio ranging
between 102 and 114% for brain samples and between 88
and 101% for trunk samples. All values complied with regu-
latory guidelines [43].

Precision, accuracy, and specificity

Intraday precision of the method was evaluated by injecting the
concentrations corresponding with the LRC and HLQ six times
(n = 6). Interday precision was calculated from the values obtain-
ed on 3 different days by injecting the concentrations correspond-
ing with the LRC, MRC, and HLQ three times (n = 3).
Experimental data obtained for brain-derived samples are shown
in Table 4 and display RSD values between 0.7 and 9.8%. All
values complied with the maximum limit of 15% set by the reg-
ulatory guidelines [43]. Table 5 shows the values for intra- and
interday precision for the trunk-derived samples. Since the RSD
values ranged between 0.5 and 9.3 %, all values complied with the
regulatory guidelines (RSD < 15%).

Inter- and intraday accuracy values for brain-derived sam-
ples are shown in Table S2 in the ESM. The obtained values
complied with regulatory guidelines being in general not

Table 4 Intra- and interday

precision for brain-derived sam- Compound Intraday precision (n = 6) Interday precision (n=9)
ples displayed as RSD values
LRC (%) HLQ (%) LRC (%) MRC (%) HLQ (%)
BUP 23 0.8 1.7 1.9 24
CBZ 5.2 14 33 1.1 1.9
DSP 6.1 35 5.3 3.7 2.9
HLP 9.8 2.9 5.7 3.1 2.5
TRA 2.6 2.8 1.7 1.7 2.1
QND 1.8 22 2.9 2.0 3.7
WAF 3.9 0.7 1.9 0.7 1.6

LRC low-range concentration, MRC mid-range concentration, //LQ highest limit of quantification
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Table 5 Intra- and interday
precision for trunk-derived sam- Compound Intraday precision (7 = 6) Interday precision (n=9)
ples displayed as RSD values
LRC (%) HLQ (%) LRC (%) MRC (%) HLQ (%)
BUP 1.6 0.6 1.3 1.0 0.5
CBZ 9.3 0.5 6.3 0.6 1.4
DSP 2.8 1.5 3.0 1.5 4.0
HLP 8.0 1.1 4.8 1.8 2.9
TRA 3.6 0.9 2.5 1.1 1.9
QND 7.0 0.5 32 0.7 0.8
WAF 32 0.6 3.6 0.6 1.2

LRC low-range concentration, MRC mid-range concentration, //LQ highest limit of quantification

higher than the recommended maximum for relative bias of
15%. Accuracy values measured for the trunk-derived sam-
ples (ESM Table S3) largely complied with the regulatory
guidelines with only the interday relative bias of DSP
(19.49%) and CBZ (18.20%) displaying values slightly over
the margin of 15%. The interday and intraday precision of the
accuracy measurements did not exceed the acceptable RSD
limit of 15% for both brain- and trunk-derived samples.
Chromatograms of blank zebrafish samples, blank zebrafish
samples spiked with the compound of interest, and zebrafish
samples obtained after immersion of the fish in medium spiked
with the compound of interest are shown in the ESM in Figs.
S2-S8 for brain-derived samples and in Figs. S9—S15 for trunk-
derived samples. Interfering peaks from endogenous com-
pounds are absent at the retention times of the investigated
pharmaceuticals, demonstrating the specificity of the method.
Although an impurity peak was observed close to WAF, it was
still clearly separated and did not influence the measurements.

Method recovery

Recoveries were determined for all compounds at two con-
centrations of 0.05 and 1 ug/mL for both brain and trunk
extracts. Recoveries of brain samples for both concentrations

were largely the same ranging between 75.6 and 116.8% for
the different compounds (Table 6), while the recoveries for the
trunk samples were in general slightly lower ranging between
73.7 and 99.1% which can be explained by the use of the
PTFE and RC filters retaining small amounts of compounds
during the sample filtration (Table 2). Although few recover-
ies were somewhat lower than the 80—120% margin stated by
regulatory guidelines [43], these values were still considered
acceptable since the RSD values were relatively low, in gen-
eral not exceeding 11.2%.

Measuring of dry weight

The dry weight averaged over40 fish, led to a dry weight of 7 ug
for 1 dissected brain and 24 pg for the rest of the fish body. This
means an overall dry weight of 31 pg for a whole fish. With a
reported value of 330 pg wet weight for 1 fish [20], the obtained
values indicate that more than 91% of the fish consists of water.

Toxicity experiments

No intoxication effects were recorded for BUP, CBZ, QND,
TRA, and WAF over the whole range of concentrations and du-
ration of treatment (Table 7). Several anxiolytic pharmaceuticals

Table 6 Compound recoveries

and their relative bias for brain Brain Trunk
and trunk samples Compound
Recovery RSD Recovery RSD Recovery RSD Recovery RSD
(%) (%) (%) (%) (%) (%) (%) (%)
0.05 pg/mL 1 pg/ml 0.05 pg/mL 1 pg/ml
BUP 81.1 3.5 80.6 2.1 90.1 22 86.5 1.3
CBZ 86.1 1.0 84.0 8.8 92.5 0.8 86.6 1.9
DSP 84.9 3.6 77.5 3.1 75.8 11.2 83.0 7.4
HLP 116.8 4.0 89.9 34 73.7 7.6 89.0 35
QND 85.8 6.1 84.0 7.6 83.9 52 91.3 5.8
TRA 75.6 2.0 79.3 8.7 81.1 8.5 90.9 52
WAF 101.0 53 96.0 8.6 99.1 3.0 97.0 6.0
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Table 7 Maximum tolerated concentrations for zebrafish (n=6) and
solubility of tested compounds

Compound MTC (pg/mL) Solubility water (j1g/mL)
1h

BUP >12.0 312x10°

CBZ >11.8 17.7

DSP 6.65 145.0

HLP 2.35 14.0

QND >16.2 334.0

TRA >18.6 290.0

WAF >154 17.0

were recently associated with the induction of oxidative stress
[44], possibly explaining the toxicity of DSP in the range between
6.65 and 13.30 ug/mL. The obtained MTC value for HLP was
slightly lower than previously reported in the literature by
Fleming et al. (2.35 versus 7.5 pg/mL) [20]. A possible explana-
tion might be the use of the more toxic solvent ethanol in this
study compared to DMSO in the Fleming study [20]. In general,
all MTC values were well under their solubility limit in water
(Table 7) indicating that no solubility problems were to be ex-
pected at these MTC values.

Brain uptake experiments

Brain and trunk uptake values were measured by preparing six
fish (n=06) as described earlier in the “Sample preparation”
section. To measure the actual compound uptake in the brain,
the brain was carefully removed from the body. By using a
zebrafish strain exhibiting red fluorescence of the brain
(TG898), it was possible to distinguish between the actual
brain and the head of the fish (Fig. 1). Figure la shows the
intact head of the fish, including the brain. Figure 1b shows
the remaining head, after removing the brain. The intensity of
the fluorescence is clearly lower in Fig. 1b compared to Fig.
la, indicating that the brain has been effectively removed.
Figure 1c shows the brain after removal. Again, the fluores-
cence signal helps to assess whether the brain is still intact
after removal. The obtained uptake concentration was
corrected for matrix effects and compound recovery. Based

on the principle of brain-to-plasma ratio usually applied for
mammals [13], the brain-to-trunk ratio was used for the eval-
uation of brain permeation of the compounds. Typical values
used in literature are 0.3—0.5 for sufficient access to the central
nervous system (CNS), > 1 for freely crossing across the BBB
and < 0.1 for drugs which are unable to enter the CNS. It is
obvious that at ratios < 1.0 some exclusion processes occur. In
any case, these general values have to be seen in the context of
concentration-dependent compound efficaciousness.

First, it has to be noted that the obtained trunk uptake con-
centrations (Table 8) are remarkably close to the ones measured
for the whole-body uptake in a previous study [42]. As these
experiments were carried out on different types of LC systems
(UPLC versus capillary UHPLC) using different types of de-
tectors (mass spectrometer and UV detector), this indicates that
the developed methodology is robust and repeatable.
Furthermore, a loose correlation (R2 =0.64) between lipophi-
licity and compound uptake in the trunk can be observed (Fig. 3
a), whereby the compounds with the lowest log D values (de-
sipramine, quinidine, and warfarin) exhibit the lowest trunk
uptake (11.9, 13.9, and 59.4 ug/g) and trazodone, the com-
pound with the highest log D value, is taken up the most
(1794.3 ug/g). This correlation between uptake and lipophilic-
ity was already observed in several other studies [20,23,42] and
suggests that absorption in zebrafish is largely dominated by
passive diffusion. No clear correlation could be observed be-
tween trunk uptake and other physicochemical properties
(PSA, MW, HBD) (Fig. 3b—d), possibly due to the fact that their
range was not sufficiently large to obtain a clear correlation.

The trends between measured brain uptake in relation to the
compounds’ physicochemical properties were somehow sim-
ilar to the trends observed for the trunk (Fig. 4a). The lowest
uptake was shown for desipramine, quinidine, and warfarin
(14.3, 13.2, and 33.7 pg/g, respectively) exhibiting the lowest
log D values, while trazodone showed the highest brain up-
take (735.1 ng/g). The linear correlation between brain uptake
and log D was stronger (R*=0.71) compared to the one ob-
served for trunk uptake, again indicating passive diffusion as
an important mechanism for BBB crossing. Also, no correla-
tion could be confirmed between detected compound and po-
lar surface area, molecular weight, or number of hydrogen
bond donors (Fig. 4b—d).

Table 8 Uptake values for the

trunk (T) and the brain (B) of the Comp. Uptake (T) (ng/g) RSD (%) Uptake (B) (ng/g) RSD (%) B/T ratio RSD (%)

fish with corresponding brain-to-

trunk (B/T) ratio CBZ 120.9 6.5 113.8 15.5 0.9 22.9
TRA 1794.3 3.0 735.1 16.5 0.4 24.2
WAF 59.4 16.9 33.7 14.4 0.6 343
BUP 404.2 11.7 130.3 7.5 0.3 10.8
DSP 11.9 25.7 14.3 2.5 1.2 31.7
QND 31.9 0.7 132 11.4 0.4 14.3
HLP 95.2 11.9 53.3 16.6 0.6 7.6
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Fig. 3 Influence of a the
lipophilicity (log D atpH=7.6), b
the polar surface area (PSA at
pH =7.6), ¢ the molecular weight
(MW), and d the number of
hydrogen bond donors (HBD) on
the trunk uptake of 10-day-old
fish. Legend: m BUP; A CBZ;
DSP; @ HLP; [ TRA; » QND; @
WAF
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The RSD values (Table 8) between 0.7 and 25.7% for trunk
uptake and between 2.5 and 16.6% for brain uptake moreover
demonstrated the good repeatability of the developed brain
extraction and analysis procedure.

An important criterion for the decision whether a CNS-
pharmaceutical should enter the next development stage is the
brain-to-trunk (B/T) ratio. The B/T ratios of the investigated
compounds ranged between 0.3 and 1.2, with a variation be-
tween 7.6 and 34.3%, showing good repeatability of the data.

Specifically, desipramine showed the highest B/T ratio of
1.2 indicating free access through the blood-brain barrier.
Previous experiments in rat indicated an even higher blood-
to-plasma (B/P) ratio of 1.6 to > 20, depending on the time of
sampling due to differences in clearance rate in brain and
plasma at different time points, and a strong accumulation of
the compound in the brain of a rat [36]. Despite the difference
in absolute B/T and B/P values, both in vivo models clearly
indicate that desipramine freely crosses the BBB.
Carbamazepine exhibited a B/T of 0.9 in zebrafish, whereby
a rat study revealed a similar brain-to-plasma ratio of 0.74,
suggesting CBZ is somewhat obstructed from entering the
brain [37]. Haloperidol showed a B/T ratio of 0.6 in our study.
It is the only compound that has already been investigated on
the subject of BBB penetration in zebrafish and showed to
have free accessibility (head-to-trunk ratio 1.1) in another
study [20]. However, the experiments performed in [20] were
conducted on the whole head, possibly being biased by a
higher drug concentration in the head environment (blood/
eyes) outside the brain. Warfarin was reported to exhibit a
brain-to-plasma ratio of 0.49 in rat after 1 h of administration
[38], while in this study, it showed a similar B/T ratio of 0.6
again indicating some accessibility restrictions.

Typical values for brain-to-plasma ratio of trazodone and
bupropion are 1.4-6.0 (rat) [39] and 11.25 (guinea pig) [40].
Surprisingly, the determined brain distribution of trazodone
(0.4) and bupropion (0.3) was relatively low, indicating a pos-
sible exclusion mechanism in the brain of the fish. Quinidine
is frequently used to demonstrate the suitability of CNS
models as it poorly crosses the blood-brain-barrier due to the
efflux by Pg-p [10]. Nevertheless, a B/T ratio of 0.4 was de-
tected for QND. On the one hand, the low ratio indicates some
discrimination of the compound from the brain; on the other
hand, TRA and BUP, which should be able to accumulate
inside the brain, displayed similar B/T ratios to QND.
Fleming et al. showed another compound which should be
excluded from the brain (scopolamine N-butyl bromide) to
exhibit a B/T ratio of 0.8 [20]. Possibly, Pg-p are oversaturated
by the amount of QND present in blood, resulting in an in-
creased uptake. The results show that the selective BBB in
zebrafish brain is clearly present and can be demonstrated
using the developed methodology. However, the exact mech-
anism cannot yet be completely understood and will need
more extensive investigations in the future.

@ Springer

Conclusions

The current study presents a new method to extract the brain of
zebrafish larvae (10 dpf) in an accurate and fast manner. Using two
sharp-tipped tweezers and a fluorescence microscope, it is possible
to perform the extraction without having to resort to expensive
laser dissection equipment. This procedure is also less labor-
intensive and requires only 2—5 min for the extraction of one brain.
The use of capillary columns with a reduced ID in combination
with UV detection was investigated for the evaluation of drug
uptake in the brain of zebrafish larvae. To ensure sufficiently con-
centrated samples, the sample preparation procedure presented in
an earlier publication [42] was applied using pooled samples of six
zebrafish larvae for each single experiment.

The correlation between absorption of the compounds, its per-
meation through BBB, and the lipophilicity (log D) of the com-
pounds was confirmed. No obvious correlation could be observed
between compound absorption or BBB permeation and other
physicochemical factors such as molecular weight, polar surface
area, and number of hydrogen bond donors. Although brain up-
take could be measured precisely and the semipermeable nature of
the BBB was demonstrated, the obtained brain-to-trunk ratios did
not give a clear answer to whether zebrafish is a suitable high-
throughput BBB model, since two compounds (bupropion, traz-
odone) that are known to cross the BBB of mammals freely ex-
hibited the same B/T ratio as a compound that is usually discrim-
inated from the access to the brain (quinidine).

Future experiments will be carried out on a more extensive set
of compounds, considering more time points for the determina-
tion of the B/T ratio. Also, the activity and role of efflux pumps
will be evaluated using P-gp blockers in a follow-up study.
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