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Abstract: Carnitine palmitoyltransferase 2 (CPT2) is an inner mitochondrial membrane protein of
the carnitine shuttle and is involved in the beta-oxidation of long chain fatty acids. Beta-oxidation
provides an alternative pathway of energy production during early development and starvation.
CPT2 deficiency is a genetic disorder that we recently showed can be associated with schizophre-
nia. We hypothesize that CPT2 deficiency during early brain development causes transcriptional,
structural, and functional abnormalities that may contribute to a CNS environment that is susceptible
to the emergence of schizophrenia. To investigate the effect of CPT2 deficiency on early vertebrate
development and brain function, CPT2 was knocked down in a zebrafish model system. CPT2 knock-
down resulted in abnormal lipid utilization and deposition, reduction in body size, and abnormal
brain development. Axonal projections, neurotransmitter synthesis, electrical hyperactivity, and
swimming behavior were disrupted in CPT2 knockdown zebrafish. RT-qPCR analyses showed signif-
icant increases in the expression of schizophrenia-associated genes in CPT2 knockdown compared
to control zebrafish. Taken together, these data demonstrate that zebrafish are a useful model for
studying the importance of beta-oxidation for early vertebrate development and brain function. This
study also presents novel findings linking CPT2 deficiency to the regulation of schizophrenia and
neurodegenerative disease-associated genes.

Keywords: carnitine palmitoyltransferase; CPT2 deficiency; zebrafish; β-oxidation; brain
development; seizure-like activity; schizophrenia-related gene expression; neurodegenerative disease

1. Introduction

In total, inborn errors in metabolism, or congenital metabolic diseases, affect approxi-
mately 1 in every 800 live births [1,2]. Congenital metabolic diseases are inherited genetic
disorders that primarily affect enzymes needed to convert food into energy. Fatty acid
disorders, such as CPT2 deficiency, that disrupt lipid utilization are one type of metabolic
disease [3–5]. Metabolic diseases and fatty acid disorders can be associated with neurologi-
cal dysfunction such as epilepsy, attention deficit disorders, intellectual disabilities, and
autism [1,2].

The βeta (β)-oxidation of long-chain fatty acids (LCFAs) is dependent upon the carni-
tine palmitoyl transferase (CPT) system. The CPT system includes the enzymes carnitine
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palmitoyltransferase 1 (CPT1) that catalyzes the transfer of acyl groups from acyl-CoA
to carnitine in the outer mitochondrial membrane and carnitine palmitoyltransferase 2
(CPT2) that converts the long-chain acylcarnitine to acyl-CoA for oxidation in the inner
mitochondrial membrane. During early brain development and periods of starvation,
neurons rely on fatty acid β-oxidation for oxidative bioenergetic metabolism [6,7]. CPT1
and CPT2 are highly expressed in neurons and astrocytes of the hypothalamus, amygdala,
hippocampus, brainstem, and spinal cord [8–11]. The synthesis of acyl-CoA by CPT2
is important for cellular signaling, antioxidant activity, transcriptional regulation, and
cholinergic neurotransmission [9].

Commonly, CPT2 deficiency is characterized as one of three distinct clinical presenta-
tions: lethal neonatal, severe infantile hepatocardiomuscular, and myopathic forms. Lethal
neonatal and severe infantile forms are classified by multisystemic dysfunction involving
liver failure, low ketone levels, cardiomyopathy, seizures, and early death. The myopathic
form is most common and manifests throughout life. People with myopathic CPT2 defi-
ciency are known to experience fatigue, muscle pain, and weakness after periods of exercise
or starvation [12–14]. Our work described a proband with confirmed CPT2 deficiency
who presented with mild-to-moderate symptoms that included seizure during early child-
hood, neurocognitive deficits in adolescence, and schizophrenia as a young adult [15].
While CPT1 deficiency is associated with neurocognitive deficits, CPT2 deficiency had
not been associated with neurocognitive deficits and schizophrenia [15,16]. Recently, high
levels of acylcarnitine in the plasma of schizophrenic individuals has been reported [17,18].
CPT2 mutation may underlie our proband’s epilepsy, neurocognitive challenges, and later-
presenting schizophrenia. The biological mechanisms by which CPT2 mutations that cause
dysfunction of the carnitine shuttle and disrupted β-oxidation contribute to abnormal
brain development and function are not fully understood. Thus, there is a critical need to
establish model systems that dissect the role of CPT2 mutation in early neurodevelopment.

The zebrafish (Danio rerio) represents an ideal vertebrate model system for study-
ing human metabolic disease [19,20]. Approximately 70% of human genes have at least
one zebrafish orthologue [21]. Human Cpt2 (ENSG00000157184) and zebrafish cpt2 (ENS-
DARG00000038618) are homologous (www.zfin.org) and the sequences show 70.9% align-
ment as determined by Expasy (www.expasy.org). Zebrafish body and brain development
is rapid and well-studied. Zebrafish exhibit highly conserved physiological processes
and defined behavioral traits. The maintenance of developing zebrafish is relatively in-
expensive [22]. Gene silencing techniques, such as morpholino knockdown, are effective
in zebrafish and can be readily used to examine protein function. These characteristics of
zebrafish also make it a powerful high-throughput system for evaluating druggable targets
for disease. We and others propose that zebrafish can be used to investigate metabolic
disease, such as CPT2 deficiency, and the association with neurodevelopmental and neu-
rodegenerative disorders in humans [22–24].

We hypothesized that mild-to-moderate CPT2 deficiency disrupts lipid and acylcar-
nitine signaling early in development, affecting gene transcription and causing abnormal
neural network formation, electrical activity, and behavior. Translation blocker (TB) and
splice blocker (SB) morpholino oligonucleotides (MO) generated two zebrafish knockdown
models with mild or moderate reductions in CPT2 expression. These cpt2 knockdowns
allowed for comprehensive analyses and confirmation that CPT2 deficiency can be effec-
tively modeled using the vertebrate zebrafish system. The zebrafish system revealed that
the inability to properly utilize fatty acids and acylcarnitine for β-oxidation during early
development leads to abnormal brain structure and function and the upregulation of genes
homologous to those associated with schizophrenia and other neurodevelopmental and
neurodegenerative diseases in humans.

2. Materials and Methods

All reagents and their sources are in Appendix A.

www.zfin.org
www.expasy.org
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2.1. Zebrafish Husbandry

Adult Tu/AB zebrafish were housed in Creighton University’s Animal Research
Facility and bred to produce embryos for microinjections following animal protocol #0924.
Post-breeding, fertilized embryos were injected at the single-cell stage and larvae were
raised to 5 days post injection (dpi) in E3 media (1X autoclaved solution of 5 mM NaCl,
0.17 mM KCl, 0.33 CaCl2, 0.33 mM MgSO4, and 0.1% Methylene Blue) at 28 ◦C and 21.0%
CO2. All procedures involving embryos and larvae followed animal protocol #1134. Animal
protocols were approved by the Creighton University Institutional Animal Care and Use
Committee.

2.2. Morpholino Injection of Zebrafish Embryos

Translation blocking (TB) and splice blocking (SB) knockdown morpholinos (MOs) for
cpt2 and a standard scrambled control MO (CTRL, PCO-StandardControl-100-F) were gen-
erated and tagged with fluorescein by GeneTools, LLC (Philomath, OR, USA) as previously
described (Appendix A, Table A2) [25]. Morpholino (MO) constructs were microinjected
into zebrafish embryos at the single-cell stage using a modified protocol [26]. Briefly,
morpholinos were diluted to a final concentration of 0.5, and 1.0 mM in near-isotonic
solution 958 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, and 5.0 mM
HEPES, pH 7.6 [25]. MOs were heated at 65 ◦C for 10 min and centrifuged for 2 min at
12,000 RPM. Injection needles were fabricated by pulling aluminosilicate glass capillaries
on a Flaming/Brown Micropipette puller model, P-97 (Sutter Instruments, Novato, CA,
USA). Needles were filled with 4 µL of the MOs, clipped for injection, and mounted onto
a micromanipulator (Sutter Instruments, Novato, CA, USA). Embryos at the single-cell
stage were aligned on a 1.5% agar plate and visualized on a Leica M165C microscope for
injection. A nitrogen-based Narishige injector (Narishige (International) Ltd., London, UK)
with a Harvard apparatus (PLI-90) (Harvard Apparatus, Holliston, MA, USA) was used to
inject approximately 1.5 nL of MOs into each embryo. After injection, embryos were gently
washed out of the injection plate using an E3 medium and grown for 1 dpi at 28 ◦C.

2.3. Assessment of Morpholino-Injected Zebrafish

At 1 dpi, injected embryos were examined for uptake of fluorescently tagged MOs
using a Zeiss NeoLumat S 1.5x FWD 30 mm (ZEISS Microscopy Customer Center, Dublin,
CA, USA). Non-fluorescent embryos were euthanized following protocol #1134 and were
not used for any experiments. Each group of 0.5 and 1.0 mM-injected and fluorescent
embryos were examined for viability and developmental progression. Opaque, dense,
coagulated zebrafish were counted as dead and were used to determine percent viability of
each animal group.

2.4. RNA Isolation and cDNA Synthesis

To collect RNA, larvae at 5 dpi were euthanized on ice and placed in microcentrifuge
tubes where the excess E3 media were removed. Ceramic beads (BioSpec, Bartlesville, OK,
USA) and TRI Reagent™ Solution (Invitrogen, Waltham, MA, USA) were added to larvae to
fill a 1.5 mL microcentrifuge tube. Tubes were homogenized in a high-energy cell disrupter
BioSpec Mini-Beadbeater-96 three times for 30 s at 4 ◦C. After homogenization, beads were
removed, and samples were centrifuged for 15 min at 13,200 RPM at 4 ◦C. The supernatant
was removed, and chloroform was added to the homogenate at a 1:3 ratio. Samples were
vortexed for 15 s, incubated at RT for 5 min, and centrifuged for 30 min at 13,200 RPM at
4 ◦C. The aqueous layer was collected and mixed with equal parts of isopropanol. Samples
were vortexed for 30 s and incubated at room temp for 15 min and then centrifuged for
20 min at 13,200 RPM at 4 ◦C. Precipitated RNA was resuspended in nuclease-free water.
RNA concentration was determined using DeNovix DS-11 Spectrophotometer (DeNovix
Inc., Wilmington, DE, USA) and RNA was stored at −80 ◦C. cDNA was generated using
iScript (Bio-Rad, Hercules, CA, USA) following the Bio-Rad protocol. cDNA was diluted at
a 1:5 ratio with nuclease-free water and stored at −20 ◦C.
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2.5. RT-PCR

RT-PCR was used to determine the efficacy and specificity of the splice blocking (SB)
cpt2-specific morpholino. Primer sets for cpt2 and actin were purchased from Integrated
DNA Technologies. The parameters for the PCR reaction were 98 ◦C for 10 s, 98 ◦C for 1 s,
50 ◦C for 5 s, and 72 ◦C for 1 min cycled through 39X followed by 72 ◦C for 1 min. The
product of the PCR reaction was visualized on 1% TAE agarose gel using an SYBR Safe Gel
stain (Thermo Fisher Scientific, Carlsbad, CA, USA). The gel was imaged with UV using a
ChemiDoc XRS machine (Bio-Rad, Hercules, CA, USA).

2.6. Mitochondrial Isolation

Mitochondrial isolation was performed using 200 larvae per condition for each of 3 tri-
als and mitochondrial protein was used with Western blotting as previously described [27].
Briefly, 5 dpi larvae were collected and euthanized on ice. Larvae were placed in a pre-
chilled glass Dounce homogenizer with 1 mL of an ice-cold MB buffer (210 mM mannitol,
70 mM sucrose, 1 mM EDTA, 10 mM HEPES (pH 7.5)) plus a Halt protease inhibitor
(Thermo Fisher Scientific, Carlsbad, CA, USA) and homogenized on ice using 10 passes in
a Dounce homogenizer. The homogenate was incubated on ice for 10 min and then cen-
trifuged at 300 G for 5 min. The supernatant was removed, and the pellet was resuspended
in 1 mL of the ice-cold MB buffer. The pellet was disrupted on ice by 50 passes through
a 26-gauge × 2/3 needle on a 1 mL syringe. The homogenate was centrifuged twice for
10 min at 1500 G to eliminate nuclei. The supernatant, containing mitochondria, cytosol,
and microsomes, was centrifuged twice for 10 min at 10,600 G to pellet the mitochondria.
The mitochondrial pellet was resuspended in 1 mL of the ice-cold MB buffer, centrifuged at
10,600 RPM for 10 min, resuspended in 30 µL of the MB buffer, and stored at −20 ◦C until
use for Western blotting.

2.7. Larval Protein Extraction

Protein was extracted from 30 CTRL-, TB-, and SB-injected larvae at 5 dpi for each of
4 trials. Total protein extraction was performed as previously described [27]. Briefly, 30,
5 dpi, larvae were collected and euthanized on ice. Larvae were homogenized in a Pierce
RIPA buffer (Thermo Fisher Scientific, Carlsbad, CA, USA) plus Halt protease inhibitors at
a ratio of 1.75 µL of the buffer per fish. Samples were centrifuged at 4 ◦C for 10 min, and
the supernatant was transferred to a new pre-chilled microcentrifuge tube and stored at
−80 ◦C until use for Western blotting.

2.8. Western Blot

Following mitochondrial isolation or larval protein extraction, total protein was mea-
sured using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Carlsbad, CA, USA).
Between 100 and 200 µg of protein was denatured in a 2X (Bio-Rad, Hercules, CA) or
4X (Thermo Fisher Scientific, Carlsbad, CA, USA) sample buffer with 5% DTT (Thermo
Fisher Scientific, Carlsbad, CA, USA). Protein samples were vortexed and heated at 95 ◦C
for 5 min. Protein samples were loaded onto 4–20% SDS-PAGE gradient Mini TGX gels
(Bio-Rad, Hercules, CA, USA) and separated by electrophoresis (Bio-Rad, Hercules, CA,
USA; Mini-PROTEAN Tetra System). Precision Plus Western C Blotting Standard (Bio-Rad;
Hercules, CA, USA) was used. In total, 10 µg of human CPT2 protein (Abnova, Walnut, CA)
was used as a positive control. Gels were run in 1X TGS Running Buffer (Thermo Fisher
Scientific, Carlsbad, CA, USA) and transferred onto Trans-Blot Turbo PVDF Transfer Pack
membranes (Bio-Rad, Hercules, CA, USA) in a Bio-Rad Trans-Blot Turbo system. After
transfer, membranes were washed 3 times in 1X TBST for 5 min and blocked in EveryBlot
Blocking Buffer (Bio-Rad, Hercules, CA, USA) for 1 h at RT. Membranes were incubated
with primary antibodies overnight at 4 ◦C. Primary antibodies used were CPT2 (Bioss,
Woburn, MA, USA), phosphorylated α-synuclein (Invitrogen, Waltham, MA, USA), α-
synuclein (Invitrogen, Waltham, MA, USA), and actin (Invitrogen, Waltham, MA, USA) and
were diluted at 1:1000. Membranes were washed in 1X TBST 3 times for 5 min. Membranes
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were incubated with an anti-rabbit secondary antibody (Invitrogen, Waltham, MA, USA) at
a 1:6000 dilution in a blocking buffer and HRP conjugate to detect Precision Plus Protein
Standard (Bio-Rad, Hercules, CA, USA) at a 1:3000 dilution for 90 min. Membranes were
washed 3 times in 1X TBST for 5 min. Super Signal West Pico PLUS Chemiluminescent
was used for detection. Membranes were imaged and analyzed using a ChemiDoc XRS
machine and software (Bio-Rad, Hercules, CA, USA).

2.9. Liquid Chromatography in Tandem with Mass Spectrometry

LC-MS/MS was performed using 30 zebrafish at 5 dpi per condition for 5 experiments.
To determine the acylcarnitine profile of zebrafish, 5 dpi larvae were euthanized on ice
and transferred to a 1.5 mL microcentrifuge tube. E3 media were removed, and larvae
were frozen in liquid nitrogen. The acylcarnitine profile was assessed following previously
published protocols [28]. In brief, samples were spiked with a known amount of d3-
palmitoylcarnitine as the internal standard and lipids were extracted. After extraction,
acylcarnitines were injected into the column (Phenomenex Luna Omega C18, 1.6 µm,
100 A, 2.1 mm × 100 mm) with 100% acetonitrile (0.1% v/v formic acid) (solvent B) and
water/acetonitrile (90:10 v/v, 0.1% v/v formic acid, and 10 mM ammonium formate)
(solvent A) for a 5 min runtime at a flow rate of 500 µL/min. Acylcarnitine species were
analyzed by SRM using transitions of the precursor ion (as M + H) to the respective
product ions with an 85 m/z ratio. The analysis was performed with TraceFinder software
version 4.1 (Princeton, NJ, USA).

2.10. Morphological Evaluation

Morphological evaluation was performed on 25, 5 dpi, larvae per condition for 2 trials.
Zebrafish were collected, euthanized on ice, and fixed in 4% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS) overnight at 4 ◦C. Larvae were analyzed through
quantitative and qualitative analyses. Qualitative analyses of morphological characteristics
included the presence of abnormal yolk sac shape, pericardial edema, and curved tail.
An abnormal yolk sac was characterized by swelling around the abdomen. Pericardial
edema was characterized by swelling of the cardiac region located anterior to the yolk
sac. A curved tail was characterized by an abnormal curvature of the tail. Quantitative
measurements included the determination of eye length, eye distance, rump length, and
standard length. Eye length spanned from the anterior portion of the eye to the posterior
portion. Rump length spanned from the anterior portion of the head to the anus. Standard
length spanned from the most anterior portion of the head to the most posterior portion of
the tail. Eye distance was recorded dorsally as the distance along the most lateral position
from one eye to the other eye. Images were acquired using Olympus Life Science EPview
Image Analysis Software Version: 510 (Center Valley, PA, USA). The fish were examined
under Olympus SZX16 Model Number: SZX2-ILLT using a 3.2Xobjective. Images were
acquired with an Olympus EP50 camera. For the image analysis, the poly-line function
within Olympus Life Science CellSens Dimension Life Science Imaging Software Version
1.18 was used (Center Valley, PA, USA).

2.11. Oil Red O Whole-Mount Stain

Oil Red O staining of lipids was performed using 10 larvae per condition. The whole-
mount Oil Red O stain was modified as previously described [29]. Briefly, 5 dpi larvae were
euthanized on ice and fixed in 4% PFA in PBS in a 12-well plate at 4 ◦C overnight. PFA was
removed and larvae were washed twice with 1X PBS for 5 min. After washing, a 1.0 mL
0.5% oil red solution in 60% isopropanol was added for no more than 15 min. The Oil Red
O solution was removed and the larvae were rinsed with Epure twice for 5 min. Larvae
were stored in Epure at RT. Larvae were mounted in 70% glycerol and imaged with a 6X
objective on Olympus SZX16 Model Number: SZX2-ILLT (Olympus Corporation, Tokyo,
Japan) equipped with an Olympus EP50 camera. Mean color intensity as determined by
the formula 100—sample pixel intensity/background pixel intensity) was measured using
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greyscale images and the quantification of pixel intensity on Fiji ImageJ Version: 2.0.1
(Bethesda, MD, USA).

2.12. Alcian Blue Whole-Mount Stain and Cartilage Measurement

Alcian blue staining was performed as previously described [30]. Briefly, 5 dpi larvae
for each condition were euthanized on ice and fixed in 4% PFA in PBS at 4 ◦C overnight.
Fixed zebrafish were washed twice with phosphate-buffered saline with 0.1% Tween (PBST)
for 10 min and incubated in 1.0 mL of 0.1% Alcian blue dye in 70% ethanol and 30% glacial
acetic acid overnight at RT. Larvae were washed twice with 200-proof ethanol for 2 min and
put through an ethanol series of 20 min wash steps of 180 Proof, 160 Proof, and 140 Proof
ethanol. Larvae were rinsed in PBST for 20 min and then bleached in a 3% H2O2/1% KOH
solution for 90 min. Larvae were incubated in 0.1% trypsin in 30% saturated aqueous
sodium borate for 40 min. Bleaching and trypsin treatments were repeated twice. Larvae
were rinsed 3 times in PBST for 5 min and stored in PBST for imaging. Larvae were imaged
in 70% glycerol on Olympus SZX16 Model Number: SZX2-ILLT equipped with an Olympus
EP50 camera. Cartilage formation in the zebrafish head was evaluated by measuring the
distance between the Mechel’s and ceratohyal cartilage and the angles of both the Mechel’s
and ceratohyal cartilage.

2.13. Whole Brain Morphology and Immunofluorescence Labeling

Acetyl-tubulin and tyrosine hydroxylase staining was performed using 7–16 brains
per condition. Whole brain immunofluorescence (IF) was performed using whole mount IF
labeling [31]. Briefly, euthanized, 5 dpi zebrafish larvae were fixed in Anatech Ltd. Prefer
Fixative (Thermo Fisher Scientific, Carlsbad, CA, USA) for 48 hrs. Brains were rinsed in PBS
0.1% Tween-20, post-fixed in 4% PFA for 10 min, and permeabilized in 0.5% Triton X-100 in
PBS. Larvae brains were bleached in 1.5% H2O2/1% KOH; blocked in 10% goat serum, 1%
DMSO, and 1% BSA; and then incubated in a primary antibody (1:250 dilution) overnight at
4 ◦C. A secondary antibody was incubated (1:300 dilution) at 4 ◦C overnight. After rinsing
in PBS+ 0.1% Tween 20, 4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific,
Carlsbad, CA, USA) staining was performed (1:5000 dilution) and brains were post-fixed in
4% PFA for 20 min, cleared, and stored in 90% glycerol in PBS. Brains were imaged on a
Nikon Live Cell Eclipse TI-FL confocal microscope (Nikon Instruments Inc., Tokyo, Japan)
in 30% glycerol. Images are presented as maximum-intensity z-projections generated by
Nikon NIS-Elements software Version: 5.21 (Nikon Instruments Inc., Tokyo, Japan). The
355-laser power was 90% for DAPI; 488 nm laser power was 40% for tyrosine hydroxylase;
and 488 nm laser power was 10% for acetyl-tubulin. LUT was at the max range for all
images, 0 to 65,000. Primary antibodies used were anti-tyrosine hydroxylase (Millipore
Sigma, Burlington, MA, USA) and anti-acetylated tubulin (Millipore Sigma, Burlington,
MA, USA). Secondary antibodies used were anti-Rabbit-Alexa Fluor 488 (Abcam, Waltham,
MA, USA), and anti-Mouse-Alexa Fluor 488 (Thermo Fischer Scientific, Carlsbad, CA, USA).
The brain, brain regions, and cells were analyzed using NIS-Elements.

2.14. Viewpoint ZebraBox Behavioral Analysis

Behavioral assays were performed using a previously described light stimulation
method [32]. Briefly, individual 5 dpi zebrafish were placed in wells of a 96-well plate. Plates
were placed in the ZebraBox system (ViewPoint, Montreal, QC, Canada) and maintained
at 28 ◦C. Zebrafish movement was stimulated using a series of light and dark periods
over 40 min (first 10 min of light, followed by 20 min in dark, and then again 10 min of
light). Light was at a target power of 100 or 0 for dark. Instantaneous edge transitions
were used between the light-to-dark and dark-to-light phases. Two separate behavioral
assays were performed using ViewPoint Software (Version 3.22). Quantization assays were
performed with approximately 96 larvae per trial. Activity quantization was determined
by quantifying the number of times larvae entered a particular activity state and how
long they remained in that activity state. The activity states for this assay were freezing,
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medium movement, and burst movement. These activity states were monitored for the
number of times the fish entered the states (count) and the time they spent in each activity
state (duration). Thresholds for quantification were set such that sensitivity = 5, skip
image count = 1, burst threshold = 275, and freezing threshold = 20. Tracking assays were
performed with approximately 60 larvae per condition for two trials. Tracking assays
monitored distance traveled to measure zebrafish inactivity, small movement, and large
movement. Tracking movements were quantified by measuring the number of times fish
entered each movement state (count), the duration they spent traveling in each movement
state (duration), and the amount of distance they traveled in each movement state (distance).
The thresholds set for analyses were set such that the low detection threshold = 30, skip
image count = 1, large threshold = 8, inactivity threshold = 4, and jitter threshold = 0.

2.15. Electrophysiology Seizure Assay

Standard control and splice blocking MO larvae at 5 dpi were used (N = 3 per condition)
for seizure assays that were modified from previously described work [33]. Briefly, larvae
were anesthetized using an ice-cold E3 medium and were positioned so the dorsal side
of the head was placed onto a MED64 microelectrode array comprised of 64 electrodes
20 × 20 µm in size and 100 µm apart (Alpha MED Scientific, Osaka, Japan). Larvae were
secured with a tissue harp and fine nylon mesh (Warner Instruments, Holliston, MA, USA).
Electrodes were 20 × 20 µm in size and 100 µm apart (MED64, Osaka, Japan). Larvae
were acclimated to artificial cerebrospinal fluid (aCSF) (124 mM NaCl, 3 mM KCl, 26 mM
NaHCO3, 2 mM CaCl2, 1 mM MgSO4, 1.25 mM NaH2PO4, 10 mM glucose, pH of 7.4) by
perfusion for 10 min at RT. Recordings were acquired during perfusion of aCSF under
constant flow at 1.8 mL/min of carbonation for 30 min. During the seizure assay, aCSF
was supplied to larvae for the first 10 min of the recording, and for the next 10 min,
15 mM of PTZ, a GABAA receptor antagonist (Sigma-Aldrich, St. Louis, MO, USA), in
aCSF was added. PTZ is a noncompetitive antagonist of the gamma-aminobutyric acid
(GABAA) receptor complex. PTZ is used to induce acute, severe seizures to examine
seizure susceptibility in zebrafish. Glutamate is the major excitatory neurotransmitter and
is released from activated neurons to bind NMDA, AMPA, and kainate receptors following
release. For the final 10 min, 50 µM of AP5, an NMDA receptor antagonist (Sigma-Aldrich;
St. Louis, MO, USA), and 50 µM of a CNQX and AMPA/kainate receptor antagonist
(Sigma-Aldrich, St. Louis, MO, USA) in aCSF were perfused. Recordings were analyzed on
Cambridge Electronic Design Spike 2 (Cambridge, UK). Electrode recordings were finite
impulse response (FIR) bandpass filtered with the following parameters: low = 300 Hz,
high = 3000 Hz, length = 1319. The root mean square (RMS) was determined. A single unit
channel was created from the FIR-filtered channel by creating a new wave mark with the
following parameters: left cursor = −0.4, right cursor = 0.9, top cursor = top of the page,
bottom cursor = 4X RMS. The new channel was then converted to a mean squared wave
mark trace of the 30 min recording. The spike rate was determined by averaging the spike
amount per 1 s over each 10 min period.

2.16. RT-qPCR

RNA isolation and cDNA synthesis were performed before RT-qPCR. All primers
were purchased from Integrated DNA Technologies (see Appendix A). Primers consisted
of an equal mix of forward and reverse primers diluted with nuclease-free water at a
stock concentration of 10 µM. A master mix was prepared with 10 µL of SYBR Green
SuperMix (Bio-Rad, Hercules, CA, USA), 2 µL of a forward and reverse mixture of the
primer of interest, and 3 µL of nuclease-free water per well. In total, 15 µL of the master
mix and 5 µL of cDNA were used in each reaction. Plates were run in a Bio-Rad CFX PCR
machine (Hercules, CA, USA) with the following parameters: 95 ◦C for 2 min, 95 ◦C for
5 s, 60 ◦C for 30 s, plate-read, and cycled 39X, and then 95 ◦C for 5 s, 65 ◦C for 31 s, 65 ◦C
for 5 s + 0.5 ◦C/cycle and ramp at 0.5 ◦C/s, plate-read, and cycled 60X. Once completed,
the plate was analyzed for gene expression changes using Bio-Rad CFX Maestro software
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version 4.1.2433.1219 (Hercules, CA, USA), and foldchange was determined using the
2−∆∆Ct method.

2.17. Statistical Analysis

Ordinary one-way ANOVA was used for multiple comparisons for the analysis of
CPT2 and acylcarnitine expression, morphological assessment, whole-mount staining
quantification, behavior assays, and immunofluorescent quantification. An unpaired two-
tailed t-test was performed for a single comparison. The t-test was used for RT-qPCR and
electrophysiology data comparison. All errors between values were determined by the
standard error of the mean (SEM). Differences were considered significant where p ≤ 0.05.
All statistical analyses were performed using GraphPad Prism 9.1 software (SanDiego, CA,
USA).

3. Results
3.1. Development of a CPT2 Deficiency Model System in Zebrafish without Toxicity

To develop a vertebrate model system with mild-to-moderate CPT2 deficiency, Tu/AB
Danio rerio zebrafish were injected with fluorescein-tagged MOs (Figure 1). SB MO was
designed to bind to the pre-mRNA at the exon 5, intron 5 boundary, and the TB MO was
designed to bind to the mature mRNA on exon 2 (Figure 1A). A scrambled CTRL MO was
used as a control. Fertilized embryos at the single-cell stage were microinjected with 0.25,
0.5, and 1.0 mM CTRL, TB, or SB fluorescein-tagged MOs (Figure 1B). One day post injection
(dpi), injected embryos were analyzed regarding fluorescein immunoreactivity, viability,
and progression of development. The viability and progression of larval development
following injection with 0.5 mM and 1.0 mM CTRL, TB, and SB MOs were compared to
wildtype (WT) zebrafish. The WT zebrafish viability and progression of development were
determined to be 77% at 1 day post fertilization. Zebrafish injected with 0.5 mM CTRL,
TB, and SB MO showed 84%, 74%, and 79% viability and progression of development,
respectively. Zebrafish injected with 1.0 mM CTRL, TB, and SB MO showed 60%, 59%, and
67% viability and progression of development, respectively. These results indicate that
doubling the MO concentration resulted in a decrease in viability. The goal of this study
was to evaluate a mild-to-moderate knockdown of cpt2 translation. Since 0.5 mM MO-
injected zebrafish were not less viable than WT and phenotypic effects were observed (see
below), 0.5 mM MO-injected zebrafish were raised to 5 dpi (Figure 1C,D) for all subsequent
experiments.

3.2. Evaluation of CPT2 Knockdown in Zebrafish Using Morpholinos

To evaluate CPT2 knockdown in TB and SB MO, RT-PCR and Western blot analyses
were performed. The activity of SB MOs can be determined by RT-PCR because successful
splice modification will result in a mobility shift or complete loss of the cpt2 transcript.
At 5 dpi, RNA was isolated from WT and MO-injected zebrafish. Forward and reverse
primers for full-length cpt2 were used (Appendix A, Table A3). The RT-PCR reaction
showed that full-length cpt2 (~1500 base pairs) cDNA is not amplified in SB-injected larvae
while cpt2 is amplified in uninjected WT and scrambled CTRL-injected larvae (Figure 2A).
These data show a loss of the cpt2 transcript and suggest that the SB MO inhibited pre-
mRNA processing. Actin primers amplified actin cDNA in uninjected WT, standard CTRL-
injected, and SB-injected zebrafish, supporting the specificity of SB MO targeting to cpt2
pre-mRNA. Western blotting was used to confirm that TB and SB MO significantly reduced
CPT2 protein expression in 5 dpi larvae. Mitochondria were isolated from 200 larvae per
condition at 5 dpi, and 100 µg of protein from the mitochondrial fraction was used for
Western blotting. A representative Western blot of CPT2 protein levels isolated from the
mitochondrial fraction of 200 WT, CTRL-injected, TB-injected, and SB-injected zebrafish is
shown (Figure 2B). Purified human CPT2 was used to verify specificity of the antibody for
CPT2 (~74 kD). Zebrafish CPT2 migrates slightly higher at a molecular weight predicted to
be closer to 80 kD (Figure 2B). The quantification of relative protein expression normalized
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to β-actin showed that scrambled CTRL MO did not reduce CPT2 expression in zebrafish
compared to WT CPT2 levels (Figure 2C, p > 0.05). CPT2 expression decreased ~31% in
TB-injected zebrafish compared to CTRL-injected zebrafish and ~38% compared to WT
(N = 3, p > 0.05, Figure 2C). CPT2 expression significantly decreased by ~78% in SB-injected
zebrafish compared to CTRL-injected zebrafish and ~85% compared to WT zebrafish (N = 3,
p ≤ 0.05, Figure 2C). Western blot data confirm that MOs can generate a mild-to-moderate
knockdown, and not a complete loss, of CPT2 protein in zebrafish.
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Figure 1. Generation of vertebrate CPT2 knockdown model system in zebrafish. (A). Morpholino
binding site for splice blocking (SB) and translation blocking (TB) MOs on pre-mRNA and mature
mRNA, respectively. (B). Graphic of embryos microinjected with fluorescein-labeled morpholino
oligonucleotide (MO) at single-cell stage using Narishige injector. Phase bright image of embryos
being microinjected at the single-cell stage. (C). Timeline CPT2 knockdown model system following
MO injection. At 1 dpi, embryos were screened for fluorescein. Viable embryos that were positive for
fluorescein (fluorescein+) were raised to 5 dpi for all experiments to evaluate larval development.
(D). Image of fluorescein+ embryos at 1 dpi. Percent viability of fluorescein+ embryos at 1 dpi com-
pared to uninjected WT zebrafish. N = 15–48 fish per condition for each of three trials. WT = wildtype
zebrafish; CTRL = control, scrambled MO-injected zebrafish; TB = translation blocking MO-injected
zebrafish; and SB = splice blocking MO-injected zebrafish. (A–C). Images were designed using
BioRender.com (Toronto, ON, Canada). Scale bar = 0.5 mm.
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Figure 2. Evaluation of morpholino CPT2 knockdown. (A). PCR amplification of full-length cpt2
run on 1% agarose gel. Actin was used as reference and control. N = 30 fish per condition. Red box
indicates the expected cpt2 PCR product. (B). Representative Western blot for CPT2 expression in
control and MO knockdown zebrafish. Human CPT2 lysate (hCPT2) was used as positive control.
Actin was used as protein loading control. (C). CPT2 protein expression in MO knockdown zebrafish
relative to WT. Protein levels were normalized to loading control β-actin. N = 200 fish per condition
for each trial. Error bars = standard error of difference of 0.19 as determined by ordinary one-
way ANOVA. (D). Total fatty-acylcarnitine expression evaluated using LC-MS/MS. N = 30 fish per
condition for each of five trials. Error bars = SEM. (A–D). WT = wildtype zebrafish; CTRL = control,
scrambled MO-injected zebrafish; TB = translation blocking MO-injected zebrafish; SB = splice
blocking MO-injected zebrafish. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns = not significant.

To confirm that knockdown of CPT2 affected the function of the carnitine shuttle
system, liquid chromatography–mass spectrometry (LC-MS/MS) was used to analyze total
acylcarnitine levels in WT, CTRL-injected, TB-injected, and SB-injected zebrafish (Figure 2D).
Long-chain fatty-acylcarnitine species were not significantly different in CTRL-injected
and WT zebrafish. Long-chain fatty-acylcarnitine species were significantly increased
in TB-injected and SB-injected zebrafish compared to WT and CTRL-injected zebrafish.
Total acylcarnitine levels increased ~70% (p <0.001) in TB-injected larvae and ~42% in SB-
injected larvae compared to WT (p ≤ 0.05, Figure 2D). TB-injected acylcarnitine levels were
significantly increased by ~55% compared to CTRL-injected zebrafish (p < 0.01, Figure 2D).
SB-injected acylcarnitine levels increased ~28% compared to CTRL-injected zebrafish. This
increase did not reach significance (p = 0.15, Figure 2D). The evaluation of the specific
acylcarnitine species showed a significant change in expression for some acylcarnitine
species compared to WT and CTRL-injected zebrafish (Supplementary Figure S1). In
particular, the data showed significantly increased levels of C16, C18, and C18:1. In
particular, C16 levels in TB-injected zebrafish increased ~116% compared to WT (p < 0.0001,
Supplementary Figure S1C). C16 levels increased ~57% in SB-injected zebrafish compared
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to WT (p ≤ 0.05, Supplementary Figure S1C), and TB-injected zebrafish showed an increase
of ~38% compared to CTRL-injected zebrafish (p ≤ 0.05, Supplementary Figure S1C). C18
levels increased ~90% in TB compared to WT (p ≤ 0.01, Supplementary Figure S1E) and
~48% compared to CTRL (p ≤ 0.05, Supplementary Figure S1E). C18:1 increased 92% in
TB-injected zebrafish compared to CTRL-injected zebrafish (p ≤ 0.05, Supplementary Figure
S1F). Very-long-chain fatty acylcarnitines, C22:5 and C22:6, were dramatically affected in
CPT2 knockdown larvae. C22:5 levels in TB-injected zebrafish and SB-injected zebrafish
showed an increase of ~235% (p ≤ 0.01, Supplementary Figure S1L) and ~258% (p ≤ 0.001,
Supplementary Figure S1L), respectively, compared to CTRL-injected zebrafish. C22:6
is increased in SB larvae by ~395% compared to CTRL-injected zebrafish (p < 0.0001,
Supplementary Figure S2M). These data further support that CPT2 expression and function
in the carnitine shuttle system are disrupted by MOs in the zebrafish model.

3.3. Effect of CPT2 Knockdown on Zebrafish Morphology

At 5 dpi, CPT2 knockdown larvae demonstrated abnormal phenotypes as compared
to WT and CTRL-injected zebrafish (Figure 3). Pericardial edema, curved tail, abnormal
yolk sac, and abdomen shape were measured in TB- and SB-injected zebrafish as compared
to WT and CTRL-injected zebrafish. Phenotypic differences were the most prevalent in SB-
injected zebrafish compared to WT zebrafish (Figure 3A). Pericardial edema increases ~20%
in SB-injected zebrafish compared to WT (p < 0.001, Figure 3B) and ~14% compared to CTRL-
injected zebrafish (p ≤ 0.05, Figure 3B). No significant change in pericardial edema was
noted in TB-injected zebrafish fish when compared to WT (~2% increase, p = 0.97, Figure 3B)
or CTRL-injected zebrafish (~5% increase, p = 0.8434, Figure 3B). The percent of larvae
with curved tails increased by ~34% in SB-injected zebrafish compared to WT (p < 0.0001,
Figure 3C) and by ~28% compared to CTRL-injected zebrafish (p < 0.001, Figure 3C). There
was no significant change in TB-injected zebrafish with curved tails when compared to
WT (p = 0.43, Figure 3C) or CTRL-injected zebrafish (p = 0.94, Figure 3C). The occurrence
of an abnormal yolk sac or abdomen was not significantly different between MO-injected
zebrafish and control-injected zebrafish (Figure 3D). Abnormal eye and tail development
was observed in CPT2 knockdown larvae and additional measurements were conducted
to assess body and brain development. Eye length, rump length, and standard length
were measured from the lateral side of the larva. Eye length was measured to evaluate eye
development, rump length was measured to assess gastrointestinal development, standard
length was measured to analyze body development, and eye width was measured from
the dorsal view to indirectly examine brain development (Figure 4A). TB-injected zebrafish
had reduced rump length by 128.1 ± 42.0 µm (p ≤ 0.05, Figure 4C) and reduced eye width
by 28.2 ± 10.5 µm (p ≤ 0.05, Figure 4E) compared to CTRL-injected zebrafish but were not
significantly different from WT larvae (Figure 4B–E).

In SB-injected zebrafish, eye length was significantly decreased by 42.4 ± 7.8 µm
compared to WT (p < 0.0001, Figure 4B) and 48.5 ± 7.9 µm compared to CTRL-injected ze-
brafish (p < 0.0001, Figure 4B). Rump length was significantly decreased by 290.1 ± 41.3 µm
compared to WT (p < 0.0001, Figure 4C) and 316.7 ± 42.3 µm compared to CTRL-injected ze-
brafish (p < 0.0001, Figure 4C). Standard length was significantly decreased to 534.5 ± 69.5 µm
compared to WT (p < 0.0001, Figure 4D) and 583.3± 71.1 µm compared to CTRL-injected
zebrafish (p < 0.0001, Figure 4D). Eye width was significantly decreased by 5.3 ± 10.3 µm
compared to WT (p < 0.0001, Figure 4E) and 52.8 ± 10.5 µm compared to CTRL-injected
zebrafish (p < 0.0001, Figure 4E). These data indicate that CPT2 knockdown affects the
gross development of larvae at 5 dpi.
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Figure 3. Phenotypic assessment of CPT2 knockdown larvae. (A). CPT2 knockdown larvae at
5 dpi presented with several predominant phenotypic differences such as pericardial edema, curved
tail, and abnormal yolk sac shape. Representative images of SB-injected phenotypes (SB) and
wildtype (WT) comparison are shown. Scale bar = 500 µm and 200 µm, respectively. (B–D). Percent
of qualitative phenotypic differences was compared between conditions. (A–D). WT = wildtype
zebrafish; CTRL = control, scrambled MO-injected zebrafish; TB = translation blocking MO-injected
zebrafish; SB = splice blocking MO-injected zebrafish. N = 50 fish per condition. * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001, **** p ≤ 0.0001. Error bars = SEM.

3.4. Effect of CPT2 Knockdown on the Lipid Deposition in Zebrafish

CPT2 knockdown may influence the deposition of lipids and cholesterol in zebrafish
larvae. Oil Red O was used to observe neutral lipids and cholesterol esters in 5 dpi larvae
(Figure 5). Both TB-injected and SB-injected zebrafish larvae showed an increase in Oil
Red O staining when compared to CTRL-injected and WT zebrafish (Figure 5A). Staining
intensity was evaluated using Fiji ImageJ by demarcating the brain and yolk sack and
measuring pixel intensity (Figure 5B). Oil Red O staining intensity was not significantly
different in the brains of TB- and SB-injected zebrafish compared to CTRL-injected and WT
zebrafish (p > 0.05, Figure 5C). Oil Red O staining intensity in the yolk sac of SB-injected
larvae increased ~33% compared to WT (p ≤ 0.05, Figure 5D) and ~90% compared to
CTRL-injected zebrafish (p ≤ 0.0001, Figure 5D). Oil Red O staining intensity of the yolk
sac in TB-injected larvae was not significantly different compared to WT or CTRL-injected
zebrafish. These data suggest that significant CPT2 knockdown in SB-injected larvae
resulted in an inability to effectively utilize and/or mobilize their lipid stores during this
early stage of development.
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Figure 4. Body development in CPT2 knockdown larvae. (A). Measurements of head and body
development were obtained using four consistent measurements. (i) Eye length, (ii) rump length,
(iii) standard length, (iv) eye width. Scale bar = 100 µm. (B–E). Measurements for eye length, rump
length, standard length, and eye width. (B–E). WT = wildtype; CTRL = control, scrambled MO-
injected zebrafish; TB = translation blocking MO-injected zebrafish; SB = splice blocking MO-injected
zebrafish. N = 50 fish per condition. * p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001. Error bars = SEM.

3.5. Effect of CPT2 Knockdown on the Developing Nervous System in Zebrafish

Craniofacial abnormalities can occur in forms of human CPT2 deficiency [11]. Since
craniofacial development requires proper neural tube closure and neural crest cell migration
and may be influenced by abnormal LCFA utilization, the development of craniofacial
cartilage in CPT2 knockdown larvae was evaluated compared to WT and CTRL-injected
zebrafish. A narrowing of the Mechel’s cartilage and ceratohyal cartilage, as well as a
change in the development of ceratobranchials i–v, was observed in some CPT2 knockdown
larvae (Figure 6A). Three separate measurements were quantified to evaluate cartilage
formation: (i) the distance from Mechel’s cartilage to the ceratohyal cartilage, (ii) the angle of
the Mechel’s cartilage, (iii) and the angle of the ceratohyal cartilage (Figure 6B). There were
no significant differences in the development of Mechel’s or ceratohyal or ceratobranchial
cartilage between CPT2 knockdown and control larvae (p > 0.05, Figure 6C–E). These data
indicate that CPT2 knockdown does not significantly influence cartilage development as
measured by these specific parameters at 5 dpi in this zebrafish model system.
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Figure 5. Lipid deposition in CPT2 knockdown larvae. (A). Oil Red O whole-mount staining was
performed on 5 dpi larvae to evaluate lipid deposition. Scale bar = 200 µm. (B). Greyscale images
were quantified for pixel intensity in brain and yolk sac to determine intensity of Oil Red O stain.
Scale bar = 200 µm. (C–D). Oil Red O stain intensity in brain and yolk sac. (A–D). WT = wildtype;
CTRL = control, scrambled MO-injected zebrafish; TB = translation blocking MO-injected zebrafish;
SB = splice blocking MO-injected zebrafish. N ≤ 10 zebrafish per condition. * p ≤ 0.05, *** p < 0.001,
**** p < 0.0001. Error bars = SEM.

To evaluate potential changes to gross brain development in CPT2 knockdown larvae,
brains were dissected from 5 dpi larvae and immunostained for acetylated tubulin. Whole
brain area, forebrain area, forebrain width, midbrain area, optic tectum area, and cerebellum
area were measured (Figure 7A). Whole brain area decreased by ~39% in SB compared to
WT and ~38% compared to CTRL-injected zebrafish (p < 0.0001, Figure 7B). Forebrain area
was decreased in SB-injected by ~31% compared to WT (p < 0.001, Figure 7C) and ~33%
compared to CTRL-injected zebrafish (p < 0.0001, Figure 7C). Forebrain length was not
significantly different between any conditions (p > 0.05, Figure 7D). Midbrain area decreased
~64% in SB-injected compared to WT (p < 0.0001, Figure 7E) and ~61% compared to CTRL-
injected zebrafish (p < 0.0001, Figure 7E). Optic tectum area increased over 250% compared
to WT and CTRL-injected zebrafish (p < 0.001, Figure 7F). Cerebellum area decreased ~37%
in SB-injected compared to WT (p < 0.0001, Figure 7G) and 22.6% compared to CTRL-
injected zebrafish (p ≤ 0.05, Figure 7G). TB-injected zebrafish cerebellar area decreased
~26% compared to WT (p < 0.01, Figure 7G). These data provide evidence that CPT2
knockdown significantly disrupted normal brain development in this zebrafish model
system.
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= SEM. 
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7C) and ~33% compared to CTRL-injected zebrafish (p < 0.0001, Figure 7C). Forebrain 
length was not significantly different between any conditions (p > 0.05, Figure 7D). 
Midbrain area decreased ~64% in SB-injected compared to WT (p < 0.0001, Figure 7E) and 
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Figure 6. Cartilage development in CPT2 knockdown larvae. (A). Alcian blue stain was performed
on 5 dpi larvae to evaluate cartilage development. Areas of focus were Mechel’s cartilage (1),
ceratohyal cartilage (2), and ceratobranchial cartilage i–v (3). Scale bar = 100 µm. (B). Cartilage
development was assessed on distance between Mechel’s and ceratohyal cartilage (i), angle of
Mechel’s cartilage (∠ii), and angle of ceratohyal cartilage (∠iii). (C,D). Quantification of cartilage
measurements. (A–E). WT = wildtype; CTRL = control, scrambled MO-injected fish; TB = translation
blocking MO-injected zebrafish; SB = splice blocking MO. N ≤ 11 zebrafish per condition. Error
bars = SEM.

Since the acetylation of tubulin is a post-translational modification associated with cell
development and vesicle transport [34,35], neuronal projections identified by immunostain-
ing of acetylated tubulin were measured (Figure 8). DAPI was used as a nuclear counter-
stain. The optic tectal regions, outlined in white, were evaluated from the dorsal side of the
zebrafish brain (Figure 8A). The optic tectum is homologous to the human superior collicu-
lus that is responsible for the perception of and response to environmental stimuli [36]. The
tectum receives afferent inputs from multiple regions of the zebrafish brain including the
contralateral eye and the hypothalamus [36]. SB-injected optic tectal regions showed a sig-
nificant increase in acetylated tubulin by ~84% compared to WT (p < 0.0001, Figure 8B) and
~119% compared to CTRL-injected zebrafish (p < 0.0001, Figure 8B). Ventrally located, the
paraventricular organ posterior part (PVOp) is a part of the hypothalamus, and acetylated
tubulin labeling in knockdown fish was unique to that of controls (Figure 8C). The PVOp
of the hypothalamus is highly conserved between zebrafish and humans and regulates
food intake as well as locomotor activity through afferent input from the dorsal motor
nucleus of the vagus nerve [36–38]. TB-injected zebrafish showed a significant decrease in
mean intensity of the labeling by ~29% compared to WT (p ≤ 0.05, Figure 8D) and ~29%
compared to CTRL-injected zebrafish (p ≤ 0.05, Figure 8D). SB-injected zebrafish showed a
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significant increase of ~29% compared to WT (p ≤ 0.05, Figure 8D) and ~29% compared to
CTRL-injected zebrafish (p < 0.01, Figure 8D). These data show increased acetylated tubulin
labeling in the optic tectal regions and the PVOp in SB-injected fish compared to controls.
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Figure 7. Brain development in CPT2 knockdown larvae. (A). Dissected zebrafish brain im-
munostained with acetylated tubulin. Schematic map of brain regions that were measured. Scale
bar = 100 µm. (B–G). Quantification of area and length measurements from dissected and acetylated
tubulin-stained brains. WT = wildtype zebrafish; CTRL = control, scrambled MO-injected zebrafish;
TB = translation blocking MO-injected zebrafish; SB = splice blocking MO-injected zebrafish. N = 8–16
zebrafish brains per condition. * p ≤ 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Error bars = SEM.
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Figure 8. Immunofluorescence of neuronal network structure in CPT2 knockdown larvae brains.
Brains were labeled with acetylated tubulin (green) and counterstained with DAPI. (A,B). The optic
tectum is outlined in white and viewed on the dorsal side of the larvae. (C,D). The paraventricular
organ posterior part (PVOp) region of the brain is outlined in white on the ventral side of the larvae.
N = 8–16 per condition. (E,F). Brains were immunostained for tyrosine hydroxylase (green) and DAPI.
The hypothalamus on the ventral side of the larva brain is shown. (G). Tyrosine hydroxylase-positive
cells were counted from the hypothalamus. (A,C,E). Scale bar = 100 µm. (A–G). WT = wildtype,
CTRL = control MO, TB = translation blocking MO, SB = splice blocking MO. N = 8–10 zebrafish
brains per condition. * p ≤ 0.05, ** p < 0.01, **** p < 0.0001. Error bars = SEM.
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Zebrafish midbrain catecholinergic neurons are dopaminergic and are homologous
to mammalian midbrain catecholaminergic neurons that are functionally important for
motor control, reward, motivation, and cognitive function [39,40]. Tyrosine hydroxylase
(TH) is the rate-limiting enzyme of catecholamine biosynthesis, and dysfunctional TH
activity is seen in schizophrenic patients [40–42]. Fatty acid metabolism has recently been
shown to be important for catecholinergic neuronal function and TH activity [40–44], and
the proband diagnosed with CPT2 deficiency described in our case study experiences
schizophrenic-like symptoms [15]. In zebrafish, TH pathways are important in swimming
movement [45]. Anti-TH1 immunofluorescent analyses were performed to determine how
CPT2 knockdown affects TH+ catecholaminergic neurons. Zebrafish have two homologs
for TH, TH1 and TH2. The TH1 enzyme uses tetrahydrobiopterin and molecular oxygen
to convert tyrosine to DOPA, and the homolog TH2 enzyme functions as mammalian
tryptophan hydroxylase to convert tryptophan to 5-hydroxy-L-tryptophan (5-HTP) and
4a-hydroxy-BH4 (pterin-4a-carbinoxamine derivative of BH4) during the rate-limiting step
of serotonin synthesis [40]. The TH antibody is immunospecific for both TH1 and TH2
and binds to dopaminergic and serotonergic neurons. The hypothalamus and particularly
the PVOp were evaluated from the ventral side of the fish for TH immunoreactivity
(Figure 8E). Mean staining intensity of the TH+ cells in the hypothalamic region increased
~35% in SB-injected zebrafish compared to WT (p < 0.0001, Figure 8F) and ~41% when
compared to CTRL-injected zebrafish (p < 0.0001, Figure 8F). TH+ cells were counted in the
hypothalamus and SB-injected larvae showed a ~12% decrease compared to WT and a ~15%
decrease compared to CTRL-injected zebrafish (p ≤ 0.05, Figure 8G). Differences in overall
brain morphology and immunofluorescent analyses suggest that axonal projections and
the expression of enzymes involved in the development and function of catecholaminergic
neurons may be affected by CPT2 knockdown.

3.6. Effect of CPT2 Knockdown on Behavior and Brain Function

TH+ neuronal neurons and networks are important for swimming movement. Since
TH+ immunofluorescence showed significant effects on TH+ neurons and TH+ networks,
swimming movement was evaluated. The ViewPoint Zebrabox system (Version 3.22) was
used to evaluate whether CPT2 knockdown affected swimming behavior of fish during
light stimulation (Figure 9A). The quantization assay evaluated larval swimming speed
and duration. Swimming activity count measures the number of times a larva entered a
particular activity state. Swimming activity duration measures the amount of time a larva
spent in a particular activity state. Activity states were defined as freezing activity, medium
activity, and bursting activity. Measurements of behavioral activity for each zebrafish
were averaged and the changes in MO-injected zebrafish behavior compared to CTRL-
injected and WT zebrafish were analyzed. SB-injected larvae entered the freezing activity
state less frequently than WT and CTRL-injected zebrafish by 434.6 ± 97.3 (p < 0.0001,
Figure 9B) and 627.0 ± 100.7 (p < 0.0001, Figure 9B), respectively. Once SB-injected larvae
entered the freezing state, SB-injected zebrafish larvae spent significantly more time in
the freezing activity state by 60.0 ± 11.3 s compared to WT (p < 0.0001, Figure 9E) and
112.0 ± 11.7 s compared to CTRL-injected zebrafish (p < 0.0001, Figure 9E). Interestingly,
SB-injected fish did not enter, or spend as much time in, the medium activity state as did
WT or CTRL-injected zebrafish (p < 0.0001, Figure 9C,F) (p < 0.0001, Figure 9F). SB-injected
zebrafish showed a significant decrease in the number of times they entered the bursting
state by 58.1 ± 11.1 counts compared to WT (p < 0.0001, Figure 9D) and 78.5 ± 11.5 counts
compared to CTRL-injected zebrafish (p < 0.0001, Figure 9D). SB-injected zebrafish larvae
spent significantly less time in the bursting activity state, demonstrating a reduction of
13.6 ± 2.7 s compared to WT (p < 0.0001, Figure 9G) and 16.6 ± 2.8 s compared to CTRL-
injected zebrafish (p < 0.0001, Figure 9G). Overall, SB-injected zebrafish showed a significant
decrease in activity compared to WT and CTRL-injected zebrafish. TB-injected zebrafish
demonstrated more subtle behavioral changes from WT and CTRL-injected zebrafish.
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Figure 9. Swimming speeds in CPT2 knockdown larvae. (A). Behavior assays performed in ViewPoint
Zebrabox with individual fish in 96-well plate for 40 min with light stimulation: 10 min light, 20 min
dark, 10 min light. (B–G). Quantification of quantization assay measuring larvae freezing and
swimming activity count and duration. WT = wildtype, CTRL = control MO, TB = translation
blocking MO, SB = splice blocking MO. N = 96 fish used per condition for each of two trials. Dotted
black lines = mean value. * p ≤ 0.05, ** p < 0.01, **** p < 0.0001. Error bars = SEM.

Behavioral tracking assays were used to measure the rate and distance of swimming
during light stimulation. Zebrabox tracking software (Version 3.22) races zebrafish move-
ment and records small movement as a red line and large movements as green lines.
Swimming near the edges and decreased movement toward the center of the well indi-
cate thigmotaxic avoidance behavior and are well documented in zebrafish [46,47]. CPT2
knockdown larvae demonstrated increased thigmotaxis as shown by the decreased number
of wells with red tracking lines in the center of wells as compared to WT, CTRL-, and
TB-injected zebrafish (Figure 10A). The duration of time spent in a small movement state
was significantly reduced in SB-injected larvae by 173.3 ± 43.8 s compared to WT and by
204.3 ± 47.4 s compared to CTRL-injected zebrafish (p < 0.001, Figure 10B). The duration
of time spent in a large movement state was significantly reduced in SB-injected zebrafish
compared to WT (p < 0.001, Figure S2C) and CTRL-injected zebrafish (p < 0.01, Figure 10C).
SB-injected zebrafish traveled 16,684 ± 2229 µm less than WT (p < 0.0001, Figure 10D)
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and 11,722 ± 2411 µm less than CTRL-injected zebrafish (p < 0.0001, Figure 10D) when
in the large movement state. No significant differences were noted between conditions
for inactivity count, duration, and distance; small movement count and distance; and
large movement count in the tracking assay (Figure S2A–F). These data suggest that CPT
deficiency results in a reduction in locomotion and ability to change movement states
concurrent with an increase in avoidance behaviors.
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Figure 10. Swimming distance in CPT2 knockdown larvae. Tracking behavioral assay was performed
using ViewPoint Zebrabox for 40 min with changing light stimulation; 10 min of light, 20 min of
darkness, 10 min of light. (A). Tracked movement indicated by red (tracks small movement) and green
(tracks large movement) lines for individual larvae during 40 min recording. (B–D). Quantification of
tracking assay of larvae movement duration and distance. (A–D). WT = wildtype, CTRL = control
MO, TB = translation blocking MO, SB = splice blocking MO. N = 60 fish used per condition for
each of two trials. ** p < 0.01, *** p < 0.001, **** p < 0.0001. Dotted black lines = mean value. Error
bars = SEM.

3.7. Effect of CPT2 Knockdown on Neural Network Activity

Since seizures have been associated with more severe forms of CPT2 deficiency, and
our proband with CPT2 deficiency presented with seizures during infancy [15], neural
network activity of CTRL-injected and SB-injected 5 dpi larvae (Figures 11 and S3) was
monitored for seizure susceptibility compared to controls. MED64 electrical traces of raw
and filtered recordings over the 30 min period were able to detect normal activity during
the baseline, followed by an increase in electrical activity after the addition of PTZ, the
GABAA receptor antagonist. Following PTZ perfusion, the perfusion of AP5 and CNQX
reduced neuronal activity. SB-injected zebrafish demonstrated increased baseline neuronal
activity following the addition of PTZ compared to CTRL-injected zebrafish (Figure S3).
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The spike rate was determined for each larva. During aCSF perfusion, SB-injected zebrafish
larvae had a significant spike rate increase of 2.5 ± 1.3 Hz compared to CTRL-injected
zebrafish (p < 0.0001, Figure 11E). During the addition of PTZ, SB-injected larvae showed a
significant increase in network activity of 4.0 ± 2.0 Hz when compared to CTRL-injected
zebrafish (p < 0.0001, Figure 11E). During the perfusion of AP5 and CNQX, SB-injected
zebrafish showed an increase in network activity of 1.7 ± 0.8 Hz when compared to CTRL-
injected zebrafish (p < 0.001, Figure 11E). These data indicate that CPT2 knockdown affected
electrical activity and induced a seizure-like phenotype when compared to CTRL-injected
zebrafish larvae.
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50]. Because electrical activity in SB-injected zebrafish was significantly increased and be-
cause the increase was reduced by antagonists of glutamate neuronal signaling, the ex-
pression of the zebrafish glutamatergic receptor, glutamate ionotropic receptor NMDA type 
subunit 1a gene (Grin1a), was evaluated (Figure 11F). Grin1a is homologous to human 
GRIN1 and encodes the NMDA receptor subunit NR1 [48–50]. Grin1a expression in-
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Figure 11. Seizure susceptibility and Grin1a expression. (A). Secured, living 5 dpi zebrafish on MED64
electrode. Scale bar = 200 µm. (B). MED64 electrode dish. Scale bar = 5 mm. (C). Tissue harp and
mesh for securing larvae to electrode. Scale bar = 5 mm. (D). Schematic of 30 min electrophysiology
recording, 10 min of artificial cerebrospinal fluid (aCSF) perfusion, 10 min of Pentylenetetrazol (PTZ)
perfusion, and 10 min of 2(R)-amino-5-phosphonopentanoate and cyanquixaline (AP5 + CNQX)
perfusion. (E). Spike rate (Hz) of CTRL and SB larvae. N = 3 zebrafish per condition. (F). Grin1a
gene expression evaluated through RT-qPCR. N = 30 fish per condition for each of four trials.
(E–F). CTRL = control MO, TB = translation blocking MO, SB = splice blocking MO. * p ≤ 0.05,
*** p < 0.001, **** p < 0.0001. Error bars = SEM.
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Increased glutamate release can result in increased NMDA receptor expression [48–50].
Because electrical activity in SB-injected zebrafish was significantly increased and because
the increase was reduced by antagonists of glutamate neuronal signaling, the expression
of the zebrafish glutamatergic receptor, glutamate ionotropic receptor NMDA type subunit
1a gene (Grin1a), was evaluated (Figure 11F). Grin1a is homologous to human GRIN1
and encodes the NMDA receptor subunit NR1 [48–50]. Grin1a expression increased in
TB-injected larvae by ~48% compared to CTRL-injected larvae; however, this increase was
not significant (p = 0.1397, Figure 11F). SB-injected larvae showed a significant increase
in Grin1a expression by ~79% compared to CTRL-injected zebrafish larvae (p ≤ 0.05,
Figure 11F). These data suggest that there is an association with increased seizure-like
activity and NMDA receptor expression in CPT2 knockdown zebrafish.

3.8. Effect of CPT2 Knockdown on Mitochondrial and Neuronal Gene Expression

The zebrafish CPT2 knockdown model system presents structural and functional
changes, suggesting that disrupted lipid metabolism influences gene expression broadly.
CPT2 knockdown zebrafish were evaluated for changes in gene expression related to
mitochondrial function, neurotransmitter function and signaling, and schizophrenia-like
disease states at the early larvae stage. RT-qPCR was used to assess changes in homologous
gene expression in zebrafish in SB-injected and TB-injected zebrafish compared to CTRL-
injected zebrafish because CTRL-injected and WT zebrafish showed similar morphology
and behaviors.

CPT2 is expressed in the mitochondria so the effect of CPT2 knockdown on mito-
chondrial gene expression was evaluated. Mitochondrial genes that were evaluated were
Transcriptional factor A mitochondrial (Tfam), Pparg coactivator 1 alpha (Ppargclα), fatty acid
binding protein 3 (Fabp3), and leucine-rich pentatricopeptide repeat containing (Lrpprc). All
mitochondrial genes were significantly upregulated in SB-injected zebrafish compared to
CTRL- and TB-injected zebrafish (Figure 12A). In SB-injected zebrafish, Tfam expression in-
creased ~11-fold compared to CTRL-injected (p < 0.001, Figure 12A) and ~4-fold compared
to TB-injected zebrafish (p < 0.0001, Figure 12A). Ppargclα expression increased ~6-fold
in SB-injected zebrafish compared to CTRL-injected and ~4-fold compared to TB-injected
zebrafish larvae (p < 0.0001, Figure 12A). Fabp3 expression in SB-injected zebrafish increased
~4-fold compared to CTRL-injected and ~3-fold compared to TB-injected zebrafish larvae
(p < 0.0001, Figure 12A). The expression of Ppargclα and Fabp3 did not significantly change
in TB-injected zebrafish compared to CTRL-injected zebrafish (Figure 12A).

Since a change in tyrosine hydroxylase (TH) immunolabeling was demonstrated in SB-
injected larvae, the expression of homologous TH and dopaminergic genes was investigated.
Dopaminergic genes of interest that were evaluated by RT-qPCR were dopamine receptor
genes D1b (Drd1b), D2a (Drd2a), D3 (Drd3), and D4a (Drd4a); the dopamine transporter
Solute carrier family 6 member 3 (Slc6a3); and dopamine synthesis genes Th1 and Th2. Drd1b
expression increased ~5-fold in SB-injected zebrafish compared to CTRL-injected zebrafish
and ~4-fold compared to TB-injected larvae (p < 0.0001, Figure 12B). No significant change
in expression was noted for Drd2a between CPT2 knockdown larvae and CTRL-injected
larvae. Drd3 expression increased ~7-fold in SB-injected zebrafish compared to CTRL-
injected zebrafish and ~5-fold compared to TB-injected zebrafish (p < 0.0001, Figure 12B).
Drd4a expression increased ~4-fold in SB-injected zebrafish compared to CTRL-injected
zebrafish (p ≤ 0.05, Figure 12B). These data show an overall increase in the expression
of genes encoding dopamine receptors in SB-injected CPT2 knockdown zebrafish. No
significant changes in Slc6a3 expression were detected (Figure 12B). There are two tyrosine
hydroxylase homologs in zebrafish, Th1 and Th2. TH1 is involved in the synthesis of
dopamine and TH2 is involved in dopamine and serotonin synthesis in zebrafish [42]. Th1
expression increased ~7-fold in SB-injected zebrafish compared to CTRL-injected zebrafish
and increased ~5-fold compared to TB-injected zebrafish (p < 0.0001, Figure 12B). Th2
expression increased ~2-fold in SB-injected zebrafish compared to CTRL-injected zebrafish
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(p ≤ 0.05, Figure 12B). These data indicate a change in dopamine receptor and TH gene
expression in SB-injected CPT2 knockdown larvae.
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Figure 12. Gene expression in CPT2 knockdown larvae. (A). Mitochondrial gene expres-
sion. (B). Dopaminergic gene expression. (C). Neurotransmitter-related gene expression.
(D). Schizophrenia-linked gene expression. (E). Western blot of phosphorylated and unphos-
phorylated α-synuclein compared to actin. (F). Quantification of unphosphorylated α-synuclein
protein expression. (G). Quantification of phosphorylated α-synuclein protein expression.
(B–D). WT = wildtype zebrafish; CTRL = control, scrambled MO-injected zebrafish; TB = trans-
lation blocking MO-injected zebrafish; SB = splice blocking MO-injected zebrafish. N = 30 zebrafish
per condition for each of four trials. * p ≤ 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Error
bars = SEM.

To investigate how CPT2 knockdown affected serotonergic, cholinergic, and gluta-
matergic neuronal gene expression, the translation of hydroxytryptamine receptor 1b (Htr1b),
cholinergic receptor muscarinic 2a (Chrm2a), and Vglut genes was evaluated. Htr1b and
Chrm2a encode serotonergic and muscarinic cholinergic receptors, respectively. HTR1B is a
G-coupled receptor bound by serotonin. The expression of Htr1b in SB-injected zebrafish
was increased ~5-fold compared to CTRL-injected zebrafish (p < 0.0001, Figure 12C) and
~3-fold compared to TB-injected zebrafish (p < 0.001, Figure 12C). SB-injected zebrafish
showed an ~8-fold increase in Chrm2a expression compared to CTRL-injected zebrafish
(p < 0.01, Figure 12C) and a ~4-fold increase compared to TB-injected zebrafish (p < 0.01,
Figure 12C). Vesicular Glutamate Transporter 1 (Vglut1) and Vesicular Glutamate Transporter
2 (Vglut2) are glutamate transporter genes expressed in glutamatergic neurons. These
protein-coding genes are involved with the vesicular packaging of glutamate for trans-
port. Vglut1 expression in SB-injected zebrafish decreased ~0.1-fold compared to CTRL
(p < 0.01, Figure 12C) and TB-injected zebrafish (p < 0.001, Figure 12C). Vglut2 expression
in SB-injected zebrafish increased ~2-fold compared to CTRL-injected zebrafish (p < 0.01,
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Figure 12C). These data show that CPT2 knockdown during early development alters nor-
mal serotonergic, cholinergic, and glutamatergic gene expression in the zebrafish vertebrate
model system.

To further analyze the relationship, a potential link between CPT2 deficiency and
the expression of schizophrenia-related genes, α-synuclein interacting protein (Sncaip) and
disrupted in schizophrenia 1 (Disc1), was evaluated. SNCAIP is an α-synuclein interacting
protein and is involved in synaptic plasticity because SNCAIP participates with α-synuclein
to maintain synaptic vesicle pools and regulate neurotransmitter release from the presy-
naptic neuron [51]. Sncaip expression increased ~5-fold in SB-injected zebrafish compared
to CTRL-injected zebrafish (p < 0.001, Figure 12D) and ~4-fold compared to TB-injected
zebrafish (p < 0.0001, Figure 12D). DISC1 is associated with synaptic pruning during critical
periods of development [52–54]. The expression of Disc1 in SB-injected zebrafish increased
~5-fold compared to CTRL-injected zebrafish (p < 0.001, Figure 12D) and ~4-fold compared
to TB-injected zebrafish (p < 0.0001). These data indicate a change in Sncaip and a key
schizophrenia marker, Disc1, in CPT2 knockdown larvae.

Recently, α-synuclein aggregation has been shown to increase in cells and cere-
brospinal fluid [55] and decrease in the blood serum [56,57] of people with dopamine-
related disease states including schizophrenia. To evaluate α-synuclein expression in the
zebrafish CPT2 knockdown model system, Western blotting was used. An increased expres-
sion of phosphorylated and unphosphorylated α-synuclein protein in SB-injected zebrafish
compared to CTRL-injected zebrafish (Figure 12E) was observed. The quantification of all
Western blots showed a ~3-fold increase in the protein expression of α-synuclein (p ≤ 0.01,
Figure 12F) and ~2-fold increase in phosphorylated α-synuclein (p ≤ 0.05, Figure 12G) in SB-
injected zebrafish compared to CTRL-injected zebrafish. There was no significant difference
between unphosphorylated and phosphorylated α-synuclein levels in SB-injected zebrafish.
In addition, there was not a significant change in unphosphorylated or phosphorylated
α-synuclein in TB-injected zebrafish compared to CTRL-injected zebrafish (Figure 12E–G).
These data provide evidence that α-synuclein protein is significantly increased in cells and
tissues of CPT2 knockdown zebrafish. A tabulated summary of the Results Section can be
found in Supplementary Table S1.

4. Discussion

Previously, we reported that human CPT2 deficiency in a male proband was comorbid
with seizures in early development and schizophrenia in early adulthood [15]. Normal
CPT2 function is required for carnitine on a fatty acid to be replaced with a coenzyme and
acylcarnitine so that long-chain fatty acids can be effectively utilized for β-oxidation. CPT2
deficiencies in humans result in a variety of clinical outcomes depending on the severity
of the CPT2 mutation; however, mild-to-moderate CPT2 deficiency had not previously
been linked to the development of schizophrenia [10–15]. The goal of this study was to
develop an accessible vertebrate model system, which is highly homologous to humans,
to begin to investigate the effects of CPT2 deficiency on early neurodevelopmental events
that may help explain the putative association to schizophrenia susceptibility. As a proof
of concept, the CPT2 knockdown model employed both translation and splice blocking
MOs to knockdown, but not eliminate, CPT2 function at the single-cell stage of zebrafish
development. MOs are commonly used in zebrafish and are an effective tool for gene knock-
down studies [19–24]. As demonstrated by PCR and Western blotting, MO oligonucleotides
targeting cpt2 expression in zebrafish reduced CPT2 protein expression (Figures 1 and 2).
TB MOs and SB MOs provide a means to compare mild-to-moderate CPT2 knockdown to
control zebrafish in these and future studies. Future rescue experiments will evaluate the
ability of injected cpt2 mRNA to restore zebrafish knockdown phenotypes. NMD-blocking
strategies could be used to further validate SB knockdown.

Deficits in the carnitine system may result in abnormal acylcarnitine long-chain fatty
acids and lipid deposition and utilization [13,14]. LC-MS/MS analyses determined that
total acylcarnitine levels were significantly increased in CPT2 knockdown larval zebrafish
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compared to WT zebrafish (Figure 2D). While the SB morpholino was more effective at
knocking down CPT2 expression, and generally had more significant phenotypes, the TB
morphants demonstrated larger changes in total acylcarnitine levels (Figure 2D). Under
physiologic conditions, the oxidation of long- and medium-chain fatty acids is primarily
handled by the mitochondrial β-oxidation system, with only minimal contribution from the
peroxisomal system [9,14]. Partial CPT2 expression as seen in TB-injected zebrafish could
result in a greater accumulation of acylcarnitine species compared to SB-injected zebrafish
because the signaling to oxidize fatty acids in peroxisomes or by ω-oxidation may be incom-
pletely activated due to the remaining CPT2 function in mitochondria. The accumulation
of some acylcarnitine species in TB- and SB-injected zebrafish compared to CTRL-injected
and WT zebrafish was interesting (Figure S1). Patients with CPT2 deficiency have been
shown to have increased levels of acylcarnitine C14, C16, C16:1, C18, C18:1, and C18:2 in
blood serum [13,14,58–60]. The accumulation of C16 and the ratio of C16 + C18:1/C2 have
previously been used to identify CPT2 deficiency. Meta-analyses found significant increases
in acylcarnitines with at least 12 or more carbons in people with long-chain fatty acid oxida-
tion disorders and CPT2 deficiency [61,62]. CPT2 knockdown zebrafish are similar as they
demonstrate significant increases in larger-carbon-chain acylcarnitine species (Figure S1).
Like patients with CPT2 deficiency, C16, C18, and C18:1 acylcarnitines were significantly
increased in TB-injected when compared to WT and CTRL-injected zebrafish. SB-injected
zebrafish had a significant increase in acylcarnitine levels of C16 when compared to WT
while C18 and C18:1 increased moderately albeit not significantly in SB-injected zebrafish
compared to WT and CTRL-injected zebrafish (Figure S1C,E,F). Levels of acylcarnitine
long-chain fatty acids such as C22:5 and C22:6 were significantly increased in SB-injected as
compared to WT and CTRL-injected zebrafish (Figure S1M,N). Some acylcarnitine species
were challenging to evaluate due to sample variability and very low abundance such
as C20:2, C20:4, and C20:5 species (Figure S1J–L). When making comparisons between
human studies and the zebrafish model system presented here, it is important to note that
there may be species-specific differences. Further, acylcarnitine levels in CPT2 deficien-
cies vary widely between forms of the disease and acylcarnitine levels in serum, blood
spots, and tissue differ [62,63]. Typically, blood serum is collected from humans for an
acylcarnitine analysis, while, here, whole body tissues were prepared from zebrafish for
LC-MS/MS analyses. Despite these potential differences, in each MO-injected zebrafish,
CPT2 deficiency was associated with an increase in acylcarnitine long-chain fatty acids
including increased levels of C16. Interestingly, recent studies suggest that acylcarnitine
levels are altered in autistic and schizophrenic patients and that carnitine species are influ-
enced by antipsychotic medication [64]. The characterization of acylcarnitine species may
yield important insight into how lipid and metabolic processes contribute to underlying
mechanisms of heterogeneous neurodevelopmental and neurocognitive disorders. Future
experiments may examine effects of drug treatment or supplementation on acylcarnitine
species accumulation, taking advantage of the zebrafish high-throughput capabilities.

SB-injected zebrafish exhibited significant changes in body, brain, and eye develop-
ment compared to CTRL-injected and WT zebrafish (Figures 3 and 4). In addition to the
reduction in overall body size, significant increases in pericardial edema and abnormal tail
structure were observed in CPT2 knockdown zebrafish (Figure 3A–C). The presentation of
reduced body size and a significant increase in curved tails in CPT2 knockdown zebrafish
is likely associated with improper muscle development [58]. CPT2 deficiency can affect
muscle development and function in humans. Curved tails could also arise from neural
tube defects in zebrafish, and the lethal neonatal form of CPT2 deficiency is associated
with defects in neurulation [58]. Cardiomyopathy is a common symptom associated with
the severe infantile hepatocardiomuscular form of CPT2 deficiency [12–14]. SB-injected
zebrafish presented with enlarged ventricles and the accumulation of fluid during cardiac
development when compared to WT and CTRL-injected zebrafish. In TB-injected zebrafish
and SB-injected zebrafish, eye size and gastrointestinal development were reduced com-
pared to WT and CTRL-injected zebrafish (Figure 4). The phenotypic characterization of
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CPT2 knockdown with Oil Red O staining indicated that CPT2 knockdown significantly
increased lipid deposition in SB-injected zebrafish compared to WT and CTRL-injected
zebrafish (Figure 5A–D). Zebrafish have a yolk sac for approximately 5–6 days after fer-
tilization to provide them with a source of proteins, lipids, and other micronutrients that
are used to produce energy and support cellular processes during early development [65].
The increase in lipid deposition in the yolk sac of SB-injected zebrafish larvae suggests that
lipids are not being utilized properly in zebrafish where CPT2 is knocked down. Here,
these data suggest that the zebrafish CPT2 knockdown model system had an inefficient
utilization of lipids and therefore can be used to evaluate coincident changes in brain
structure and function.

Since severe lethal neonatal forms of CPT2 deficiency in humans result in abnormal
craniofacial development and a decrease in cranial development and head size [12–14],
craniofacial development in CPT2 knockdown fish using Alcian blue staining was assessed.
In the zebrafish CPT2 knockdown model, abnormal cranial development was not observed
(Figure 6). These data suggest that this CPT2 knockdown model system is well suited
to investigate mild-to-moderate forms of CPT2 deficiency rather than the lethal neonatal
form and severe infantile hepatocardiomuscular form of CPT2 deficiency where abnormal
cranial development occurs.

While craniofacial development was not significantly different in SB-injected zebrafish
compared to controls, abnormal brain development was exhibited. SB-injected zebrafish
larvae brains had decreased forebrain, midbrain, and cerebellar areas, and increased optic
tectal areas, compared to WT and CTRL-injected zebrafish larvae (Figure 7). These data sup-
port the potential importance of the carnitine system fatty acid oxidation during early brain
development for proper brain formation. Abnormal acylcarnitine levels and β-oxidation of
LCFA in the brain can affect the composition of cellular membranes, expression of genes
and proteins, function of mitochondria, regulation of antioxidant activity, frequency of neu-
rotransmission, and prevalence of programmed cell death [8,59]. SB-injected zebrafish also
demonstrated abnormal axonal outgrowth and TH immunoreactivity (Figure 8). Highly
branched and disorganized axonal projections at early stages of neural development may
be due to inappropriate axonal guidance, aberrant neurotransmitter release, increased
neural network activity, and/or a reduction in programmed cell death. The brain regions
of SB-injected zebrafish that showed the most change in acetylated tubulin immunoreactiv-
ity were the optic tectum and paraventricular organ posterior (PVOp) region. The optic
tectum aids in the perception of visual stimuli and receives afferent inputs from multiple
regions including the contralateral eye and the hypothalamus [36]. The paraventricular
organ posterior (PVOp) houses dopaminergic neurons and is associated with a wide range
of hypothalamic functions such as sodium uptake, glucose metabolism, cardiovascular
function, motor function, and gastrointestinal and respiratory activities [38,39]. The PVOp
is a functional homolog to the substantia nigra in mammals. The substantia nigra houses
dopaminergic neurons and affects movement control, cognitive executive functions, and
emotional limbic activity. Brains of schizophrenic patients demonstrate structural change
in, and enhanced electrical excitability of, the substantia nigra [41,43,66,67].

Immunofluorescent analyses of TH+ cells demonstrated an increase in TH+ intensity
but a decrease in the number of TH+ neurons in SB-injected zebrafish compared to controls
(Figure 8). TH immunoreactivity may label both dopaminergic and serotoninergic neurons
because the TH antibody recognizes both TH1 and TH2 in zebrafish [41,42,46]. Increased
tyrosine hydroxylase mRNA expression, dopamine synthesis, and serotonin production
are seen in individuals with schizophrenia [68–71]. Serotonin and dopamine activity modu-
lators are used clinically to treat dopamine-related disease states such as schizophrenia [64].
Specific single-nucleotide polymorphisms in the promoter region of serotonergic receptor
HTR1B are associated with schizophrenia and other psychiatric disorders [69,70]. Chrm2a is
a cholinergic muscarinic receptor gene and is homologous to CHRM2 in humans. Chrm2a
and Chrm2 encode receptors involved in synaptic plasticity and neuronal excitability [72].
In the zebrafish CPT2 knockdown model, significant increases in Th1 and Th2, Hrt1b, and
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Chrm2a were measured in SB-injected zebrafish compared to control zebrafish (Figure 12),
suggesting that CPT2 deficiency may influence catecholamine and serotonergic neuronal
networks.

The abnormal axonal outgrowth and generation of TH+ neurons are likely to underlie
the abnormal swimming behaviors and increased thigmotaxis of SB-injected zebrafish
(Figures 9 and 10). TH activity in the nigrostriatal system controls motor functions, and the
overexpression of TH could cause a change in motor functioning in CPT2 knockdown larvae.
Thigmotaxis is an indicator of an anxiety-like state where an animal avoids open spaces [47].
Zebrafish at 5 dpi exhibit thigmotaxis under specific conditions [73]. While CPT2 deficiency
is not commonly associated with increased anxiety, our published case study documents a
proband with CPT2 deficiency, anxiety, and schizophrenia [15]. Moderate CPT2 deficiency
is commonly associated with seizures in early development [12–14]. Increased neural
network activity in SB-injected zebrafish larvae was observed during baseline recordings
and after the addition of PTZ in the seizure assay compared to CTRL-injected zebrafish
(Figure 11 and Figure S3). Interestingly, increased cell proliferation in the optic tectum of
an epilepsy zebrafish model has been previously described [74,75]. Future studies could
investigate neuronal and glial proliferation and cell death in MO knockdown zebrafish.
CPT2 deficiency may cause a hyperexcitable state due to increased cell proliferation and
axonal outgrowth in the optic tectum like that shown in epileptic zebrafish models. A
lipid-rich ketogenic diet and carnitine supplementation can be used to treat drug-resistant
epileptic seizures, suggesting an important role for lipid metabolism and the carnitine
system in regulating the electrical activity of neural networks [76,77]. Recently, increased
cortical excitability and glutamatergic activity were identified in early stages of the disease
progression of schizophrenia [78–81]. In addition, NMDA receptor activation underlies
seizure activity, and NMDA receptor modulators are used to treat epilepsy [82]. RT-
qPCR analyses of SB-injected larvae evaluated the coding gene for NMDA receptor NR1,
Grin1a. The gene expression of transporters for glutamate was also evaluated. Vglut1
expression was significantly decreased and Vglut2 was significantly increased in SB-injected
zebrafish compared to controls (Figure 12C). The regulation of both Vglut1 and Vglut2 gene
expression is associated with the modification of synaptic function [83,84]. Changes in
Vglut1 and Vglut2 gene expression, due to CPT2 deficiency, may contribute to the abnormal
neural network activity and behaviors of CPT2 knockdown zebrafish. The overexpression
of Grin1a and NR1 can result in a longer latency of seizure activity [50]. In combination,
the immunofluorescent data and seizure assays suggest that CPT2 knockdown disrupts
the activity pattern of neural networks in the optic tectum and hypothalamic regions.
Altered brain oscillations in the default mode network of the hypothalamus are associated
with cognitive defects such as mind-wandering symptoms in schizophrenia [39,85]. In the
SB-injected CPT2 knockdown model, changes in neural network activity are seen at larval
stages of development as more complex behaviors are emerging.

Tfam levels affect overall mitochondrial homeostasis and are associated with neurode-
generative disorders like Alzheimer’s and Parkinson’s disease [86]. Ppargclα expression is
important in mitochondrial biogenesis and fatty acid metabolism. Ppargclα expression is
stimulated by catecholamines and may contribute to cell signaling underlying neurodegen-
eration in the substantia nigra [87]. Increased Fabp3 expression can affect the composition
of membranes and increase membrane lipid remodeling [88].FABP3, a mitochondrial-
associated protein that aids in lipid transport and is upregulated in SB-injected zebrafish
larvae (Figure 12A), also binds α-synuclein and is found in α-synuclein oligomers that
are toxic to neurons in synucleopathies [89,90]. Lrpprc encodes protein important for a
variety of RNA functions in cells and is thought to be involved in the regulation of mito-
chondrial gene expression. The abnormal expression of Lrpprc is associated with increased
apoptosis and several disease states including neurodegenerative diseases [91]. Abnormal
mitochondrial gene expression and mitochondrial gene mutations are seen in a variety of
neurocognitive disorders including schizophrenia [92]. Assessments of a CPT2 knockdown
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model for mitochondrial function would be interesting future experiments to determine
the relevance of changes in Tfam, Ppargclα, Fabp3, and Lrpprc transcription.

Immunofluorescent and behavioral studies suggested that CPT2 knockdown influ-
enced dopaminergic networks in early developing zebrafish. RT-qPCR showed that the
expression of dopamine receptors, encoded by Drd genes, that are important for learning,
memory, impulse control, attention, and locomotion [93] is affected by CPT2 knockdown.
Drd1b, Drd3, and Drd4a gene expression increased in SB-injected zebrafish compared to
CTRL-injected zebrafish (Figure 12B). The expression of the dopamine transporter gene,
Slc6a3, was not significantly different in SB-injected larvae compared to CTRL-injected
larvae (Figure 12B). The dopamine hypothesis proposes that there is a hypodopaminer-
gic state in prefrontal cortical neurons and a hyperdopaminergic state in neurons of the
striatum in patients with schizophrenia [41]. These studies show an increase in TH+ im-
munoreactivity in homologous structures to the striatum in zebrafish (Figure 8) and an
increase in the dopaminergic receptor (Figure 12B). Interestingly, genes considered to be
markers for schizophrenia and other synucleinopathies were upregulated in CPT2 knock-
down zebrafish larvae (Figure 12D). In SB-injected CPT2 knockdown zebrafish, both Sncaip
and Disc1 gene expression was increased (Figure 12D). The synuclein alpha interacting
protein, synphillin-1, encoded by Sncaip, aids in the assembly of the SNARE complex and
clustering of synaptic vesicles and participates in synaptic vesicle exocytosis [88]. Normally,
α-synuclein acts at the synaptic vesicle membrane to bind VAMP2/synaptobrevin 2 and
assist in assembly of the SNARE complex [51]. Abnormal forms or levels of expression
of α-synuclein or interacting proteins can induce the assembly of α-synuclein into large
oligomers or fibrils that cause neurotoxicity caused by mitochondrial and synaptic dysfunc-
tion, inflammation, and apoptosis [89–92]. Interestingly, lipid production and deposition
can influence the expression of synuclein alpha interacting proteins and α-synuclein. Lipid
interactions at the membrane can modulate α-synuclein toxicity, and the dysregulation
of lipid metabolism may exacerbate synucleinopathies [94–97]. The investigation of α-
synuclein expression in CPT2 knockdown larvae showed that both phosphorylated and
unphosphorylated α-synuclein were increased in SB-injected zebrafish compared to CTRL-
injected zebrafish (Figure 12E–G). The disrupted-in-schizophrenia 1, Disc1, gene encodes a
multifunctional scaffold protein. DISC1 is important for intracellular signaling associated
with β-catenin regulation, increased dopamine release, dopamine receptor expression,
and dopamine transporter function [52]. The misexpression of Disc1 is associated with an
increased risk of mental illness, and polymorphisms of Disc1 are known genetic risk factors
for several psychiatric disorders including schizophrenia [53–55]. In CPT2 knockdown fish,
the overexpression of the Disc1 gene and increased axonal immunofluorescence measured
by acetylated tubulin at early stages of larval development were observed. CPT2 knock-
down studies suggest that the zebrafish model system will be useful for continued studies
investigating how metabolic disorders influence gene expression and protein function at
early stages of brain development and contribute to neurodegenerative disease states later
in life.

Loss of function mutations in critical enzymes for fatty acid β-oxidation can lead to
disrupted brain and body development and nervous system dysfunction. Environmen-
tal factors such as the exposure to pesticides and herbicides alter enzyme function and
metabolism and can lead to dramatic effects on brain development [98,99]. Toxic effects
of environmental factors alter mitochondrial gene expression, metabolic function, and
brain structure and function in fish and rodents like the SB zebrafish knockdowns and in
our proband. When environmental exposure to toxins coincides with genetic vulnerabil-
ity, more significant effects on brain development and function are likely and the risk of
developing neurological disorders increases.

Our previous work documented a case study of CPT2 deficiency comorbid with early
childhood seizures and the development of schizophrenia later in life [15]. These studies
highlight how the vertebrate zebrafish model system can model mild-to-moderate CPT2
deficiency. Future work using CRISPR technology to evaluate patient-specific mutations
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such as that identified in the proband [15] will be used to improve our understanding of
how metabolic function and fatty acid β-oxidation contribute to normal neural networking
and whether deficiencies in CPT2 are likely to cause dysregulated gene expression asso-
ciated with neurological disorders such as seizure and dopaminergic disease states such
as schizophrenia. The high-throughput capabilities of the zebrafish knockdown model
systems may allow for the evaluation of potential preventative or therapeutic strategies for
putative and patient-specific mutations.
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Appendix A

Table A1. Reagent List.

Reagent Product Information Product Number

2X Laemmli Sample Buffer Bio-Rad (Bio-Rad Laboratories, Hercules, CA, USA) 1610737

4X Laemmli SDS Sample Buffer ThermoFisher (Thermo Fisher Scientific, Waltham, MA, USA) J60015

Alcian Blue 8GX ThermoFisher (Thermo Fisher Scientific, MA, USA) J60122-14

Anatech Ltd. Prefer Fixative ThermoFisher (Thermo Fisher Scientific, MA, USA) NC9053360

Anti-Acetylated Tubulin Monoclonal Antibody Millipore Sigma (Merck KGaA, Darmstadt, Germany) T7451

Anti-Tyrosine Hydroxylase Polyclonal Antibody Millipore Sigma (Merck KGaA, Darmstadt, Germany) AB152

AP-5 Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) 165304

Bovine Serum Albumin ThermoFisher (Thermo Fisher Scientific, MA, USA) BP1600-100

Calcium Chloride Sigma Aldrich (Merck KGaA, Darmstadt, Germany) C5670

Chloroform ThermoFisher (Thermo Fisher Scientific, MA, USA) J67241.AP

CNQX Disodium Salt Hydrate Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) C239

CPT2 (3B10) Monoclonal Antibody Bioss (Bioss Inc., Woburn, MA, USA) Bsm-52621R

https://www.mdpi.com/article/10.3390/biom14080914/s1
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Table A1. Cont.

Reagent Product Information Product Number

CPT2 293 Cell Transient Overexpression Lysate Abnova (Abnova Manufacturer, Taipei, Taiwan) H00001376-T01

DAPI ThermoFisher (Thermo Fisher Scientific, MA, USA) D1306

DISC1 Polyclonal Antibody Invitrogen (Thermo Fisher Scientific, MA, USA) 40-6800

Dithiothreitol (DTT) ThermoFisher (Thermo Fisher Scientific, MA, USA) D9750

DRD1 Polyclonal Antibody Invitrogen (Thermo Fisher Scientific, MA, USA) 720276

EDTA Sigma Aldrich (Merck KGaA, Darmstadt, Germany) E6758

EveryBlot Blocking Buffer Bio-Rad (Bio-Rad Laboratories, CA, USA) 12010020

GAPDH (14C10) Rabbit Monoclonal Antibody Cell Signaling (Cell Signaling Technology, Beverly, MA, USA) 2118S

Glucose Sigma Aldrich (Merck KGaA, Darmstadt, Germany) G8270

Glycerol ThermoFisher (Thermo Fisher Scientific, MA, USA) G33-500

Goat Anti-Mouse IgG (H + L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 488 Invitrogen (Thermo Fisher Scientific, MA, USA) A-11001

Goat Anti-Rabbit IgG (H + L) Superclonal™ Invitrogen (Thermo Fisher Scientific, MA, USA) 2343633

Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488)
Polyclonal Antibody

Abcam (Celgene Corporation, Cambridge, UK) ab150077

Halt™ Protease and Phosphatase Inhibitor Cocktail
(100X)

ThermoFisher (Thermo Fisher Scientific, MA, USA) 1861284

HEPES Sigma Aldrich (Merck KGaA, Darmstadt, Germany) H4034

Hydrogen Peroxide Solution Millipore Sigma (Merck KGaA, Darmstadt, Germany) H1009

iScript Reverse Transcription Supermix for RT-qPCR Bio-Rad (Bio-Rad Laboratories, CA, USA) 1708841

Isopropanol ThermoFisher (Thermo Fisher Scientific, MA, USA) T036181000

Magnesium Sulfate Sigma Aldrich (Merck KGaA, Darmstadt, Germany) M2643

Mannitol Sigma Aldrich (Merck KGaA, Darmstadt, Germany) M4125

Negative Control Morpholino Gene Tools (Gene Tools LLC, Philomath, OR, USA) PCO-Standard
Control-100-F

Oil Red O Dye Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) O0625-25G

Paraformaldehyde ThermoFisher (Thermo Fisher Scientific, MA, USA) 416785000

Pentylenetetrazol (PTZ) Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) P6500

Phosphate-Buffered Saline ThermoFisher (Thermo Fisher Scientific, MA, USA) BP399-1

Phospho-α Synuclein (Ser129) Polyclonal Antibody Invitrogen (Thermo Fisher Scientific, MA, USA) PA5-37740

Pierce™ BCA Protein Assay Kit ThermoFisher (Thermo Fisher Scientific, MA, USA) 23225

Pierce® RIPA Buffer ThermoFisher (Thermo Fisher Scientific, MA, USA) 89901

Potassium Chloride Sigma Aldrich (Merck KGaA, Darmstadt, Germany) P9333

Potassium Hydroxide Millipore Sigma (Merck KGaA, Darmstadt, Germany) 221473

Precision Plus Protein™ WesternC™ Blotting Standards Bio-Rad (Bio-Rad Laboratories, CA, USA) 161-0376

Precision Protein StrepTactin HRP Conjugate Bio-Rad (Bio-Rad Laboratories, CA, USA) 1610381

Restore™ Western Blot Stripping Buffer ThermoFisher (Thermo Fisher Scientific, MA, USA) 21059

Sodium Bicarbonate Sigma Aldrich (Merck KGaA, Darmstadt, Germany) S5761

Sodium Chloride ThermoFisher (Thermo Fisher Scientific, MA, USA) S642-212

Sodium Phosphate Monobasic ThermoFisher (Thermo Fisher Scientific, MA, USA) BP329-1

Splice Blocking Morpholino Gene Tools (Gene Tools LLC, OR, USA) Custom Designed

SsoAdvanced® Universal SYBR Green Supermix Bio-Rad (Bio-Rad Laboratories, CA, USA) 1725271

Sucrose ThermoFisher (Thermo Fisher Scientific, MA, USA) S5-500

SuperSignal™ West Pico PLUS Chemiluminescent ThermoFisher (Thermo Fisher Scientific, MA, USA) 34577

SYBR Safe DNA Gel Stain ThermoFisher (Thermo Fisher Scientific, MA, USA) S33102

TrackIt™ 1Kb Plus DNA Ladder Invitrogen (Thermo Fisher Scientific, MA, USA) 10488085
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Table A1. Cont.

Reagent Product Information Product Number

Translation Blocking Morpholino Gene Tools (Gene Tools LLC, OR, USA) Custom Designed

TRI Reagent™ Solution Invitrogen (Thermo Fisher Scientific, MA, USA) AM9738

Tris Base ThermoFisher (Thermo Fisher Scientific, MA, USA) BP152-500

Triton X-100 Cayman Chemical (Cayman Chemical Company, Ann Arbor,
MI, USA) 600217

Tween 20 ThermoFisher (Thermo Fisher Scientific, MA, USA) BP337-500

UltraPure Agarose 1000 Invitrogen (Thermo Fisher Scientific, MA, USA) 16550-100

α-Synuclein Polyclonal Antibody Invitrogen (Thermo Fisher Scientific, MA, USA) PA5-13401

β-Actin Polyclonal Antibody Invitrogen (Thermo Fisher Scientific, MA, USA) PA5-98583

Table A2. Morpholino Oligonucleotide Sequences.

Morpholino Type Sequence

Negative Control Morpholino 5′ CCTCTTACCTCAGTTACAATTTATA 3′

Splice Blocking Morpholino 5′ TATTAAAGTGCTGTCCTCACCCATG 3′

Translation Blocking Morpholino 5′ AAAGCAAACCTGCCATCATGCAGCT 3′

Table A3. Primer Sequences.

Gene Forward Primer Reverse Primer

Actin 5′-TCACACCTTCTACAACGAGCTGCG-3′ 5′-GAAGCTGTAGCCTCTCTCGGTCAG-3′

Chrm2a 5′-ACGCCTTACAACGTGATGGT-3′ 5′-TCTTGTACTGGCAGAGCAGC-3′

Cpt2 5′-GCTGGCAAGCAGTTACATGA-3′ 5′-ACTCCAAAACCATCAGGCAC-3′

Disc1 5′-CGGTCTGAGCCGATTAACCA-3′ 5′-CGAAACCCTCTGTCAGCCAT-3′

Drd1b 5′-ATCTCGGCGCTAGAAAGAGC-3′ 5′- CACCCATGATGACCGAGAGG-3′

Drd2 5′-TGTGATTGCGAATCCTGCCT-3′ 5′-CATCATCGGGATGGGTGCAT-3′

Drd3 5′-ATCTGTCCACCCTCTCCAGAT-3′ 5′-CCCAGGGGTGAATGAATGCT-3′

Drd4a 5′-AGATTGTCCTGCTCTCCGCCA-3′ 5′-CAGCTCCTCCAAGGTAATGTC-3′

Fabp3 5′-ACATCGTCTCCACACGACAC-3′ 5′-GAAACGGTGCAAAGGAGAGC-3′

Grin1a 5′-TGGCGGTGAAACAGAGAGAC-3′ 5′-CAATTGGGCGTCCTGGGAT-3′

Htrlb 5′-TCACTTGGCTTGGCTACGTC-3′ 5′-AGCATTCAACAGTGCCGTGA-3′

Lrpprc 5′-GTCTGCGGAGGACATAGTCG-3′ 5′-GTGCAAACAGGGGCAAGAAG-3′

Ppargcla 5′-CCTGCTAACTCCCAGCTCAG-3′ 5′-GATGCAAGAAGTGCGGTGAG-3′

Slc6a3 5′-GCCTGGTTTTACGGAGTGGA-3′ 5′-GGAGGATTGAAGGTGGCGAA-3′

Sncaip 5′-CATCTCCCAGCTGTCGTGTT-3′ 5′-GTGTCTCTGGGATGGGTTCG-3′

Tfam 5′-AATCTTGGCAAGCCCAAACG-3′ 5′-TTGCCTGCGTAGTAGTTCCC-3′

Th 5′-TTGATCGAGGATGCGCGTAA-3′ 5′-TCAAACACGATCTGCTCGCT-3′

Th2 5′-GCCAAACAGAAGTTGAGGCG-3′ 5′-ATGCTGCAAGTGTAGGGGTC-3′

Vglut1 5′-GAGGAGGTGTTCGGCTTTGA-3′ 5′-GTCCTCAGGTAATCGGCCAG-3′

Vglut2 5′-CATATGAGAGCCCGGCTGAA-3′ 5′-GATTGCATAGACGGGCATGG-3′

References
1. D’Amico, A.; Bertini, E. Metabolic neuropathies and myopathies. Handb. Clin. Neurol. 2013, 113, 1437–1455. [PubMed]
2. Ferreira, C.R.; van Karnebeek, C.D.M. Inborn errors of metabolism. Handb. Clin. Neurol. 2019, 162, 449–481. [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/23622366
https://www.ncbi.nlm.nih.gov/pubmed/31324325


Biomolecules 2024, 14, 914 32 of 35

3. Gaffar, S.; Aathirah, A.S. Fatty-Acid-Binding Proteins: From Lipid Transporters to Disease Biomarkers. Biomolecules 2023, 13, 1753.
[CrossRef] [PubMed]

4. Vaz, F.M.; Ferdinandusse, S.; Salomons, G.S.; Wanders, R.J.A. Disorders of fatty acid homeostasis. J. Inherit. Metab. Dis. 2024.
[CrossRef] [PubMed]

5. Vianey-Saban, C.; Guffon, N.; Fouilhoux, A.; Acquaviva, C. Fifty years of research on mitochondrial fatty acid oxidation disorders:
The remaining challenges. J. Inherit. Metab. Dis. 2023, 46, 848–873. [CrossRef] [PubMed]

6. Wang, S.P.; Yang, H.; Wu, J.W.; Gauthier, N.; Fukao, T.; Mitchell, G.A. Metabolism as a tool for understanding human brain
evolution: Lipid energy metabolism as an example. J. Hum. Evol. 2014, 77, 41–49. [CrossRef] [PubMed]

7. Schonfeld, P.; Reiser, G. Brain energy metabolism spurns fatty acids as fuel due to their inherent mitotoxicity and potential
capacity to unleash neurodegeneration. Neurochem. Int. 2017, 109, 68–77. [CrossRef] [PubMed]

8. Jones, L.L.; McDonald, D.A.; Borum, P.R. Acylcarnitines: Role in brain. Prog. Lipid Res. 2010, 49, 61–75. [CrossRef] [PubMed]
9. Adeva-Andany, M.M.; Carneiro-Freire, N.; Seco-Filgueira, M.; Fernandez-Fernandez, C.; Mourino-Bayolo, D. Mitochondrial

β-oxidation of saturated fatty acids in humans. Mitochondrion 2019, 46, 73–90. [CrossRef] [PubMed]
10. Wang, W.; Pan, D.; Liu, Q.; Chen, X.; Wang, S. L-Carnitine in the Treatment of Psychiatric and Neurological Manifestations: A

Systematic Review. Nutrients 2024, 16, 1232. [CrossRef] [PubMed]
11. Ferreira, G.C.; McKenna, M.C. L-Carnitine and Acetyl-L-carnitine Roles and Neuroprotection in Developing Brain. Neurochem.

Res. 2017, 42, 1661–1675. [CrossRef] [PubMed]
12. Wieser, T. Carnitine Palmitoyltransferase II Deficiency. In GeneReviews® [Internet]; Adam, M.P., Feldman, J., Mirzaa, G.M., Pagon,

R.A., Wallace, S.E., Bean, L.J.H., Gripp, K.W., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 2004. [PubMed]
13. Joshi, P.R.; Deschauer, M.; Zierz, S. Clinically symptomatic heterozygous carnitine palmitoyltransferase II (CPT II) deficiency.

Wien. Klin. Wochenschr. 2012, 124, 851–854. [CrossRef] [PubMed]
14. Rubio-Gozalbo, M.E.; Bakker, J.A.; Waterham, H.R.; Wanders, R.J.A. Carnitine-acylcarnitine translocase deficiency, clinical,

biochemical and genetic aspects. Acta Paediatr. 2004, 25, 521–532.
15. Wickramasekara, R.N.; Lookian, P.P.; Ngo, J.; Shibata, A.; Stessman, H.A.F. Schizophrenic Psychosis Symptoms in a Background

of Mild-To-Moderate Carnitine Palmitoyltransferase II Deficiency: A Case Report. Reports 2020, 3, 31. [CrossRef]
16. Virmani, A.; Pinto, L.; Bauermann, O.; Zerelli, S.; Diedenhofen, A.; Binienda, Z.K.; Ali, S.F.; van der Leij, F.R. The Carnitine

Palmitoyl Transferase (CPT) System and Possible Relevance for Neuropsychiatric and Neurological Conditions. Mol. Neurobiol.
2015, 52, 826–836. [CrossRef] [PubMed]

17. Cao, B.; Wang, D.; Pan, Z.; Brietzke, E.; McIntyre, R.S.; Musial, N.; Mansur, R.B.; Subramanieapillai, M.; Zeng, J.; Huang, N.; et al.
Characterizing acyl-carnitine biosignatures for schizophrenia: A longitudinal pre- and post-treatment study. Transl. Psychiatry
2019, 9, 19. [CrossRef] [PubMed]

18. Mednova, I.A.; Chernonosov, A.A.; Kornetova, E.G.; Semke, A.V.; Bokhan, N.A.; Koval, V.V.; Ivanova, S.A. Levels of Acylcarnitines
and Branched-Chain Amino Acids in Antipsychotic-Treated Patients with Paranoid Schizophrenia with Metabolic Syndrome.
Metabolites 2022, 12, 850. [CrossRef] [PubMed]

19. Gut, P.; Reischauer, S.; Stainier, D.Y.R.; Arnaout, R. Little Fish, Big Data: Zebrafish as a Model for Cardiovascular and Metabolic
Disease. Physiol. Rev. 2017, 97, 889–938. [CrossRef] [PubMed]

20. Seth, A.; Stemple, D.L.; Barroso, I. The emerging use of zebrafish to model metabolic disease. Dis. Model. Mech. 2013, 6, 1080–1088.
[CrossRef] [PubMed]

21. Howe, K.; Clark, M.D.; Torroja, C.F.; Torrance, J.; Berthelot, C.; Muffato, M.; Collins, J.E.; Humphray, S.; McLaren, K.; Matthews, L.;
et al. The zebrafish reference genome sequence and its relationship to the human genome. Nature 2013, 496, 498–503. [CrossRef]
[PubMed]

22. Teame, T.; Zhang, Z.; Ran, C.; Zhang, H.; Yang, Y.; Ding, Q.; Xie, M.; Gao, C.; Ye, Y.; Duan, M.; et al. The use of zebrafish (Danio
rerio) as biomedical models. Anim. Front. 2019, 9, 68–77. [CrossRef] [PubMed]

23. Adamson, K.I.; Sheridan, E.; Grierson, A.J. Use of zebrafish models to investigate rare human disease. J. Med Genet. 2018, 55,
641–649. [CrossRef] [PubMed]

24. Steele, S.L.; Prykhozhij, S.V.; Berman, J.N. Zebrafish as a model system for mitochondrial biology and diseases. Transl. Res. 2014,
163, 79–98. [CrossRef] [PubMed]

25. Blum, M.; De Robertis, E.M.; Wallingford, J.B.; Niehrs, C. Morpholinos: Antisense and Sensibility. Dev. Cell 2015, 35, 145–149.
[CrossRef] [PubMed]

26. Rosen, J.N.; Sweeney, M.F.; Mably, J.D. Microinjection of zebrafish embryos to analyze gene function. J. Vis. Exp. 2009, 25, e1115.
[CrossRef]

27. Prudent, J.; Popgeorgiev, N.; Bonneau, B.; Gillet, G. Subcellular fractionation of zebrafish embryos and mitochondrial calcium
uptake application. Protoc. Exch. 2013. [CrossRef]

28. Smith, E.H.; Matern, D. Acylcarnitine analysis by tandem mass spectrometry. Curr. Protoc. Hum. Genet. 2010, 64, 17.8.1–17.8.20.
[CrossRef] [PubMed]

29. Chen, K.; Wang, C.Q.; Fan, Y.Q.; Xie, Y.S.; Yin, Z.F.; Xu, Z.J.; Zhang, H.L.; Cao, J.T.; Han, Z.H.; Wang, Y.; et al. Optimizing methods
for the study of intravascular lipid metabolism in zebrafish. Mol. Med. Rep. 2015, 11, 1871–1876. [CrossRef] [PubMed]

https://doi.org/10.3390/biom13121753
https://www.ncbi.nlm.nih.gov/pubmed/38136624
https://doi.org/10.1002/jimd.12734
https://www.ncbi.nlm.nih.gov/pubmed/38693715
https://doi.org/10.1002/jimd.12664
https://www.ncbi.nlm.nih.gov/pubmed/37530674
https://doi.org/10.1016/j.jhevol.2014.06.013
https://www.ncbi.nlm.nih.gov/pubmed/25488255
https://doi.org/10.1016/j.neuint.2017.03.018
https://www.ncbi.nlm.nih.gov/pubmed/28366720
https://doi.org/10.1016/j.plipres.2009.08.004
https://www.ncbi.nlm.nih.gov/pubmed/19720082
https://doi.org/10.1016/j.mito.2018.02.009
https://www.ncbi.nlm.nih.gov/pubmed/29551309
https://doi.org/10.3390/nu16081232
https://www.ncbi.nlm.nih.gov/pubmed/38674921
https://doi.org/10.1007/s11064-017-2288-7
https://www.ncbi.nlm.nih.gov/pubmed/28508995
https://www.ncbi.nlm.nih.gov/pubmed/20301431
https://doi.org/10.1007/s00508-012-0296-9
https://www.ncbi.nlm.nih.gov/pubmed/23184072
https://doi.org/10.3390/reports3040031
https://doi.org/10.1007/s12035-015-9238-7
https://www.ncbi.nlm.nih.gov/pubmed/26041663
https://doi.org/10.1038/s41398-018-0353-x
https://www.ncbi.nlm.nih.gov/pubmed/30655505
https://doi.org/10.3390/metabo12090850
https://www.ncbi.nlm.nih.gov/pubmed/36144254
https://doi.org/10.1152/physrev.00038.2016
https://www.ncbi.nlm.nih.gov/pubmed/28468832
https://doi.org/10.1242/dmm.011346
https://www.ncbi.nlm.nih.gov/pubmed/24046387
https://doi.org/10.1038/nature12111
https://www.ncbi.nlm.nih.gov/pubmed/23594743
https://doi.org/10.1093/af/vfz020
https://www.ncbi.nlm.nih.gov/pubmed/32002264
https://doi.org/10.1136/jmedgenet-2018-105358
https://www.ncbi.nlm.nih.gov/pubmed/30065072
https://doi.org/10.1016/j.trsl.2013.08.008
https://www.ncbi.nlm.nih.gov/pubmed/24055494
https://doi.org/10.1016/j.devcel.2015.09.017
https://www.ncbi.nlm.nih.gov/pubmed/26506304
https://doi.org/10.3791/1115
https://doi.org/10.1038/protex.2013.073
https://doi.org/10.1002/0471142905.hg1708s64
https://www.ncbi.nlm.nih.gov/pubmed/20063265
https://doi.org/10.3892/mmr.2014.2895
https://www.ncbi.nlm.nih.gov/pubmed/25377175


Biomolecules 2024, 14, 914 33 of 35

30. Inohaya, K. Staining of Cartilage and Bone in Whole Embryos, Larvae and Adults by Alcian Blue and Alizarin Red. Available
online: https://shigen.nig.ac.jp/medaka/medakabook/index.php?4.4.1+Staining+of+cartilage+and+bone+in+whole+embryos,
+larvae+and+adults+by+Alcian+blue+and+Alizarin+red (accessed on 1 July 2024).

31. Ibarra-García-Padilla, R.; Howard, A.G.A., 4th; Singleton, E.W.; Uribe, R.A. A protocol for whole-mount immuno-coupled
hybridization chain reaction (WICHCR) in zebrafish embryos and larvae. STAR Protoc. 2021, 2, 100709. [CrossRef] [PubMed]
[PubMed Central]

32. Basnet, R.M.; Zizioli, D.; Taweedet, S.; Finazzi, D.; Memo, M. Zebrafish Larvae as a Behavioral Model in Neuropharmacology.
Biomedicines 2019, 7, 23. [CrossRef] [PubMed]

33. Meyer, M.; Dhamne, S.C.; LaCoursiere, C.M.; Tambunan, D.; Poduri, A.; Rotenberg, A. Microarray Noninvasive Neuronal Seizure
Recordings from Intact Larval Zebrafish. PLoS ONE 2016, 11, e0156498.

34. Eshun-Wilson, L.; Zhang, R.; Portran, D.; Nachury, M.V.; Toso, D.B.; Löhr, T.; Vendruscolo, M.; Bonomi, M.; Fraser, J.S.; Nogales, E.
Effects of alpha-tubulin acetylation on microtubule structure and stability. Proc. Natl. Acad. Sci. USA 2019, 116, 10366–10371.
[CrossRef] [PubMed]

35. Nekooki-Machida, Y.; Hagiwara, H. Role of tubulin acetylation in cellular functions and diseases. Med. Mol. Morphol. 2020, 53,
191–197. [CrossRef] [PubMed]

36. Heap, L.A.; Vanwalleghem, G.C.; Thompson, A.W.; Favre-Bulle, I.; Rubinsztein-Dunlop, H.; Scott, E.K. Hypothalamic Projections
to the Optic Tectum in Larval Zebrafish. Front. Neuroanat. 2018, 11, 135. [CrossRef] [PubMed]

37. Ma, P.M. Catecholaminergic systems in the zebrafish. IV. Organization and projection pattern of dopaminergic neurons in the
diencephalon. J. Comp. Neurol. 2003, 460, 13–37. [CrossRef] [PubMed]

38. Ferguson, A.V.; Latchford, K.J.; Samson, W.K. The paraventricular nucleus of the hypothalamus—A potential target for integrative
treatment of autonomic dysfunction. Expert Opin. Ther. Targets 2008, 12, 717–727. [CrossRef] [PubMed]

39. Qin, C.; Li, J.; Tang, K. The Paraventricular Nucleus of the Hypothalamus: Development, Function, and Human Diseases.
Endocrinology 2018, 159, 3458–3472. [CrossRef] [PubMed]

40. Ma, P.M. Catecholaminergic systems in the zebrafish. III. Organization and projection pattern of medullary dopaminergic and
noradrenergic neurons. J. Comp. Neurol. 1997, 381, 411–427. [CrossRef]

41. Perez-Costas, E.; Melendez-Ferro, M.; Rice, M.W.; Conley, R.R.; Roberts, R.C. Dopamine pathology in schizophrenia: Analysis of
total and phosphorylated hydroxylase in the substantia nigra. Front. Psychiatry 2012, 3, 31. [CrossRef] [PubMed]

42. Ren, G.; Li, S.; Zhong, H.; Lin, S. Zebrafish tyrosine hydroxylase 2 gene encodes tryptophan hydroxylase. J. Biol. Chem. 2013, 288,
22451–22459. [CrossRef] [PubMed]

43. Rice, M.W.; Roberts, R.C.; Melendez-Ferro, M.; Perez-Costas, E. Mapping dopaminergic deficiencies in the substantia nigra/ventral
tegmental area in schizophrenia. Anat. Embryol. 2016, 221, 185–201. [CrossRef] [PubMed]

44. Kawahata, I.; Fukunaga, K. Pathogenic Impact of Fatty Acid-Binding Proteins in Parkinson’s Disease-Potential Biomarkers and
Therapeutic Targets. Int. J. Mol. Sci. 2023, 24, 17037. [CrossRef] [PubMed]

45. Kawahata, I.; Fukunaga, K. Impact of fatty acid-binding proteins and dopamine receptors on alpha-synucleinopathy. J. Pharmacol.
Sci. 2022, 148, 248–254. [CrossRef] [PubMed]

46. Altburger, C.; Holzhauser, J.; Driever, W. CRISPR/Cas9-based QF2 knock-in at the tyrosine hydroxylase (th) locus reveals novel
th-expressing neuron populations in the zebrafish mid- and hindbrain. Front. Neuroanat. 2023, 17, 1196868. [CrossRef] [PubMed]

47. Richendrfer, H.; Pelkowski, S.D.; Colwill, R.M.; Creton, R. On the edge: Pharmacological evidence for anxiety-related behavior in
zebrafish larvae. Behav. Brain Res. 2012, 228, 99–106. [CrossRef] [PubMed]

48. Hanada, T. Ionotropic Glutamate Receptors in Epilepsy: A Review Focusing on AMPA and NMDA Receptors. Biomolecules 2020,
10, 464. [CrossRef] [PubMed]

49. Jewett, B.E.; Thapa, B. Physiology, NMDA Receptor; StatPearls Publishing LLC: Treasure Island, FL, USA, 2024.
50. Kalev-Zylinska, M.L.; Symes, W.; Young, D.; During, M.J. Knockdown and overexpression of NR1 modulates NMDA receptor

function. Mol. Cell. Neurosci. 2009, 41, 383–396. [CrossRef] [PubMed]
51. Burre, J. The Synaptic Function of alpha-Synuclein. J. Park. Dis. 2015, 5, 699–713.
52. Mao, Y.; Ge, X.; Frank, C.L.; Madison, J.M.; Koehler, A.N.; Doud, M.K.; Tassa, C.; Berry, E.M.; Soda, T.; Singh, K.K.; et al. Disrupted

in schizophrenia 1 regulates neuronal progenitor proliferation via modulation of GSK3beta/beta-catenin signaling. Cell 2009, 136,
1017–1031. [CrossRef] [PubMed]

53. Hennah, W.; Varilo, T.; Kestilä, M.; Paunio, T.; Arajärvi, R.; Haukka, J.; Parker, A.; Martin, R.; Levitzky, S.; Partonen, T.; et al.
Haplotype transmission analysis provides evidence of association for DISC1 to schizophrenia and suggests sex-dependent effects.
Hum. Mol. Genet. 2003, 12, 3151–3159. [CrossRef] [PubMed]

54. Sawamura, N.; Sawa, A. Disrupted-in-schizophrenia-1 (DISC1): A key susceptibility factor for major mental illnesses. Ann. N. Y.
Acad. Sci. 2006, 1086, 126–133. [CrossRef] [PubMed]

55. Korth, C. Aggregated proteins in schizophrenia and other chronic mental diseases: DISC1opathies. Prion 2012, 6, 134–141.
[CrossRef] [PubMed]

56. Vidovic, M.; Rikalovic, M.G. Alpha-Synuclein Aggregation Pathway in Parkinson’s Disease: Current Status and Novel Therapeutic
Approaches. Cells 2022, 11, 1732. [CrossRef] [PubMed]

https://shigen.nig.ac.jp/medaka/medakabook/index.php?4.4.1+Staining+of+cartilage+and+bone+in+whole+embryos,+larvae+and+adults+by+Alcian+blue+and+Alizarin+red
https://shigen.nig.ac.jp/medaka/medakabook/index.php?4.4.1+Staining+of+cartilage+and+bone+in+whole+embryos,+larvae+and+adults+by+Alcian+blue+and+Alizarin+red
https://doi.org/10.1016/j.xpro.2021.100709
https://www.ncbi.nlm.nih.gov/pubmed/34401776
https://www.ncbi.nlm.nih.gov/pmc/PMC8348268
https://doi.org/10.3390/biomedicines7010023
https://www.ncbi.nlm.nih.gov/pubmed/30917585
https://doi.org/10.1073/pnas.1900441116
https://www.ncbi.nlm.nih.gov/pubmed/31072936
https://doi.org/10.1007/s00795-020-00260-8
https://www.ncbi.nlm.nih.gov/pubmed/32632910
https://doi.org/10.3389/fnana.2017.00135
https://www.ncbi.nlm.nih.gov/pubmed/29403362
https://doi.org/10.1002/cne.10544
https://www.ncbi.nlm.nih.gov/pubmed/12687694
https://doi.org/10.1517/14728222.12.6.717
https://www.ncbi.nlm.nih.gov/pubmed/18479218
https://doi.org/10.1210/en.2018-00453
https://www.ncbi.nlm.nih.gov/pubmed/30052854
https://doi.org/10.1002/(SICI)1096-9861(19970519)381:4%3C411::AID-CNE2%3E3.0.CO;2-5
https://doi.org/10.3389/fpsyt.2012.00031
https://www.ncbi.nlm.nih.gov/pubmed/22509170
https://doi.org/10.1074/jbc.M113.485227
https://www.ncbi.nlm.nih.gov/pubmed/23754283
https://doi.org/10.1007/s00429-014-0901-y
https://www.ncbi.nlm.nih.gov/pubmed/25269834
https://doi.org/10.3390/ijms242317037
https://www.ncbi.nlm.nih.gov/pubmed/38069360
https://doi.org/10.1016/j.jphs.2021.12.003
https://www.ncbi.nlm.nih.gov/pubmed/35063140
https://doi.org/10.3389/fnana.2023.1196868
https://www.ncbi.nlm.nih.gov/pubmed/37603776
https://doi.org/10.1016/j.bbr.2011.11.041
https://www.ncbi.nlm.nih.gov/pubmed/22155488
https://doi.org/10.3390/biom10030464
https://www.ncbi.nlm.nih.gov/pubmed/32197322
https://doi.org/10.1016/j.mcn.2009.04.003
https://www.ncbi.nlm.nih.gov/pubmed/19394426
https://doi.org/10.1016/j.cell.2008.12.044
https://www.ncbi.nlm.nih.gov/pubmed/19303846
https://doi.org/10.1093/hmg/ddg341
https://www.ncbi.nlm.nih.gov/pubmed/14532331
https://doi.org/10.1196/annals.1377.018
https://www.ncbi.nlm.nih.gov/pubmed/17185511
https://doi.org/10.4161/pri.18989
https://www.ncbi.nlm.nih.gov/pubmed/22421208
https://doi.org/10.3390/cells11111732
https://www.ncbi.nlm.nih.gov/pubmed/35681426


Biomolecules 2024, 14, 914 34 of 35

57. Sardar Sinha, M.; Villamil Giraldo, A.M.; Ollinger, K.; Hallbeck, M.; Civitelli, L. Lipid vesicles affect the aggregation of 4-hydroxy-
2-nonenal-modified alpha-synuclein oligomers. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2018, 1864 Pt B, 3060–3068. [CrossRef]
[PubMed]

58. Joshi, P.R.; Zierz, S. Muscle Carnitine Palmitoyltransferase II (CPT II) Deficiency: A Conceptual Approach. Molecules 2020, 25,
1784. [CrossRef] [PubMed]

59. Morales Corado, J.A.; Lee, C.U.; Enns, G.M. Carnitine-Acylcarnitine Translocase Deficiency. In GeneReviews® [Internet]; Adam,
M.P., Feldman, J., Mirzaa, G.M., Pagon, R.A., Wallace, S.E., Bean, L.J.H., Gripp, K.W., Amemiya, A., Eds.; University of Washington:
Seattle, WA, USA, 2004. [PubMed]

60. Almannai, M.; Alfadhel, M.; El-Hattab, A.W. Carnitine Inborn Errors of Metabolism. Molecules 2019, 24, 3251. [CrossRef]
[PubMed]

61. Longo, N.; Frigeni, M.; Pasquali, M. Carnitine transport and fatty acid oxidation. Biochim. Biophys. Acta 2016, 1863, 2422–2435.
Available online: https://www.sciencedirect.com/science/article/pii/S0167488916300131 (accessed on 1 July 2024). [CrossRef]
[PubMed]

62. McCoin, C.S.; Piccolo, B.D.; Knotts, T.A.; Matern, D.; Vockley, J.; Gillingham, M.B.; Adams, S.H. Unique plasma metabolomic
signatures of individuals with inherited disorders of long-chain fatty acid oxidation. J. Inherit. Metab. Dis. 2016, 39, 399–408.
[CrossRef] [PubMed]

63. Elizondo, G.; Matern, D.; Vockley, J.; Harding, C.O.; Gillingham, M.B. Effects of fasting, feeding and exercise on plasma
acylcarnitines among subjects with CPT2D, VLCADD and LCHADD/TFPD. Mol. Genet. Metab. 2020, 131, 90–97. [CrossRef]

64. Yan, L.; Zhou, J.; Wang, D.; Si, D.; Liu, Y.; Zhong, L.; Yin, Y. Unbiased lipidomic profiling reveals metabolomic changes during the
onset and antipsychotics treatment of schizophrenia disease. Metabolomics 2018, 14, 80. [CrossRef] [PubMed]

65. Sant, K.E.; Timme-Laragy, A.R. Zebrafish as a Model for Toxicological Perturbation of Yolk and Nutrition in the Early Embryo.
Curr. Environ. Health Rep. 2018, 5, 125–133. [CrossRef] [PubMed]

66. Van Hooijdonk, C.F.; van der Pluijm, M.; Bosch, I.; van Amelsvoort, T.A.; Booij, J.; de Haan, L.; Selten, J.-P.; van de Giessen,
E. The substantia nigra in the pathology of schizophrenia: A review on post-mortem and molecular imaging findings. Eur.
Neuropsychopharmacol. 2023, 68, 57–77. [CrossRef] [PubMed]

67. Walker, C.K.; Roche, J.K.; Sinha, V.; Roberts, R.C. Substantia nigra ultrastructural pathology in schizophrenia. Schizophr. Res. 2018,
197, 209–218. [CrossRef] [PubMed]

68. Brisch, R.; Saniotis, A.; Wolf, R.; Bielau, H.; Bernstein, H.G.; Steiner, J.; Bogerts, B.; Braun, K.; Jankowski, Z.; Kumaratilake, J.; et al.
The role of dopamine in schizophrenia from a neurobiological and evolutionary perspective: Old fashioned, but still in vogue.
Front. Psychiatry 2014, 5, 47.

69. Xia, X.; Ding, M.; Xuan, J.-F.; Xing, J.-X.; Pang, H.; Wang, B.-J.; Yao, J. Polymorphisms in the human serotonin receptor 1B (HTR1B)
gene are associated with schizophrenia: A case control study. BMC Psychiatry 2018, 18, 303. [CrossRef] [PubMed]

70. Xia, X.; Ding, M.; Xuan, J.-F.; Xing, J.-X.; Yao, J.; Wu, X.; Wang, B.-J. Functional polymorphisms and transcriptional analysis in the
5′ region of the human serotonin receptor 1B gene (HTR1B) and their associations with psychiatric disorders. BMC Psychiatry
2020, 20, 499. [CrossRef] [PubMed]

71. Brasso, C.; Colli, G.; Sgro, R.; Bellino, S.; Bozzatello, P.; Montemagni, C.; Villari, V.; Rocca, P. Efficacy of Serotonin and Dopamine
Activity Modulators in the Treatment of Negative Symptoms in Schizophrenia: A Rapid Review. Biomedicines 2023, 11, 921.
[CrossRef] [PubMed]

72. Gosso, F.M.; de Geus, E.J.C.; Polderman, T.J.C.; Boomsma, D.I.; Posthuma, D.; Heutink, P. Exploring the functional role of the
CHRM2 gene in human cognition: Results from a dense genotyping and brain expression study. BMC Med. Genet. 2007, 8, 8.
[CrossRef] [PubMed]

73. Schnorr, S.J.; Steenbergen, P.J.; Richardson, M.K.; Champagne, D.L. Measuring thigmotaxis in larval zebrafish. Behav. Brain Res.
2012, 228, 367–374. [CrossRef] [PubMed]

74. De Abreu, M.S.; Demin, K.A.; Kotova, M.M.; Mirzaei, F.; Shariff, S.; Kantawala, B.; Zakharchenko, K.V.; Kolesnikova, T.O.;
Dilbaryan, K.; Grigoryan, A.; et al. Developing Novel Experimental Models of m-TORopathic Epilepsy and Related Neuropatholo-
gies: Translational Insights from Zebrafish. Int. J. Mol. Sci. 2023, 24, 1530. [CrossRef] [PubMed]

75. Yaksi, E.; Jamali, A.; Diaz Verdugo, C.; Jurisch-Yaksi, N. Past, present and future of zebrafish in epilepsy research. FEBS J. 2021,
288, 7243–7255. [CrossRef] [PubMed]

76. Tein, I. Role of carnitine and fatty acid oxidation and its defects in infantile epilepsy. J. Child Neurol. 2002, 17, 3S57–3S82, discussion
3S82-3. [PubMed]

77. Auvin, S. Fatty acid oxidation and epilepsy. Epilepsy Res. 2012, 100, 224–228. [CrossRef] [PubMed]
78. Santoro, V.; Hou, M.D.; Premoli, I.; Belardinelli, P.; Biondi, A.; Carobin, A.; Puledda, F.; Michalopoulou, P.; Richardson, M.; Rocchi,

L.; et al. Investigating cortical excitability and inhibition in patients with schizophrenia: A TMS-EEG study. Brain Res. Bull. 2024,
212, 110972. [CrossRef] [PubMed]

79. O’Donnell, P. (Ed.) Increased Cortical Excitability as a Critical Element in Schizophrenia Pathophysiology; Cortical Deficits in Schizophre-
nia; Springer: Boston, MA, USA, 2008; 18p, Available online: http://link.springer.com/10.1007/978-0-387-74351-6_11 (accessed
on 1 July 2024).

https://doi.org/10.1016/j.bbadis.2018.06.020
https://www.ncbi.nlm.nih.gov/pubmed/29960040
https://doi.org/10.3390/molecules25081784
https://www.ncbi.nlm.nih.gov/pubmed/32295037
https://www.ncbi.nlm.nih.gov/pubmed/20301431
https://doi.org/10.3390/molecules24183251
https://www.ncbi.nlm.nih.gov/pubmed/31500110
https://www.sciencedirect.com/science/article/pii/S0167488916300131
https://doi.org/10.1016/j.bbamcr.2016.01.023
https://www.ncbi.nlm.nih.gov/pubmed/26828774
https://doi.org/10.1007/s10545-016-9915-3
https://www.ncbi.nlm.nih.gov/pubmed/26907176
https://doi.org/10.1016/j.ymgme.2020.09.001
https://doi.org/10.1007/s11306-018-1375-3
https://www.ncbi.nlm.nih.gov/pubmed/30830385
https://doi.org/10.1007/s40572-018-0183-2
https://www.ncbi.nlm.nih.gov/pubmed/29417450
https://doi.org/10.1016/j.euroneuro.2022.12.008
https://www.ncbi.nlm.nih.gov/pubmed/36640734
https://doi.org/10.1016/j.schres.2017.12.004
https://www.ncbi.nlm.nih.gov/pubmed/29274737
https://doi.org/10.1186/s12888-018-1849-x
https://www.ncbi.nlm.nih.gov/pubmed/30231895
https://doi.org/10.1186/s12888-020-02906-4
https://www.ncbi.nlm.nih.gov/pubmed/33036580
https://doi.org/10.3390/biomedicines11030921
https://www.ncbi.nlm.nih.gov/pubmed/36979900
https://doi.org/10.1186/1471-2350-8-66
https://www.ncbi.nlm.nih.gov/pubmed/17996044
https://doi.org/10.1016/j.bbr.2011.12.016
https://www.ncbi.nlm.nih.gov/pubmed/22197677
https://doi.org/10.3390/ijms24021530
https://www.ncbi.nlm.nih.gov/pubmed/36675042
https://doi.org/10.1111/febs.15694
https://www.ncbi.nlm.nih.gov/pubmed/33394550
https://www.ncbi.nlm.nih.gov/pubmed/12597056
https://doi.org/10.1016/j.eplepsyres.2011.05.022
https://www.ncbi.nlm.nih.gov/pubmed/21856124
https://doi.org/10.1016/j.brainresbull.2024.110972
https://www.ncbi.nlm.nih.gov/pubmed/38710310
http://link.springer.com/10.1007/978-0-387-74351-6_11


Biomolecules 2024, 14, 914 35 of 35

80. Webler, R.D.; Hamady, C.; Molnar, C.; Johnson, K.; Bonilha, L.; Anderson, B.S.; Bruin, C.; Bohning, D.E.; George, M.S.; Nahas,
Z. Decreased interhemispheric connectivity and increased cortical excitability in unmedicated schizophrenia: A prefrontal
interleaved TMS fMRI study. Brain Stimul. 2020, 13, 1467–1475. [CrossRef] [PubMed]

81. Carment, L.; Dupin, L.; Guedj, L.; Térémetz, M.; Krebs, M.-O.; Cuenca, M.; Maier, M.A.; Amado, I.; Lindberg, P.G. Impaired
attentional modulation of sensorimotor control and cortical excitability in schizophrenia. Brain 2019, 142, 2149–2164. [CrossRef]
[PubMed]

82. Sivakumar, S.; Ghasemi, M.; Schachter, S.C. Targeting NMDA Receptor Complex in Management of Epilepsy. Pharmaceuticals
2022, 15, 1297. [CrossRef] [PubMed]

83. He, H.; Mahnke, A.H.; Doyle, S.; Fan, N.; Wang, C.-C.; Hall, B.J.; Tang, Y.-P.; Inglis, F.M.; Chen, C.; Erickson, J.D. Neurodevel-
opmental role for VGLUT2 in pyramidal neuron plasticity, dendritic refinement, and in spatial learning. J. Neurosci. 2012, 32,
15886–15901. [CrossRef] [PubMed]

84. Balschun, D.; Moechars, D.; Callaerts-Vegh, Z.; Ben Vermaercke, B.; Van Acker, N.; Andries, L.; D’Hooge, R. Vesicular glutamate
transporter VGLUT1 has a role in hippocampal long-term potentiation and spatial reversal learning. Cereb. Cortex 2010, 20,
684–693. [CrossRef] [PubMed]

85. Bernstein, H.-G.; Keilhoff, G.; Steiner, J. The implications of hypothalamic abnormalities for schizophrenia. Handb. Clin. Neurol.
2021, 182, 107–120. [PubMed]

86. Kang, I.; Chu, C.T.; Kaufman, B.A. The mitochondrial transcription factor TFAM in neurodegeneration: Emerging evidence and
mechanisms. FEBS Lett. 2018, 592, 793–811. [CrossRef] [PubMed]

87. Frasca, D.; Blomberg, B.B. Adipose tissue, immune aging, and cellular senescence. In Seminars in Immunopathology; Springer:
Berlin/Heidelberg, Germany, 2020; Volume 42, pp. 573–587.

88. Lee, S.M.; Lee, S.H.; Jung, Y.; Lee, Y.; Yoon, J.H.; Choi, J.Y.; Hwang, C.Y.; Son, Y.H.; Park, S.S.; Hwang, G.S.; et al. FABP3-mediated
membrane lipid saturation alters fluidity and induces ER stress in skeletal muscle with aging. Nat. Commun. 2020, 11, 5661.
[CrossRef] [PubMed]

89. Shioda, N.; Yabuki, Y.; Kobayashi, Y.; Onozato, M.; Owada, Y.; Fukunaga, K. FABP3 protein promotes alpha-synuclein oligomeriza-
tion associated with 1-methyl-1,2,3,6-tetrahydropiridine-induced neurotoxicity. J. Biol. Chem. 2014, 289, 18957–18965. [CrossRef]
[PubMed]

90. Sekimori, T.; Fukunaga, K.; Oizumi, H.; Baba, T.; Totsune, T.; Takeda, A.; Sasaki, T.; Kawahata, I. FABP2 is Involved in Intestinal
alpha-Synuclein Pathologies. J. Integr. Neurosci. 2024, 23, 44. [CrossRef] [PubMed]

91. Cui, J.; Wang, L.; Ren, X.; Zhang, Y.; Zhang, H. LRPPRC: A Multifunctional Protein Involved in Energy Metabolism and Human
Disease. Front. Physiol. 2019, 10, 595. [CrossRef] [PubMed]

92. Panchal, K.; Tiwari, A.K. Mitochondrial dynamics, a key executioner in neurodegenerative diseases. Mitochondrion 2019, 47,
151–173. [CrossRef] [PubMed]

93. Beaulieu, J.-M.; Gainetdinov, R.R. The physiology, signaling, and pharmacology of dopamine receptors. Pharmacol. Rev. 2011, 63,
182–217. [CrossRef] [PubMed]

94. Wang, Y.; Shi, M.; Chung, K.A.; Zabetian, C.P.; Leverenz, J.B.; Berg, D.; Srulijes, K.; Trojanowski, J.Q.; Lee, V.M.Y.; Siderowf, A.D.;
et al. Phosphorylated alpha-synuclein in Parkinson’s disease. Sci. Transl. Med. 2012, 4, 121ra20. [CrossRef] [PubMed]

95. Kawahata, I.; Finkelstein, D.I.; Fukunaga, K. Pathogenic Impact of alpha-Synuclein Phosphorylation and Its Kinases in alpha-
Synucleinopathies. Int. J. Mol. Sci. 2022, 23, 6216. [CrossRef] [PubMed]

96. Sarchione, A.; Marchand, A.; Taymans, J.-M.; Chartier-Harlin, M.-C. Alpha-Synuclein and Lipids: The Elephant in the Room?
Cells 2021, 10, 2452. [CrossRef] [PubMed]

97. Cheng, A.; Jia, W.; Kawahata, I.; Fukunaga, K. Impact of Fatty Acid-Binding Proteins in alpha-Synuclein-Induced Mitochondrial
Injury in Synucleinopathy. Cells 2021, 9, 560. [CrossRef]

98. Lopez-Merino, E.; Cuartero, M.I.; Esteban, J.A.; Briz, V. Perinatal exposure to pesticides alters synaptic plasticity signaling and
induces behavioral deficits associated with neurodevelopmental disorders. Cell Biol. Toxicol. 2022, 39, 1573–6822. [CrossRef]
[PubMed]

99. Costas-Ferreira, C.; Durán, R.; Faro, L.R.F. Toxic Effects of Glyphosate on the Nervous System: A Systematic Review. Int. J. Mol.
Sci. 2022, 23, 4605. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.brs.2020.06.017
https://www.ncbi.nlm.nih.gov/pubmed/32585355
https://doi.org/10.1093/brain/awz127
https://www.ncbi.nlm.nih.gov/pubmed/31099820
https://doi.org/10.3390/ph15101297
https://www.ncbi.nlm.nih.gov/pubmed/36297409
https://doi.org/10.1523/JNEUROSCI.4505-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/23136427
https://doi.org/10.1093/cercor/bhp133
https://www.ncbi.nlm.nih.gov/pubmed/19574394
https://www.ncbi.nlm.nih.gov/pubmed/34266587
https://doi.org/10.1002/1873-3468.12989
https://www.ncbi.nlm.nih.gov/pubmed/29364506
https://doi.org/10.1038/s41467-020-19501-6
https://www.ncbi.nlm.nih.gov/pubmed/33168829
https://doi.org/10.1074/jbc.M113.527341
https://www.ncbi.nlm.nih.gov/pubmed/24855640
https://doi.org/10.31083/j.jin2302044
https://www.ncbi.nlm.nih.gov/pubmed/38419457
https://doi.org/10.3389/fphys.2019.00595
https://www.ncbi.nlm.nih.gov/pubmed/31178748
https://doi.org/10.1016/j.mito.2018.11.002
https://www.ncbi.nlm.nih.gov/pubmed/30408594
https://doi.org/10.1124/pr.110.002642
https://www.ncbi.nlm.nih.gov/pubmed/21303898
https://doi.org/10.1126/scitranslmed.3002566
https://www.ncbi.nlm.nih.gov/pubmed/22344688
https://doi.org/10.3390/ijms23116216
https://www.ncbi.nlm.nih.gov/pubmed/35682892
https://doi.org/10.3390/cells10092452
https://www.ncbi.nlm.nih.gov/pubmed/34572099
https://doi.org/10.3390/biomedicines9050560
https://doi.org/10.1007/s10565-022-09697-2
https://www.ncbi.nlm.nih.gov/pubmed/35137321
https://doi.org/10.3390/ijms23094605
https://www.ncbi.nlm.nih.gov/pubmed/35562999

	Introduction 
	Materials and Methods 
	Zebrafish Husbandry 
	Morpholino Injection of Zebrafish Embryos 
	Assessment of Morpholino-Injected Zebrafish 
	RNA Isolation and cDNA Synthesis 
	RT-PCR 
	Mitochondrial Isolation 
	Larval Protein Extraction 
	Western Blot 
	Liquid Chromatography in Tandem with Mass Spectrometry 
	Morphological Evaluation 
	Oil Red O Whole-Mount Stain 
	Alcian Blue Whole-Mount Stain and Cartilage Measurement 
	Whole Brain Morphology and Immunofluorescence Labeling 
	Viewpoint ZebraBox Behavioral Analysis 
	Electrophysiology Seizure Assay 
	RT-qPCR 
	Statistical Analysis 

	Results 
	Development of a CPT2 Deficiency Model System in Zebrafish without Toxicity 
	Evaluation of CPT2 Knockdown in Zebrafish Using Morpholinos 
	Effect of CPT2 Knockdown on Zebrafish Morphology 
	Effect of CPT2 Knockdown on the Lipid Deposition in Zebrafish 
	Effect of CPT2 Knockdown on the Developing Nervous System in Zebrafish 
	Effect of CPT2 Knockdown on Behavior and Brain Function 
	Effect of CPT2 Knockdown on Neural Network Activity 
	Effect of CPT2 Knockdown on Mitochondrial and Neuronal Gene Expression 

	Discussion 
	Appendix A
	References

