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tral nervous system. Further, by enabling large-scale drug discovery directly in living vertebrate disease models,
zebrafish circumvent critical bottlenecks which have driven drug development costs up. This review summarizes
currently available zebrafish phenotypic screening platforms, HTS-ready neurodegenerative disease modeling
strategies, zebrafish small molecule screens which have succeeded in identifying regeneration promoting com-
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Neurodegeneration pounds and explores how intravital imaging in zebrafish can facilitate comprehensive analysis of nanocarrier
Neuroregeneration biodistribution and pharmacokinetics. Finally, we discuss the benefits and challenges attending the combination
Nanocarrier of zebrafish and nanoparticle-based drug optimization, highlighting inspiring proof-of-concept studies and
Drug optimization looking toward implementation across the drug development community.
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1. Introduction

In this review, we cover three topics spanning the use of the
zebrafish model system for the discovery and optimization of transfor-
mative neurodegenerative disease therapeutics; nanotechnology-
enhanced drugs designed to stimulate dormant neuroregenerative ca-
pacities in patients. First, we discuss how zebrafish facilitate large-
scale phenotypic screening paradigms that place living disease models
at the start, rather than the end, of the drug discovery process. Next,
we explore how inducible cell-specific neurodegenerative disease
models facilitate the identification of regeneration-modulating com-
pounds by bridging classic regenerative biology studies with the thera-
peutic ends of regenerative medicine. Lastly, we speculate on how
combining nanomedicine strategies for drug optimization with
zebrafish assays for evaluating improvements in drug targeting and/or
efficacy provide a powerful platform for advancing promising
regeneration-enhancing lead drug candidates.

2. Zebrafish and drug discovery

The zebrafish system allows large-scale genetic [1] and chemical [2]
screens to be performed in a vertebrate model system, the latter provid-
ing a whole-organism perspective to drug discovery and development
[3]. Notably, a high degree of pharmacological conservation has been
observed between fish and humans; similar effects have been observed
for a broad range of compounds including anticoagulants, narcotics,
anti-angiogenic, chemotherapeutics, as well as modulators of hemato-
poiesis, lipid metabolism, and the cardiac cycle [4-6]. Encouragingly,
novel compounds discovered in zebrafish have already found success
in clinical trials [7]. Of particular importance here, compounds promot-
ing regeneration have also been identified in zebrafish [8], including
compounds enhancing repair of the nervous system [9,10]. Many excel-
lent reviews cover the broader topic of how zebrafish enable drug dis-
covery across a range of disease paradigms, see for example [3,11-14].
Here, we focus on zebrafish screening platforms and neurodegenerative
disease models strategies that further the discovery of compounds
which improve endogenous neuroregenerative capacities,
i.e., stimulate the reparative potential of tissue-specific adult neural
stem cells.

3. Bridging regenerative biology and regenerative medicine

The zebrafish (Danio rerio) has emerged as a versatile model system
for regenerative biology. Paradigms ranging from epimorphic regenera-
tion of whole body parts [15], to complex tissue restoration [16], or re-
placement of individual cell types [17] have been developed for this
species. The latter paradigm is facilitated by a genetically-targetable in-
ducible cell ablation methodology we developed [18,19]. This approach
provides a means of bridging regenerative biology and regenerative
medicine by enabling the creation of inducible physiological models of
degenerative diseases, linked to the loss or functional compromise of
specific cell types, in a robustly regenerative species [17]. Several addi-
tional advantages of the zebrafish system afford unique perspectives
to the study of regeneration. Key among these is the amenability of
zebrafish to intravital imaging, enabling direct visualization of the

dynamic cellular and molecular processes governing endogenous stem
cell niche activities during regeneration [10,20-22]. In addition, the
rapid regenerative capacities of this model system allow direct correla-
tions to be made between observed phenomena and functional recov-
ery [23].

4. Zebrafish, nanomedicine, and drug optimization

Despite ever more routine use of zebrafish for drug discovery, appli-
cation of this model system to the development of targeted drug deliv-
ery methods for therapeutic optimization, such as nanocarriers, remains
nascent. Here we discuss advantages afforded by combining zebrafish
and nanotechnology for lead drug optimization in neurodegenerative
contexts. For instance, intravital imaging in zebrafish enables near
real-time whole-body pharmacokinetics, allowing researchers to di-
rectly observe the biodistribution of nano-targeted drug delivery sys-
tems. One crucial barrier that the zebrafish system can address is the
fact that many drug delivery systems optimized using in vitro assays
do not retain efficacy in animal models [24]. Zebrafish provide a
means of circumventing this issue by allowing rapid and cost-effective
evaluations of large numbers of nanocarrier options directly in verte-
brate models of disease and from multiple perspectives, spanning
biodistribution kinetics to therapeutic efficacy, directly in vertebrate
models of disease. However, the predictive value of zebrafish imaging-
based nanoparticle biodistribution studies for translational endpoints
—despite the exquisite temporal and spatial resolution that can be
achieved—remains untested and therefore remains a major caveat
until the field can mature.

5. Physiome considerations — zebrafish vs. mammals

As with any model system, the zebrafish has somewhat incomplete
homology to the human physiome. With respect to the characterization
of nanocarriers, these differences may impact nanoparticle transport,
processing, targeting, and elimination.

Like mammals, zebrafish cerebral endothelial cells steadily develop a
blood brain barrier during early development via size-dependent exclu-
sion between 3 and 10 dpf [25-27]. Tight junctions (claudin5 and ZO-1
dependent) begin to form by 5 dpf and mature by 10 dpf, when they are
associated with pericytes and astrocytes [25]. Active molecular efflux is
observable by 8 dpf (via P-glyoprotein/ABCB1/4/5), and once formed,
this BBB demonstrates compound-specific permeability analogous to
mammals [25]. As the ideal window for zebrafish intravital imaging or
microplate-based screening is between 2 and 9 dpf (after which the
yolk has exhausted), nanocarriers that are CNS permeable at earlier
time points should be validated in older animals with a fully developed
BBB.

Zebrafish are more dependent on the innate arm of the immune sys-
tem. They rely on it solely for the first ~3-4 weeks of development [28],
whereupon the adaptive immune system has matured [29]. This allows
interrogation of innate immune system functions in isolation. Intrigu-
ingly, depletion of adaptive immune cells (B and T cells) has little impact
on viability [30] or response to secondary infection [31,32], and unlike
humans, zebrafish rapidly succumb to infection in the absence of key in-
nate signaling components [33,34]. The zebrafish lacks obvious lymph
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nodes, and the liver & kidney serve as alternative sites of antigen pro-
cessing and presentation [35]. Evolutionary divergence has led to differ-
ences in: the complement system [36], pattern recognition receptors
(PRRs) [37], immunoglobulin [38], coagulation pathway [39], and
thrombocyte biology that may alter the biodistribution of, or toxicity re-
sponse to administered nanocarriers. While the complement system is
functionally and structurally similar, in humans it is primarily derived
from the liver and circulates throughout the blood and lymph, while
the zebrafish has numerous regions of extrahepatic localized expression
(e.g., skin, heart, kidney, spleen, brain, intestine, gills) [36]. In addition,
zebrafish lack the CD14 co-receptor necessary for the mammalian endo-
toxin response [37], one major cause of failed screening assays at the
USA National Nanocharacterization Library (NCL, part of NCI).

The host response to nanocarrier/nanoparticle systems is largely
governed by cells of the mononuclear phagocyte system, most notably,
tissue-resident macrophages and other antigen presenting cells (APCs).
Circulating nanocarriers quickly gain an adsorbed protein coating
(i.e., “corona”) which influences recognition, phagocytosis, clearance,
and subsequent immune system reactivity [40]. The content of this pro-
tein corona may be influenced by species-specific differences evident in
blood/plasma composition (e.g., major presence of vitellogenins and ab-
sence of albumin in zebrafish [41]). In humans, typically <5% of admin-
istered nanocarriers reach their target [42] and most nanoparticles are
sequestered by the liver and spleen, or eliminated by the kidney.
Kupffer cells (tissue resident macrophages of the liver) facilitate the
binding and removal of the majority of foreign materials, and their abil-
ity to clear nanocarriers is dependent on surface charge, size, and ligand
chemistry [42]. Only recently, endothelial cells and macrophages of the
zebrafish caudal hematopoetic tissue (and caudal vein) were character-
ized as functionally homologous to scavenger endothelial cells and
Kupffer cells in mammals [43].

6. Zebrafish and drug discovery
6.1. Phenotypic drug discovery in vivo

Large-scale phenotypic drug discovery methods complement target-
based high-throughput screening (HTS) approaches by emphasizing
physiological effects in cell culture, or more recently, whole-organism
disease models. Phenotypic screens can provide disease-relevant con-
text which reductionist target-based methods often lack and enable t
compound discovery in the absence of a pre-defined target. This is espe-
cially useful in cases where molecular disease etiology is unknown. Sim-
ilarly, whole-organism phenotypic screens can overcome limitations
when the biology underlying a disease is too complex to be captured
in two-dimensional cell culture formats. In particular, neurodegenera-
tive diseases exemplify complex etiologies which are difficult to
model in cell culture, e.g., retinitis pigmentosa, Parkinson's disease,
Alzheimer's disease.

Until recently, drug discovery in living disease models was largely a
process of serendipity. However, we and others have developed auto-
mated in vivo screening platforms enabling large-scale systematic phe-
notyping in living disease models (Fig. 1) [44,45], including
observations of nanocarrier effects in zebrafish larvae. Key among tech-
nologies facilitating this approach are:

i. COPAS (Complex Object Parametric Analytic Sorter, Union
Biometrica), functions as an organismal sorter, capable of fluores-
cent reporter detection and microplate well dispensing of living
3D model specimens ranging from 20 to 1500 pm in diameter,
akin to a fluorescence activated cell sorter (FACS). Current dispense
rates approach true high-throughput levels of approximately 50,000
specimens per day (i.e., 1 per second), automating incubation with
small molecules and/or nanocarriers.

ii. VAST (Vertebrate Automated Screening Technology, Union
Biometrica), a bioimager platform which functions as a mid-

throughput high-content imaging system for small model organ-
isms (worms, fish, etc.) comprised of a microfluidic system that au-
tomates delivery and user-defined orientation(s) of specimens on a
microscope stage. Combined with the Large Particle Sampler (Union
Biometrica), VAST can aspirate samples of interest from microwell
plates, deliver them for automated high-content imaging, and re-
dispense samples back into microwell plates, thus facilitating longi-
tudinal studies that can track dynamic processes such as disease
progression or regeneration. This system is ideal when high-
resolution imaging is required to assess phenotypes that are non-
quantitative, e.g., changes in reporter distribution at organismal, tis-
sue, or cellular levels [45].

iii. ARQiv (Automated Reporter Quantification in vivo), a microplate
reader-based system we developed which enables maximal
throughput rates (i.e., tens of thousands of specimens processed
per day) for reporter-based assays in small model organisms [44]
and 3D cell culture models (e.g., human stem cell-derived
“organoids”) [46]. To realize true high-throughput potential, we in-
tegrated a COPAS unit with ARQiv via a customized robotics-based
automation system to create ARQiv-HTS [2,44].

In addition, several companies have developed platforms specifically
for the zebrafish model system facilitating quantification of behavioral
phenotypes (e.g., sleep/wake cycle, seizure, startle effects, etc.). Exam-
ples are the ZebraBox/ZebraLab (ViewPoint) and a suite of platforms
from Noldus for quantifying changes even at the tissue level
(e.g., heart rate). These platforms have been applied to drug discovery
efforts focused on locomotor [47], visual function [48,49], neurobehav-
ioral [49], and toxicity [50] phenotypes. However, high-content screen-
ing (HCS) systems such as these (and VAST) provide detailed
information on complex phenotypes at the cost of throughput, limiting
daily processing rates to hundreds to thousands of specimens per day.
For instance, VAST is capable of processing zebrafish larvae at 20s per
sample (approximately 35 min for a 96-well plate).

6.2. Pharmacokinetic and biodistribution considerations

There are important differences in the way small molecule studies
are performed in zebrafish versus mammalian model systems that im-
pact their use for drug development and optimization. For instance, dur-
ing a typical zebrafish small molecule screen, larvae are bathed
continuously in compounds of interest (i.e., waterborne exposure).
This differs from systemic administration (e.g., intravenous, subcutane-
ous, oral) in mammalian models and patients which results in a pulse of
compound that reaches a peak concentration before being progressively
eliminated from tissue/circulation over time. Conversely, waterborne
exposure results in a consistent level of compound over longer time pe-
riods, wherein the ability of the larvae to metabolize/eliminate the com-
pound is saturated through steady absorption (via dermal,
gastrointestinal, and respiratory routes) and subsequent passive diffu-
sion throughout the larvae. Sustained equilibrium between absorbed
and metabolized/excreted compound is reached in a matter of hours
and despite clearance rates being comparable to mammalian models,
compound accumulations differ by 2-3 orders of magnitude [53,54]).
Importantly, despite differences to ‘bolus’ drug delivery methods that
predominate mammalian and clinical studies, waterborne exposure in
zebrafish is similar to sustained-release kinetics that is a common goal
of nanomedicine-based approaches for treating chronic conditions [55].

While biodistribution has been shown to be similar in fish and mam-
mals, minor variations [56] and major differences have been observed
[57]. Thus, it is important that potential disparities in pharmacokinetics
between fish and mammalian models are accounted for. MALDI-MSI
(matrix assisted laser desorption/ionization mass spectrometry imag-
ing) is a promising method of evaluating compound pharmacokinetic
properties, and has been applied to monitor accumulation of psychoac-
tive compounds in larval and adult zebrafish CNS [57,58]; this approach
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VAST:

COPAS:

+ Sorts 3D objects (20-1500 uM)

» Facilitates dispensing into microtiter plates

» Sorts heterogeneous populations to reduce
impact of transgene variability

+ Automates handling of living specimens for
high-content imaging (HCI)

+ Facilitates removal from, and re-dispensing
back into microtiter plates

+ Orients each specimen for imaging at
cellular-resolution

TECAN plate reader:

» Provides unique z-dimensional focus

» Utilizes regional scans within each well,
reported individually rather than averaged
(e.g., 9 regions arrayed into a square

formation)

ARQIiv-HTS workstation:

Integrates COPAS, TECAN (plate reader),
and liquid handling for reporter based
screens in zebrafish

» Plate crane facilitates movements between
stations, stacks, auxiliary nests, and robotic

fluid dispensers

Zebrabox/Zebralab:

* Facilitates locomotor, visual function (e.g.,
photomotor response), and neurobehavioral
phenotyping (e.g., pre-pulse inhibition,
shoaling)

Fig. 1. Key technologies available for evaluation of nanocarrier based enhancement of drug efficacy in vivo. Representative data format and a brief description are provided for each
platform. (A) COPAS: sorts small objects based on optical density and fluorescent intensity. (B) VAST: handles and orients small objects for high-content imaging. (C) TECAN plate
reader: measures fluorescence intensity in multi-well plates. (D) ARQiv-HTS workstation: integrates COPAS, TECAN, and additional automation for HTS-scale assays utilizing whole
organisms. (E) Zebrabox/Zebralab: measures numerous behavioral metrics for larval zebrafish. Portions of figure (C [51], E [52]) reproduced by permission of PLOS One and Elsevier.

does not yet allow longitudinal observations. However, direct in vivo
time-lapse observation of compound distribution—i.e., dynamic
in vivo pharmacokinetics—is possible with auto-fluorescent or fluores-
cently labeled compounds tested in zebrafish [56].

Nanocarriers are often not inherently fluorescent but are generally
amenable to being loaded with or conjugated to fluorescent labels
[59,60]. A recent application of fluorescently-labeled liposomes in
zebrafish beautifully demonstrated their utility as a means of evaluating
circulation behavior post-injection. Vascular labeling in the Tg(kdrl:GFP)
line allowed quantification of both ‘circulating’ and ‘extravascular’ lipo-
some fluorescence. Modifications to the liposome structure altered this
behavior, and semi-quantitative analysis of these structural changes
(e.g., PEGylation, lipid composition, cholesterol) correlated with that
observed in mammalian models [61] (see Fig. 2). However, a major ca-
veat of such studies is the possibility of incidental loss and/or transfer-
ence of fluorescently labeled lipids from the liposome shell.

Extending these same principles to the CNS requires that penetra-
tion issues caused by the blood-brain barrier (BBB) and blood-retina
barrier (BRB) be accounted for. In zebrafish, the BBB/BRB forms at

~3 days post-fertilization (dpf) [62] and can exclude large MW
(~4 kDa) particles by 2.5 dpf, and smaller sizes (~400 Da) by 3 dpf. Al-
though neurodegenerative conditions are often associated with disrup-
tion of the BBB/BRB, and thus may occur in genetic models of disease,
more controlled methods are desirable. Several agents known to disrupt
the BBB or BRB in mammalian models also do so in zebrafish. For in-
stance, exposure to the compound penylenetetrazole (PTZ) or the
oligopeptide hormone bradykinin leads to BBB/BRB breakdown and in-
creased paracellular permeability in fish and rodents, [62-64]. However,
PTZ binds the GABA4 receptor and is used to induce seizure-like behav-
iors in zebrafish [65], complicating its usage for CNS-focused discovery
efforts and behavioral screens in particular. In addition, although brady-
kinin treated zebrafish larvae show no deleterious changes in vascula-
ture and no behavioral abnormalities have been reported, the
observed efficacy of BBB breakdown with this agent was limited.
Finally, although drug screening in microtiter formats can be con-
ducted with fully formed larval zebrafish, age-dependent differences
in bioavailability or drug action could compromise efficacy at later
adult stages. To account for age differences, a manual method of
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Fig. 2. Zebrafish as a pre-clinical model to study the systemic circulation of nanocarrier drug delivery systems in vivo. Notably, changes in circulation patterns observed in zebrafish with
various nanocarrier modifications paralleled pharmacokinetic distribution data collected from mammalian systems. Reproduced with permission of Journal of Controlled Release [60].

intermittent drug dosing of adult zebrafish was recently developed
(ScreenCube [66]). The additional demands for screening in adults
(i.e., cost, space, and labor) were considered during the development
of this open-source 3D-printed device. Adults utilize more oxygen and
produce more ammonia waste than their larval counterparts. Because
of this, the dosing volume of 10 mL per well (per adult) may be utilized
for a maximum of 3 min (either continuously or in bouts) before toxic
levels of ammonia are reached. Nevertheless, researchers were able to
successfully screen 520 inhibitors of epimorphic regeneration when
the dosing volume had been reduced 10-fold (a marked reduction in
comparison to previous efforts) [67].

7. Bridging regenerative biology and regenerative medicine
7.1. Neurodegeneration models in zebrafish

Neurodegenerative disorders are typified by the progressive loss of
neurons within the CNS (e.g., of the brain, retina, spinal cord). The clin-
ical manifestation of this diverse set of neurological disorders depends
on the CNS regions involved. There are numerous neurodegenerative
paradigms available in zebrafish. In each disease model, phenotypic
assessment of injured/regenerating cell types is facilitated by transgenic
effector/reporter vectors that are pan-neuronal [68-70],
neurotransmitter-specific (e.g., dopaminergic [71,72] and monamergic
[73] neurons) or cell-type specific [17,74] (e.g., photoreceptor
[10,75,76], ganglion cell [77]).

Broadly, modeling of neuronal degeneration can be achieved via:
1) mechanical/light lesion [78]; 2) chemical damage [73]; 3) progressive
formation of protein aggregates (e.g., as in Alzheimer's tauopathies
[69,70,79] or Huntington's [80]); 4) chemically-inducible enzyme/
prodrug ablation methodologies targeting neurons [17] and supporting
glia [81]; or 5) specific deleterious mutations that result in the preferen-
tial cell loss of a given type (e.g., as in Parkinson's [82,83] and
Amotrophic Lateral Sclerosis [84]). Of the above, chemically inducible
strategies offer distinct advantages for large-scale screens; cell loss can

be temporally synchronized across large sample sizes, facilitating quan-
tification of degeneration and regeneration in sample sizes appropriate
for observing changes in cell loss or replacement kinetics.

In addition, cell-type specific ablation methods provide a means of
bridging classic regenerative biology studies with the therapeutic
ends of regenerative medicine; the latter being largely focused on dis-
eases linked to the loss or functional compromise of individual cell
types. Prior to the advent of diphtheria toxin (DT) and nitroreductase
(NTR)-based cell-specific ablation techniques, the study of cellular
regeneration was largely limited to mechanosensory hair cells [85],
olfactory receptor neurons [86], and muscle cells [87]. Because DT
receptors and the NTR enzyme can be transgenically expressed in any
genetically targetable cell type, these approaches have allowed the
field of cellular regeneration to expand into a wide range of cell-
specific paradigms, including cells lost to neurodegenerative diseases
[17]. When deployed in robustly regenerative species, such as zebrafish,
such methods enable studies focused on how the replacement of indi-
vidual cell types is regulated at the level of endogenous stem cells and
their niche microenvironment.

Once an optimal disease modeling strategy is defined, acquiring or
creating desired resources is a straightforward process. Numerous
transgenic/mutant lines are available through ZIRC (Zebrafish Interna-
tional Resource Center) or EZRC (European Zebrafish Resource Center).
Additionally, methods for the development of novel transgenic/mutant
lines via Tol2-mediated transgenesis [88], or CRISPR/Cas9-based muta-
genesis [89] are well-established; either approach takes approximately
~6 months to generate stable lines and another ~6 months to generate
large breeding stocks.

7.2. Zebrafish screens for regeneration-modulating compounds

Though there have been numerous small molecule screens in
zebrafish, only a handful have focused on identifying compounds that
impact regeneration. To date, compounds implicated in modulating re-
generative process act by impinging upon the reparative potential of
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endogenous stem cells directly or via components of the stem cell
‘niche’, such as immune cell subtypes. In particular, glucocorticoids
have been shown to enhance regeneration kinetics in several regenera-
tion paradigms. However, as a class these drugs are associated with un-
desirable systemic effects. In an effort to negate this limitation,
nanomedicine-based targeting methods could be utilized to deliver
regeneration-enhancing drugs directly to neural stem cells or to niche
cell subtypes which regulate regenerative potential [90]. Below we dis-
cuss the results of some of the larger-scale zebrafish drug screens and
related studies that have provided insights into the chemical biology
of regeneration.

7.2.1. Fin regeneration

The zebrafish caudal fin is an ideal tissue for interrogating successful
epimorphic regeneration. A 2007 compound screen utilized amputation
of the larval caudal fin (posterior to the notochord) and quantification of
the rate of regeneration [91] as a phenotypic metric. In a screen involv-
ing a library of 2000 compounds and evaluation of 4000 zebrafish lar-
vae, 17 compounds (0.8% of library) were identified as inhibitors of fin
regeneration. The hit compounds fell into a range of chemical space,
yet through structure-function analysis, the largest cluster (5 of 17
hits) were identified as glucocorticoids. Ultimately, it was demonstrated
that glucocorticoids (of which Beclamethasone was the most effective)
impaired tail fin regeneration by inhibiting proliferation within the blas-
tema. In contrast to a more recent study [92], the data suggested im-
mune cells were not critical to tail fin regeneration, [92]. However,
other studies have been shown that glucocorticoid-based modulation
of the inflammatory response post-injury can accelerate regeneration
kinetics in zebrafish [10,93].

7.2.2. Heart regeneration

Zebrafish have the capacity to regenerate heart muscle after injury
via proliferation of pre-existing/spared cardiomyocytes. A 2013
compound screen leveraged FUCCI (fluorescent ubiquitylation-
based cell cycle indicator) technology, which fluorescently labels both
proliferative (S/G2/M-phase) and resting (G1-phase) cells [94].
Cardiomyocyte-specific “cmlc2:FUCCI” transgenic fish were created to
label proliferative cardiomyocytes during development and regenera-
tion. Zebrafish larvae were first screened against a small panel of com-
pounds targeting common developmental pathways to identify those
that modulate cardiomyocyte proliferation during heart formation
(Hedgehog, IGF, and TGF-); confirmatory studies demonstrated that
these same pathways were active following cardiac injury in adult
fish. Subsequently, pharmacological manipulation of these same path-
ways was shown to increase cardiomyocyte proliferation rates during
heart regeneration.

7.2.3. Pancreatic beta cell regeneration

Despite mechanistic differences, both type 1 and late-stage type 2 di-
abetes lead to loss of insulin producing pancreatic beta cells. One poten-
tial curative therapy would be to stimulate endogenous recovery of
beta-cell mass. Accordingly, a 2012 study screened 7186 compounds
for enhancers of pancreatic 3-cell regeneration in ~100,000 transgenic
larval zebrafish in which beta cells could be selectively ablated
and newly generated beat cells were differentially labeled by
photoconversion of the fluorescent reporter Kaede [95]. Compounds ca-
pable of increasing the number of regenerated beta cells fell into three
categories with the majority converging on the adenosine pathway.
The most potent ‘hit’ compound was the adenosine agonist N-
Ethylcarboxamidoadenosine (NECA). A suite of orthogonal assays sub-
sequently confirmed the efficacy of this compound in both fish and
mice.

7.2.4. Peripheral nerve regeneration
To study peripheral nerve regeneration, Granato and colleagues de-
veloped a laser mediated nerve transection assay in larval zebrafish

[96,97]. However, this approach was limited to low throughput drug
screening. To address this, a pectoral fin amputation assay was devel-
oped which was more amenable to large scale screening [78]. Because
fin replacement is dependent on nerve regeneration, this assay serves
as a proxy for peripheral nerve regeneration. A primary screen of ~350
compounds, resulted in 21 being identified as inhibitors of pectoral fin
replacement, thus potential disruptors of peripheral nerve regeneration.
60% of the primary hit compounds were then confirmed in a secondary,
laser-mediated nerve transection assay. Importantly, 12 validated hits
were implicated in targeting molecules/pathways not previously associ-
ated with peripheral nerve regeneration, demonstrating the power of
unbiased screening approaches for advancing understanding of com-
plex processes.

7.2.5. Hair cell regeneration

Zebrafish have sensory organs, termed neuromasts, containing
mechanosensory hair cells that function analogously to hair cells of
the mammalian inner ear. Neuromast hair cells are exposed directly to
the external environment, thus easily labeled by fluorescent dyes and
susceptible to waterborne ototoxic compounds. This provides an ideal
chemically-inducible cell death model system for studying the regula-
tion of primary neuron regeneration via large-scale genetic and chemi-
cal screens [98,99]. A 2012 screen utilized aminoglycoside-induced
ablation of GFP-labeled hair cells to screen a library of 1680 compounds
[100]. Ultimately, six compounds were validated as inhibitors of hair cell
regeneration, blocking either neural precursor or support cell prolifera-
tion. In addition, two synthetic glucocorticoids (dexamethasone and
prednisolone) were confirmed as enhancers of hair cell regeneration
which acted by increasing precursor proliferation. In a related effort
this group performed a screen to identify improved variants of promis-
ing neuroprotective lead candidates and succeeded in identifying a new
compound that was substantially more potent in fish and rat models of
ototoxic injury [101]. Of note, the optimized compound was recently
approved by the FDA as a new drug and has proceeded to clinical
testing.

7.2.6. Retinal cell regeneration

Using a chemically-inducible model of rod photoreceptor cell abla-
tion, we recently found dexamethasone was also capable of accelerating
retinal photoreceptor regeneration kinetics in zebrafish [10]. Interest-
ingly, dexamethasone stimulated regeneration only when applied
24 h after induction of rod cell loss, conversely pre-treatments inhibited
photoreceptor regeneration. Additional data suggested that resolution
of an acute inflammatory response led to enhanced neuroregeneration
but that complete inhibition of immune cell reactivity disrupted the re-
sponsiveness of the retinal stem cell niche to rod cell loss. Collectively,
the studies outlined exemplify the usefulness of the zebrafish model
system for exploring the chemical biology of regeneration using unbi-
ased screening approaches. Further clarification of the role that the im-
mune system plays during the regenerative processes is clearly needed
in light of intriguing evidence suggesting that immune cell-targeted
therapeutic strategies can stimulate dormant reparative potential of
adult stem cells in patients [102]. However, translating regeneration-
promoting compounds to the clinic will require substantial investment
in further drug development. Below we discuss how zebrafish afford
distinct advantages to drug optimization efforts, focusing on the trans-
formative potential of nanoparticle-based approaches for targeted
drug delivery.

8. Zebrafish, nanomedicine, and drug optimization

Once lead drug candidates have been identified in a phenotypic
screen, typical next steps involve investigation of the molecular mecha-
nism of action (MoA) and follow-on screens to identify improved com-
pounds within the same structural or functional class. Assuming a
reliable degree of knowledge about MoA or site of action (e.g., target
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Fig. 3. stab2-mediated scavenging of anionic nanoparticles in vivo. E,F) Carboxylated polystyrene nanoparticle. G,H) CCMV virus-like particle. Quantification of nanoparticle levels
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dots represent individual data points, and brackets indicate significantly different values (***p < 0.001) based on Mann-Whitney test. n = 5-12 samples per group (over two

experiments). Partial figure reproduced by permission of ACS Nano [43].

tissue), an alternative strategy would be to develop strategies for
targeted drug delivery to implicated systems, tissues, or cell types. The
combined strengths of zebrafish and nanomedicine are just beginning
to be combined as a means to explore nanocarrier based technologies
for targeted drug delivery, with the ultimate goal of supporting the de-
velopment of disease-specific lead optimization strategies.

8.1. Leveraging intravital imaging for nanocarrier characterization

The advantages zebrafish afford to high-resolution intravital imag-
ing can be leveraged to facilitate high-resolution characterization of
nanocarrier distribution and function within the context of CNS injury
paradigms. Rapid development and embryonic/larval stage transpar-
ency avail in vivo interrogation of mechanisms of biodistribution and
pharmacokinetics via direct observation of tagged nanoparticles and
their interactions with targeted tissues, microenvironments, cell types,
and even subcellular compartments. In addition, optical manipulation
of nanoparticles and their cargo can be used to explore inducible deliv-
ery/activation mechanisms. Moreover, zebrafish transparency can be
enhanced using chemical inhibitors of pigmentation and pigmentation
mutants (e.g., roy, albino, nacre) can be used to extend these types of
studies beyond larval stages [103].

8.1.1. Biodistribution/pharmacokinetics

Zebrafish present known biological barriers to waterborne
nanocarrier uptake and distribution to the CNS, including the chorion
(with a pore canal size of 0.5-0.7 um [104]), gastrointestinal epithelial
tight junctions, and the BBB/BRB. A 2017 study evaluated how porous
these barriers are using 70 and 200 nm coumarin 6-nanocrystals
[105]. 70 nm nanocrystals were more effective at penetrating biological
barriers during embryo/larval stages, where they accumulated in the
gut, before being transported through the vasculature and accumulating
within the brain and retina. FRET microscopy indicated that both intact
and degraded nanocrystals accumulated within larvae over time. Fur-
ther analysis in adults indicated that lipid-raft-mediated endocytosis
was critical for absorption (and thus distribution) of nanocrystals. This
work was consistent with prior studies indicating nanocrystals enhance
the oral absorption of poorly water-soluble compounds via size-
dependent improvements in saturation solubility, dissolution velocity,
and adhesiveness to cell/surface membranes [106].

The ultimate goal of nano-delivery methodologies is cell-specific
targeting, yet on-target uptake rarely surpass 1% of the total injected

nanoparticle dose [107] due to off-target interactions in the liver [42]
and scavenger endothelial cells (SECs) of various tissues (e.g., kidney,
heart, gills). Zebrafish whole-body 4D intravital imaging was applied
to monitor the distribution of fluorescent liposomes with cellular reso-
lution in near real-time [43]. The tested liposomes accumulated on en-
dothelial cells and co-localized with fluorescently labeled-hyaluronic
acid, implicating scavenger receptors. Dextran sulfate (a competitive in-
hibitor of stab-2 scavenger receptors), and stab-2""? mutants were used
to test this. Both manipulations led to a dramatic increase in the concen-
tration of freely circulating liposomes due to diminished stab-2 scaven-
ger receptor binding. This study provided compelling evidence that
1) anionic liposomes are an ideal delivery mechanism for targeting
cells overexpressing stab-2 (such as SECs), and 2) inhibiting
nanoparticle-SEC interactions may serve to enhance bioavailability of
numerous nanocarrier classes (See Fig. 3). The identity of receptors re-
sponsible for in vivo clearance of nanoparticles was previously un-
known. Ultimately, in demonstrating cell- and receptor-specific
binding of injected nanoparticles, Campbell et al. established a new
standard for the dissection of nanoparticle biodistribution in vivo.

8.1.2. Optical manipulation

Physical manipulation of nanocarriers is possible through applica-
tion of optical tweezers (a highly focused laser beam that provides an
attractive/repulsive force). This technique has been instrumental to un-
derstanding the biomechanical properties of nanoparticles designed to
target specific cell types, yet this work has largely been conducted
in vitro. Remarkably, a 2016 study applied near-infrared optical twee-
zers to trap and precisely manipulate the distribution of polystyrene
nanoparticles (200 nm-1 pum size) within the zebrafish endothelium
[108]. In addition, changes in affinity of polystyrene nanoparticles to-
ward endothelial cells were measured after the addition of a polyethyl-
ene glycol coating (i.e., PEGylation). This same methodology could be
applied to screen nanoparticle-cell interactions in vivo (e.g., immune,
cancer, infectious, and neurodegenerative disease paradigms).

Zebrafish also provide an excellent platform for testing
photoactivation-based manipulations of gene expression. Upconversion
nanoparticles (UCN) excited with near-infrared light produce ultra-
violet light locally and can activate UCN-loaded photo-morpholinos or
photo-caged plasmids. A 2015 study demonstrated the use of UCNs as
nanotransducers for light-controlled gene knockdown and gene upreg-
ulation in zebrafish [109]. Knockdown of ntla, a gene implicated in no-
tochord formation, resulted in a robust mutant phenotype. To
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demonstrate efficacy in adult pigmented zebrafish, tumor cells
transfected with UCNs (loaded with caged EGFP) were injected into
the peritoneal cavity, where they expressed GFP following
photoactivation.

Graphene has a unique combination of electronic, optical, and me-
chanical properties. It has been applied recently to develop graphene-
based-biointerfaces as a means of addressing use-dependent drug
effects (e.g.,drug-induced proarrhythmia risks) [110]. In zebrafish, re-
duced graphene oxide provides a method of inducing light-intensity-
dependent cell stimulation during drug screening assays. Strikingly,
simply injecting reduced graphene-oxide avails optical manipulation
of heart rate through exogenous means (i.e., absent transgene-derived
optogenetics).

8.1.3. Gaining access to the CNS

Ideally, waterborne nanocarriers would be readily absorbed and
subsequent delivered to the CNS. Studies on mammalian models have
tested a large number of strategies for overcoming barriers to water-
borne uptake of nanoparticles and subsequent delivery to the CNS. To
varying extents, modification of several key characteristics have been
demonstrated to facilitate passage of nanocarriers across the BBB
(e.g., shape, size, surface charge, hydrophobicity, and coating) [111].
The following aspects could be further refined using intravital imaging
to assess nanoparticle accessibility to the CNS in zebrafish: 1) optimal
particle size and zeta potential for BBB penetration; 2) improved
PEGylation (i.e., ‘stealthing’) strategies for increasing circulation and
lowering clearance rates (see Fig. 4); and 3) identify low-density surface
ligands that facilitate BBB/BRB transcytosis (e.g., transferrin, o-insulin
receptor/a-glucose transporter antibodies, and amphiphilic peptides).
Critically, ‘stealthing’ PEGylation strategies similarly improve the circu-
lation time in both humans and mammalian models [112,113]. Re-
cently, dye-loaded apoferritin nanocages were successfully employed
to cross the BBB in larval zebrafish via transferrin receptor binding
[114]. Similarly, monosialoganglioside micelles leverage the ubiqui-
tously expressed glycosphingolipid GM1 on endothelial cells, to trans-
verse the zebrafish BBB [115]. In addition, it has been previously noted
that the glucose transporter is expressed on both the intestine and
gills of the zebrafish [116], and may serve as a means to bypass both ep-
ithelial and BBB barriers in fish (i.e., facilitating waterborne exposure).

8.1.4. Targeting neural stem cells

Once across the BBB, targeting of endogenous stem cell niches will
be paramount for regeneration-enhancing therapeutics. Though having
limited inherent regenerative capacities, bone fide mammalian neural
stem cells are located in the sub-ventricular zone of the lateral ventricle
and the sub-granular zone of the hippocampus. In addition, retinal
Miiller glia can function as injury-induced stem cells if concurrently
reprogramed by exogenous expression of genes such as ascl1 [117].
Nanoparticle-based targeting of mammalian neural stems has been
tested almost exclusively by direct injection into or near the stem cell
niche. This approach has shown promising results in models of stroke
[118], Parkinson's [119], and Alzheimer's models [120]. Yet, when deliv-
ered systemically the biodistribution of nanoparticles is not easily quan-
tified, thus the possibility of off-target effects remain a troubling
possibility. Targeting of neural stem cells/niches in the zebrafish via
nano-delivery methods has yet to be explored. However, nanoparticles
have been used in zebrafish to enhance drug efficacy regarding
bacterial pathogens (via macrophage targeting) [121] and in
xenotransplantation-based cancer models (by limiting off-target bind-
ing via PEGylation) [122]. Again, the use of intravital imaging in
zebrafish will provide significant advantages to studies aimed at defin-
ing nanoparticle formulations that successfully target neural stem cells
or their niche microenvironment.

8.2. Co-opting lessons from aquatic toxicity assays

To date, nanoparticle applications in zebrafish have focused largely
on toxicology. This work provides a wealth of information regarding in-
herent causes of toxicity—i.e. induction of reactive oxygen species (ROS)
induction, necrosis, apoptosis, etc. (for which there are standardized
protocols [123])—in addition to bioavailability, accumulation, and dis-
tribution. Thus, prior performance in toxicity studies may inform the
choice of nanocarrier for drug optimization efforts.

Metals are sometimes utilized for the synthesis and creation of
nanoparticles (e.g., quantum dots). However, metal ions can leach
from cores leading to toxicity - i.e., ROS-mediated damage of the gill/
liver tissues or to DNA directly. Heavy metals are particularly toxic to
zebrafish (e.g,, silver- [104,124-128] and copper-based [126] nanopar-
ticles) and their use should be approached with caution. Of note, copper
ions are inherently ototoxic, causing ablation of the lateral line
neuromasts [ 129]. Results from studies of gold nanoparticle (AuNP) tox-
icity are somewhat inconsistent due to a lack of standardized ap-
proaches. For instance, the toxicity of colloidal AuNPs may be
dependent on the timing of exposure. When treatments were initiated
at early cleavage stages (from 1-120hpf) a potential increase in embry-
onic malformations was observed [130]. However, when initiated at the
blastula stage (~4-120hpf) no deleterious effects of AuNPs were ob-
served across numerous sizes and concentrations [128]. Although NP
particle size can impact toxicity, the majority of AuNP toxicity appears
to result from surface functionalization. Positively charged AuNPs ex-
hibit a clear concentration-dependent increase in mortality and devel-
opmental defects whereas negatively charged and neutral particles
show no significant effects on survival under the same treatment condi-
tions [131] (see [132] for a recent review of NP toxicity in zebrafish).

Similarly, metal oxides have been shown to induce differential toxic-
ity based on size, charge, and shape [133-136], with effects ranging
from induction of a pro-inflammatory immune response, ROS damage,
and acute lethality [137]. Production of reactive oxygen species is the
mechanism by which zinc-, titanium-, and aluminum-oxide based
nanoparticles induce toxicity [124,138,139]. Conversely, Cerium-oxide
based nanoparticles have been shown to be neuroprotective in
zebrafish [140,141], likely by quenching oxidative stress and down-
stream inflammation [142], making it an attractive option for further
studies in this system.

More complex nanomaterials offer a wide range of options with re-
spect to target tissue and/or cell type, yet come with their own caveats.
As with heavy metals and metal oxides, fullerenes, fullerols, and
metallofullerenes induce ROS-mediated toxicity [143,144]. There is con-
flicting evidence as to whether the structure of carbon nanotubes (sin-
gle- or multi-walled) cause toxicity [145,146]. Smaller carbon
nanotubes are cleared to lymphatic tissue, whereas larger particles ac-
cumulate and disrupt tissue function. Moreover, the highly adsorptive
surface area of carbon nanotubes has been shown to interfere with the
bioavailability of, and thereby alter the toxicity of co-administered
small molecules [147]. Quantum dots are relatively new with respect
to their application to zebrafish but may be toxic [148], likely a function
of the chosen surface coating. Both size and charge appear to influence
dendrimer toxicity [149], with smaller G3.5 (compared to G4)
dendrimers being less toxic [148]. Moreover, several studies have dem-
onstrated that larger (i.e., high generation) PAMAM dendrimers can
cause severe coagulopathies [149-151]. Though, G4.5 dendrimers com-
plexed with anti-epileptics exhibit no toxic or teratogenic effects in
zebrafish [152]. Anionic dendrimers may have issues penetrating cell
membranes [153], whereas cationic dendrimer nanoparticles often de-
stabilize the cell membrane leading to cell lysis [154] (an effect that
can be attenuated by the addition of an integrin receptor recognition
motif for particle internalization [155]). Importantly, as the immune
system has been implicated as a direct modulator of stem cell regener-
ative capacity in the zebrafish CNS [10], dendrimer-based targeting
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reactive immune cells [156-159] may provide new therapeutic inroads
toward regeneration-enhancing therapeutics.

8.3. Improving nanocarrier permeability for in vivo screens

8.3.1. Enhancing permeability/penetration

Large-scale assessments of nanocarriers for drug optimization stud-
ies in zebrafish, or other small animal modeling systems, will require
methods for facile absorption, uptake, and tissue dissemination
(i.e., strategies other than direct injection). For phenotypic drug discov-
ery screens, compound absorption is facilitated by the addition of sol-
vents that enhance penetrance into zebrafish larvae. DMSO is the
most widely used solvent for small molecule drug screens, but even
low amounts of DMSO (e.g., 0.5%) can lead to increased expression of
heat shock pathway mediators [160], potentially confounding results.
Recognizing this, one should consider application of other solvents:
polyethylene glycol (PEG-400), propylene glycol, methanol, and ace-
tone - which are generally non-toxic up to 1.5-2.5% [161].

The physiochemical properties of some nanocarriers may impede
absorption through epithelial routes in teleost [ 162] or direct to their ac-
cumulation in off-target tissues (e.g., skin and gills) leading to toxicity
[127,163-165]. In addition, solvents classically used to enhance small
molecule delivery may not be effective at increasing nanocarrier uptake.
Intriguingly, the use of permeation enhancers commonly applied to oral
absorption (e.g., chitosan, dendrimers, peptides, etc.) provides a poten-
tial means to overcome this limitation [166-170]. With respect to the
permeation of small organics in vitro, two distinct chemical categories
enhance the therapeutic window: nitrogen-containing rings (1% w/v)
and surfactants (anionic or zwitterionic, 0.1% w/v). Both provide potent
permeation across a well-tolerated concentration range [171]; how-
ever, aquatic toxicity assays demonstrated zebrafish larvae are sensitive
to anionic surfactants [172]. Nevertheless, in vitro studies provide initial
concentration ranges for optimization of similar assays in vivo.

In mammals, incorporation of chitosan is one of the most common
means of enhancing permeability of nanocarriers across tight junctions
for oral, ocular, brain and parenteral routes; in addition, it is biodegrad-
able, biocompatible, and stable [173]. However, while application of
chitosan-containing nanoparticles improves absorption and subsequent
bioavailability [168], even at sub-lethal doses (5 mg/L) it can cause in-
creased ROS production and apoptosis in zebrafish [174]. As an alterna-
tive, Capmul MCM (glycerol monocaprylate) has been explored as an
alternative for enhancing oral absorption of dendrimer-N-Acetyl-L-
cysteine nanocarriers [169]. The data thus far show improved
transepithelial permeability in vitro, in keeping with increased gastroin-
testinal stability and permeability (a 9-fold increase) in vivo. Attrac-
tively, protamine and PEG stearate have been demonstrated to
facilitate penetration of double-shelled nanocapsules through both the
chorion and epithelium of zebrafish larvae [175].

8.4. Microinjection routes

If solvents fail to improve nanocarriers absorption and/or distribu-
tion, microinjection may be the only viable option. Since zebrafish can
rapidly metabolize and excrete injected nanocarriers, optimal injection
timing will depend on the disease phenotype. In addition, the injection
itself may cause injury that alters the phenotypic outcome of the assay
(e.g., innate immune cell reactivity [10]). Thus, an injection site distal
to the interrogated tissue is preferable. Optimal injection site locales
will likely fluctuate with age. For example, between 3 and 7 dpf, pericar-
dial injection is an excellent route for systemic administration [176]. De-
pending on the injection site, rapid systemic delivery or localized
exposures are possible [177] with numerous options for both systemic
(caudal vein, Duct of Cuvier) and local administration (hindbrain, tail
muscle, otic vesicle, notochord). Manually injecting is a tedious process
and not readily amenable to high-throughput screening formats. How-
ever, platforms exist for automated injection of eggs via agarose gel

molds (2 k eggs per hour [178]) and image recognition (900 eggs per
hour [179]), which would be ideal for toxicity and teratological testing.
Initially, this was developed as an automated method of transgenesis
and injection into the yolk/blastula of a fertilized embryo. Nevertheless,
these methods could potentially be modified for older, hatched larvae to
evaluate effects on regeneration.

Effective implementation of nanoparticles to enhance
neuroregenerative capacities in zebrafish will require leveraging in-
sights gained from prior studies in both fish and mammals. To date,
the use of solvents or nanocarrier-specific modifications to enhance ab-
sorption in zebrafish remains largely unexplored, as only a small subset
of available nanocarriers has proven to be both amenable to waterborne
exposure and non-toxic (e.g., nanocrystals, quantum dots). Therefore it
will be critical to determine the most efficient water-borne delivery of
nanocarriers through the epithelia and into the CNS during assay devel-
opment. By avoiding the pitfalls evident in toxicological studies, and
carefully considering biological barriers present in the zebrafish
model, we may expedite the design of nanocarriers that enhance
biodistribution and cell-specific targeting. In doing so, the full potential
of a model system enabling high-resolution insights into nano-delivery
devices at the cellular level may be unlocked.

8.5. Nanoparticle-based drug optimization screen

Until a method for promoting waterborne absorption of
nanocarriers that enables discovery-focused HTS applications is defined,
the role of nanomedicine in drug discovery and development will re-
main focused on the latter, i.e., drug optimization. Nevertheless, small-
scale nanocarrier-based screens can provide a powerful strategy for im-
proving the efficacy of regeneration-promoting and/or neuroprotective
compounds following large-scale drug discovery assays in zebrafish
models of neurodegeneration. Within this context, a small number
(20—100) of primary ‘hit’ compounds would progress through five dis-
tinct phases: 1) Nanocarrier-compound formulation 2) Assay develop-
ment, 3) Assay optimization, 4) Nanocarrier-compound primary
screen, 5) Validation (See Fig. 5).

8.5.1.1. Nanocarrier-compound formulation (1-12 months). Formulation
of nanocarrier-compounds is a prerequisite to their application in
zebrafish. The routes of formulation, i.e., ‘top-down’ (wet milling and
high-pressure homogenization) vs. ‘bottom-up’ (precipitation and sol-
vent evaporation) approaches have been reviewed comprehensively
[180,181]. In general, the length of time required to complete formula-
tion is dependent on the chosen nanocarrier (e.g., encapsulation vs. di-
rect conjugation, synthesized vs. commercially available) and the
number/diversity of drug compounds. Encapsulation methods are read-
ily transferable to drugs with similar chemical properties
(e.g., hydrophobicity and charge). However, in direct conjugation, the
first chemical steps are unique to each compound and should be opti-
mized to ensure: firm attachment to the nanoparticle, preservation of
compound activity, and drug release the appropriate time scale. As a re-
sult, direct conjugation of compounds to the surface of a nanocarrier
(e.g., metal nanoparticles, dendrimers) is more time-intensive than en-
capsulation of compounds (e.g., micelles and liposomes). Direct conju-
gation is more amenable to varied purification and characterization
methods (e.g., proton nuclear magnetic resonance spectroscopy,
MALDI-time of flight mass spectrometry, dynamic light scattering) as
the final product is comparatively more uniform. Ultimately, the se-
lected nanocarrier will significantly influence the time required to for-
mulate large quantities nanocarrier-compound, or limit the size of the
compound library tested (i.e., chemical space limitations), Formulation
is often the rate-limiting step of any nanomedicine-based system, and
thus should delineate assay throughput expectations.

8.5.1.2. Assay development (6-9 months). Either the initial disease model
used for the primary drug screen or an orthogonal model better
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Fig. 5. Graphical representation of nanocarrier-based drug optimization assay process in
zebrafish. Five phases: 1) Nanocarrier-compound formulation 2) Assay development,
3) Assay optimization, 4) Nanocarrier-enabled enhancer screen, 5) Validation.

facilitating nanocarrier-compound evaluation (but remaining represen-
tative of the disease phenotype) can be used for drug optimization
screening. Orthogonal assay resources can be acquired from colleagues,
international resource centers (e.g. ZIRC or EZRC), or generated via stan-
dard transgenic/mutant methods. The assay format(s) used to detect
disease-relevant changes in zebrafish larvae will establish basic param-
eters, such as throughput rates. A microplate reader embodying key de-
tection functionalities (see Fig. 1) facilitates rapid quantification of any
reporter-based assay that can be deployed in vivo. For instance, we
have shown that the loss and regeneration of fluorescently labeled neu-
rons can be quantified at near high-throughput rates [44,51]. However,
as noted above, nanocarrier-compound screens requiring injections will
limit throughput to well below HTS rates anyway. Behavioral platforms

can assess more subtle phenotypes and can verify functional recovery,
but are by nature low-throughput. High-content imaging approaches
have been developed for in vivo screens, such as VAST, which provide
a powerful means of assessing complex phenotypes at mid-
throughput rates, and would enable precise localization of labeled
nanocarriers as an added bonus. Such assay formats may therefore be
ideal for assessing nanocarrier-compounds across multiple levels of
inquiry.

Concurrently, the physiochemical properties of fluorescently labeled
nanocarriers should be evaluated in non-transgenic (but ideally trans-
parent) zebrafish larvae. Using epi-fluorescent or laser-scanning confo-
cal microscopy, changes in the following parameters may be observed:
increased absorption/distribution of the nanocarrier throughout the lar-
vae [60,122,162]; boosted localization to a region/cell of interest [121];
and/or decreased compound toxicity [149].

8.5.1.3. Assay optimization (3-4 months). Establish the ‘signal window’
for the chosen model—i.e., the quantifiable signal difference between
fish treated with positive and negative control compounds. The signal
window will determine sample size, be used to assess assay quality,
and provide an estimate ‘hit’ score for nanocarriers that enhance effi-
cacy. Adjust experimental parameters to maximize the signal window
and/or measurable effect size of the positive control compound in
order to optimize the assay. In our experience, the Strictly Standardized
Mean Difference (SSMD) is a useful measure of effect size that accounts
for the inherent variability of in vivo model systems [44].

8.5.1.4. Nanocarrier-enabled enhancer Screen (time length depends on the
number of nanocarriers tested). Compare lead compound efficacy with
and without nanocarriers by microinjection or waterborne exposure
(using the latter if available). To evaluate phenotypic enhancement of
regeneration-promoting compounds, treatments administered post-
injury are recommended. To facilitate the discovery of both enhancers
and inhibitors of regeneration, evaluate regenerative effects at a time
point that produces half-maximal results for the normal untreated con-
trol condition (i.e., use a ‘sensitized assay’ that can show both effects).
Assay options discussed above (fluorescence quantification, behavioral
metrics, high-content imaging) will range in throughput from 2 min
to 35 min per 96-well plate.

8.5.1.5. Validation (6-12 months). Confirm nanocarrier-compound com-
binations that enhance the efficacy of regeneration-promoting lead
compounds. Repeat the optimization screen for implicated
nanocarrier-compound combination a minimum of three times to elim-
inate false positives and further validated across a broad dose-response
curve to calculate a therapeutic index (i.e., the ratio of the half-maximal
toxic dose to half-maximal effect dose). Finally, orthogonal assays
(e.g., immunohistochemistry, other animal models) or counter-screen
methods (e.g., enzyme activity assays) should be used to ensure that
‘validated hits’ perform reliably and are promising candidates for
progressing to clinical trial phases.

9. Conclusion

Zebrafish have a remarkable capacity to regenerate lost neurons
through endogenous neural stem cell populations, and are a firmly
established vertebrate model system for interrogating the complex biol-
ogy associated with neuroregeneration through large-scale genetic and
chemical screens. Zebrafish are also highly amenable to in vivo exami-
nation of nanocarriers, allowing direct visualization of nanocarrier in-
teractions at cellular and subcellular resolutions in living disease
models. There are numerous physiological differences between fish
and humans that impact predictive translation that thus require careful
consideration (e.g., blood/plasma composition, host immune response,
and nanoparticle clearance). Moreover, current technical limitations
(e.g., nanocarrier-compound formulation, route of administration)
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underscore barriers to the large-scale application of nanocarrier-based
studies in the zebrafish model. Fortunately, mounting evidence demon-
strates conservation of nanocarrier properties between zebrafish and
mammalian model systems.

Currently, there are few clinically approved nanoparticles [182,183]
and no systemic nanoparticle therapies approved for the brain. The
zebrafish is a cost-effective model system for interrogating nanoparticle
drug delivery systems before moving onto more laborious pharmacoki-
netic studies in mammalian models, thus warranting employment dur-
ing early stages of nanocarrier characterization and optimization.
Several established whole-organism phenotypic screening platforms
can be leveraged to assess nanoparticle-based drug optimization strate-
gies of lead candidates that promote enhanced neuroregeneration ki-
netics in zebrafish. We propose here that zebrafish are a versatile and
useful pre-clinical model for comprehensive mechanistic evaluation of
nanocarrier-drug combinations designed to stimulate dormant regen-
erative capacities in patients with neurodegenerative disease.
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