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Abstract Since the introduction of the zebrafish as a

model for the study of vertebrate developmental biology, an

extensive array of techniques for its experimental manipu-

lation and analysis has been developed. Recently it has

become apparent that these powerful methodologies might

be deployed in order to elucidate the pathogenesis of human

neurodegenerative diseases and to identify candidate ther-

apeutic approaches. In this article, we consider evidence that

the zebrafish central nervous system provides an appropriate

setting in which to model human neurological disease and

we review techniques and resources available for generating

transgenic models. We then examine recent publications

showing that appropriate phenotypes can be provoked in the

zebrafish through transgenic manipulations analogous to

genetic abnormalities known to cause human tauopathies,

polyglutamine diseases or motor neuron degenerations.

These studies show proof of concept that findings in zebra-

fish models can be applicable to the pathogenic mechanisms

underlying human diseases. Consequently, the prospects for

providing novel insights into neurodegenerative diseases by

exploiting transgenic zebrafish models and discovery-driven

approaches seem favorable.

Keywords Zebrafish � Neurodegeneration � Transgenic �
Parkinson � Alzheimer � eno2 � slc6a3 � tol2 � Parkin �
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Introduction

Since the initial introduction of the zebrafish as a model

organism for the study of vertebrate development, an

impressive toolbox of experimental techniques for their

experimental manipulation and analysis has been developed.

Zebrafish embryos develop externally and are optically

transparent, allowing direct observation of development and

the deployment of fluorescent reporters and indicators to

visualize morphology and physiology of cell groups of

interest. Transgenic expression of exogenous genes, and

experimental knockdown of endogenous genes, can be

carried out using relatively straightforward techniques.

Zebrafish breed regularly, produce large clutches of off-

spring and can be housed practicably in large numbers
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allowing for large-scale genetic and chemical screens. By

exploiting these favorable properties, the zebrafish model

has proved a useful means to test hypotheses concerning

gene function in development, and has provided numerous

novel insights into the molecular basis of embryogenesis

through large-scale genetics screens (Solnica-Krezel et al.

1994; Brockerhoff et al. 1995; Driever et al. 1996; Malicki

et al. 1996; Amsterdam et al. 1999; Guo et al. 1999). More

recently, in vivo chemical modifier screens have been

carried out in order to identify new compounds that act

specifically on biological pathways of interest (Zon and

Peterson 2005; Molina et al. 2009). The ability to house

zebrafish larvae in 96-well plates and the use of automated

assay end points make the zebrafish uniquely suitable

amongst current vertebrate models for high throughput

chemical library screening in vivo.

It has been suggested that these powerful techniques

might be deployed in order both to elucidate the patho-

genesis of human neurodegenerative diseases, and to iso-

late new treatments. The possibility of exploiting this now

well-established model to accelerate the discovery of effi-

cacious treatments for currently fatal neurological condi-

tions is both intriguing and exciting. In this review, we first

consider the evidence that the zebrafish brain provides an

appropriate setting in which to model human neurological

disease. We then review techniques and resources available

for generating transgenic models. Finally, we examine

recent publications, which provide the first proof-of-con-

cept that appropriate phenotypes can be provoked in the

zebrafish through transgenic manipulations analogous to

genetic abnormalities known to cause human disease, and

occurring via pathways that are conserved and relevant to

the disease being modeled.

Is the zebrafish a suitable organism in which to model

neurodegeneration?

Zebrafish models of neurodegeneration will be useful for

understanding human diseases only if the mechanisms

underlying pathogenesis are sufficiently phylogenetically

conserved that insights gained in zebrafish models can be

applied to the human conditions. There is no way of

knowing a priori that this will be the case. However, a

variety of convergent lines of evidence suggest that aspects

of the zebrafish CNS pertinent to human diseases are

conserved with respect to human, offering some support to

the prediction that observations made in zebrafish models

will be clinically applicable. In the following paragraphs,

we examine the degree to which the molecular, cellular and

tissue environment of the zebrafish brain mirrors that of the

human, particularly with respect to our current knowledge

of the pathogenesis of neurodegenerative diseases.

Structure and function of zebrafish CNS regions

of relevance to human disease

The zebrafish CNS is organized similarly to that of other

vertebrates, and is conventionally divided into the spinal

cord, hindbrain, midbrain and forebrain. Zebrafish neuro-

anatomy, both during development and in the adult, has

been reviewed in detail elsewhere (Kimmel 1993; Wulli-

mann et al. 1996). There is a major difference of scale, and

some striking differences of structure, between the zebra-

fish and human CNS. However, key areas of the zebrafish

CNS relevant to modeling human diseases show remark-

ably conserved structure to their human counterparts. For

example, similar to human cerebellar cortex, the zebrafish

cerebellum has molecular, Purkinje cell and granule cell

layers (Fig. 1); cell types present in the each of these

laminae are similar to those found in the human brain,

show similar inputs and synaptic connections, and express

similar genes and specialized markers (Bae et al. 2009).

The main difference between zebrafish and mammalian

cerebellum is that cell bodies of output projection neurons

in the zebrafish cerebellum (eurydendroid cells) are located

in the cortex rather than the deep nuclei found in mammals.

Other regions of the zebrafish CNS, such as the medulla,

hypothalamus, optic tracts and tectum, olfactory system,

spinal cord and cranial nerves show easily recognizable

structural homology to the relevant areas of the human

brain. Interpretation of anatomical homology to human

forebrain regions of interest to disease is, however, com-

plicated by both eversion of the developing telencephalon

(in contrast to the evagination seen in mammals) and the

smaller less well-developed nature of the zebrafish fore-

brain in comparison with other brain regions. Areas of the

zebrafish telencephalon that are thought homologous to

regions of the basal ganglia involved in human motor

degenerations have been identified through studies of gene

expression, neurochemistry and axonal projections (Rink

and Wullimann 2001, 2004; Wullimann and Rink 2002).

The dorsal nucleus of the ventral telencephalic area, arising

from the embryonic subpallium, is thought to be the

zebrafish homologue of the mammalian striatum (Rink and

Wullimann 2004). Similar to the projection neurons of the

mammalian striatum, neurons of the fish ventral telence-

phalic area are GABAergic, and cells in the region express

substance P (Sharma et al. 1989), enkephalin (Reiner and

Northcutt 1992), and D1 (Kapsimali et al. 2000) and D2

(Boehmler et al. 2004) dopamine receptors in a variety of

different fish species. Furthermore, this area is rich in

dopaminergic nerve terminals, derived from a major

ascending dopaminergic projection (see below), further

corroborating the proposed homology of the region to the

striatum. Another division of the dorsal telencephalon is

proposed to be homologous to the nucleus basalis of
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Meynert, on account of prominent choline acetyltransfer-

ase-expressing neurons and projections to the dorsal tel-

encephalic area (Mueller et al. 2004; Rink and Wullimann

2004).

The dopaminergic system of zebrafish is of significant

interest to the development of models of human motor

degenerations, because of the central role played by

degeneration of dopamine neurons in the clinical expression

of akinetic-rigid movement disorders such as Parkinson’s

disease. The zebrafish brain contains increasingly well-

characterized groups of dopaminergic neurons, located in

the olfactory bulbs, telencephalon, pretectal area and ventral

diencephalon (Fig. 1) (Rink and Wullimann 2002; Ma 2003;

Ryu et al. 2006). Much of our current understanding of the

anatomy of the zebrafish dopaminergic system is based on

expression patterns of tyrosine hydroxylase (the enzyme

catalyzing the rate-limiting step in dopamine biosynthesis).

The recent discovery that a gene duplication event in

zebrafish resulted in two separate th genes (Candy and Collet

2005) with different expression patterns (Chen et al. 2009c)

may necessitate amending the current picture, since it is

unclear at present which of the commonly used TH anti-

bodies recognizes one or both isoenzymes. One of the

diencephalic groups of TH-immunoreactive neurons, loca-

ted in the posterior tuberculum of the hypothalamus, sends

axonal projections that terminate in the dorsal telencephalic

area. This is thought to be the zebrafish homologue of the

mammalian nigrostriatal tract (Rink and Wullimann 2001;

Fig. 1).

Similar to the situation in mammals, dopaminergic

function is important in the regulation of locomotor

behavior in zebrafish. Lesions of the dopaminergic system,

induced by exposure to the dopamine neuron-specific toxin

MPP? are associated with reduction in spontaneous

movement of zebrafish larvae (Bretaud et al. 2004; Lam

et al. 2005; McKinley et al. 2005; Sallinen et al. 2009a).

Similarly, exposure to agents that antagonize the actions of

dopamine at its receptors also leads to decreased sponta-

neous larval movement (Giacomini et al. 2006; Boehmler

et al. 2007). In addition, dopamine function is important in

the regulation of adult spontaneous movement. Thus,

although systemic exposure to MPTP or 6-OHDA did not

seem to produce robust loss of dopamine neurons in the

adult zebrafish posterior tuberculum, significant losses of

dopamine and noradrenaline were noted, along with a

reduction in mean velocity and increase in turn angles

during spontaneous swimming (Anichtchik et al. 2004).

Interestingly, dopamine also seems to modulate the

development of motor behavior during embryogenesis; at

3 days post-fertilization, forebrain dopaminergic function

inhibits swimming movements, but this response is lost by

5 days post-fertilization (Thirumalai and Cline 2008). This

is the opposite effect to that observed in older animals

following manipulation of dopaminergic signaling and the

mechanisms are not yet certain. However, this observation

raises the possibility that functional abnormalities of

dopaminergic neurotransmission provoked in transgenic

models of motor disorders may manifest in unexpected

ways if the models are evaluated very early during devel-

opment. It is also recognized that manipulation of other

neurotransmitter systems of relevance to human disease

can modulate the spontaneous locomotor behavior of larval

zebrafish. For example, recent work has shown that inhi-

bition of monoamine oxidase B in larvae resulted in ele-

vated levels of serotonin, but not of other monoamine

neurotransmitters, accompanied by dose-dependent reduc-

tions in movement of 7-day-old larval zebrafish (Sallinen

Fig. 1 Aspects of zebrafish neuroanatomy of relevance to modeling

human neurodegenerative diseases. a Shows an epifluorescence

micrograph of a sagittal section through the diencephalon of an adult

zebrafish brain. The section was labeled using a primary antibody to

tyrosine hydroxylase (TH), demonstrating groups of dopaminergic

neurons. PP preoptic complex, VT ventral thalamus, PT pretectal

nucleus, TP posterior tuberal complex. b, c Show epifluorescence

micrographs of sagittal sections through the cerebellum of an adult

zebrafish. The sections were labeled with primary antibodies to (b)

Zn8 (green; axonal marker) and DAPI (blue; nuclear counterstain) or

(c) IP3R1 (red; Purkinje cell marker), in order to demonstrate the

laminar arrangement of the zebrafish cerebellum. G granule cell layer,

P Purkinje cell layer, M molecular layer. Arrows in c indicate

individual Purkinje cell bodies
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et al. 2009b). This is compatible with earlier studies

showing that serotonin-specific reuptake inhibitors impair

locomotor activity in zebrafish (Airhart et al. 2007) and

that serotonin stimulates swimming behavior in larval

zebrafish (Brustein et al. 2003).

In addition to specialized populations of neurons that

show similar neurochemistry and connectivity to neuronal

groups involved in human neurodegenerative diseases, the

zebrafish CNS has other features that may be relevant to

modeling the pathogenesis of these conditions. Glia,

including oligodendrocytes (Kirby et al. 2006), cells with

astrocyte-like properties (Kawai et al. 2001) and microglia

(Peri and Nusslein-Volhard 2008) are present within the

brain parenchyma. Since there is increasing evidence that

these cell types are critical to pathogenesis in some cir-

cumstances (Vila et al. 2001; Mullett and Hinkle 2009),

their presence in the zebrafish CNS allows opportunities to

study their mechanistic roles in disease. Finally, similar to

mammals, the zebrafish CNS has a blood–brain barrier

(Jeong et al. 2008), which may be critical for either puta-

tive neurotoxins or novel therapeutic agents to gain access

to the CNS parenchyma.

One striking difference between mammalian and zeb-

rafish brain is that the zebrafish CNS undergoes continued

growth and acquisition of new neurons throughout life, and

shows impressive capacity for regeneration of axons

and neurons following focal lesions (reviewed in (Becker

and Becker 2008)). The ability of zebrafish CNS to reform

functional neural circuits after injury to fiber tracts is

dependent both on properties of neurons that favor axonal

re-growth, and also on the CNS environment, in which glia

promote axonal growth and pathfinding, in contrast to the

mammalian CNS, which presents an inhibitory environ-

ment to axonal regeneration. It is unclear at present whe-

ther this capacity for ongoing growth and repair will

hamper attempts at modeling degenerative diseases,

although the first reports suggest that this is not the case

(see below).

Phylogenetic conservation of genes implicated

in neurodegeneration

Overall, there is significant genetic similarity between

zebrafish and other vertebrates, including mammals. The

degree of phylogenetic conservation is perhaps most

prominent in pathways governing basic aspects of cellular

homeostasis. Interestingly, many of the genes known to

cause hereditary neurodegenerative disease have highly

conserved homologues in the zebrafish (Table 1); the

striking degree of phylogenetic conservation suggests the

relevant cellular processes are of fundamental importance

to the health and function of neurons and glia throughout

vertebrate evolution. The presence of conserved zebrafish

homologues of genes involved in human neurodegenera-

tion also argues that it might be possible to provoke neu-

ronal dysfunction or loss through cellular mechanisms

similar to those involved in the pathogenesis of human

diseases, supporting the notion that zebrafish might be an

appropriate model in which to study the functions of the

genes and the pathophysiology of the disorders. Ortho-

logues of some human genes are duplicated in the zebrafish

genome (Chen et al. 2009a), raising the possibility that

resulting sub-functionalisation may help to dissect the

functions of the human genes. Orthologues of genes

involved in Parkinsonism, Alzheimer’s disease and Hun-

tington’s disease are amongst those identified in zebrafish.

There are currently three well-recognized causes of

human autosomal recessive Parkinsonism (this does not

include other Mendelian genetic diseases in which Par-

kinsonism is one component of a complex phenotype): (i)

The PRKN gene on chromosome 6q (locus designated

PARK2) encodes Parkin, an E3 ubiquitin ligase (Shimura

et al. 2000) thought important in the regulation of mito-

chondrial dynamics (Riparbelli and Callaini 2007) and

mitophagy (Narendra et al. 2008); (ii) The DJ-1 gene on

chromosome 1p (locus designated PARK7) encodes a

protein of unknown function that relocates to mitochondria

under conditions of oxidative stress (Bonifati et al. 2003);

(iii) The PINK-1 gene, also located on chromosome 1p

(locus designated PARK6), encodes phosphatase and tensin

homolog-induced putative kinase 1 (PINK-1), a mitoc-

hondrially located serine-threonine kinase (Valente et al.

2004) that may be involved in regulation of mitochondrial

dynamics (Yang et al. 2008) in a common pathway with

Parkin (Clark et al. 2006). With the exception of PARK2-

linked juvenile-onset Parkinsonism, cases of clinical

Parkinsonism caused by these gene mutations are very

uncommon. However, like many of the hereditary diseases

discussed in this review, their importance lies in the pos-

sibility of understanding the pathogenesis of the common

sporadic forms of Parkinsonism through elucidating the

pathophysiology in unusual situations where the etiological

origins of disease are well-defined.

Zebrafish orthologues of Parkin, DJ-1 and PINK-1 have

been described, and their functions investigated in zebra-

fish by transient knockdown during embryogenesis. This

powerful technique is commonly deployed in develop-

mental biology in order to study effects of transient abro-

gation of gene function during development (Nasevicius

and Ekker 2000). Chemically modified morpholino anti-

sense oligonucleotides can be designed to target either

translation of a specific mRNA transcript, or prevent

splicing of the relevant pre-mRNA, through complemen-

tarity to the sequence surrounding the translational initia-

tion codon or splice signals. Morpholino oligonucleotides

are stable in vivo, diffuse throughout embryos following
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Table 1 Zebrafish orthologues of human genes implicated in the pathogenesis of neurodegenerative disease

Disease Protein Human gene Zebrafish gene Amino acid

% identical/

% similarity

Reference

Parkinson’s: DJ-1 DJ-1

Gene ID: 11315

Locus: PARK7

1p36.23

Protein length: 189

dj1

Gene ID: 449674

Chromosome: 11

Protein length: 189

83/89 Bai et al. (2006)

Parkin PRKN

Gene ID: 5071

Locus: PARK2

6q25.2-q27

Protein length: 465

prkn

Gene ID: 550328

Chromosome: 13

Protein length: 458

62/75 Flinn et al. (2009)

PINK-1 PINK1

Gene ID: 65018

Locus: PARK6 1p36

Protein length: 581

pink1

Gene ID: 494085

Chromosome: 6

Protein length: 574

54/62 Anichtchik et al. (2008)

LRRK2 LRRK2

GeneID: 120892

Locus: PARK8 12q12

Protein length: 2527

lrrk2

GeneID: 559366

Chromosome: 25

Protein length: 1985

38/50 Sager et al. (unpublished data)

Alzheimer’s Amyloid precursor protein APP

GeneID: 351

Locus: 21q21.2

Protein length: 695

appa

GeneID: 58083

Chromosome: 1

Protein length: 738

70/74 Musa et al. (2001)

appb

GeneID: 170846

Chromosome: 9

Protein length: 694

70/77 Musa et al. (2001)

Presenilin-1 PSEN1

GeneID: 5663

Locus: 14q24.3

Protein length: 467

psen1

GeneID: 30221

Chromosome: 17

Protein length: 456

74/75 Leimer et al. (1999)

Presenilin-2 PSEN2

GeneID: 5664

Locus: 1q31-q42

Protein length: 448

psen2

GeneID: 58026

Chromosome: 1

Protein length: 441

74/76 Groth et al. (2002)

Nicastrin NCSTN

GeneID: 23385

Locus: 1q22-q23

Protein length: 709

ncstn

GeneID: 494449

Chromosome: ?

Protein length: 707

54/68 Sager et al. (unpublished data)

PEN-2 PSENEN

GeneID: 55851

Locus: 19q13.12

Protein length: 101

psenen

GeneID: 402810

Chromosome: 15

Protein length: 101

76/85 Sager et al. (unpublished data)

b-secretase/b-amyloid

converting enzyme

BACE1

GeneID: 23621

Locus: 11q23.2-q23.3

Protein length: 501

zgc:77409

GeneID: 403005

Chromosome: 15

Protein length: 505

74/82 Sager et al. (unpublished data)
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microinjection and allow graded suppression of gene

expression during the first few days after fertilization.

Transient knockdown studies of DJ-1, Parkin and PINK-1

illustrate phylogenetic conservation of function between

human and zebrafish.

Zebrafish and human DJ-1 share 83% amino acid identity.

Critical residues shown to be affected by pathogenic muta-

tions in humans, and sites of defined biochemical function

underlying mitochondrial re-localization and SUMOylation,

are completely conserved between human and zebrafish (Bai

et al. 2006). DJ-1 is expressed most highly in zebrafish brain

and gut (Bai et al. 2006). Within the CNS, DJ-1 is expressed

in neurons throughout the brain and spine, including dopa-

minergic neurons (Bai et al. 2006). The dopaminergic

system formed normally in zebrafish embryos after targeting

the dj-1 transcript using morpholino antisense oligonucleo-

tides (Bretaud et al. 2007). However, knockdown of dj-1

resulted in an increased sensitivity of dopaminergic neurons

to oxidative stress (Bretaud et al. 2007), replicating findings

relating to DJ-1 function in cell culture and other animal

models. Interestingly, zebrafish embryos subjected to dj-1

knockdown also showed enhanced susceptibility to protea-

some inhibition, demonstrating a novel potential link

between DJ-1 function and abnormalities of neuronal pro-

tein catabolism (Bretaud et al. 2007), which itself has been

implicated as a potential pathogenic mechanism in sporadic

Parkinson’s disease (McNaught et al. 2003). The increased

neuronal death observed in dj-1 knockdown embryos

Table 1 continued

Disease Protein Human gene Zebrafish gene Amino acid

% identical/

% similarity

Reference

Microtubule-associated

protein Tau

MAPT

GeneID: 4137

Locus: 17q21.1

Protein length:

352-441

mapta

GeneID: 567833

Chromosome: 3

Protein length: 784

33/43 Chen et al. (2009a)

maptb

GeneID: 100000342

Chromosome: 12

Protein length: 337

41/51 Chen et al. (2009a)

Huntington’s Huntingtin HTT

GeneID: 3064

Locus: 4q16.3

Protein length:

3144

htt

GeneID: 30214

Chromosome: 1

Protein length: 3121

70/81 Karlovich et al. (1998)

ALS Fused in sarcoma FUS

GeneID: 2521

Locus: 16p11.2

Protein length: 526

fus

Vega transcript:

OTTDART00000027918

Chromosome: 3

Protein length: 541

63/70 Sager et al. (unpublished

data)

TDP-43 TARDBP

GeneID: 23435

Locus: 1p36.22

Protein length: 414

tardpb

GeneID: 325052

Chromosome: 6

Protein length: 412

71/79 Sager et al. (unpublished

data)

Spinocerebellar Ataxia

Type 1

Ataxin 1 ATXN1

GeneID: 6310

Locus: 6p23

Protein length: 815

atxn1a

GeneID: 565841

Chromosome: 16

Protein length: 827

32/43 Carlson et al. (2009)

atxn1b

GeneID: 557340

Chromosome: 19

Protein length: 781

42/53

The table shows a selection of human genes implicated in the pathogenesis of both hereditary and sporadic forms of neurodegeneration, alongside their

zebrafish orthologues. For each gene, the gene ID is given and the % identity and similarity of the predicted amino acid sequence. Although there is

individual variation in the degree to which the human and zebrafish proteins are similar, in general there is significant conservation of sequence, often

higher when domains of known functional relevance are compared in isolation
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following proteasome inhibition was shown to be apoptotic

and p53 dependent; furthermore loss of DJ-1 caused eleva-

tion of basal levels of p53, and simultaneous knockdown of

dj-1 and the p53 inhibitor mdm2 caused dopamine cell loss

without toxin exposure (Bretaud et al. 2007). Subsequently,

it was shown that DJ-1 is a transcriptional repressor of p53 in

cultured mammalian dopaminergic cells (Fan et al. 2008),

indicating that the zebrafish model had provided a new

insight into DJ-1 function that was replicable in mammalian

cells. Similar to the situation in the mammalian CNS, zeb-

rafish DJ-1 is up-regulated under conditions of oxidative

stress (Baulac et al. 2009). Together, these findings suggest

that biochemical functions and transcriptional regulation

of DJ-1 studies so far are strikingly conserved from zebrafish

to mammals and that abnormalities of DJ-1 function can

provoke pathological abnormalities that appear relevant to

those of Parkinson’s disease.

Zebrafish Parkin shows 62% overall amino acid identity

to human Parkin. However, the two RING domains at the

C-terminal of the molecule are more highly conserved,

showing approximately 90% similarity to the human

orthologue (Flinn et al. 2009). Parkin is ubiquitously

expressed in zebrafish from early development through

adulthood. Morpholino knockdown of Parkin decreased

the number of diencephalic dopaminergic neurons, and

enhanced their susceptibility to the dopaminergic neuro-

toxin MPP?, at 3 days post-fertilization (Flinn et al. 2009)

This is potentially an important finding, because this is the

only animal model of Parkin deficiency in which reduction

of dopaminergic neurons similar to that found in human

PARK2-linked Parkinsonism has been reported, although it

is unclear at present whether this presents a transient

developmental delay, a permanent developmental abnor-

mality, or true neurodegeneration. There was no detectable

effect of Parkin knockdown on larval swimming behavior

at 5 days post-fertilization, the time point at which spon-

taneous movement is sufficiently developed to make

meaningful measurements (Flinn et al. 2009). It is unclear

whether the transient knockdown persisted to this time

point, and whether the reduction in numbers of dopami-

nergic neurons reported at 3 days post-fertilization subse-

quently recovered. However, Parkin knockdown resulted

in a quantitative reduction of mitochondrial complex I

activity, an abnormality also observed in fibroblasts cul-

tured from patients harboring mutations in parkin (Morti-

boys et al. 2008), and reported in sporadic Parkinson’s

disease by several different groups. The major findings

from this work support the notion that loss of Parkin pro-

motes biochemical and pathological changes in zebrafish

that are analogous to those occurring in humans with

Parkin mutations, and therefore that the zebrafish could be

a representative model for studying the mechanisms

underlying neurodegeneration.

Zebrafish PINK1 shares 54% identity with its human

orthologue and is expressed ubiquitously from early

development (Anichtchik et al. 2008). In the adult zebrafish

brain, PINK1 is enriched in periventricular zones and

present in some dopaminergic neurons of the diencephalon

(Anichtchik et al. 2008). Knockdown of PINK1 resulted in

a severe developmental phenotype. A decrease in TH-

expressing neurons in the diencephalon at 48 h post-fer-

tilization was observed, along with gross morphological

abnormalities including spinal curvature, failure of tail

development, and impaired tectal and commissural for-

mation in the brain. Some of these abnormalities were

partially rescued by wild-type, but not mutant, human

PINK1 over expression. Enhanced free radical production,

thought to be a central feature of human Parkinson’s dis-

ease pathogenesis, was provoked by pink1 knockdown.

These observations suggest that the human and zebrafish

proteins share conserved functions. The similarity of the

morphological phenotype of pink1 morphants to wnt

mutants led to evaluation of the GSK3b pathway, which

was found to be activated. Since inhibitors of GSK3b
allowed partial phenotypic rescue, it was concluded that

abnormalities in the AKT- GSK3b pathway might be rel-

evant to the deleterious effects of PINK-1 deficiency.

Studies of GSK3b function have not yet been reported in

mammalian PINK1 null models, and so it is currently

unclear whether this finding represents a novel insight into

human PINK1 pathophysiology.

Zebrafish orthologues of genes implicated in several

other human neurodegenerative diseases, including ataxias

(Imamura and Kishi 2005; Carlson et al. 2009), Hunting-

ton’s disease (Karlovich et al. 1998; Lumsden et al. 2007;

Diekmann et al. 2009) and frontotemporal dementia

(Cadieux et al. 2005) have also been described. The

zebrafish brain expresses homologues of genes involved in

Alzheimer’s disease, including APP (Musa et al. 2001), the

precursor of Ab found in senile plaques, and the microtu-

bule associated protein-s (Chen et al. 2009a), abnormal

forms of which accumulate in neurofibrillary tangles. The

Ab domain is conserved between human APP and the two

zebrafish paralogues appa and appb. Furthermore, ortho-

logues of b-secretase and components of the c-secretase

complex are expressed in the zebrafish CNS, and zebrafish

presenilin-1 can replace human PS1 biochemically for

cleavage of APP in vitro (Leimer et al. 1999; Groth et al.

2002, Campbell et al. 2006). These findings suggest that

similar enzymatic complexes mediating APP cleavage may

be present in both zebrafish and human. However, an

equivalent fragment to human Ab has not yet been reported

in the zebrafish CNS, and it is currently unclear whether

the details of post-translational processing of APP that are

thought central to Alzheimer’s disease pathogenesis are

replicated in the zebrafish.
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The synuclein gene family may represent an exception to

the striking degree of conservation between human genes

implicated in neurodegenerative disease and their zebrafish

homologues. Mammals express a-, b- and c-synucleins in

the CNS, each encoded by a separate gene (Clayton and

George 1998). Deposition of insoluble a-synuclein aggre-

gates is a central feature of Parkinson’s disease and a number

of other neurological diseases collectively termed synuc-

leinopathies (Spillantini et al. 1998; Tu et al. 1998). In the

pufferfish (Yoshida et al. 2006) and zebrafish (Sun and

Gitler 2008; Chen et al. 2009b) genomes, the sncg gene

encoding c-synuclein is duplicated; c1- and c2-synucleins

are closely related but show different expression patterns.

Unlike the pufferfish, however, no evidence of a zebrafish

gene encoding an a-synuclein orthologue has yet been found

in genomic, cDNA or EST sequences, suggesting that the

snca gene may have been deleted from the zebrafish gen-

ome, the putative deletion possibly being accommodated by

functional redundancy between synuclein family members

(Abeliovich et al. 2000).

Together, these studies provide evidence of phyloge-

netic conservation of selected aspects of structure and

function of key brain regions, cell types, genes, proteins

and biochemical pathways involved in neurodegeneration

in humans. These observations support the argument that

mechanisms relevant to neurodegeneration in humans may

be conserved to a sufficient degree that appropriate and

relevant mechanistic insights can be gained into human

diseases, through construction and study of zebrafish

models.

It is possible that the zebrafish offers advantages over

existing experimental models for studies of neurodegen-

eration. For example, conservation of brain structure,

specialized neuronal and glial cell types, myelin, neuro-

chemical circuits and vertebrate genetics may represent an

advantage over insect and nematode models; whereas the

applicability of live in vivo imaging and high throughput

approaches is unique to zebrafish amongst vertebrate

models. It is too early in the development of this new field

to be certain whether these features will prove significantly

advantageous for this application. However, initial studies

raise the exciting possibility of a genetically-tractable in

vivo experimental system that is amenable to high

throughput screening, and in which aspects of cellular

specificity and tissue environment-neuronal interactions are

recapitulated.

Tools for generation and analysis of transgenic

zebrafish models of neurodegenerative diseases

Transgenic zebrafish are relatively straightforward to pro-

duce, and refinements to the methodology have made this a

rapid and efficient process. In the following sections, we

briefly review techniques for generation of transgenic lines,

available zebrafish promoters with utility for generation of

transgenic models, and genetic tools for the generation of

stable lines expressing transgenes that may be toxic to

zebrafish CNS and reduce reproductive potential. We then

consider some of the possible limitations of available

methodologies for generation and analysis of neurodegen-

erative disease models.

Techniques for generation of transgenic zebrafish

The first transgenic zebrafish were generated by micro-

injecting linearized plasmid DNA into the cytoplasm of

one-cell stage embryos (Stuart et al. 1988). This results in

concatermerization of DNA, which remains episomal and

is distributed in a mosaic manner during subsequent cell

divisions. Inefficient integration of concatemers during late

cell divisions results in single integration events of many

tandem copies of the transgene and significant mosaicism.

Consequently, the technique is very inefficient, necessi-

tating screening many fish to identify germline transgenic

founders. Two technical advances, meaganucleases and

transposons, have substantially improved the efficiency by

which foreign DNA can become inserted into the genome

for the generation of transgenic models (Fig. 2).

The meganuclease I-sce1 is an intron-encoded endonu-

clease from saccharomyces cerevisiae (Jacquier and Dujon

1985). I-Sce1 cleaves DNA at an 18 bp sequence-specific

recognition site that is not present within the zebrafish

genome. Co-injection of I-sce1 with a transgene plasmid,

in which the transgene expression cassette is flanked by

I-sce1 sites, into zebrafish embryos substantially reduces

mosaicism, allowing more efficient examination of the

expression pattern of reporter constructs in transient assays,

and improving the rate of transmission of the transgene

from germline F0 mosaics to their progeny, F1 transgenic

founders (Thermes et al. 2002). In addition, the single site

of integration usually contains a low number of copies of

the transgene (Thermes et al. 2002). The mechanisms

underlying these observations are uncertain. I-sce1 shows

slow enzymatic turnover, because the monomeric enzyme

has high affinity for one of the cleavage products (Grabher

and Wittbrodt 2008). I-Sce1 may prevent concatemerisa-

tion that usually occurs after microinjection of linearized

DNA, by limiting access of ligases to cut ends and by

digesting concatemers that do occur. The efficiency of

recombination may involve enhanced nuclear import of

cleaved DNA and interaction of I-Sce1 with the double

strand break repair system. It has been reported that careful

optimization of parameters using this technique almost

completely eliminates mosaicism in animals with genomic

integration, and allows transmission of the transgene from
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F0 to F1 fish with a near-Mendelian rate (Thermes et al.

2002, Soroldoni et al. 2009). In our hands the rate seldom

approaches this level, but is substantially better than line-

arized plasmid injection. In addition, the single site of

integration has resulted in simple Mendelian transmission

of a variety of transgenes in subsequent outcrosses, facili-

tating the generation of double transgenic reporter zebra-

fish (Bai et al. 2009).

Transposons are mobile DNA elements; type 2 trans-

posons encode an enzyme, transposase, which mediates

excision of the transposon from the genome and its re-

insertion at another location. Transposons have been used

extensively in Drosophila genetics, but their application is

species specific and until recently no vertebrate transpo-

sons had been identified. The discovery of a transposon,

Tol2, in the genome of the freshwater fish medaka (Koga

et al. 1996) allowed subsequent development of a powerful

genetic tool for zebrafish transgenesis (Kawakami et al.

2000). By deletion of the open reading frame of the

transposase from Tol2, a non-autonomous element was

generated, which could insert into the genome when the

transposase was supplied in trans. By generating a trans-

gene plasmid, in which the transgene expression cassette is

flanked by the non-autonomous transposon, and co-inject-

ing the plasmid into zebrafish embryos along with mRNA

encoding transposase, highly efficient integration of the

transgene into the genome occurs. This approach most

frequently yields multiple single copy integration events,

although it is possible to select single copy integrants if

necessary, by southern blot. The technique is efficient and

has been used increasingly since its introduction and sub-

sequent refinement (Kawakami 2004), because it is nec-

essary to inject and screen a smaller number of fish than

other techniques in order to identify stable transgenic lines.

In addition, the technique yields integrants with sufficient

frequency to use for other transgenic approaches, for

example gene-trap experiments (Kawakami et al. 2004)

(see ‘‘Expression of transgenes with adverse effects on

viability and reproduction’’). Recent studies have sought to

enhance the efficiency of synthetic transposons (Mates

et al. 2009); it is possible that such customized systems

may find applications in zebrafish genetics in the future.

Promoter elements for driving transgene expression

in zebrafish models of neurodegenerative disease

In order to generate transgenic models of neurodegenera-

tion in zebrafish, appropriate cis-acting regulatory elements

must be used to drive transgene expression in a suitable

temporal and spatial expression pattern, and at sufficient

levels to provoke pathology. The first transgenic zebrafish

suffered from inactivation of transgenes, possibly because

of use of non-zebrafish promoter elements, and the use of

zebrafish cis-acting regulatory regions has allowed devel-

opment of stable lines with reliable expression of trans-

genes (Higashijima et al. 1997, Long et al. 1997). The

details of the desired transgene expression pattern will

likely vary between applications and disease models.

However, for many genetic and sporadic neurodegenera-

tive diseases in humans, the implicated genes are expressed

ubiquitously in the nervous system, resulting in a specific

pattern of neuropathology through unknown mechanisms.

The possibility of using zebrafish models to understand the

selective vulnerability of particular groups of neurons to

abnormal protein expression is attractive. For these appli-

cations, expression of genes in many different neuronal

types, widely distributed throughout the neuraxis, would be

desirable. Three such promoter elements have been

described. The first is a product of an elegant functional in

vivo analysis of the gata2 promoter (Meng et al. 1997).

Fig. 2 Methods for the

construction of stable transgenic

zebrafish. The summary

schematic illustrates the three

major techniques used for

generating stable lines of

transgenic zebrafish
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Deletion analysis showed that a fragment of the upstream

sequence of gata2, lacking hematopoietic regulatory ele-

ments and containing a neuronal enhancer, was able to

drive robust expression of GFP in developing neurons. This

element was subsequently used to express a Tau-GFP

fusion protein in a transient zebrafish model of Tauopathy

(Tomasiewicz et al. 2002). Stable transgenic lines using

this element to drive transcription have not yet been

described, and its activity in the adult CNS is not reported.

The second pan-neuronal promoter element reported was

derived from the zebrafish huc gene, which is the homo-

logue of the Drosophila elav gene, and encodes an RNA

binding protein, HuC/D, commonly used as an early neu-

ronal marker (Kim et al. 1996). A 2.8 kb fragment of the

proximal flanking region was sufficient to drive robust pan-

neuronal expression in embryos (Park et al. 2000). The

promoter has subsequently been used to generate a stable

model of Tauopathy (see below). Both of these promoter

elements are active in neurons, although the early time

points at which they become transcriptionally active are a

potential source of concern for neurodegenerative disease

model construction: expression of transgenes early in

embryogenesis could provoke phenotypes through devel-

opmental anomalies rather than neurodegeneration. In

view of this concern, genes representing later markers of

neuronal differentiation were examined. The eno2 gene

encoding the neuron-specific c-enolase isoenzyme, was

identified as a marker of differentiated neurons (Bai et al.

2007). Expression of eno2 was detected at low levels by

24hpf, but the abundance of the mRNA increased sub-

stantially in the brain and spinal cord between 60 and 72 h

post-fertilization, and expression persisted at high levels

into adulthood, in a pan-neuronal pattern. The regulatory

region of eno2 is complex; there is an untranslated first

exon, and the first intron contains a CpG island that appears

important for promoter activity. A 12 kb fragment of the

promoter, including the first intron, was active in driving

reporter gene expression in neurons throughout the brain

and spinal cord from 48 h post-fertilization through

adulthood, including neuronal types relevant to neurode-

generative diseases, such as cerebellar Purkinje cells and

cholinergic neurons (Fig. 3) (Bai et al. 2007). The eno2

construct was also highly active in the retina and visual

pathways (Bai et al. 2009). This element was used to

generate a transgenic zebrafish Tauopathy model (Bai et al.

2007) and is currently being used by a number of groups

for a variety of applications.

For particular applications it might be desirable to

express transgenes in patterns other than the pan-neuronal

pattern described above. A large literature dealing with

transgenic approaches to targeting transgene expression to

defined subpopulations of neurons is beyond the scope of

this review. The dopaminergic system has received

particular attention because of its central importance in

humans to Parkinsonian movement disorders and other

neuropsychiatric diseases. However, several attempts at

targeting transgene expression to the dopaminergic system

have been only partially successful. Most recently, an

11 kb promoter fragment derived from the zebrafish slc6a3

gene, encoding the dopamine transporter, showed expres-

sion in dopamine neurons of the pretectal region, but was

not expressed in other dopaminergic groups, and showed

ectopic expression in numerous non-dopaminergic neurons

(Fig. 4; Bai and Burton 2009). Similar findings have been

reported using fragments of the zebrafish th (Meng et al.

2008a) and rat TH (Gao et al. 2005) promoters, although in

this case the only dopaminergic cell groups that expressed

the promoter were located in the retina. It appears that the

transcription of genes whose expression is restricted to

Fig. 3 Zebrafish eno2 promoter construct. The pictures show micro-

graphs of Tg(eno2:egfp) zebrafish larvae in order to demonstrate

widespread neuronal expression of a GFP transgene under control

of the 12 kb eno2 element that was developed for generation of

transgenic models of neurodegenerative disease. a The oblique

sagittal section is labeled for transgene expression (GFP; green) and a

nuclear counterstain (blue: DAPI) to facilitate identification of

anatomical landmarks. GFP expression is seen throughout the

neuraxis, and is particularly prominent in the retina and optic tectum.

Tel telencephalon, TeO optic tectum, CCe cerebellum, MdO medulla

oblongata, SC spinal cord, RCGL retinal ganglion cell layer, L ocular

lens, RPRL retinal photoreceptor layer, LLG lateral line ganglion. The

boxed area marks the approximate region shown at higher magni-

fication in b. b A Z-projection is shown of multiple confocal planes

imaged from a live intact transgenic zebrafish, illustrating GFP

expression in neurons of the CNS and PNS. LLN lateral line nerve,

XIII eighth cranial nerve, otherwise same as a
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neuronal populations that share a common neurochemical

phenotype, despite wide anatomical distribution, is com-

plex, and may rely on multiple regulatory elements

distributed over a wide area of genomic sequence. An

enhancer trap experiment yielded an integration event into

the vesicular monoamine transporter gene vmat2, labeling

monoaminergic neurons specifically throughout the zebra-

fish brain (Wen et al. 2008). A similar approach may be

necessary in order to generate lines that express transgenes

only in dopaminergic neurons, perhaps by Gal4 enhancer

trap or similar methodology (see below).

Given the central role played by glial cells in both the

physiology of the healthy brain and in the pathogenesis of

disease, the description of zebrafish glial promoter ele-

ments capable of driving transgene expression in cells with

astrocytic (Bernardos and Raymond 2006), oligodendrog-

lial (Yoshida and Macklin 2005) or microglial (Peri and

Nusslein-Volhard 2008) properties is potentially of con-

siderable interest. In particular, the zebrafish may provide a

powerful system in which to examine non-cell autonomous

effects of alterations in glial gene expression that may

provoke or prevent neuronal pathology.

Finally, the use of large DNA fragments to drive trans-

gene expression presents several potential advantages. The

inclusion of all relevant cis-acting sequences in the construct

gives rise to physiological gene expression patterns and

levels. Furthermore, dynamic gene expression changes

during pathogenesis of the resulting models are more likely

to mirror those present during disease progression, through

appropriate activation of relevant response elements in the

regulatory region. Currently, several techniques are avail-

able to enable genetic modification of bacterial artificial

chromosomes, allowing large chromosomal loci to be con-

veniently manipulated and transgenes introduced into the

genetic locus contained in the BAC by recombination (Lee

et al. 2001a; Yang et al. 2009). The construct is then intro-

duced into the genome by the transgenesis techniques listed

above, although this is very inefficient for large BAC

transgenes necessitating screening large numbers of fish to

find recombinants. However, the BAC transgenic lines that

have been reported seem to faithfully recapitulate endoge-

nous gene expression patterns (Kirby et al. 2006; Chen et al.

2007; Sato et al. 2007; Yang et al. 2007; McGraw et al. 2008;

Peri and Nusslein-Volhard 2008) and the technique is

becoming more widely applied.

Expression of transgenes with adverse effects

on viability and reproduction

Expressing transgenes to evoke neurodegeneration by using

a promoter that becomes active after only a few days of life

has both favorable and potentially troublesome outcomes.

Driving disease pathogenesis to occur early in the life of a

zebrafish will be critical to exploiting the full potential of the

technical toolbox that has arisen from the application of

zebrafish models in developmental biology studies. In par-

ticular, screening for genetic and chemical modifiers will

demand that a discernable and relevant phenotype occurs

when the zebrafish are still sufficiently young that the larvae

can be accommodated in microtiter plates. Unfortunately,

the development of an authentic neurodegenerative pheno-

type at this young age would likely prevent the zebrafish

from reaching sexual maturity, or at least compromise

reproductive behavior, making the establishment of stable

transgenic lines impossible. One potential way around this

issue is to generate stable lines that only express the trans-

gene under particular conditions; the binary Gal4–UAS

system successfully employed in Drosophila has recently

been adapted for use in zebrafish (Scheer and Campos-

Ortega 1999). This scheme entails the generation of ‘driver’

lines that express a chimeric transcription factor containing

the DNA binding motif of yeast Gal4 fused to a transacti-

vator domain (Fig. 5). The cognate DNA motif recognized

by Gal4 is absent from the zebrafish genome, so the resulting

transgenic fish do not express any other transgenes. A sec-

ond transgenic ‘effector’ line is generated, in which the

putative neurodegeneration-causing gene is under tran-

scriptional control of a weak basal promoter linked to mul-

tiple copies of the upstream activating sequence (UAS)

recognized by Gal4. In the absence of Gal4, the effector line

does not express the transgene at appreciable levels. When

the driver and effector lines are crossed, however, trans-

activation of the UAS enhancer by Gal4 from the driver line

results in robust tissue specific expression of the transgene.

Fig. 4 Imaging dopamine neurons in live zebrafish. The image shows

an epifluorescence micrograph of a superior view of a live

Tg(slc6a3:egfp) zebrafish in which the GFP transgene is expressed

under an 11 kb promoter fragment from the gene encoding the

dopamine transporter. Dopaminergic neuronal clusters in the pretectal

region are seen (green arrows). However, the transgene is also

expressed in some non-dopaminergic groups (blue arrows) and does

not show expression in other groups of dopaminergic neurons,

indicating that some of the relevant regulatory elements lie outside

the 11 kb region included in the promoter construct. E eye, otherwise

same as Fig. 3
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This system has been successfully used in zebrafish, with

modifications. The original Gal4 driver contained the trans-

activation domain from the herpes simplex virus virion

protein VP16. Although this resulted in strong activation of

the UAS promoter, this promiscuous activator is itself toxic,

limiting its utility. This problem has been addressed by using

attenuated versions of the VP16 trans-activation domain that

provoke less toxicity but retain trans-activating activity

(Asakawa et al. 2008; Distel et al. 2009). Using these

modified Gal4–Vp16 constructs, it has been possible to

generate driver lines by random genomic insertion, poten-

tially allowing genetic drivers to mirror expression patterns

of endogenous genes, under the control of a full complement

of endogenous cis-acting elements. Isolation of useful driver

lines for individual applications will likely depend on

screening established lines for appropriate expression pat-

terns. This technique could prove extremely useful, since the

drivers could be used to express multiple different trans-

genes in the same pattern for comparison, and standard well-

characterized driver lines would reduce the time necessary

to generate and isolate transgenic lines with the desired

expression patterns. A database of currently available

zebrafish Gal4 lines can be accessed at http://www.zfin.org.

Potential limitations of current techniques;

methodologies under development

Although the range of molecular techniques available to

the zebrafish geneticist is extensive, there remain some

prominent gaps in the current toolbox; ongoing work to

address these areas will likely enhance the value of zebrafish

models:

First, current zebrafish models of recessive human

neurodegenerative diseases are based on transient knock-

down during early embryogenesis using morpholino anti-

sense oligonucleotides. It is uncertain whether this provides

a representative insight into the pathogenesis of human

disease phenotypes that occur during adulthood. Unfortu-

nately, zebrafish germline null alleles cannot currently be

generated using similar techniques to those employed

highly effectively in mouse studies. This has necessitated

use of high-throughput approaches in order to identify

suitable mutations from mutagenesis screens. The recent

development of engineered zinc-finger nucleases may cir-

cumvent this problem and allow targeted introduction of

null alleles into genes of interest (Doyon et al. 2008; Meng

et al. 2008b). This would potentially permit the study of

recessive phenotypes in older zebrafish than is possible

using transient techniques. In addition germline null

mutants would facilitate the use of high-throughput

approaches in larval models with disruption of targeted

loci.

Second, there is currently no well-established behavioral

measure for neurodegenerative phenotypes in zebrafish,

limiting phenotypic analysis to visualization of morphol-

ogy, histology or gene expression, or demonstration of

other biochemical phenotypes. Although these assays are

valid, quantifiable end-points, arguably they fail to exploit

the advantages of an in vivo model fully. Early neuronal

dysfunction prior to cell death may represent a realistic

target for neuroprotective drug therapy in humans and

could potentially manifest as measurable behavioral

abnormalities in animal models of disease, which might

therefore represent more suitable assays for drug discovery.

In addition, non-invasive behavioral measures could be

automated for high-throughput applications. Consequently

there is significant interest in establishing reproducible and

simple behavioral assays as measures for neurodegenera-

tive phenotypes.

Current transgenic zebrafish models

of neurodegenerative disease

Recent publications have described the first proof-of-prin-

ciple experiments showing that transgenic expression of

genes triggering neurodegeneration in humans can provoke

relevant phenotypes in zebrafish. Models of human Tau-

opathies, polyglutamine disorders and motor neuron dis-

ease have recently been published.

Tauopathy models

Abnormal forms of the microtubule associated protein Tau

are deposited in neurofibrillary tangles in a number of

Fig. 5 Application of the Gal4–UAS system to zebrafish models of

neurodegenerative disease. The summary schematic illustrates the use

of driver and effector lines in order to effect conditional expression of

genes whose constitutive expression might select against establish-

ment of stable transgenic lines
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sporadic human neurodegenerative diseases, including

Alzheimer’s disease, progressive supranuclear palsy and

Pick’s disease (Lee et al. 2001b). In the adult human brain,

the pre-mRNA from the MAPT gene encoding Tau is

alternatively spliced, giving rise to six protein isoforms that

contain either 3 or 4 microtubule binding domains (Goedert

et al. 1989). In AD, neurofibrillary tangles contain 3- and

4-reapeat Tau, whereas 4-repeat Tau predominates in the

tangles of PSP, and 3-repeat Tau in Pick’s disease (Lee

et al. 2001b). In the majority of cases of these diseases, no

abnormality has been identified in the MAPT gene. How-

ever, some cases of fronto-temporal dementia and Parkin-

sonism, are caused by MAPT mutations that alter the

primary sequence of Tau or the ratio of 3- to 4-repeat

isoforms (Hutton et al. 1998). Since individual FTDP17

cases may show clinical and pathological similarity to PSP

or Pick’s disease, it is thought that abnormalities of Tau

metabolism may be central to the pathogenesis of the

sporadic diseases.

Given the proposed central role of Tau in a number of

important neurodegenerative conditions, there has been

interest in the construction of zebrafish Tauopathy models.

The first publication reported a transient model, in which a

Tau-GFP fusion protein was over-expressed in zebrafish

larvae using the GATA-2 promoter (Tomasiewicz et al.

2002). The fusion protein was phosphorylated similar to

native Tau in vitro and showed an expression pattern in

tissue culture suggesting interaction with the cytoskeleton.

In zebrafish embryos, neurons expressed the fusion protein

in a mosaic pattern, some examples showing fibrillar

fluorescence in the cell body and proximal axon, resem-

bling neurofibrillary tangles. The human Tau-GFP fusion

was phosphorylated in the zebrafish brain. This initial study

validated the use of a GFP fusion protein to monitor evo-

lution of tangle pathology in vivo, and showed that a

biochemical change relevant to human disease, phosphor-

ylation, occurs in larval zebrafish. This suggests there is

sufficient phylogenetic conservation of endogenous zebra-

fish kinases to modify the human protein. Stable transgenic

zebrafish expressing human 4-repeat Tau were subse-

quently constructed using the newly described eno2 pro-

moter (Bai et al. 2007). The phenotype of these transgenic

fish has not yet been fully reported. The initial report

showed evidence of refractile Tau accumulations within

neuronal cell bodies and proximal axons, resembling neu-

rofibrillary tangles. These accumulations were present in

neurons throughout the brain, including regions of patho-

logical relevance to PSP, such as the optic tectum. More

recently, the Gal4–UAS system has been exploited in order

to generate a Tauopathy model that shows a larval phe-

notype, with potential application to high throughput

screening. Expression of the FTDP-17 Tau mutant P301L

was driven from a novel bidirectional UAS promoter,

allowing simultaneous expression of a separate red fluo-

rescent protein in Tau-expressing cells (Paquet et al. 2009).

The high levels of mutant Tau expression provoked by the

huc:gal4-vp16 driver were sufficient to induce a transient

motor phenotype during embryogenesis, caused by a motor

axonal outgrowth delay. At later time points, the Tau

mutant caused enhanced cell death and protein aggregation

in the spinal cord. In addition, rapid progression from early

to late pathological Tau phosphorylation was seen over the

first few days of life; the phosphorylation of Tau was

reduced by application of GSK3b inhibitors, suggesting

that the model may be used to identify other similar

pharmacological inhibitors from chemical libraries.

Unfortunately, loss of promoter activity prevented the

examination of later pathological changes, and so it is

unclear whether the phenotype was progressive and age-

dependent, or transient. In addition, the huc promoter

fragment used in this model only induced robust transgene

expression in the spinal cord, which is not a prominent site

of Tauopathy changes in human disease. However, this

valuable study showed the utility of the Gal4–UAS system

for modeling neurodegeneration in transgenic zebrafish and

demonstrated evidence that biochemical changes charac-

teristic of Tauopathy, including an orderly acquisition of

abnormal phospho-epitopes and conformers, can be reca-

pitulated in larval zebrafish.

Polyglutamine models

A number of autosomal dominant neurodegenerative dis-

eases, including Huntington’s disease (HDCRG 1993) and

several of the spinocerebellar ataxias (Orr et al. 1993,

Kawaguchi et al. 1994; Imbert et al. 1996), are caused by

pathological expansion of a tandem trinucleotide CAG

repeat in the relevant gene, resulting in an elongated stretch

of glutamine residues in the resulting protein. It is thought

that the mechanism of pathogenesis involves a toxic gain of

function mediated by the expanded polyglutamine tract,

rather than loss of function of the affected gene (Landles

and Bates 2004; Zoghbi and Orr 2009). Since this general

pathogenic mechanism may be shared by these diseases, a

polyQ toxicity model in zebrafish would present a possible

means to elucidate pathogenesis and perhaps isolate a

common treatment for the whole group of conditions. In

the first report of a zebrafish polyQ model, transient

expression of GFP-polyQ fusion proteins was achieved by

microinjection of plasmids, encoding the fluorescent fusion

with polyQ tracts of differing lengths, under transcriptional

control of a strong viral promoter (Miller et al. 2005). In

human polyQ diseases, there is correlation between the

length of the polyQ expansion and the severity of the

phenotype, as measured by age of onset or rate of clinical

progression. Expression of GFP-polyQ fusion proteins in
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zebrafish caused a decrease in embryo length and loss of

tissue differentiation, resulting in gross morphological

deficits and reduced viability. Although this acute response

does not reflect the chronic neurological diseases seen in

patients with polyQ expansion mutations, significant over-

expression of these artificial proteins would be expected to

provoke acute and severe phenotypes. Importantly, how-

ever, the model recapitulated two key features of polyQ

diseases: first, there was correlation between the polyQ

repeat length and the severity of the morphological phe-

notype. Second, GFP-positive inclusion bodies were

formed, suggesting the formation of aggregates dependent

on the polyQ tract (Miller et al. 2005). C-terminal Hsp70

(heat shock protein 70)-interacting protein (CHIP), which

functions both as a co-chaperone and ubiquitin ligase, was

shown to suppress aggregation of the PolyQ-GFP fusion,

and the resulting toxicity, in this transient zebrafish model.

The role of CHIP was then confirmed in a chronic mam-

malian model of Huntington’s disease: N171-Q82 mice, in

which the prion promoter drives expression of a Huntingtin

fragment with a pathologically expanded polyQ tract,

develop a neurobehavioral phenotype consisting of abnor-

mal clasping movements, gait disturbance and tremor,

associated with inclusion body neuropathology and loss of

DARRP-32 immunoreactivity in the striatum. This phe-

notype was exacerbated when the mice were bred onto a

CHIP haplo-insufficient background, resulting in acceler-

ated clinical deterioration and premature death (Miller

et al. 2005). These novel findings indicate that the acute,

transient zebrafish model was predictive of at least one key

biochemical event underlying the pathogenesis of the

chronic mammalian model, demonstrating that an appro-

priate mechanistic insight into disease pathogenesis was

gained by studying the zebrafish model. A similar transient

study, using mRNA injection to express GFP-polyQ(4, 25

or 102) confirmed that the expanded polyQ tract induced

aggregation of the GFP fusion reporter in vivo (Schiffer

et al. 2007). Time lapse photomicrography allowed direct

visualization of the polyQ fusion protein being depleted

from the cytoplasm as it was incorporated into growing

aggregates. Interestingly, visualization of apoptotic cells

relative to aggregates showed an unexpected dissociation,

suggesting that aggregation was cytoprotective and that the

toxic species may be pre-fibrillar GFP-polyQ (Schiffer

et al. 2007). This report was remarkable for the first use of

a zebrafish polyQ model to test possible chemical inhibi-

tors of polyQ aggregation in vivo; some differences in the

anti-aggregate activity of compounds were seen between

cell culture and zebrafish and it is possible that the in vivo

setting of the zebrafish model will provide a more repre-

sentative environment for identification of compounds with

relevant properties. A more recent study used a cell culture

model in order to screen for enhancers of autophagy that

might be efficacious in clearing aggregated Huntingtin and

other substrates from cells (Williams et al. 2008). The in-

dentified compounds were then subjected to verification in

a novel stable transgenic zebrafish line, expressing a GFP-

Huntingtin71Q fusion protein under control of the rho-

dopsin promoter, leading to aggregation of the fusion

protein and loss of rod outer segments and rhodopsin

expression from the retina. Several of the compounds

identified as reducing aggregation in the cell culture model

also prevented formation of aggregates in the zebrafish

model, providing validation of the cell culture system, and

suggesting that zebrafish models might be useful in the

future for primary screens of therapeutic compounds.

ALS model

Familial amyotrophic lateral sclerosis is uncommon, but a

fifth of such cases arise from mutations in the gene

encoding superoxide dismutase (SOD) (Deng et al. 1993;

Rosen et al. 1993). The mutations are thought to provoke

degeneration of upper and lower motor neurons by a gain

of function mechanism (Turner and Talbot 2008), although

the details remain uncertain. In order to evaluate the

validity of a zebrafish model of ALS, a recent study used

mRNA microinjection to effect transient over-expression

of SOD mutants (Lemmens et al. 2007). The microinjected

animals showed normal morphology and normal develop-

ment of Mauthner neurons, Rohan-Beard sensory neurons

and lateral line sensory neurons, despite robust expression

of the mutant SOD protein. However, a motor axonopathy

was observed, manifest as shortened length and abnormal

branching, suggesting that, similar to the human diseases,

ubiquitous expression of the mutant protein had evoked

motor neuron-specific neuropathology (Lemmens et al.

2007). This important finding is the first example of

pathology specific to relevant neuronal populations being

provoked by ubiquitous expression of a pathogenic protein

in a zebrafish, suggesting that this model may be useful to

elucidate the mechanisms underlying specific vulnerability

of motor neurons to this mutation. The pathological axonal

changes were rescued by simultaneous over-expression of

VEGF and were exacerbated by morpholino knockdown of

VEGF expression (Lemmens et al. 2007). These findings

are similar to those observed in SOD transgenic mice, and

suggest that at least some of the biochemical mechanisms

underlying the axonopathy in the zebrafish model may be

shared with a mammalian model.

Together, these emerging lines of evidence indicate that

relevant phenotypic abnormalities, mediated by conserved

mechanisms, can be provoked in zebrafish models by

transgenic expression of mutant human proteins involved

in the pathogenesis of neurodegenerative diseases. These

findings are therefore encouraging that mechanistic
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insights and putative interventions identified in zebrafish

models will be applicable to the human diseases.

Conclusions

The use of transgenic zebrafish models for the analysis of

human neurodegenerative diseases provides the possibility

of exploiting powerful imaging and screening methods

to yield novel insights into pathogenesis, new treatment

targets, and lead therapeutic compounds. Despite some

prominent differences between the nervous systems of

zebrafish and humans, the zebrafish CNS shows similar

basic organization to that of other vertebrates, and contains

neuronal and glial cell types of specific relevance to neu-

rodegenerative diseases. Importantly, there appears to be a

significant amount of phylogenetic conservation of many

of the genes involved in neurodegenerative disease and

their related biochemical pathways. Recent proof of con-

cept studies have shown that transgenic expression of

mutated human genes, or synthetic constructs mimicking

pathogenic mutations, provokes neurological abnormalities

in the zebrafish CNS that can be detected and measured.

Several key aspects of the morphological and biochemical

features of these models are shared with the relevant

human diseases. Consequently, the outlook for application

of transgenic zebrafish models to study disease pathogen-

esis seems excellent. Several questions, which will be

critical to exploiting the model fully for clinically relevant

applications, are currently unanswered. A complete picture

of the initial models is only just emerging, and it is possible

that these early positive results are not yet fully represen-

tative of the degree to which zebrafish models can yield

insights into human diseases. For example, it is uncertain

whether biochemical abnormalities underlying the pheno-

types detected in larval models at early time points fol-

lowing fertilization accurately mirror those of chronic

human disease. Some aspects of rapid disease pathogenesis

in the developing zebrafish brain may represent a tempo-

rally compressed version of the chronically progressive

changes seen in patients. However, it will be important to

understand any ways in which the diseases and models

diverge mechanistically, in order to provide representative

assays for high throughput screens. The next steps in

development of this approach will involve further devel-

opment of stable transgenic lines using different strategies

to express pathogenic genes, followed by detailed analysis

of the resulting models, selection of those that seem most

representative of the relevant disease and then adaptation

into formats suitable for high-throughput screening. Opti-

mization of both the models and the assay outputs will be

critical to enhance the prospects for generating valuable

results from screens. The possibilities for accelerating

progress in this important area of neurology are very

exciting; consequently the results of the first genetic and

chemical screens in zebrafish models of neurodegeneration

are awaited with much anticipation.
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