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Genetic Analysisof the Touch Response
in Zebrafish (Danio rerio)

Vanessa Carmean and Angeles B. Ribera
University of Colorado Anschutz Medical Campus, UAS

Both mammals and zebrafish possess mechanosersemyns that detect tactile sensation via free
nerve endings. However, the basis for mechanotraniseh and the unique cellular properties of
these sensory neurons are poorly understood. Wewethe advantages of zebrafish for studies of
the biological mechanisms involved in touch sewigjti Importantly, Granato and colleagues (1996)
demonstrated that a simple touch assay efficigatipvers mutations that affect sensory neurons.

Within the first five days of development, the edlsh embryo acquires the
ability to respond to a diverse set of sensory taptlihe availability of a wide
range of genetic, molecular, cellular and physimalgtechniques enable analysis
of the underlying molecular mechanisms. Moreovée transparency of the
zebrafish embryo combined with transgenic linesresging fluorescent proteins
in specific populations of neurons as well as adeanin optical imaging and
stimulation methods allow detailed measurementie@tcellular level of behavioral
mechanisms. Importantly, the findings from zebtafistudies have had
implications for human disease. Several zebrafishants serve as models for
human diseases that involve abnormal behaviors sigclseizure conditions,
autism, and Down syndrome (Baraban, 2009; Berghmé&hsit, Roach, &
Goldsmith, 2007; Yimlamai, Konnikova, Moss, & Jap05).

Swimming and responses to sensory stimuli are\befsathat have been
extensively studied in zebrafish embryos and latfeag., Bang, Yelick, Malicki,
& Sewell, 2002; Brockerhoff, Hurley, Janssen-BieldhdNeuhauss, Driever, &
Dowling, 1995; Budick & O'Malley, 2000; Emran, RIhe& Dowling, 2008;
Gahtan, Tanger, & Baier, 2005; Granato et al., 1996dsay & Vogt, 2004;
Neuhauss et al., 1999; Nicolson, Rusch, Friedr&h\usslein-Volhard, 1998;
O'Malley, Kao, & Fetcho, 1996; Ritter, Bhatt, & Ekb, 2001; Saint-Amant &
Drapeau, 1998). In this review, we use the tousparse as the specific example
to highlight the advantages of the zebrafish mddelstudy of the biological
underpinnings of behavior. Importantly, the methodasidered are applicable to
the study of other behaviors in zebrafish.

Advantages of the Zebrafish Modd for Study of Vertebrate Behavior

The well-characterized responses and simple nergyatem of zebrafish
provide key advantages for mechanistic studiesakbrate behavior (for reviews,
see Burgess & Granato, 2008; Gahtan & Baier, 2Q@4yis & Eisen, 2003;
McLean & Fetcho, 2008). Single pair breedings poediarge numbers of progeny
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(typically > 100). Embryos develop quickly from iagle cell to complex animals
with a diverse behavioral repertoire. Moreover, grohic development occurs
externally allowing easy access to stages thatnawee difficult to study in
mammals.

Many powerful methods have been used successtollyidentify the
molecular basis of behavioral mechanisms in zetirafimportantly, forward
genetic methods are possible and genetic screeves identified genes with
functions that are essential for specific behavierg., Granato et al., 1996). In
addition, reverse genetic strategies allow targé&teatk-down or overexpression
and study of a specific gene’s role in a biologipadcess (Nasevicius & Ekker,
2000).

Transgenic lines exist that express a fluoresggatein, such as green
fluorescence protein (GFP), under control of whki@acterized promoter elements
allow identification of specific cell$n vivo in live embryos and larvae (e.g.,
Higashijima, Hotta, & Okamoto, 2000). The transpase of zebrafish embryos
and larvae enables not only optical imaging of amgt but also of neuronal
activity as well as stimulation of individual nea(e.g., Arrenberg, Del Bene, &
Baier, 2009; Brustein, Marandi, Kovalchuk, Drapea, Konnerth, 2003;
Douglass, Kraves, Deisseroth, Schier, & Engert,8208igashijima, Masino,
Mandel, & Fetcho, 2003; Szobota et al., 2007; Wegasl., 2009).

Touch Response

The zebrafish embryo acquires the ability to resptmtactile stimuli at
24-27 hours post fertilization (hpf) (Kimmel, Balth Kimmel, Ullmann, &
Schilling, 1995; Pietri, Manalo, Ryan, Saint-Ama&tWashbourne, 2009; Saint-
Amant & Drapeau, 2000). The touch response isyea8dited by applying tactile
stimulation to the tail or head. The response accuapidly and varies
developmentally, ranging from a twitch in 1 day ewds to a rapid escape
response in older larvae. These rapid and unambguesponses make touch
sensitivity an ideal behavior to score in genetieens.

By combining the touch assay with observation ofirawing ability, one
can identify mutations that affect the sensoryrmitmotor side of the underlying
circuit (Granato et al., 1996). Such screens hheepbtential to identify factors
essential for function of mechanosensory primanyromes, as we discuss further
below.

Touch response circuit

Several studies have identified conserved pathwalysthe circuits
underlying response to tactile stimulation of thénsn zebrafish andXenopus
(Clarke, Hayes, Hunt, & Roberts, 1984; Clarke & Bab, 1984; Eaton, Farley,
Kimmel, & Schabtach, 1977; Li, Perrins, Soffe, Yoksh Walford, & Roberts,
2001; Li, Soffe, & Roberts, 2002, 2003; Pietri &€t 2009). In addition, in both
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vertebrate models, development modulates circuitsy well as the cellular
properties of relevant neurons.

Evidence for Mauthner cell involvement in olderviee exists (Eaton et al.,
1977; Liu & Fetcho, 1999; O'Malley et al., 1996). dontrast, for embryos, the
touch response does not require supraspinal ilpwiies & Granato, 2006; Pietri
et al., 2009; but see, Saint-Amant & Drapeau, 199®tri et al. (2009) presented
a consensus view of the circuit underlying the borgsponse in the early embryo.

Application of tactile stimuli to the zebrafistutik leads to contraction of
contralaterally located muscle. For the early emprfietri et al. (2009)
emphasized the critical roles of the primary mecdsansory Rohon-Beard cell
(RB) and the primary ascending commissural intemmeyCoPA) in the touch
response circuit. They found that the touch respaesjuired the rostral spinal
cord, corresponding to somites 1-10, but not thedlwain. In sum, tactile
stimulation activates RBs, that then synapse ont®AS, in turn contacting
contralateral descending interneurons that activatetor neurons located
contralaterally to the site of tactile stimulati@®ietri et al., 2009).

Touch assay

By performing a touch assay, Granato et al. (19@entified several
mutations that affected the touch response butthet ability to swim. The
observation that swimming was not affected impésatdefects in sensory
neurons/processing.

Swimming occurs spontaneously. However, bath agiitin of NMDA
(e.g., 100 uM) to intact embryos also elicits swimgn(Cui, Saint-Amant, &
Kuwada, 2004; McDearmid & Drapeau, 2006). Incorpioraof bath application
of NMDA in behavioral screens might lead to mordicefnt observation of
swimming ability.

Primary mechanosensory neurons

RBs function as mechanosensory neurons mediatiagzebrafish touch
response. RBs innervate the skin and sense towachheir free nerve endings
(Clarke et al., 1984). In mammals, mechanosenseryrams with similar free
nerve endings exist as well as ones with assoc#itadtures such as Merkel cells
or Meisner corpuscles (Lewin & Moshourab, 2004).

RBs provide mechanosensory function to the zedirafprior to
differentiation of dorsal root ganglion neurons.eTdorsal root ganglion neurons
begin to contribute to sensory function at abouhpd RBs undergo apoptotic cell
death and are largely absent by 120 hpf (ReyesndtheGrant, Melancon, &
Eisen, 2004; Svoboda, Linares, & Ribera, 2001; i, Barrios, Gatchalian,
Rubin, Wilson, & Holder, 2000). Thus, between ~4kpf, RBs mediate tactile
sensitivity. Later, between ~60-120 hpf, both RBsl adorsal root ganglion
neurons provide this function. After 120 hpf, thectsensitivity is essentially
dependent upon dorsal root ganglion neurons.
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In contrast to dorsal root ganglion neurons, RBlmedies reside within the
central nervous system in the spinal cord. Similardorsal root ganglion
mechanosensory neurons, RBs have peripheral pesctdss innervate the skin as
well as central ascending and descending axons. gdrgpheral cutaneous
processes extend over several segments resultiagbimad RB receptive field.
The central ascending axon makes passant connections with the CoPA
interneuron (Pietri et al., 2009).

Existing questions about mechanosensory neurons ratadg vertebrate touch
sensitivity

Mechanosensory neurons exist in both invertebrgges, Drosophila, C.
elegans) as well as vertebrates. Genetic screer3rosophila andC. elegans have
provided the majority of the available informatiabout molecular determinants of
mechanosensitivity (for reviews see Chalfie, 2008&;nan, 2007). Such work has
helped contributed to identifying mammalian ortlgples with similar function
(Welsh, Price, & Xie, 2002). A major focus of sugbrk concerns members of the
degenerin/epithelial sodium channel (DEG/ENaC) famBeyond identifying
these channelger se, many questions exist about how these chann@saicttwith
both the extracellular and intracellular environtseo transduce tactile sensation.

Genetic Screens

Forward genetic screens serve as a powerful, sethiapproach to identify
genes that play essential, nonredundant rolesolndical processes. In contrast to
reverse genetic approaches, forward genetic stestesgek to mutate genes in an
unbiased manner and thus have the potential toargueviously undiscovered
genes or novel functions of known genes. Afterodtrction of mutations, the
biological process of interest, for example behawo morphology, focuses
subsequent analyses (e.g., Driever et al., 1996tdrat al., 1996).

Although the majority of genetic screens perfornsedfar in zebrafish
have used chemicals to introduce mutations, retbbased insertional
mutagenesis has also been possible (Amsterdam,emisSun, Swindell,
Farrington, & Hopkins, 2004; Gaiano, Amsterdam, ldkami, Allende, Becker, &
Hopkins, 1996; Golling et al.,, 2002; Petzold et 2009). Behavioral genetic
screens in zebrafish have identified mutants byifap at phenotypes such as
vision (e.g., Brockerhoff et al., 1995; Neuhausgalet1999), swimming behavior
(e.g., Granato et al., 1996) and touch responge (&ranato et al., 1996).

Mutant isolated — now what?
Identify gene.Once mutations have been identified that produengtypes
of interest, the next step is to identify the gdraboring the mutation. For

mutations introduced by chemicals such N-ethyl-Mesiourea, this typically
entails positional cloning (for reviews see Tall8tHopkins, 2000; Talbot &
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Schier, 1999). Whereas positional cloning ofterpimes considerable effort, the
advances in zebrafish genomic resources greailitd#e the process.

The identification of the responsible gene by fiasal cloning or retroviral
insertional sequences, however, does not suffibe possibility exists that an
additional closely linked mutation or insertion hascurred. As a result, one
usually performs several additional tests, as medibelow.

A common starting point is to ask if the genepressed at the right time
and place in order to play a role in the biologigaicess of interest. Whole mount
in situ hybridization is extremely feasible in zebrafistoaing rapid examination
of this question. If the gene acts cell autonomgugle. the gene function is
required in the cell in which it is expressed)shitould be straight forward to
determine what is an appropriate expression pattdowever, genes that act
noncell autonomously (i.e. the gene function isunegl in cells that do not express
it) may not have predictable expression patterns.

Another important point to consider is how the atioin affects the function
of the gene. For example, does the mutation rasudtss-of-function (null), gain-
of-function (new), diminished or altered functiori this regard, having several
noncomplementing alleles provides more informaabout the possible function
of the gene, especially if one is considering aghgene. If the mutation results in
loss-of-function, then elimination or reduction t¥fe protein by other means
should replicate the mutant phenotype. Antisensephmdinos serve as efficient
and effective tools for knock-down approaches (Mases & Ekker, 2000).

Alternatively, if the mutation produces a gainfofiction phenotype, one
might seek to knock-down the endogenous proteiaaat by the lesioned gene
and then overexpress either RNA for the wildtypenoitated version of the gene.
The former should rescue while the latter shoufdicate the mutant phenotype.
For the specific case of touch-insensitive mutamg, would score for recovery of
touch sensitivity. However, rescue experiments iregthat one have a reliable
assay for genotyping embryos so that one can keethat both mutant and wild
type embryos show touch sensitivity.

For mutations that result in reduced or loss ofiegéunction, the gold
standard is to achieve rescue of the phenotypesvbyexpression of wildtype
RNA into 1-cell stage embryos. Although RNA overegsion appears as a
conceptually straight-forward method, it has seiMeehnical complications. It can
be challenging or impossible to determine the @brioncentration to inject
because injected RNAs can be toxic to the devetppmbryo, especially at high
concentration. Further, injected RNAs degrade, edttha characteristic half-life.
In addition, many genes might be expressed toolate high levels, making RNA
injection often an ineffective approach. In additi@early misexpression of a gene
expressed at late times might produce a compliggilmenotype. The take-home
message is that successful rescue by RNA injediomformative but lack of
rescue is not.

Another potential problem with RNA injection isatithe exogenous RNA
will be distributed to many cells, some of whichrmally express the gene and
others that do not. Ectopic expression of RNA magdpce phenotypes that
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preempt analysis of rescue. Transgenic approagheatly advanced by methods
using Tol2 transposons and the GAL4/UAS systenvigeoalternative approaches
and allow expression of desired gene in a conttafl@nner by selection of an
appropriate promoter (Asakawa & Kawakami, 2008; iPawv et al., 2007;
Kawakami, Shima, & Kawakami, 2000; Kwan et al., 200

Identify gene’s essential function in biologicgrocess.ldentification of
the gene responsible for the mutant phenotypetenahe “tip of the iceberg”.
There will be instances in which the mutation osduara well-characterized gene
that has a known function in the biological processterest. On the surface, this
may seem very satisfying. But, will one have ledraaything new, beyond proof-
of-principle for mutagenesis methods? The altéraagcenario of identifying a
gene with no known function, at least in the biatagjprocess under study, offers
the possibility of discovering a new biological rhaaism or previously
unidentified player in a known process.

For the case of touch sensitivity, an interesiéxgmple is theiouchtone
mutants that show reduced touch sensitivity betwe8B-72 hpf (Arduini &
Henion, 2004; Cornell et al., 2004). Another allefethe gene harboring the
touchtone mutation iswtria, isolated on the basis of the reduced size of the
mutants (Elizondo et al., 2005). Subsequent positicloning revealed that the
gene encoding transient receptor potential melasiaf TRPM7) carries the
touchtone and nutria mutations (Elizondo et al., 2005). TRPM7 functicas a
channel permeable to divalent cations such as msagne and calcium.
Interestingly, growth in media containing elevatedgnesium or calcium, but not
sodium chloride, produced a rescue of the toucknisifivity (Elizondo et al.,
2005). However, despite the identification of theahtone/nutria gene, the cellular
mechanism responsible for the touch insensitiatgtill not known. Further study
of TRPM7 function, therefore, has the potentialréveal a novel mechanism
required for function of mechanosensory neurons.

Mutations isolated so far

The neurons involved in the touch response cidiffiérentiate appropriate
excitable membrane properties. Moreover, the neumoeed to form correct
synaptic connections so that the circuit functiopsoperly. Defects in
neurogenesis, mechanosensory channels/complexegitabdx membrane
properties, axonal outgrowth/pathfinding, synapsermftion, or dendrite
development could each suffice to produce toucensisivity.

Tlbingen touch-insensitive mutantsThe 1996 Tulbingen large-scale
chemical mutagenesis zebrafish screen identifiedchtansensitve mutants,
comprising six different complementation groupsai@to et al., 1996; Haffter et
al., 1996). These mutants have a reduced touclomesbut are able to swim. The
observation that swimming was relatively normalidated that neither muscle
function nor circuits underlying patterned mototpu were impaired, suggesting
that the mutations affected the sensory side ofdheh response circuit.
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Four of the touch-insensitive mutants have redwmdtage-gated sodium
current (ks) amplitudes in RBsalligator (ali), macho (mao), steifftier (ste), and
crocodile (cro). We consider thenao mutant in detail below. In brief, among the
touch insensitive mutantsjao homozygotes displayed the most severe reductions
in touch sensitivity. Eectrophysiologcal analysié RBs revealed a drastic
reduction in |, amplitude, resulting in failure to fire an actipotential. As a
result, RBs do not communicate sensory informatbaiie nervous system.

ali andste mutants share many characteristics. Both havelicesl touch
response by 32-33 hpf, 5-6 hours later timaao (Ribera & Nusslein-Volhard,
1998) They also both have a subset of RB cells that iangas to mao RB cells,
having severely reducegd,lamplitudes and an inability to fire overshootirgi@n
potentials; otheali andste RBs, however, had, of normal amplitude and fired
sodium-dependent impulses (Granato et al., 1996eRi & Nusslein-Volhard,
1998).

In contrast, two other touch-insensitive mutar® and schlaffi (sla),
have normal touch responses at 2 but not 3 dpf,nwihey show reduced
sensitivity to tactile simuli. At 3 dpfcro mutants had RB cells with reduceg |
amplitudes. In contrast, RBs #fa mutants had normald amplitudes at 3 dpf. The
cellular basis for touch insensitivity gha mutant has not yet been identified

Another touch-insensitive mutant reported by ti®96l Tibingen screen,
touchdown (tdo), was initially isolated on the basis of a pignadiain defect due to
a reduction in the number of melanophores (Kelsil.ef1996). Howevetdo RBs
have normal sodium currents and action potenti@imilar to trpm7 and da
mutants, the cellular basis for the touch inserigjtitdo phenotype is not yet
known.

Retroviral insertion mutants.Retroviral insertion mutagenesis has also
isolated touch-insensitive mutants. In contrast the majority of chemical
mutagenesis lesions, genes perturbed by the redlausertion producing touch
insensitivity have already been identified (Amsterdet al., 2004; Gaiano et al.,
1996; Golling et al., 2002). The results have yeldexpected as well as
unexpected genes. For example, the hil059 insestioars in neurogenin related
protein-1 and thereby probably affects differeiiat of sensory neurons. In
contrast, hi577a lesions the vacuolar ATP syntlsagenit E gene. Future studies
will identify the biological basis for the touchsiensitivity phenotype of hi577a.

Narrowminded.Artinger, Chitnis, Mercola, and Driever (1999) &tgld a
touch-insensitive mutanparrowminded (nrd), in a genetic screen that assayed
gene expression patterns ioysitu hybridization. Theard mutation resides in the
prdml gene that encodes a SET/zinc finger transcriptiactof (Hernandez-
Lagunas et al., 2005). This mutation results is losRBs, and subsequent loss of
the sensation that they mediate — touch. In addifidml mutants have an initial
loss of neural crest cells. However, older larvaehdve neural crest and their
derivatives (e.g., dorsal root ganglion neuronspngequently, the touch
insensitivity phenotype recovers. Studypoiml function indicates that it plays an
important role at the neural plate— neural crestdéoin mechanisms that specify
RB and neural crest cells.
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Macho. In wildtype embryos, RB sodium currents increaseainplitude
between 16 and 48 hpf (Pineda et al., 2006; RiBeniisslein-Volhard, 1998).
Interestingly, the developmental increaseyiitbincides with appearance of touch
sensitivity, supporting an essential role for thisrent in RB function (Kimmel et
al., 1995; Saint-Amant & Drapeau, 2000; Ribera &shl&@in-Volhard, 1998). The
mao mutation maps to linkage group 2 but the idergitghe lesioned gene is not
yet known (Geisler, Rauch, Geiger-Rudolph, Albrectstn Bebber, & Nusslein-
Volhard, 2007). Nonetheless, th&o mutant has permitted studies of the role of
activity in RB development. RB cells normally ungerprogrammed cell death
and are largely gone by 5 days post fertilizatidyf) (Reyes et al., 2004; Svoboda
et al., 2001; Williams et al., 2000). Dorsal roanglion cells, that develop after 36
hpf, are not required for RB programmed cell déBéyes et al., 2004). However,
RB death occurs more slowly in the absence of sodiurrent dependent activity
(Svoboda et al., 2001).

Althoughmao mutant RB cells have a drastic reduction in sodiwment
amplitudes, \, is not completely suppressed (Ribera & Nussleith¥ia, 1998;
Pineda et al., 2006. Theao mutation produces a similar potent but incomplete
suppression of retinal ganglion cell sodium curré@nuegge, Schmid, &
Neuhauss, 2001).

RBs express more than one type of sodium chanmelgNet al., 2006;
Pineda et al., 2006). Thus, timao gene may incompletely suppress the function of
all sodium channel types. Alternatively, thhao gene may affect the function of a
subset or just one sodium channel. Further stud$hiefmutant will resolve this
issue and potentially discover new biological mei$ras relevant to sensory
neurons.

Futur e Per spectives

The zebrafish has provided significant insight® iniological mechanisms
underlying an essential behavior for the early gmmpthe touch response. Some
mutations that result in touch insensitivity havgeseral effect on sensory neuron
development such that the basis for touch inseitgiis understood (e.ghi1059,
nrd). In contrast, other mutations affect biologicatahanisms that are either at
present unknown or poorly understood (a1o0).

Analysis of the Tubingen touch-insensitive mutaetgealed the unexpected
finding that screening for touch insensitivity eféintly recovers mutations that
affect sensory neuron sodium current. Electrophggioal analysis of RBs
revealed defects in sodium currents in four oftsixch insensitive mutantsii,
cro, ste and mao but notda or tdo.

Many touch-insensitivity mutations lesion as yatdentified genes. Future
study of these mutants has the potential to provie information about the
poorly understood transduction mechanisms undeylyivertebrate tactile
sensation.

-08 -



References

Amsterdam, A., Nissen, R. M., Sun, Z., Swindell, &, Farrington, S., & Hopkins, N.
(2004). Identification of 315 genes essential farlye zebrafish development.
Proceedings of the National Academy of Sciences of the United States of America,
101, 12792-12797.

Arduini, B. L., & Henion, P. D. (2004). Melanophoseblineage-specific requirement for
zebrafish touchtone during neural crest developmefechanisms of
Development, 121, 1353-1364.

Arrenberg, A. B., Del Bene, F., & Baier, H. (200@)ptical control of zebrafish behavior
with halorhodopsin.Proceedings of the National Academy of Sciences of the
United States of America, 106, 17968-17973.

Artinger, K. B., Chitnis, A. B., Mercola, M., & Dever, W. (1999). Zebrafish
narrowminded suggests a genetic link between faomabf neural crest and
primary sensory neuronBevelopment, 126, 3969-3979.

Asakawa, K., & Kawakami, K. (2008). Targeted gerpression by the Gal4-UAS system
in zebrafishDevelopment, Growth & Differentiation, 50, 391-399.

Bang, P. I., Yelick, P. C., Malicki, J. J., & SeWeW. F. (2002). High-throughput
behavioral screening method for detecting auditegponse defects in zebrafish.
Journal of Neuroscience Methods, 118, 177-187.

Baraban, S. C. (2009). Zebrafish as a simple veatetorganism for epilepsy research. In
S. C. Baraban (Ed.Animal models of epilepsy methods and innovations, Vol. 40,
(pp- 59-74). New York: Humana Press. 265pp.

Berghmans, S., Hunt, J., Roach, A., & Goldsmith(ZB07). Zebrafish offer the potential
for a primary screen to identify a wide variety pbtential anticonvulsants.
Epilepsy Research, 75, 18-28.

Brockerhoff, S. E., Hurley, J. B., Janssen-Bienh&ld Neuhauss, S. C., Driever, W., &
Dowling, J. E. (1995). A behavioral screen for &olg zebrafish mutants with
visual system defect®roceedings of the National Academy of Sciences of the
United States of America, 92, 10545-10549.

Brustein, E., Marandi, N., Kovalchuk, Y., Drape&u, & Konnerth, A. (2003). "In vivo"
monitoring of neuronal network activity in zebr#éfidy two-photon Ca(2+)
imaging.Pflugers Archiv European Journal of Physiology, 446, 766-773.

Budick, S. A., & O'Malley, D. M. (2000). Locomotaepertoire of the larval zebrafish:
Swimming, turning and prey capturdournal of Experimental Biology, 203,
2565-2579.

Burgess, H. A., & Granato, M. (2008). The neurogiendrontier--lessons from
misbehaving zebrafisiBriefings in Functional Genomics and Proteomics, 7, 474-
482.

Chalfie, M. (2009). Neurosensory mechanotransdoctidature Reviews Molecular Cell
Biology, 10, 44-52.

Clarke, J. D., Hayes, B. P., Hunt, S. P., & Rohe&s (1984). Sensory physiology,
anatomy and immunohistochemistry of Rohon-Beardraoves in embryos of
Xenopus laevis. The Journal of Physiology, 348, 511-525.

Clarke, J. D., & Roberts, A. (1984). Interneuromeghe Xenopus embryo spinal cord:
Sensory excitation and activity during swimmifige Journal of Physiology, 354,
345-362.

Cornell, R. A., Yemm, E., Bonde, G., Li, W., d'Amm, C., Wegman, L., et al. (2004).
Touchtone promotes survival of embryonic melanophorin zebrafish.
Mechanisms of Development, 121, 1365-1376.

-99 -



Cui, W. W., Saint-Amant, L., & Kuwada, J. Y. (200&hocked gene is required for the
function of a premotor network in the zebrafish CNSournal of
Neurophysiology, 92, 2898-2908.

Davison, J. M., Akitake, C. M., Goll, M. G., Rhek,M., Gosse, N., Baier, H., et al. (2007).
Transactivation from Gal4-VP16 transgenic insedidior tissue-specific cell
labeling and ablation in zebrafidhevelopmental Biology, 304, 811-824.

Douglass, A. D., Kraves, S., Deisseroth, K., SchierF., & Engert, F. (2008). Escape
behavior elicited by single, channelrhodopsin-2keeb spikes in zebrafish
somatosensory neuror@urrent Biology, 18, 1133-1137.

Downes, G. B., & Granato, M. (2006). Supraspingbuinis dispensable to generate
glycine-mediated locomotive behaviors in the zebhafembryo. Journal of
Neurobiology, 66, 437-451.

Driever, W., Solnica-Krezel, L., Schier, A. F., Newss, S. C., Malicki, J., Stemple, D. L.,
et al. (1996). A genetic screen for mutations diifgcembryogenesis in zebrafish.
Development, 123, 37-46.

Eaton, R. C., Farley, R. D., Kimmel, C. B., & Sctadt, E. (1977). Functional
development in the Mauthner cell system of embiyus larvae of the zebra fish.
Journal of Neurobiology, 8, 151-172.

Elizondo, M. R., Arduini, B. L., Paulsen, J., Maaixdd, E. L., Sabel, J. L., Henion, P. D.,
et al. (2005). Defective skeletogenesis with kidreéggne formation in dwarf
zebrafish mutant for trpomTurrent Biology, 15, 667-671.

Emran, F., Rihel, J., & Dowling, J. E. (2008). A hbeioral assay to measure
responsiveness of zebrafish to changes in liglnsities.Journal of Visualized
Experiments, 20. doi: 10.3791/923

Gahtan, E., Tanger, P., & Baier, H. (2005). Vispaty capture in larval zebrafish is
controlled by identified reticulospinal neurons dwmiream of the tectunihe
Journal of Neuroscience, 25, 9294-9303.

Gahtan, E., & Baier, H. (2004). Of lasers, mutamatsgd see-through brains: Functional
neuroanatomy in zebrafisbournal of Neurobiology, 59, 147-161.

Gaiano, N., Amsterdam, A., Kawakami, K., Allende,, NBecker, T., & Hopkins, N.
(1996). Insertional mutagenesis and rapid clonihgssential genes in zebrafish.
Nature, 383, 829-832.

Geisler, R., Rauch, G. J., Geiger-Rudolph, S., é&dht, A., van Bebber, F., & Nisslein-
Volhard, C. (2007). Large-scale mapping of mutatioaffecting zebrafish
developmentBMC Genomics, 8, 11.

Golling, G., Amsterdam, A., Sun, Z., Antonelli, MMaldonado, E., Chen, W., et al.
(2002). Insertional mutagenesis in zebrafish rgpidéntifies genes essential for
early vertebrate developmeature Genetics, 31, 135-140.

Gnuegge, L., Schmid, S., & Neuhauss, S. C. (20Bhalysis of the activity-deprived
zebrafish mutant macho reveals an essential regaire of neuronal activity for
the development of a fine-grained visuotopic mHpe Journal of Neuroscience,
21, 3542-3548.

Granato, M., van Eeden, F. J., Schach, U., TroweBfand, M., Furutani-Seiki, M., et al.
(1996). Genes controlling and mediating locomotlmehavior of the zebrafish
embryo and larvaDevelopment, 123, 399-413.

Haffter, P., Granato, M., Brand, M., Mullins, M.,GHammerschmidt, M., Kane, D. A,, et
al. (1996). The identification of genes with unigaed essential functions in the
development of the zebrafishanio rerio. Development, 123, 1-36.

Hernandez-Lagunas, L., Choi, I. F., Kaji, T., SimpsP., Hershey, C., Zhou, Y., et al.
(2005). Zebrafish narrowminded disrupts the trapsion factor prdml and is

- 100 -



required for neural crest and sensory neuron sSpatidn. Developmental
Biology, 278, 347-357.

Higashijima, S., Masino, M. A., Mandel, G., & Fetchl. R. (2003). Imaging neuronal
activity during zebrafish behavior with a genetigadncoded calcium indicator.
Journal of Neurophysiology, 90, 3986-3997.

Higashijima, S., Hotta, Y., & Okamoto, H. (2000)isvalization of cranial motor neurons
in live transgenic zebrafish expressing green #soent protein under the control
of the islet-1 promoter/enhanc@&he Journal of Neuroscience, 20, 206-218.

Kawakami, K., Shima, A., & Kawakami, N. (2000). idiication of a functional
transposase of the Tol2 element, an Ac-like elenfiemb the Japanese medaka
fish, and its transposition in the zebrafish geinedge.Proceedings of the
National Academy of Sciences of the United States of America, 97, 11403-11408.

Kelsh, R. N., Brand, M., Jiang, Y. J., Heisenbe&ZgP., Lin, S., Haffter, P., et al. (1996).
Zebrafish pigmentation mutations and the procese®ural crest development.
Development, 123, 369-389.

Kernan, M. J. (2007). Mechanotransduction and awgitransduction in Drosophila.
Pflugers Archive European Journal of Physiology, 454, 703-720.

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmma, B., & Schilling, T. F. (1995).
Stages of embryonic development of the zebrafi3évelopmental Dynamics,
203, 253-310.

Kwan, K. M., Fujimoto, E., Grabher, C., Mangum,®, Hardy, M. E., Campbell, D. S., et
al. (2007). The Tol2kit: A multisite gateway-basednstruction kit for Tol2
transposon transgenesis construdeselopmental Dynamics, 236, 3088-3099.

Lewin, G. R., & Moshourab, R. (2004). Mechanosensatand pain.The Journal of
Neurobiology, 61, 30-44.

Lewis, K. E., & Eisen, J. S. (2003). From cellsciocuits: Development of the zebrafish
spinal cord Progressin Neurabiology, 69, 419-449.

Li, W. C., Perrins, R., Soffe, S. R., Yoshida, MValford, A., & Roberts, A. (2001).
Defining classes of spinal interneuron and theiore projections in hatchling
Xenopus laevis tadpoledournal of Comparative Neurology, 441, 248-265.

Li, W. C., Soffe, S. R., & Roberts, A. (2003). Thpinal interneurons and properties of
glutamatergic synapses in a primitive vertebratareeous flexion reflexJournal
of Neuroscience, 23, 9068-9077.

Li, W. C., Soffe, S. R., & Roberts, A. (2002). Salirinhibitory neurons that modulate
cutaneous sensory pathways during locomotion iimgale vertebrateJournal of
Neuroscience, 22, 10924-10934.

Lindsay, S. M., & Vogt, R. G. (2004). Behaviorabpenses of newly hatched zebrafish
(Danio rerio) to amino acid chemostimulantshemical Senses, 29, 93-100.

Liu, K. S., & Fetcho, J. R. (1999). Laser ablatiaeveal functional relationships of
segmental hindbrain neurons in zebraflséuron, 23, 325-335.

McDearmid, J. R., & Drapeau, P. (2006). Rhythmictonactivity evoked by NMDA in
the spinal zebrafish larvdournal of Neurophysiology, 95, 401-417.

McLean, D. L., & Fetcho, J. R. (2008). Using imagiand genetics in zebrafish to study
developing spinal circuits in vividevelopmental Neurobiology, 68, 817-834.

Nasevicius, A., & Ekker, S. C. (2000). Effectivegated gene 'knockdown' in zebrafish.
Nature Genetics, 26, 216-220.

Neuhauss, S. C., Biehlmaier, O., Seeliger, M. Was,O0., Kohler, K., Harris, W. A., et al.
(1999). Genetic disorders of vision revealed by ehnavioral screen of 400
essential loci in zebrafisdournal of Neuroscience, 19, 8603-8615.

-101 -



Nicolson, T., Rusch, A., Friedrich, R. W., Granaltb,, Ruppersberg, J. P., & Nisslein-
Volhard, C. (1998). Genetic analysis of vertebrasensory hair cell
mechanosensation: The zebrafish circler mutdNesron, 20, 271-283.

O'Malley, D. M., Kao, Y. H., & Fetcho, J. R. (1996jnaging the functional organization
of zebrafish hindbrain segments during escape betsaieuron, 17, 1145-1155.

Petzold, A. M., Balciunas, D., Sivasubbu, S., Cl&kJ., Bedell, V. M., Westcot, S. E., et
al. (2009). Nicotine response genetics in the AadbraProceedings of the
National Academy of Sciences of the United States of America, 106, 18662-18667.

Pietri, T., Manalo, E., Ryan, J., Saint-Amant, & Washbourne, P. (2009). Glutamate
drives the touch response through a rostral loofhénspinal cord of zebrafish
embryos Developmental Neurobiology, 69, 780-795.

Pineda, R. H., Svoboda, K. R., Wright, M. A., TaylA. D., Novak, A. E., Gamse, J. T., et
al. (2006). Knockdown of Navl.6a Na+ channels affexebrafish motoneuron
developmentDevelopment, 133, 3827-3836.

Reyes, R., Haendel, M., Grant, D., Melancon, EEi&€en, J. S. (2004). Slow degeneration
of zebrafish Rohon-Beard neurons during programosdiddeath Developmental
Dynamics, 229, 30-41.

Ribera, A. B., & Nisslein-Volhard, C. (1998). Zetish touch-insensitive mutants reveal
an essential role for the developmental regulatibsodium currentThe Journal
of Neuroscience, 18, 9181-9191.

Ritter, D. A., Bhatt, D. H., & Fetcho, J. R. (2001 vivo imaging of zebrafish reveals
differences in the spinal networks for escape awichening movementsJournal
of Neuroscience, 21, 8956-8965.

Saint-Amant, L., & Drapeau, P. (2000). Motoneuaativity patterns related to the earliest
behavior of the zebrafish embrydmurnal of Neuroscience, 20, 3964-3972.
Saint-Amant, L., & Drapeau, P. (1998). Time cousethe development of motor

behaviors in the zebrafish embrylournal of Neurobiology, 37, 622-632.

Svoboda, K. R., Linares, A. E., & Ribera, A. B. (40. Activity regulates programmed cell
death of zebrafish Rohon-Beard neurddavel opment, 128, 3511-3520.

Szobota, S., Gorostiza, P., Del Bene, F., Wyart,Fortin, D. L., Kolstad, K. D., et al.
(2007). Remote control of neuronal activity wittight-gated glutamate receptor.
Neuron, 54, 535-545.

Talbot, W. S., & Hopkins, N. (2000). Zebrafish ntidas and functional analysis of the
vertebrate genom&enes & Development, 14, 755-762.

Talbot, W. S., & Schier, A. F. (1999). Positiondbring of mutated zebrafish genes.
Methods in Cell Biology, 60, 259-286.

Welsh, M. J., Price, M. P., & Xie, J. (2002). Biechical basis of touch perception:
mechanosensory function of degenerin/epithelial Ma&nnels.The Journal of
Biological Chemistry, 277, 2369-2372.

Williams, J. A., Barrios, A., Gatchalian, C., Rubin, Wilson, S. W., & Holder, N. (2000).
Programmed cell death in zebrafish rohon beard amsuris influenced by
TrkC1/NT-3 signalingDevelopmental Biology, 226, 220-230.

Wyart, C., Del Bene, F., Warp, E., Scott, E. K.admer, D., Baier, H., et al. (2009).
Optogenetic dissection of a behavioural moduleha vertebrate spinal cord.
Nature, 461, 407-410.

Yimlamai, D., Konnikova, L., Moss, L. G., & Jay, . (2005). The zebrafish down
syndrome cell adhesion molecule is involved in calbovement during
embryogenesiDevelopmental Biology, 279, 44-57.

-102 -





