Nay1.6a Is Required for Normal Activation of Motor
Circuits Normally Excited by Tactile Stimulation
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ABSTRACT: A screen for zebrafish motor mutants
identified two noncomplementing alleles of a recessive
mutation that were named non-active (nav™® and
nav™’3%). nav embryos displayed diminished spontaneous
and touch-evoked escape behaviors during the first 3 days
of development. Genetic mapping identified the gene encod-
ing Nay1.6a (scn8aa) as a potential candidate for nav. Sub-
sequent cloning of scn8aa from the two alleles of nav uncov-
ered two missense mutations in Nayl.6a that eliminated
channel activity when assayed heterologously. Further-
more, the injection of RNA encoding wild-type scn8aa res-
cued the nav mutant phenotype indicating that scn8aa was
the causative gene of nav. In-vivo electrophysiological analy-
sis of the touch-evoked escape circuit indicated that voltage-
dependent inward current was decreased in mechanosen-

sory neurons in mutants, but they were able to fire action
potentials. Furthermore, tactile stimulation of mutants acti-
vated some neurons downstream of mechanosensory neu-
rons but failed to activate the swim locomotor circuit in
accord with the behavioral response of initial escape con-
tractions but no swimming. Thus, mutant mechanosensory
neurons appeared to respond to tactile stimulation but
failed to initiate swimming. Interestingly fictive swimming
could be initiated pharmacologically suggesting that a swim
circuit was present in mutants. These results suggested that
Nayl.6a was required for touch-induced activation of the
swim locomotor network. © 2010 Wiley Periodicals, Inc. Develop
Neurobiol 70: 508-522, 2010
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INTRODUCTION

How the activity of genes, and the proteins they
encode, contribute to behavior is a central question in
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neurobiology. To address this question forward genetic
screens (Granato et al., 1996; Baier, 2000) have
recently been coupled with in-vivo electrophysiological
recordings in zebrafish (Drapeau et al., 1999; Buss and
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Drapeau, 2000). This combined approach has aided in
the identification of several genes important for the for-
mation and function of the networks that underlie
zebrafish behaviors, in particular motor behaviors (Ono
et al., 2002, 2004; Cui et al., 2004, 2005; Zhou et al.,
2006; Hirata et al., 2004, 2005, 2007).

Within the first 2 days of development zebrafish
embryos perform three highly stereotyped motor behav-
iors (Saint-Amant and Drapeau, 1998). Beginning at
~ 17 hours postfertilization (hpf) embryos exhibit spon-
taneous slow coiling of the trunk and tail. Spontaneous
coiling is intrinsic to the spinal cord as it persists fol-
lowing spinalization. Later at ~21 hpf, embryos begin
to respond to touch with fast and vigorous escape con-
tractions. Lastly at ~ 28 hpf tactile stimulation evokes
escape contractions followed by swimming. Spinalized
embryos respond to tactile stimuli with an initial con-
traction, but subsequent contractions were dramatically
reduced and no swimming occurred (Downes and Gran-
ato, 2006). By contrast, when embryos were transected
between the midbrain and hindbrain, the trunk and tail
displayed normal, alternating contractions indistinguish-
able from those of intact embryos and normal swim-
ming (Saint-Amant and Drapeau, 1998). Thus, the
intact hindbrain and spinal cord appear to be necessary
and sufficient for the complete touch-evoked escape
response and swimming, but the spinal cord may be suf-
ficient for the initial contraction.

As previous mutagenesis screens failed to reach sat-
uration, we undertook a forward genetic screen to iden-
tify additional behavioral mutants. From this screen
two alleles of a mutation named non-active (nav) were
identified. nav mutants displayed deficient spontaneous
coiling and diminished touch-evoked behaviors. Subse-
quent cloning and rescue experiments demonstrated
that the gene encoding Nayl.6a on chromosome 23
was the causative gene in nav. In-vivo electrophysio-
logical analysis of the escape circuit in nav mutants
revealed that tactile stimuli activated neurons down-
stream of mechanosensitive neurons suggesting that
mechanosensory neurons were activated but failed to
activate the locomotor network capable of generating
swimming. However, swimming could be initiated
pharmacologically suggesting that a swimming loco-
motor network was present in mutants. Thus, Nay1.6a
was required for touch-induced activation of the swim
locomotor network.

METHODS

Materials

Unless otherwise noted, reagents were obtained from Sigma
Chemical (St. Louis, MO). Tetrodotoxin (TTX) and
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Riluzole were diluted to the indicated concentrations from
stock solutions of 1 and 100 mM, respectively.

Animals

Zebrafish were bred and maintained according to approved
guidelines set forth by the University Committee on Use
and Care of Animals, University of Michigan. The two al-
leles of non-active (nav) nav™° and nav™’3° were isolated
in a mutagenesis screen conducted at the University of
Michigan using procedures previously reported (Haffter
and Nusslein-Volhard, 1996). Prior to an experiment, zebra-
fish were dechorionated with pronase and developmentally
staged as described previously (Kimmel et al., 1995).

Behavioral Analysis

Embryos obtained from crosses of nav heterozygous car-
riers were raised at 28.5°C. Spontaneous coiling was exam-
ined in dechorionated embryos at 21-22 hpf for 90 s each.
The amplitude of a coil was measured as the angle that the
caudal tip of the tail rotated starting from the longitudinal
axis of the embryo. For example, when the tip of the tail
touched the head the angle of rotation was 180°. The geno-
type of the embryos was subsequently determined by their
response to touch. Touch-evoked behaviors were elicited
by touching the tail with a fine tungsten wire (125 pm), or
with the tips of a pair of No. 5 forceps. Motor behaviors
were recorded by video microscopy using a Panasonic CCD
camera (wv-BP330) attached to a Leica dissection micro-
scope at 16-32X magnification. Images were captured (30
Hz) with a Scion LG-3 video card on a Macintosh G4 com-
puter. The images and videos were analyzed offline with
the Scion Image software and processed with ImageJ.

Mapping and Cloning of sch8aa

A mapping family for each allele was established by crossing
a nav™? or nav™3° female carrier (Michigan local strain)
with a wild-type WIK male (Zebrafish Resource Center,
Eugene, Oregon). One female and one male nav carrier were
identified for each mapping family and used throughout the
mapping process. Bulk segregate analysis (Postlethwait et
al., 1994) was conducted according to the Zon lab protocol
(http://ztrhmaps.tch.harvard.edu) using 20 wild-type sibling
and 20 mutant embryos. Thereafter, eight wild-type siblings
and 88 mutant embryos were subjected to intermediate reso-
lution mapping using linked microsatellite (SSLP) markers
identified from the bulk segregate analysis. For higher reso-
lution mapping, 900 mutants were tested for the linked
microsatellite marker Z4421 (http://zfin.org).

The scn8aa gene was physically mapped to the LN54
radiation hybrid panel by PCR (Hukriede et al., 1999). Pri-
mers were designed against the genomic contig Zv4_scaf-
fold 1916 (http://www.ensembl.org/Danio_rerio/):

forward primer 5'-AAGCCGCCACCTAAGCCAGAC-3';

reverse primer 5'-TGTTGCCACCATGCCAGGAG-3'.
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To clone scn8aa total RNA was isolated from 27-30
hpf Michigan wild types or homozygous nav mutants using
Trizol® reagent (Invitrogen, Carlsbad, CA). Total cDNA
was synthesized using oligo-dT primers and Superscript 11
reverse transcriptase (Invitrogen, Carlsbad, CA) following
the manufacturer’s protocol (Superscript II manual, version
11-11-203). The coding sequence of scn8aa was cloned by
PCR from wild-type and nav mutant cDNA using six pairs
of PCR primers designed against the published zebrafish
scn8aa sequence (NM_131628). PCR products were gel-
purified and sequenced, or cloned into the pGEM"™-T easy
vector (Promega Madison, WI) prior to sequencing.
Sequence analysis was performed using Lasergene software
(DNAStar, Madison, WI).

Expression of scn8aa by Xenopus
oocytes

Wild-type scnS8aa template in pBluescript SK+ was pro-
vided by Dr. L.L. Isom (University of Michigan, Ann
Arbor). Mutant scnSaa templates were obtained by subclon-
ing a fragment encoding the nav mutations in place of wild-
type sequence in the above construct. All mutations were
confirmed by DNA sequencing (University of Michigan
DNA Sequencing Core) and are referred to using the one
letter code such as M1461K, which represents the substitu-
tion of methionine 1461 with a lysine.

Capped RNA encoding wild-type or mutant scn8aa was
synthesized using the mMESSAGE mMACHINE® T3 kit
(Ambion, Austin, TX). Defolliculated Stage V-VI Xenopus
oocytes were injected with 12.5 ng of wild-type or mutant
RNA diluted in 50 nL. of DEPC-ddH,0 using a Nanoinject
II system (Drummond Scientific Company, Broomall, PA).
In some experiments oocytes were co-injected with 12.5 ng
of RNA encoding the zebrafish 1 subunit. Following injec-
tion oocytes were maintained in Barth’s solution at 17°C
for 48-72 h before electrophysiological recordings. Two-
electrode voltage clamp recordings were made with an NPI
Electronics (Tamm, Germany) TurboTec 3 amplifier. The
recording pipette solution contained 3 M KCI, and the
oocyte external recording solution was as follows (in mM):
90 NaCl, 1 KClI, 1.7 MgCl2, and 10 HEPES, pH 7.6 (with
NaOH). The oocyte external solution was controlled using
a BPS-8 solution switcher (ALA Scientific Instruments,
Westbury, NY). Experiments were performed at 22°C by
holding oocytes at —100 mV, followed voltage steps to the
indicated membrane potentials. Data acquisition and the
switching of solutions were controlled by Clampex8.2 (Mo-
lecular Devices, Sunnyvale, CA) software using a Digidata
1322A interface (Axon Instruments, Union City, CA). Data
analysis was performed using Clampfit 9 (Molecular Devi-
ces, Sunnyvale, CA), and figures were prepared using
Sigma Plot 9.0 (SYSTAT Software, Chicago, IL).

To quantify the amplitude of the persistent current, an ex-
ponential function was first fit to the decay of the inward cur-
rents in response to a membrane depolarization from —100
to —30 mV. The percent persistent current was defined as the
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amplitude of current remaining five time constants after the
peak current, divided by the amplitude of the peak current.

Mutant Rescue

For mutant rescue RNA encoding wild-type scnSaa was
diluted to a concentration of 100 ng/uL in DEPC-ddH,0 con-
taining 0.1% phenol red. Approximately 1.5 ng of RNA (vis-
ual assessment) was injected into each embryo at the 1-4 cell
stage using a Picospritzer II (Parker Hannifin, Fairfield, NJ).

Whole-Mount In-Situ Hybridization and
Immunolabeling

In-situ hybridization was carried out following standard lab
protocols (Li et al., 2004). The antisense DIG-labeled probe
for zebrafish scn8aa was made from the last 1.3 kb of cod-
ing sequence hydrolyzed to approximately <500 base pairs
for application to embryos. After quenching the color reac-
tion embryos were mounted in 70% glycerol/PBS and
imaged with DIC microscopy.

The zn5 antibody (Trevarrow et al., 1990) recognizes
the DM-GRASP Ig superfamily protein (Kanki et al., 1994;
Fashena and Westerfield, 1999) and labels secondary spinal
motor neurons in zebrafish (Beattie et al., 1997; Chandrase-
khar et al., 1999). Zn5 (1:10 dilution) followed by
Alexa488 tagged secondary antibody was applied to whole-
mounted larvae at 66 hpf following previously published
protocols (see references above). Larvae were mounted in
75% glycerol and imaged with epifluorescence on a upright
compound microscope.

In Vivo Electrophysiology

Embryos (48—52 hpf) were prepared for in vivo recordings
from axial skeletal muscle and motor neurons as previously
described (Ribera and Nusslein-Volhard, 1998; Drapeau
et al., 1999; Buss and Drapeau 2000). In brief embryos
were anesthetized in 1X Evans recording solution (in mM):
134 NaCl, 2.9 KCl, 2.1 CaCl,, 1.2 MgCl,, 10 glucose, 10
HEPES, pH 7.8, containing 0.02% tricaine. Embryos were
then pinned to a 35-mm dish coated with Sylgard® through
the notochord using 25 um tungsten wires. The skin overly-
ing the trunk and tail was first scored with a broken pipette,
and then removed with a pair of fine No.5 forceps. The bath
solution was continuously exchanged at ~1 mL/min
throughout the recording session with 1X Evans for Mauth-
ner cell recordings, 1X Evans containing 2-3 pM p-tubocu-
rarine for muscle recordings, or 15 uM for Rohon-Beard
(RB) and motor neuron recordings. The internal recording
solution contained (in mM): 116 K-gluconate, 16 KCI, 2
MgCl,, 10 HEPES, 10 EGTA, at pH 7.2 with 0.1% sulfo-
rhodamine B for cell type identification. Electrodes pulled
from Borosilicate glass had resistances of 6-10 MQ for
muscle, 10—-14 MQ for RB and motor neurons when filled
with internal recording solution, and ~1 MQ when filled
with external recording solution for Mauthner cell record-



ings. To expose the spinal cord for motor neuron and
Rohon-Beard recordings, the bath solution was replaced
with recording solution containing 2 mg/mL collagenase
Type XI and incubated at room temperature (22°C) until
the axial skeletal muscle started to separate at the somitic
boundaries. Thereafter, the muscle was peeled away using
suction applied to a broken pipette (~50 um). Recordings
were made with an Axopatch 200B amplifier (Axon Instru-
ments, Union City, CA) low-passed filtered at 5 kHz and
sampled at 1-10 kHz. Data acquisition using a Digidata
1322A interface was controlled by pClamp 8.2 software.
The initial data analysis was done with Clampfit 9.2, and
figures were prepared using Sigma Plot 9.0.

Touch-evoked responses were evoked by pressure appli-
cation of bath solution via a broken pipette (~20 pm) to
the tail region. The pressure and duration of a stimulus was
controlled by a Picospritzer II. NMDA-evoked fictive
swimming was achieved by perfusing the bath with record-
ing solution containing 100 uM NMDA.

RESULTS

nav Mutants Exhibit Abnormal
Touch-Evoked Behaviors

Two recessive motor mutants were identified from an
ENU-induced mutagenesis screen for behavioral
mutations. The behavioral phenotype of the two
mutants was similar and complementation analysis
revealed that the two mutants were allelic and were
collectively named non-active (navmi89 and nav™’ 30).
At 21 hpf spontaneous coiling was both lower in fre-
quency and amplitude in nav mutants compared with
wild-type siblings [Fig. 1(A,B)]. During the second
and third day of development, mutants displayed
diminished touch-evoked behaviors. By ~24 hpf
when wild-type siblings typically responded to tactile
stimuli with two or more fast, escape contractions,
nav mutants most frequently responded with fewer
escape contractions that were less vigorous [Fig.
1(C,D)]. Later at ~48 hpf when wild-type siblings
normally responded to touch with escape contractions
followed by swimming, nav mutants performed only
escape contractions with no swimming [Fig. 1(E)].
Thus, nav mutants were able to detect tactile stimuli,
but responded with diminished escape behaviors.
Interestingly nav mutants eventually gained the abil-
ity to swim in response to touch by ~60 hpf [Fig.
1(F)], but they did not survive beyond 2 weeks.

There Is a Defect in the Nervous System
of nav Mutants

To better understand the genesis of the nav pheno-
type, touch-evoked activity within the zebrafish
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escape circuit was examined [Fig. 2(A)]. Sensitivity
to touch in zebrafish was conferred by two groups of
mechanosensitive neurons: those within the trigemi-
nal ganglia relayed tactile stimuli to the head, whereas
Rohon-Beard neurons (RBs) located within the dorsal
spinal cord relayed tactile stimuli to the trunk and tail.
Both groups of mechanosensitive neurons projected
axons into the hindbrain (Metcalfe et al., 1990) to
activate ~90 pairs of reticulospinal neurons includ-
ing the Mauthner (M) cell during escape behaviors
(Gahtan et al., 2002). The M cell in turn made mono-
synaptic contacts with several spinal cord neurons
including motor neurons (Jontes et al., 2000) to acti-
vate skeletal muscles resulting in locomotion.

As a first level of characterization touch-evoked ac-
tivity was examined in axial skeletal muscles of the
trunk. Axial skeletal muscle in zebrafish was com-
prised of slow and fast twitch fibers, both of which
were active during swimming (Buss and Drapeau,
2002). Touch resulted in episodes of rhythmic mem-
brane depolarizations that underlie swimming in slow
twitch fibers of wild-type siblings [n = 5; Fig. 2(B)]
similar to previous reports (Buss and Drapeau, 2002).
In contrast short, arhythmic depolarizations were
observed in nav slow twitch fibers in response to touch
(n = 5). The aberrant responses of muscles in nav
mutants were consistent with touch-evoked escape
contractions, but no swimming in nav mutants.

The abnormal touch-evoked response of nav
muscles could be a result of a defect within the nerv-
ous system, or a defect in skeletal muscle that dis-
rupts muscle’s ability to respond to sustained input
from motor neurons. To determine whether the output
of the CNS was defective in nav mutants, touch-
evoked activity in motor neurons was examined.
Recordings made from all three primary motor neu-
rons (CaP, MiP, and RoP) revealed that touch evoked
a prolonged burst of action potentials in wild-type
embryos [n = 5; Fig. 2(C)] similar to previous reports
(Buss and Drapeau, 2001). In contrast, touch evoked
only a short burst of action potentials in primary
motor neurons of nav mutants (n = 5), consistent
with the abbreviated response of skeletal muscles.
Thus, tactile stimuli were not properly converted into
a normal motor output by the nervous system of nav
mutants.

Touch Triggers Activity by the Mauthner
Cell Within the Escape Circuit of nav
Mutants

In fish the M cells are reticulospinal interneurons that
receive input from mechanosensitive neurons (Zottoli
and Faber, 1979), and in turn make monosynaptic
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Figure 1 nav mutants exhibit abnormal spontaneous coiling amplitude, and diminished touch-
evoked behaviors. (A) Top: a 22-hpf wild-type sibling exhibiting a single spontaneous coil. Bot-
tom: an aged-matched nav mutant embryo exhibiting a weaker spontaneous coil when compared to
wild-type sibs. (B) Frequency (left) and amplitude (right) of the spontaneous coils (angle of rota-
tion of the tail) of wild-type sib (n = 33) were greater than that of nav mutant (n = 12) embryos at
21 hpf (¢ test: p < 0.01 for frequency; p < 0.05 for amplitude). (C) Top: a 24-hpf wild-type sibling
touched on the head responds with multiple escape contractions. Bottom: an aged-matched nav mu-
tant embryo responds with a single contraction. (D) Percent of touch-evoked escape contractions
consisting of no contractions, one contraction and greater than one contraction in wild-type
(n = 30) and nav mutant (n = 30) embryos at 24 hpf. All differences (asterisks) were significantly
different (#-test: p < 0.05). (E) Top: a 48-hpf wild-type sibling touched on the tail responds with an
escape contraction followed by swimming. The embryo appears twice in some frames as the behav-
ior was faster than the video capture rate. Bottom: an aged-matched nav mutant responds with an
escape contraction but no swimming. (F) Progression of the nav phenotype over the first few days
of development compared to wild type. Values represent the average = SEM escape response dis-
played by either wild-type or mutant embryo groups (n = 3 groups each, 25 embryos each group).
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contacts with motor neurons (Jontes et al., 2000)
[Fig. 2(A)]. Activity in M cells follows sensory stim-
ulation (Zottoli, 1977), precedes the onset of escape
contractions (Eaton et al., 1988), and is sufficient to
trigger a weaker and less variable escape contraction
compared with that initiated by tactile stimulation
(Nissanov et al., 1990). Furthermore, ~90 reticulo-
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spinal neurons are known to be activated during
escape behaviors suggesting that a full-fledge escape
response is mediated by the M cell and numerous
other reticulospinal interneurons (Gahtan et al.,
2002). To examine whether the M cell is activated by
tactile stimulation focal, extracellular recordings
were used to monitor their spiking activity (Eaton
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Figure 2 Tactile stimulation induces abbreviated bouts of touch-evoked activity in muscle and
motor neurons but normal activation of M cells in nav mutants. (A) A schematic depicting the sim-
plest neural circuit mediating escape contractions. Sensory input from the mechanosensitive RB
neurons activate M cells, which make monosynaptic contacts with motor neurons (MN) that inner-
vate axial skeletal muscle. (B) A prolonged bout of touch-evoked fictive swimming is observed in
skeletal muscle of wild-type siblings (n = 5), while an arrhythmic abbreviated response is recorded
in nav mutants (n = 5). Arrows here and in panel (C) indicate the approximate time of stimulus.
(C) Prolonged bouts of touch-evoked bursting in primary motor neurons are observed in wild-type
sibling (n = 5), but not in nav mutant (n = 5) embryos. (D) Touch-evoked M cell spiking recorded
extracellularly from wild-type sibling (left, n = 5) and nav mutant (right, n = 5) embryos. (*)
denotes M cell spiking followed by an electromyogram (EMG). Of note, the amplitude of extracel-
lular activity varies with respect to the location of the recording electrode.
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and Farley, 1975). Such records reveal that touch
evokes spiking by M cells of both wild-type siblings
(n = 5) and nav mutants (n = 5) at 48-52 hpf [Fig.
2(D)]. Thus, sensory information is capable of acti-
vating the M cell in mutant embryos to initiate escape
responses albeit diminished ones. Since the weaker
escape response of nav mutants is reminiscent of
escape responses induced by direct stimulation of the
M cells, it may be possible that many of the other
reticulospinal interneurons normally activated by tac-
tile stimulation may fail to do so in nav mutants.

RBs in nav Mutants Exhibit Reduced
Sodium Currents

Tactile stimuli likely activated mechanosensory neu-
rons in nav mutants since the M cell is activated and
mutants respond to touch albeit with a diminished
response. However, it is still possible that the
response of mechanosensory neurons although suffi-
cient to activate the M cell in mutants may not be
able to activate other reticulospinal interneurons that
may normally be activated in a full-fledge escape
response. To see if diminished touch-evoked behav-
iors might be explained by reduced excitability of
mechanosensory neurons, RBs were examined by
whole-cell voltage and current clamp recordings
between 48 and 52 hpf. In wild-type RBs, membrane
depolarization evoked a rapidly activating-inactivat-
ing inward current (3.04 = 0.16 nA, n = 12), fol-
lowed by a prolonged outward current [Fig. 3(A,B)].
The application of TTX to the bath blocked all the
inward current (n = 3, not shown) consistent with the
reported TTX sensitivity of voltage-gated sodium
channels expressed by RBs (Pineda et al., 2005). In
RBs of nav mutants membrane depolarizations also
evoked inward currents in all RBs examined. How-
ever, the average peak inward current in mutant RBs
was reduced to approximately 70% of wild type (2.12
* 0.35 nA, n = 12; t-test, p < 0.05). The voltage-
gated outward currents were comparable between
wild type and mutants: the peak I,y at Vioq = +80
mV for wt was 3108 = 256 pA and for nav was 2522
* 382 pA (t-test, p = 0.22). When studied under cur-
rent clamp conditions, short depolarizing current
injections resulted in a single overshooting action
potential in wild-type (n = 10) RBs [Fig. 3(C)], and
prolonged (100 ms) supratheshold current pulses eli-
cited a single action potential but failed to generate
trains of action potentials (not shown). This suggested
that RBs are unlikely to respond to tactile stimulation
with a train of spikes. Interestingly, current injections
into RBs from nav mutants (n = 8) also elicited a sin-
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gle action potential. These findings demonstrated that
although RBs in nav mutants exhibited diminished
voltage-gated sodium currents, they retained the abil-
ity to fire action potentials, and suggested that the
properties of neurons postsynaptic to sensory neurons
may also be affected in mutants.

Fictive Swimming Can be Generated by
nav Mutants

Analysis of the nav touch-evoked escape circuit
revealed that mutants detected tactile stimuli, acti-
vated the M cell and initiated escape responses at
48 hpf. Yet tactile stimuli failed to initiate swimming
in nav mutants. This could be due to a defective
swimming circuit or a failure to activate the swim cir-
cuit. To discern between these two possibilities fic-
tive swimming was driven within the locomotor net-
work by the application of NMDA, which induced
fictive swimming that was similar to tactile stimuli
in zebrafish (Cui et al., 2004). NMDA (100 uM)
evoked repetitive bouts of fictive swimming in both
wild-type (n = 5) and mutant (n = 5) embryos
[Fig. 4(A,B)]. Thus, an operational swimming circuit
was present in mutants suggesting that the lack of
touch-induced swimming in mutants may be due to
deficient activation of the swim circuit in mutant
embryos. However, the duration and intra-burst fre-
quency but not the period of NMDA induced fictive
swimming episodes in nav mutants were decreased
compared to wild-type siblings [Fig. 4(C,D)]. Thus,
the mutation also affected some parameters of the
swim circuit, but the lack of any swimming response
to mechanical stimulation in mutants suggested that
the swim circuit was not properly activated.

nav Phenotype Arises from Missense
Mutations in the Gene Encoding Nay1.6a
(scn8aa) that Abolish Channel Activity

Meiotic mapping showed that microsatellite marker
74421 failed to recombine with either allele (0/1140
meioses). Microsatellite marker z4421 was located on
chromosome 23 near the scn8aa gene that encoded
for the voltage-gated sodium channel Nay1.6a. Since
mutations in mouse scn8a exhibited a range of move-
ment defects (Meisler et al., 2002) reminiscent of the
nav phenotype, zebrafish scn8aa cDNA was cloned
and sequenced from nav™®® and nav™° to see if
they harbor mutations. Indeed the predicted amino
acid sequences of Na,1.6a from nav™®® and nay™'?
revealed M1461K and L277Q missense mutations,
respectively [Fig. 5(A)]. These mutations occurred at
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highly conserved residues in Nay1.6, and in the fam-
ily of voltage-gated sodium channels as a whole.

To examine the functional consequences of these
mutations, RNA from wild-type or mutant scn8aa
were expressed in Xenopus oocytes and studied under
two-electrode voltage-clamp. Although wild type
scn8aa produced voltage-gated sodium currents similar
to previous reports for zebrafish Nay1.6a (Fein et al.,
2007), nav"®’ mutant scn8aa RNAs failed to produce
currents different from uninjected oocytes [Fig. 5(B)].
Similarly oocytes injected with nav™/*° RNA gener-
ated no currents beyond those found in uninjected
oocytes (not shown). To more accurately recapitulate
conditions in vivo, mutant scnS8aa RNAs were also co-
injected with RNA encoding the zebrafish 1 subunit,
which promotes membrane insertion of voltage-gated
sodium channels (Isom et al., 1995). Again no voltage-
dependent currents different from uninjected oocytes
were observed (not shown). Therefore, the two mis-
sense mutations in nav™™’ and nav™'*’ both resulted
in nonfunctional Nay 1.6a channels.

To confirm that scn8aa was the causative gene in
nav mutants, RNA encoding wild-type scn8aa was
injected into recently fertilized embryos from a cross
between two heterozygotes in an attempt to rescue
the nav phenotype. Injection of wild-type RNA
resulted in a reduction in the percent of embryos at
27 hpf that exhibited the mutant phenotype from the
predicted Mendelian ratio of 25-15.6% (28/180). To
see if mutants were indeed rescued, these injected
embryos were assayed again at 48 hpf when the effect
of the injected wild-type scnS8aa RNA might have
worn off. In fact at 48 hpf 26.7% (48/180) of the
injected embryos displayed the nav phenotype.
Therefore, 20 of the 180 embryos (3> < 0.005, n =
180) that exhibited normal touch-evoked escape
behaviors at 27 hpf were nav mutants, but displayed a
wild-type phenotype as a result of the injected wild-
type scn8aa RNA. Thus, the nav phenotype was due
to mutations in scn8aa that disrupted Nay 1.6a.

scn8aa Is Widely Expressed in the
Zebrafish Nervous System

To better understand how the loss of Nay 1.6a resulted
in diminished touch-evoked responses in nav
mutants, the expression pattern of scn8aa was exam-
ined at 24 and 48 hpf. Whole-mount in situ hybridiza-
tion demonstrated that scn8aa was expressed in many
early neurons in the spinal cord and brain at 24 hpf
but not in muscles, consistent with previous reports
(Pineda et al., 2005, 2006; Novak et al., 2006a;
Chopra et al., 2007; Chen et al., 2008). The size and
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ming from a wild-type muscle fiber. Bottom: a faster sweep of two episodes of fictive swimming.
(B) Top: intracellular voltage recordings showing several minutes of NMDA-evoked fictive swim-
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swimming frequency in nav mutants is slower when compared to wild-type sibling (*p < 0.05).

positions of some of the scn8aa-positive neurons sug-
gested that they were likely posterior lateral line
ganglion cells, trigeminal neurons and RB neurons
[Fig. 6(A,B)]. At 48 hpf scnS8aa was expressed widely
within the CNS and PNS including sensory neurons
[Fig. 6(C,E)]. Thus, expression of Nay1.6a by mecha-
nosensory neurons and other neurons in the hindbrain
and spinal cord was consistent with the observed
physiological effects of the loss of Nayl.6a activity
on touch-evoked responses.

Interestingly dorsally projecting motor neurons
expressed scn8aa and development of these motor
neurons was defective when Nay1.6a was knocked
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down (Pineda et al., 2006). By 66 hpf control larvae
had developed the dorsal motor branch, but antisense
Morpholino injected larvae had not. However, 66 hpf
nav mutants exhibited dorsal motor branches compa-
rable to that in wildtype sibs [Fig. 6(F,G)]. Dorsal
branches labeled with zn5 antibody (see Methods)
were examined in segments 5—15 in nine wild-type
sibs and 10 nav mutants. Dorsal motor branches were
found in 91% (181/198) of the hemisegments in wild-
type sibs and 95% (209/220) of the hemisegments in
nav mutants. Thus, the genetic loss of Nay 1.6a activ-
ity appears not to be of consequence for the projec-
tion of the dorsal motor branch.
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nous outward currents.

nav Phenotype Correlates with a Loss of
Persistent Sodium Current

Although voltage-gated sodium channels are best
known for contributing to the rising phase of action
potentials in muscle and neurons, a few members,
including Nay1.6, exhibit a non-inactivating persis-
tent current (In,p) (Crill, 1996; Raman et al., 1997).
Interestingly In,p is essential for normal fictive loco-
motion in neonatal rodents (Tazerart et al., 2007,
Zhong et al., 2007). Since nav mutants fail to initiate
swimming following tactile stimulation, the role of
Inap for touch-induced swimming was examined.
First, zebrafish Nay1.6a was examined to see if it
exhibits In,p by coexpressing RNA encoding
Nay1.6a and the 1 subunit in Xenopus oocytes and
studying currents under two-electrode voltage clamp.
In response to membrane depolarization a pro-
nounced In,p was observed [Fig. 7(A)].

Since In,p in other organisms was sensitive to the
drug Riluzole (Urbani and Belluzzi, 2000), the action
of Riluzole was examined on Iy,p exhibited by zebra-
fish Nayl.6a. Riluzole preferentially blocked Iyn.p
with minimal effects on transient peak current [Fig.
7(A,B)]. As a first step to determine whether a lack of
Inap might be involved in the nav phenotype, the
behavior of embryos exposed to Riluzole was exam-
ined. Within several minutes of exposure to 10 uM
Riluzole wild-type embryos (48 hpf) responded to

touch with escape contractions but no swimming
much like nav mutants [Fig. 7(C)]. The lack of swim-
ming in 10 uM Riluzole treated wild-type embryos
was due to a touch-induced abbreviated, arhythmic
depolarization in muscles similar to that seen in nav
mutants [Fig. 7(D)]. Further experiments are needed
to clarify these initial findings, but the results raise
the possibility that persistent sodium current is impor-
tant for the transformation of transient tactile stimuli
into prolonged motor behaviors in zebrafish.

DISCUSSION

A forward genetic screen in zebrafish uncovered two
alleles of a behavioral mutation that was named non-
active (nav). Both alleles of nav exhibited diminished
spontaneous coiling similar to that described for
Nay1.6a morphants (Tsai et al., 2001) and touch-
evoked behaviors during the second and third days of
development as a result of missense mutations in the
gene encoding Nay1.6a (scn8aa) that abolished chan-
nel activity.

Skeletal muscles and motor neurons in nav
mutants responded to tactile stimulation, but the
response was of shorter duration compared to wild
type siblings. This and the fact that scn8aa was not
expressed by skeletal muscles (Tsai et al., 2001;
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Figure 6 scn8aa is widely expressed within the CNS and PNS and motor nerves develop nor-
mally in nav mutants. (A) Expression of scnSaa in a 24-hpf embryo by the posterior lateral line
ganglion (arrowheads) and RB neurons. Scale bar, 200 um. (B) Enlarged image of region indicated
in the top panel showing presumptive RB neurons (arrows highlight a few) expressing scn8aa.
Scale bar, 50 um. (C) Expression of scnSaa in a 48-hpf embryo is more widespread. Asterisk
denotes the trigeminal ganglion that is shown at higher power in (D). Boxed area highlights RBs
shown in (E). (D) Enlarged image of region containing the trigeminal ganglion that was denoted by
an asterisk in (C). (E) Presumptive RBs (right, arrows highlight a few) expressing scn8aa. (F) Side
view of the mid-trunk focused on the dorsal branches of the motor nerves (arrows) in a wild type
sibling. Motor nerves were labeled with MAb Zn5 at 66 hpf. (G) Sideview of the mid-trunk show-
ing normal dorsal branches of the motor nerves (arrows) in a nav mutant at 66 hpf. Anterior is to

the left and dorsal up in both panels.

Novak et al., 2006b) demonstrated that the nav be-
havioral defect was a consequence of abnormal activ-
ity within the nervous system. Although zebrafish
motor neurons do express scn8aa (Tsai et al., 2001;
Novak et al., 2006b; Pineda et al., 2006), the expres-
sion of scn8aa has been detected only in a subset of
motor neurons: the ventrally projecting CaP primary
motor neuron, and the dorsally projecting secondary
motor neurons. As our recordings were made from all
three types of primary motor neurons (CaP, MiP, and
RoP) and they all exhibited similar patterns of abbre-
viated bursting, a defect upstream of the motor neu-
rons likely existed in nav mutants. In addition, the
finding that NMDA evoked fictive swimming in nav
mutants suggested that mutant motor neurons were
capable of providing sustained drive to skeletal mus-
cle when they received adequate synaptic stimulation.
Thus, the lack of swimming in nav mutants involves
a defect to neurons that were presynaptic to the motor
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neurons. Consistent with these findings, the develop-
ment of motor nerves was unaffected by the loss of
Nay1.6a activity in nav mutants. Previously Nay1.6a
morphants were shown to exhibit defective develop-
ment of the dorsal branch of the spinal motor nerve
(Pineda et al., 2006). The reason for the difference
between the nav and the morphant results is unclear,
but one possibility is that genetic compensation such
as by other Nays may occur in nav mutants.

The finding that RB neurons can generate action
potentials in nav mutants despite a decrease in volt-
age-dependent inward current, and that tactile stimu-
lation activated M cells in mutants suggested that RB
neurons do respond to tactile stimulation. One possi-
ble explanation for the nav phenotype might be that
RBs may normally respond to tactle stimuli with a
train of action potentials, and that the loss of Nay1.6a
might lead to reduce the response to a single spike or
shorter burst of spikes. The shortened response of
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Figure 7 Riluzole preferentially blocks Nay1.6a persistent current, and phenocopies the nav mutant
response to touch in wild type embryos. (A) Two electrode voltage clamp recordings from oocytes
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blockade of the persistent sodium current. (B) Concentration—response relationship of Riluzole effect
on persistent and transient sodium currents. Values represent the average = SEM (n = 10). Riluzole
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RBs in mutants may be sufficient to activate the M
cell and the fast escape contraction but not other
reticulospinal interneurons that may normally drive
the swim circuit. However, prolonged suprathreshold
current injection was unable to initiate a train of
action potentials in wild-type RBs consistent with the

possibility that tactile stimuli elicit only a transient
response in RBs. Indeed, RBs responded to the onset
of mechanosensory stimulation with a single action
potential and offset of the stimulus with a single
action potential in wild-type zebrafish embryos
(unpublished results). Since intracellular injection of
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current can elicit spiking in mutant RBs as in wild-
type RBs, it seems unlikely that the loss of Nay1.6a
unduly affects the responsiveness of mechanosensory
neurons to tactile stimuli. This suggests that defects
in signaling downstream of the sensory neurons
account for the lack of swimming following tactile
stimulation in mutants. Furthermore, the fact that ex-
ogenous NMDA elicits fictive swimming in both
wild-type and nav mutants suggests that the swim cir-
cuit was intact in mutants but was inadequately acti-
vated. Thus, Nayl.6a might be required in neurons
postsynaptic to the mechanosensory neurons and
upstream of the swim circuit that normally provides
excitatory drive to the swim circuit. The additional
fact that the duration and intraburst frequency of the
bouts of fictive swimming initiated by NMDA were
lower in mutants compared with wild type suggested
that Nay1.6a was also required by the swim circuit
for normal swimming.

Persistant sodium currents are required in some
neurons to generate bursts of action potentials and
have been implicated in locomotion by mammals
(Zhong et al., 2007; Tazerart et al., 2007, 2008).
Zebrafish Nay1.6a exhibits persistent current that can
be selectively eliminated with the drug Riluzole
much like mammalian Nay 1.6 (Urbani and Belluzzi,
2000). Interestingly, acute application of Riluzole to
wild-type embryos mimicked the aberrant touch-
evoked behavior and synaptic drive to skeletal muscle
observed in nav mutants. These pharmacological
results along with the apparent requirement of
Nay 1.6a in interneurons upstream of the swim pattern
generator are consistent with a requirement of a
Nay1.6a persistent current in these upstream neurons.
However, the hypothesis that Nay1.6a persistent cur-
rent is required by interneurons that normally activate
the swim pattern generator awaits a more complete
analysis of the membrane properties of these inter-
neurons in wild-type and mutant embryos.
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