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Nitric Oxide Synthase Regulates Morphogenesis of Zebrafish
Spinal Cord Motoneurons
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Nitric oxide (NO) is a signaling molecule that is synthesized in a range of tissues by the NO synthases (NOSs). In the immature nervous
system, the neuronal isoform of NOS (NOS1) is often expressed during periods of axon outgrowth and elaboration. However, there is little
direct molecular evidence to suggest that NOS1 influences these processes. Here we address the functional role of NOS1 during in vivo
zebrafish locomotor circuit development. We show that NOS1 is expressed in a population of interneurons that lie close to nascent
motoneurons of the spinal cord. To determine how this protein regulates spinal network assembly, we perturbed NOS1 expression in vivo
with antisense morpholino oligonucleotides. This treatment dramatically increased the number of axon collaterals formed by motoneu-
ron axons, an effect mimicked by pharmacological inhibition of the NO/cGMP signaling pathway. In contrast, exogenous elevation of
NO/cGMP levels suppressed motor axon branching. These effects were not accompanied by a change in motoneuron number, suggesting
that NOS1 does not regulate motoneuron differentiation. Finally we show that perturbation of NO signaling affects the ontogeny of
locomotor performance. Our findings provide evidence that NOS1 is a key regulator of motor axon ontogeny in the developing vertebrate
spinal cord.

Introduction
The integration of neurons into functional networks is a dynamic
process involving the addition, stabilization, and elimination of
axodendritic structures (Luo, 2002). A fundamental goal of neu-
roscience is to understand the signaling pathways regulating
these events. Although considerable progress has been made to-
ward this goal (for review, see Sanes and Yamagata, 2009), the
precise mechanisms remain to be fully elucidated.

Nitric oxide (NO) has recently emerged as a potentially criti-
cal signaling molecule during axonogenesis. In neurons, NO is
biosynthesized by NO synthases (NOSs) and acts as a diffusible
messenger, inducing biochemical changes in neighboring neu-
rons through activation of soluble guanylyl cyclase (sGC) and
nitrosylation of cysteine residues (Ahern et al., 2002). As NOS
isoforms are often expressed in the developing CNS (Bredt and
Snyder, 1994; Roskams et al., 1994; Brüning et al., 1996; Truman
et al., 1996; Ball and Truman, 1998; Poon et al., 2003; Holmqvist
et al., 2004), it has been proposed that NO signaling has critical
functions during neuronal morphogenesis.

A number of pharmacological studies support the premise
that NO regulates development of vertebrate and invertebrate
axons (Hess et al., 1993; Roskams et al., 1994; Cramer et al., 1996;
Rentería and Constantine-Paton, 1996; Hindley et al., 1997;
Gibbs and Truman, 1998; Ernst et al., 1999, 2000; Van Wagenen

et al., 1999; Cogen and Cohen-Cory, 2000; Seidel and Bicker,
2000; Van Wagenen and Rehder, 2001; Yamazaki et al., 2001,
2006; He et al., 2002; Trimm and Rehder, 2004; Welshhans and
Rehder, 2005, 2007). Moreover, there is direct molecular evi-
dence that NOS isoforms are required for development of mouse
retinal axons: Double knock-out of NOS1 and NOS3, the two
constitutively active NOS isoforms in mammals, disrupts retino-
collicular axon refinement (Mize et al., 1998; Wu et al., 2000a,b).
However, it is currently not known whether NOS proteins have
axonogenic functions in other CNS regions, despite their wide-
spread expression.

To better understand the role of NOS during vertebrate axo-
nogenesis, we have used molecular and pharmacological ap-
proaches to perturb NOS activity during zebrafish ontogeny.
Previous studies indicate that unlike mammals, constitutively ac-
tive isoforms of NOS are coded by a single gene in zebrafish
[NOS1 (North et al., 2009)] that is expressed throughout the
immature CNS (Poon et al., 2003; Holmqvist et al., 2004). Here
we show that NOS1 is expressed in a discrete population of inter-
neurons of the developing zebrafish spinal cord. Moreover, we
demonstrate that abrogation of NOS1 has a striking effect on
spinal motoneuron morphogenesis: Antisense NOS1 knock-
down dramatically increases motor axon collateral numbers, an
effect mimicked by pharmacological inhibitors of NOS/sGC. In
contrast, exogenous elevation of NO/cGMP has the converse ef-
fect. Finally, we provide evidence that endogenous NO signaling
fine-tunes the ontogeny of locomotor behavior. These findings
demonstrate key roles for NOS1 during motor axon morphogen-
esis and network integration.

Materials and Methods
Zebrafish maintenance. Adult zebrafish were maintained according to
established procedures (Westerfield, 1994) and in compliance with the
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Animals (Scientific Procedures) Act 1986. Embryos were harvested and
raised in egg water (Westerfield, 1994) at 28.5°C until the required de-
velopmental stage. Staging was performed in accordance with Kimmel et
al. (1995).

Pharmacological reagents. The following drugs were used: L-arginine
analog, N G-nitro-L-arginine methyl ester (L-NAME, Sigma), 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO,
Tocris Bioscience), diethylene triamine-NO (DETA-NO, Sigma), 8-(4-
chlorophenylthio)-guanosine 3�5� cyclic monophosphate sodium salt
[8-(4-chlorophenylthio)-cGMP, Sigma], 1 H-[1,2,4]oxadiazolo[4,3-a]
quinoxalin-1-one (ODQ, Sigma), and ZM323881 hydrochloride (Tocris
Bioscience).

Drug application. Fifty nanoliters of L-NAME (1 mM), c-PTIO (900
�M), or ODQ (50 �M) dissolved in Evans physiological saline [composi-
tion (in mM): 134 NaCl, 2.9 KCl, 2.1 CaCl2, 1.2 MgCl2, and 10 HEPES, pH
7.6] containing fast green (0.2%) were microinjected into the yolk sac of
24 h postfertilization (hpf) fish. Injections were repeated every 24 h until
the required developmental stage. Between injections, embryos were in-
cubated at 28.5°C.

To expose embryos to DETA-NO (500 �M) and 8-(4-chloro-
phenylthio)-cGMP (250 �M-500 �M), embryos at 24 hpf were placed in
egg water solution, pH 7.4, containing drug at the desired concentration

and subsequently incubated at 28.5°C until the required developmental
stage. Based on previous studies, the steady-state NO concentration in
DETA-NO experiments was estimated to be �250 nM (Ridnour et al.,
2005). To ameliorate the effects of drug depletion, incubation solution
was exchanged with fresh media every 24 h. In experiments where
DETA-NO was added at later stages, fish were raised in normal egg water
until 48 hpf and then transferred to egg water containing DETA-NO. For
rescue experiments, 24 hpf embryos were injected with ODQ (as de-
scribed above) 1 h before exposure to DETA-NO.

To prevent intersegmental blood vessel formation, 23 hpf embryos
were incubated in egg water containing 2 �M ZM323881 until the re-
quired developmental stage. To confirm that intersomitic blood vessels
were ablated, the pericardial sack was injected with rhodamine dextran
(10,000 molecular weight, Sigma) before fluorescent imaging. Subse-
quently, fish were fixed and processed as detailed below.

Antisense morpholino oligonucleotide injections. Antisense morpholino
oligonucleotides (AMOs) were obtained from Gene Tools. The NOS1
AMO (sequence: 5�-ACGCTGGGCTCTGATTCCTGCATTG-3�) was
designed to target the 5� UTR of NOS1 mRNA. The control “mismatch”
AMO (5�-ACGCTcGcCTCTcATTCgTcCATTG-3�) had 5 nt altered
along its sequence. AMO injections were performed as previously de-
scribed (Nasevicius and Ekker, 2000) with minor modifications: AMOs

Figure 1. NOS1 expression in the developing spinal cord. A–E, NOS1 mRNA expression in spinal cross sections. At 30 hpf (A), transcript localizes solely in dorsal spinal cells (arrowhead).
At 35 (B) and 40 (C) hpf, NOS1 is present in ventral spinal cells (arrowhead). At 48 (D) and 72 (E) hpf, intensity of ventral expression increases. F, Longitudinal images of spinal cord tissue
stained with NOS1 probes in 35 (top), 48 (middle), and 72 (bottom) hpf fish. Arrowheads indicate regions of NOS1 expression. G, Whole NOS1 riboprobe-stained embryo at 48 hpf.
Expression is restricted to the brain (bracket) and spinal cord (arrows). H, Sectioned trunk tissue of 72 hpf fish labeled with NOS1 probes. Expression occurs in spinal cord (SC) but not
muscle (M), notochord (N), or vasculature (arrow points to dorsal aorta). P, Pigmented epithelial cell. I, J, NOS1-immunolabeled cells (arrows) in spinal sections of 48 and 72 hpf fish. K,
Longitudinal sections of ventral spinal tissue showing NOS1-immunopositive cells (red) located ventral to the Mauthner axon (labeled with neurofilament marker 3A10, green). L, M,
Longitudinal images of NOS1-positive cells in the ventral spinal cord at 48 and 72 hpf. N, High-magnification images of nitrergic cells. Asterisks denote processes arising from
immunoreactive cell bodies (arrowheads). D, Dorsal; V, ventral; L, lateral; M, medial; A, anterior; P, posterior. Dotted lines in F and K–M delimit the ventral border of the spinal cord. Scale
bars: A–E (in A), F, H, K–M, 15 �m; G, 100 �m; I, J (in I ), N, 8 �m.
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were dissolved in Evans physiological saline/0.2% fast green to a final
concentration of 10 –100 �M, and �3 nl of AMO was injected into the
yolk/blastomere border of 1– 4 cell stage embryos.

In situ hybridization. Riboprobe construction: cDNA comprising a 1.2
kb gene sequence of zebrafish NOS1 mRNA (accession #: NP_571735)
was used to construct RNA probes. Antisense probes were generated
from NOS1 cDNA inserted into pGEM-T Easy vectors (Promega), which
was linearized with Sal1 (Roche). Digoxigenin (DIG) probe labeling was
conducted using T7 RNA polymerase (New England Biolabs) and DIG
RNA labeling mix (Roche), as per the manufacturers’ instructions.
Riboprobe labeling was performed according to standard protocols
(Nusslein-Volhard and Dahm, 2002). Subsequent to labeling, fish
were cryosectioned (thickness, 20 –30 �m) and imaged.

Immunohistochemistry and acetylcholine receptor staining. Immu-
nohistochemical methods were performed as previously described
(McDearmid et al., 2006) with minor modifications. The following
antibodies were used: mouse anti-znp1 [1:200; Developmental Stud-
ies Hybridoma Bank (DSHB), University of Iowa], mouse anti-zn8
(1:200; DSHB), mouse anti-islet1/2 (1:200; DSHB), mouse anti-SV2
(1:200; DSHB), rabbit anti-NOS1 (1:200; Abcam), mouse anti-
serotonin (1:200; Abcam), mouse anti-glutamate (1:1000; AbCam),
mouse anti-GABA (1:1000; Sigma), mouse anti-GFP (1:500; Roche),
AlexaFluor 488 goat anti-mouse (1:500; Invitrogen), and AlexaFluor
568 goat anti-rabbit (1:500; Invitrogen). The majority of immuno-
staining experiments were performed on whole-mount or cryosec-
tioned tissue, although to assist antibody penetrance for longitudinal
NOS1, Islet, and 3A10 experiments, staining was conducted on iso-
lated spinal tissue. For labeling of postsynaptic neuromuscular do-
mains, fish were fixed and treated with collagenase (1 mg/ml; Sigma)
before labeling of postsynaptic sites with rhodamine-conjugated
�-bungarotoxin (Rh-�-BTX, Sigma; 10 �g/ml for 30 min). Subse-
quently, SV2 immunohistochemistry was performed as detailed
above.

Stochastic green fluorescent protein labeling. Random labeling of spinal
neurons was conducted by injecting newly fertilized eggs with 50 ng/�l
DNA construct that contained GFP fused with the neural-specific HuC
promoter (Park et al., 2000) (a generous gift from Dr. T. Hawkins, UCL,
London, UK). Embryos expressing GFP at 24 hpf were either injected
with 1 mM L-NAME or left untreated. At 48 hpf, fish were processed for
GFP immunohistochemistry, as detailed above.

Confocal image analysis. Image acquisition was performed using an
Olympus FV1000 confocal microscope and Olympus Fluoview FV1000
imaging software. Images were captured in z-sections at 1–3 �m incre-
ments. Axonal branch analysis was performed offline using the ImageJ

plugin NeuronJ. Analysis was restricted to fascicles ventral to the spinal
cord as labeling of spinal neuropil (dashed lines in Fig. 3F ) precluded
accurate examination of dorsal processes. Thus, unless otherwise stated,
axon branches of the rostral and caudal primary motoneurons, as well as
their associated secondary motor axon branches, would have been in-
cluded for analysis. For fish at 48 hpf, branch patterns of three consecu-
tive somites were analyzed per fish, while at 72 hpf, due to the density of
branches present, analysis was limited to one somite.

Colocalization analysis. Colocalization of �-BTX- and SV2-labeled
sites was determined with ImarisColoc software (Bitplane). For each
analyzed somitic segment, three 75 � 75 pixel areas were selected that
were evenly distributed from the ventral midline. These were thresholded
and used for automated voxel colocalization analysis.

Kinematic analysis. Swimming activity was filmed with a Basler Pilot
video at a 200 Hz capture rate. Captured sequences of activity were ana-
lyzed offline using ImageJ. Tail beat frequency, velocity, and maximal
bend amplitude of the first five cycles of each swimming episode were
calculated as previously described (Budick and O’Malley, 2000).

Statistical analysis. Results were calculated as means � SEM. Statistical
analysis was conducted using unpaired Student’s t test.

Results
Spatiotemporal distribution of NOS1-expressing cells in the
developing spinal cord
Previous studies have shown that by �55 hpf, cells of the ventral
spinal cord express NOS1 (Poon et al., 2003; Holmqvist et al.,
2004). However, the time at which transcription begins is not
known. We therefore used antisense RNA probes to examine
NOS1 distribution between 24 and 72 hpf, a period that encom-
passes the extension and elaboration of spinal motoneuron axons
(Myers et al., 1986). No staining was found in the 24 hpf embryo
spinal cord (not shown). In contrast, at 30 hpf, NOS1 transcript
was observed in dorsolaterally located cells (Fig. 1A) (n � 5 em-
bryos). Staining in this region was rare, with no more than three
cells labeled throughout the entire length of the spinal cord.

At 35 hpf, a more prevalent population of NOS1-positive cells
began to emerge in the ventral spinal cord (Fig. 1B,F) (n � 4
embryos). These were far more abundant than dorsal cells, typi-
cally occurring in each segment of the rostral spinal cord (somites
1–7). From 40 hpf onwards, transcript was no longer observed in
the dorsal cells but remained prevalent in ventral regions, where
staining could be observed through to somite 12 (Fig. 1C) (n � 4

Figure 2. Spatial relationship between nitrergic cells and known cell classes of the ventral spinal cord. A, Diagram depicting cell classes of the ventral spinal cord. Serotonergic VeSe
(red), glutamatergic VeMe (green), GABAergic KA (dark blue), and ventral nitrergic (VeNi; light blue) somata are found ventral to the M-axon. Motoneuron (Mn) somata are dorsal to this
tract. B–D, Transverse ventral spinal cord sections of 72 hpf fish stained with NOS1 (red) and GABA (B, green), glutamate (C), and serotonin (D). E, Z-stack of region highlighted in D
rotated through 90° reveals spatial separation between NOS1 and serotonin immunoreactivity. F, Relative proportions of glutamate- (2 cells/30 �m), GABA- (3 cells/30 �m), serotonin-
(1 cell/30 �m), and NOS1- (3 cells/30 �m) immunoreactive cells in ventral spinal tissue. G, H, Longitudinal (G) and transverse (H ) images of a 48 hpf spinal cord stained with islet1/2
(green) and NOS1 (red). Islet1/2 marks motoneuron (MN) and Rohon–Beard (RB) sensory nuclei. I, Longitudinal image of a GFP-labeled primary motoneuron axon (green) contacting
NOS1-immunoreactive processes (red). Solid lines in B–E and H mark lateral margins of ventral spinal cord. Dashed lines in G and I delimit ventral border of spinal cord. D, Dorsal; V,
ventral; A, anterior; P, posterior. Scale bars: B–E, H–I, 8 �m; G, 25 �m.
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embryos). At 48 hpf (Fig. 1D,F,G) (n � 8 embryos) and 72 hpf (Fig.
1E,F) (n � 8 larvae), an increasing number of cells expressed tran-
script at the ventral border, forming a near-continuous band of
staining in all but the caudalmost spinal regions. In fitting with pre-
vious transcript studies (Poon et al., 2003; Holmqvist et al., 2004), we
did not observe NOS1 expression in either the muscle or vascular
tissue of 24–72 hpf fish (Fig. 1G,H).

Using immunohistochemical methods, we examined the
morphology of nitrergic spinal cells, focusing on ventral pop-

ulations as these develop at the onset of
motor axon branch formation (compare
Figs. 1B, 3F). In fitting with transcript
studies (Poon et al., 2003; Holmqvist et
al., 2004) (Fig. 1), strongly immunoreac-
tive cell bodies were found at the ventral
border of the spinal cord at 48 hpf (Fig.
1 I) (n � 10 embryos) and 72 hpf (Fig. 1 J)
(n � 21 embryos). These cells had mor-
phological characteristics of interneurons
with cell bodies situated directly below the
Mauthner axon [a major reticulospinal
process located in the ventral spinal cord
(Fig. 1K)]. Processes of nitrergic neurons
formed a loose fascicle immediately dorsal
to their somata (Fig. 1L,M). Closer in-
spection of individual neurons revealed
the majority had a single, caudally pro-
jecting process (Fig. 1N, top and middle
panels) (n � 11 cells), although a smaller
proportion were found to have short bi-
polar processes (Fig. 1N, bottom) (n � 4
cells).

Spatial relationship between nitrergic
interneurons and known ventral
cell classes
At present, only Kolmer–Agduhr (KA),
ventral medial (VeMe), and ventral sero-
tonergic (VeSe) cells are known to have
somata ventral to the Mauthner axon (Fig.
2A) (for review, see McLean and Fetcho,
2008). VeMe and VeSe neurons have de-
scending axons and express glutamate
and serotonin, respectively (Hale et al.,
2001; Higashijima et al., 2004; McLean
and Fetcho, 2004), whereas KA neurons
have ascending axons and express GABA
(Bernhardt et al., 1992; Martin et al.,
1998). To determine whether any of these
cell types were nitrergic, we costained
NOS1-immunolabeled trunk sections
with markers for KA (anti-GABA) (Fig.
2 B) (n � 4 embryos), VeMe (anti-
glutamate) (Fig. 2C) (n � 10 embryos),
or VeSe (anti-serotonin) (Fig. 2 D, E)
(n � 19 embryos) neurons. NOS1 did
not colocalize with any of these trans-
mitters, suggesting that they represent a
distinct population of spinal interneu-
ron. Quantification of each cell class (by
counting immunostained neurons be-
low the Mauthner axon) suggested that
nitrergic neurons were approximately

equal in number to VeMe neurons, but occurred more fre-
quently than VeSe and KA cells (Fig. 2 F).

To characterize the spatial relationship between nitrergic in-
terneurons and motoneurons, spinal sections were costained
with antibodies for NOS1 and islet1/2, a marker of motoneuron
nuclei and Rohon–Beard sensory neurons (Inoue et al., 1994).
The nascent motoneuron population was situated immediately
dorsal to nitrergic cells, separated from them by a NOS1-
immunopositive fascicle (Fig. 2G–I) (n � 9). By stochastically

Figure 3. NOS1 AMOs increase motor axon collateral formation. A, Seventy-two hour postfertilization control (left) and NOS1
AMO-injected (right) larvae are morphologically indistinguishable. B, C, Transverse spinal sections immunostained with NOS1
antibodies at 48 hpf (B) and 72 hpf (C) reveal NOS1 labeling in the ventral spinal cord. D, E, NOS1 antibody staining is strongly
reduced in NOS1 AMO-injected fish at 48 hpf (D) and at 72 hpf (E). F–K, Top, Lateral views of znp1 antibody staining of control
(F–H ) and NOS1 AMO-injected (I–K ) fish at 35, 48, and 72 hpf. znp1 labels spinal neuropil (demarcated by dotted lines in F ) and
motor axons (F, arrows). Bottom, Stick tracings of motor axon tracts ventral to the spinal cord (derived from panels directly above).
L–N, Bar charts depicting the mean number (�SEM) of axon branches per fascicle for control, NOS1, and mismatch (Mm) AMO at
35 (L), 48 (M ), and 72 (N ) hpf. Inset in F displays orientation of dorsal (D), ventral (V), anterior (A), and posterior (P) axes in current
and all subsequent figures. Scale bars: A, 600 �m; B–E (in B), 10 �m; F–K (in F ), 50 �m. **p � 0.0005.
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expressing GFP in subsets of spinal neu-
ron and immunostaining for NOS1, we
were able to determine that motor axons
coursed close to nitrergic neurons as they
extended ventrally toward their spinal exit
points (Fig. 2 I) (n � 3).

Antisense disruption of NOS1 elevates
motor axon branch numbers
As nitrergic interneurons come into close
apposition with motoneuron axons dur-
ing periods of neuromuscular innerva-
tion, we wished to determine whether NO
signaling influenced motor axon develop-
ment. To this end, we abrogated NOS1
expression throughout early development
with antisense morpholino oligonucleo-
tides (Nasevicius and Ekker, 2000). Larvae
injected with NOS1 AMO were morpho-
logically indistinguishable from wild type
(Fig. 3A) (n � 7). Imaging of immuno-
stained spinal cord sections revealed, as
expected, a loss of NOS1 expression at 48
hpf (Fig. 3, compare D, B) (n � 12) and 72
hpf (Fig. 3, compare E, C) (n � 12). In
contrast, embryos injected with a con-
trol “mismatch” AMO failed to disrupt
NOS1 staining (data not shown). To-
gether these results demonstrate that
NOS1 AMOs diminish NOS1 protein
expression without causing gross mor-
phological perturbations.

Two populations of motoneuron are
found in the zebrafish spinal cord (Myers
et al., 1986; Westerfield et al., 1986). Pri-
mary motoneurons are few in number
(typically three per somite), undergo axo-
nogenesis at �17 hpf, and innervate the
majority of muscle fibers in a given terri-
tory. Secondary motoneurons are far
more numerous, undergo axonogenesis at
�26 hpf, and innervate only 2–3 muscle
fibers each. To assess the developmental
impact of NOS1 perturbation on axons of
both motoneuron populations, we used
znp1 antibodies, a pan-specific marker of
primary and secondary motor axons
(Melançon et al., 1997). While motor
axon branches of NOS1 AMO-injected
fish were similar to controls at 35 hpf (Fig.
3, compare I, F; Fig. 3L), striking changes
occurred on the second and third days of

Figure 4. Pharmacological perturbation of NO increases motor axon branching. A–I, Top, Lateral views of znp1 antibody
staining of control (A–C), L-NAME-injected (D–F ), and c-PTIO-injected (G–I ) fish at 35, 48, and 72 hpf. Bottom, Stick tracings of
axon tracts ventral to the spinal cord (derived from panels directly above). J–L, Bar charts depicting average (�SEM) number of
branches per fascicle for each experimental condition at 35 (J ), 48 (K ), and 72 (L) hpf. Scale bar (in A), 50 �m. **p � 0.0005.

Table 1. Perturbation of NOS1 levels affects branch addition but not length

Branch number Branch length (�m)

Branch order Control DETA-NO NOS1 AMO Control DETA-NO NOS1 AMO

Primary 10.8 � 0.6 5.8 � 0.4** 14.9 � 0.8** 14.3 � 0.7 11.8 � 0.9 12.7 � 0.6
Secondary 8.3 � 0.8 3 � 0.6** 11.7 � 0.7* 9.3 � 0.5 10.2 � 0.7 9.5 � 0.6
Tertiary 3.5 � 0.5 1.3 � 0.5* 6.3 � 0.5** 8.3 � 0.5 8.5 � 0.9 8.4 � 0.7
Quaternary 0.8 � 0.1 0.2 � 0.2* 2.5 � 0.5* 8.8 � 1.3 7.9 � 1.0 10 � 1.2
Quinary 1.5 � 0.5 0.0 1.6 � 0.2 6.3 � 1.6 0.0 4.8 � 1.0

Table indicating the number and length of first- to fifth-order branches per fascicle in 48 hpf control, DETA-treated, and NOS1 AMO-injected fish. All values are shown as mean � SEM; n � 21 for each condition; **p � 0.0005, *p � 0.005.
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development. Here, AMO injection increased the collateral num-
bers by 57% at 48 hpf (Fig. 3, compare J, G; Fig. 3M) [control:
23 � 1.5 branches per fascicle (bpf) vs AMO: 36 � 1.5 bpf, p �
1 � 10�4] and 40% at 72 hpf (Fig. 3, compare K, H; Fig. 3N)
(control: 70 � 3.9 bpf vs AMO: 98 � 4.2 bpf, p � 4 � 10�4).
Mismatch AMO-injected fish failed to display this phenotype,
exhibiting branch numbers that were not significantly differ-
ent from control animals (Fig. 3L–N ) (35 hpf: 3.9 � 0.4 bpf,
p � 0.20; 48 hpf: 22.6 � 1.1 bpf, p � 0.60; 72 hpf: 75 � 3.9 bpf,
p � 0.40).

To further examine this effect, we compared the number
and length of first- to fifth-order branches arising from the
primary fascicle of control and NOS1 AMO-injected fish at 48
hpf. We defined first-order branches as those arising from the
primary axon tract; second-order branches as those originat-
ing from a first-order axon branch; and so on. The length of
each branch was not affected by NOS1 AMOs (Table 1). How-
ever, the total number of first- to fourth-order branches in-
creased markedly. Fifth-order branches were not significantly
altered, although this is likely due to a lack of quinary branches at
the stages used for study.

Pharmacological abrogation of NO signaling mimics the
effects of NOS1 perturbation
To confirm the specificity of phenotypes induced by NOS1
knockdown, we used pharmacological agents to perturb NO sig-
naling. Exposure to the broad-spectrum NOS inhibitor L-NAME
during development closely mimicked the NOS1 AMO pheno-
type: When compared to age-matched controls, L-NAME-treated
fish had 39% more collaterals at 48 hpf (Fig. 4, compare E, B; Fig.

4K) (control: 23 � 1.9 bpf vs L-NAME:
32 � 0.9 bpf, p � 1 � 10�4) and 40%
more collaterals at 72 hpf (Fig. 4, compare
F, C; Fig. 4L) (control: 67 � 2.5 bpf vs
L-NAME: 94 � 4.6 bpf, p � 1 � 10�4).
Similarly, exposure to the NO scavenger
c-PTIO increased branch numbers by
61% at 48 hpf (Fig. 4, compare H, B; Fig.
4K) (control: 23 � 1.9 bpf vs c-PTIO:
37 � 1.2 bpf, p � 1 � 10�4) and 40% at 72
hpf (Fig. 4, compare I, C; Fig. 4L) (con-
trol: 67 � 2.5 bpf vs c-PTIO: 94 � 3.3 bpf,
p � 1 � 10�4).

Primary, but not secondary,
motoneurons are competent to
NO signaling
To gain an insight into which motoneu-
ron population was affected by NO, we
selectively labeled secondary motor axons
of c-PTIO and NOS1 AMO-injected fish
with zn8 antibodies (Menelaou et al.,
2008). As each secondary motoneuron in-
nervates a small number of muscle fibers
(Westerfield et al., 1986), few arborizations
were observed in control fish (Fig. 5A) (n �
8). Similarly, imaging of c-PTIO (Fig. 5B)
(n�6) and NOS1 knockdown fish (Fig. 5C)
(n � 6) demonstrated that disruption of
NO biosynthesis had no impact on second-
ary motor axon branching.

To confirm that primary motor axons
were uniquely sensitive to NO signaling,

we stochastically expressed GFP in the spinal cord and screened
for singly labeled motoneurons at 48 hpf. In control fish, primary
and secondary motor axons had an average of 11.0 � 0.5 and
3.7 � 0.4 branches, respectively (Fig. 5D–F). L-NAME treatment
increased primary motor axon branches to 25.3 � 0.7 ( p � 1 �
10�4) but had no significant effect on secondary motoneuron
axons (4.3 � 0.4 branches, p � 0.37) (Fig. 5D–F). These findings
confirm that NO principally regulates primary motor axon
branching.

Neuromuscular synapse numbers increase in NO-depleted
zebrafish
We next asked whether the number of neuromuscular synapses in-
creased when NO signaling was perturbed. To do this, control and
L-NAME-treated fish at 72 hpf were costained with the presynaptic
vesicular marker SV2 and the postsynaptic acetylcholine receptor
marker Rh-�-BTX (Fig. 6A,B). Regions where these markers colo-
calized were considered to be putative synapses. A dramatic increase
in SV2/Rh-�-BTX colocalization was observed in the muscle of
L-NAME-treated fish (Fig. 6, compare A,C with B,D). Quantitative
analysis revealed a 97% increase in colocalized domains within
the muscle of L-NAME-treated fish (Fig. 6) (L-NAME (n � 6):
6.1 � 10 4 � 0.8 � 10 4 vs control (n � 6): 3.1 � 10 4 � 0.3 � 10 4

colocalized voxels, p � 1 � 10�3). These findings suggest that
perturbation of NOS1 promotes neuromuscular synaptogenesis.

The NO donor DETA-NO inhibits motor axon branch
addition
Next, to determine how elevated NO levels affect motor axon branch
formation, we exposed developing zebrafish to the NO donor

Figure 5. Perturbation of NO signaling does not affect secondary motor axon branching. A–C, Images of zn8-labeled secondary
motoneuron fascicles of 72 hpf control- (A), c-PTIO- (B), and NOS1 AMO- (C) injected fish. Images are LUT inverted so that axon
branches can be more readily observed. D, E, Top, Individual GFP-labeled primary (PMn; D) and secondary (SMn; E) motoneurons
of control and L-NAME-treated fish at 48 hpf. Bottom, Stick tracings of individually labeled axons (derived from panels above). F,
Mean number of axonal arbors occurring in individual primary and secondary motoneurons of control and L-NAME-injected fish.
Scale bars: A (for A–C), D, E, 50 �m. *p � 0.005.
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DETA-NO before processing for znp1 im-
munoreactivity. At 35 hpf, this drug signifi-
cantly decreased branch numbers by 27%
(Fig. 7, compare D, A; Fig. 7G) (control: 5 �
0.4 bpf vs DETA-NO: 3.75 � 0.3 bpf, p �
0.01). By the second and third days of devel-
opment, DETA-NO had an even more pro-
nounced effect, causing a 59% and 61%
decrease in motor axon branches at 48 hpf
(Fig. 7, compare E, B; Fig. 7H) (control:
23.4 � 1.5 bpf vs DETA-NO: 9.7 � 0.9 bpf,
p � 1 � 10�4) and 72 hpf (Fig. 7, compare
F, C; Fig. 7I) (control: 70 � 3.9 bpf vs
DETA-NO: 27.4 � 1.7 bpf, p � 1 � 10�4),
respectively. In contrast, incubation with
NO-depleted DETA did not cause altered
motor axon branch numbers (Fig. 7H)
(control: 23.4�1.5 bpf vs DETA: 26.9�1.2
bpf, p � 0.06).

To examine whether exogenous NO
slowed the rate of motor axon branch addi-
tion or induced collapse and retraction of
established branches, we exposed late-stage
embryos (48 hpf) to a 24 h DETA-NO treat-
ment. We hypothesized that if DETA-NO
was simply slowing branch addition, the
number of branches formed after this pe-
riod would be greater than 48 hpf but less
than 72 hpf wild types. Alternately, if NO
was causing retraction of stabilized
branches, motor axons would resemble
much younger embryos (as axons would be stripped of branches
that were established before onset of treatment). Seventy-two hour
postfertilization larvae transiently exposed to DETA-NO had 41%
fewer motor axon branches than untreated fish of the same age (Fig.
7J–L) (control: 69.2 � 2.9 bpf vs DETA-NO: 40.7 � 3.4 bpf, p � 1 �
10�4) but 74% more branches than 48 hpf controls (Fig. 7, compare
H, L). This suggests that NO slows the rate of branch addition with-
out causing stripping of preexisting branches.

Perturbation of NO signaling does not affect motoneuron
differentiation
Although motoneurons are born before the onset of spinal NOS1
expression (Myers et al., 1986), we wished to exclude the possi-
bility that NO had a role in motoneuron differentiation. To do
this, we quantified motoneuron numbers with islet1/2 antibodies
(Inoue et al., 1994). Fish injected with NOS1 AMO or exposed to
DETA-NO exhibited a small but significant decrease in motoneu-
ron numbers, while no difference was observed in c-PTIO or
L-NAME-injected fish (Fig. 8A–F) (control: 82.1 � 2.9; AMO:
71.8 � 2.3, p � 0.01; C-PTIO: 87.2 � 3.2, p � 0.26; L-NAME:
79.0 � 2.2; DETA-NO: 72.5 � 2.9, p � 0.05). These observations
lead us to conclude that excess motor axon branches formed in
NO-depleted conditions do not arise from supernumerary
motoneurons.

NO acts via the sGC/cGMP signaling
cascade
To determine whether the sGC/cGMP pathway, a canonical tar-
get of NO signaling, mimics the effects of NO perturbation, de-
veloping zebrafish were exposed to the cGMP analog 8-(4-
chlorophenylthio)- cGMP. This drug caused a 56% decrease in
motor axon branching at 48 hpf (Fig. 9, compare B, A; Fig. 9F)

(control: 23.2 � 1.2 bpf vs cGMP: 10.2 � 0.7 bpf, p � 1 � 10�4), an
effect strikingly similar to that caused by DETA-NO treatment (Fig.
7E). In contrast, exposure to the sGC inhibitor ODQ increased mo-
tor axon branch numbers by 46% (Fig. 9, compare C, A; Fig. 9F)
(control: 23.2 � 1.2 bpf vs ODQ: 33.9 � 1 bpf, p � 1 � 10�4).

To test whether the sGC/cGMP pathway is a downstream tar-
get of NO, we exposed ODQ-injected embryos to DETA-NO. We
found that ODQ completely inhibited the ability of DETA-NO to
perturb motor axon branching (Fig. 9, compare E, D; Fig. 9F)
(DETA-NO: 9.7 � 0.9 bpf vs ODQ�DETA-NO: 23.3 � 1.6 bpf,
p � 1 � 10�4). These results show that the sGC/cGMP signaling
pathway is likely to mediate the actions of NO during spinal cord
development.

Effects of NOS inhibition on axons of early-developing
interneurons
During the initial periods of motoneuron development, interneu-
rons are also extending axons and forming synaptic connections. To
determine whether NO regulates development of the earliest-
developing interneuron population (i.e., the primary and CoSA in-
terneurons) (Fig. 10A) (for review, see Lewis and Eisen, 2003), we
stochastically labeled interneurons with GFP and examined their
morphology at 48 hpf. We found that axonal trajectories and
branching patterns of these cells were not perturbed by L-NAME
treatment (Fig. 10B–H). Additionally, L-NAME did not disrupt
morphology of NOS1-immunoreactive cells (Fig. 10I). These find-
ings suggest that NO signaling does not regulate architecture of
early-developing and nitrergic interneurons.

Abrogation of somitic blood vessels does not alter motor
axon branching
As oxyhemoglobin is a major sink for biosynthesized NO (Beck-
man and Koppenol, 1996), we hypothesized that inhibition of

Figure 6. NOS inhibition increases the density of putative neuromuscular synapses. A, B, Merged images of SV2 (green)/Rh-�-BTX (red)-
stained control (A) and L-NAME-injected (B) 72 hpf zebrafish trunks. Boxes demark regions selected for colocalization analysis in C and D. C, D,
MagnifiedimagesofseparateandmergedSV2/Rh-�-BTXchannelstakenfromboxesin A and B.Scalebars: A, B (in A),50�m; C, D (in C),8�m.
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angiogenesis could elevate NO levels during development and
reduce motor axon branching. To determine whether this was the
case, we prevented formation of trunk intersegmental blood ves-
sels (Isogai et al., 2001) by incubating embryos in ZM323881, a
vascular endothelial growth factor receptor 2 inhibitor (Whittles
et al., 2002). At 48 hpf, fluorescent angiograms confirmed that

intersegmental vessels were absent in
ZM323881-treated fish (Fig. 11A,B). De-
spite this, embryos appeared to develop
normally [the vasculature is not required for
oxygen transport during early ontogeny
(Pelster and Burggren, 1996)]. Subsequent
processing for znp1 immunohistochemistry
revealed that blood vessel ablation had
no effect on motor axon branch num-
bers (Fig. 11C,D) [control (n � 12):
29 � 1.5 bpf vs ZM323881 (n � 12):
27 � 1.3, p � 0.3]. These findings sug-
gest that red blood cells do not consume
significant amounts of NO during peri-
ods of motor axon development.

Developmental disruption of nitrergic
signaling affects locomotor output
As spinal motoneurons drive locomotion
(swimming) in larval zebrafish, we next
asked whether NO signaling affects on-
togeny of swimming performance. We
focused on 72 hpf zebrafish as by this
stage, zebrafish are capable of proficient
locomotor behavior (Buss and Drapeau,
2001). To do this, the mean velocity, tail
beat frequency, and maximal bend ampli-
tude were measured during initial cycles
of touch-evoked swimming activity
(Fig. 12A). Swimming velocity of NOS1
knockdown larvae at 72 hpf was signifi-
cantly higher than controls (Fig. 12B)
(control: 75.3 � 5.2 mm/s vs NOS1 AMO:
90.1 � 4.6 mm/s, p � 0.03). In contrast,
larvae exposed to DETA-NO throughout
early development swam at significantly
lower velocities than control fish of the
same age (Fig. 12B) (control: 75.3 � 5.2
mm/s vs DETA-NO: 29.7 � 2.1 mm/s,
p � 1 � 10�4). Similarly, when compared
to age-matched controls, tail beat fre-
quency was significantly higher in NOS1
AMO-injected larvae (Fig. 12C) (control:
32.2 � 1.5 Hz vs NOS1 AMO: 37.7 � 1.1
Hz, p � 0.04) and significantly lower in
DETA-NO-exposed larvae (Fig. 12C) (con-
trol: 32.2 � 1.5 Hz vs DETA-NO: 22.3 � 1.1
Hz, p � 1 � 10�4). Finally, NOS1 AMO-
injected fish were capable of generating
larger maximal bend amplitudes than con-
trols (Fig. 12D) (control: 98.3 � 3.2° vs
NOS1 AMO: 108 � 2°, p � 0.01), while
DETA-NO-treated fish had lower average
maximal bend amplitudes (Fig. 12D) (con-
trol: 98.3 � 3.2° vs DETA-NO: 59.9 � 3.3°,
p � 1 � 10�4). Together, these findings
suggest that modulation of NO levels during

periods of motoneuron maturation influences several parameters of
locomotor output.

Discussion
In the current study, we demonstrate a novel role for NOS1 dur-
ing vertebrate CNS development. We show that antisense and

Figure 7. Exogenous elevation of NO decreases motor axon branch numbers. A–F, Top, Lateral views of znp1 antibody
staining of control (A–C) and DETA-NO-treated (D–F ) fish at 35, 48, and 72 hpf. Bottom, Stick tracings (derived from panels
directly above) of axon tracts ventral to the spinal cord. G–I, Bar charts depicting the mean number (�SEM) of motoneuron
axon branches per fascicle for control-, DETA-NO-, and DETA-depleted (DETA)-treated fish at 35 (G), 48 (H ), and 72 (I ) hpf.
J, K, znp1 antibody staining of 72 hpf control fish (J ) and an age-matched larvae exposed to DETA-NO between 48 and 72
hpf (K ). L, Bar chart depicting average (� SEM) branch number per primary fascicle for J and K. Scale bars: A (for A–F ),
J (for J, K ), 50 �m. **p � 0.0005.
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pharmacological perturbation of NOS1
causes supernumerary motor axon branch
formation. Moreover, as pharmacological
inhibition of NO/sGC signaling mimics this
effect, while elevation of NO/cGMP inhibits
branch development, we conclude that
NOS1 negatively regulates zebrafish motor
axon branching in a NO/sGC/cGMP-
dependent manner. This is, to the best of
our knowledge, the first time nitrergic sig-
naling has been shown to influence mor-
phogenesis of vertebrate motor axons.

NOS1 as a regulator of axon
development in vivo
Several vertebrate studies show that phar-
macological perturbation of NO disrupts
retinal axon development in vivo: Block-
ade of NOS prevents elimination of tran-
sient retinotectal projections in chick
(Ernst et al., 1999), disrupts formation of
ON/OFF sublamination in the ferret lat-
eral geniculate nucleus (Cramer et al.,
1996), and alters dynamic axon branch re-
modeling in the Xenopus tectum (Cogen
and Cohen-Cory, 2000). Moreover, there
is direct molecular evidence that NOS
isozymes are required for retinal axon re-
modeling (Mize et al., 1998; Wu et al.,
2000a,b). However, the role of NOS iso-
forms in other CNS regions has re-
mained ambiguous. Our work provides
important evidence that NOS1 also reg-
ulates maturation of zebrafish spinal
motor axons. Thus, this signaling molecule
has a broader role in sculpting nervous
system development than previously
recognized. It remains to be determined
whether other neuron populations are
similarly affected by nitrergic signals.
However, as a large number of develop-
ing brain regions express NOS1 (Poon et al., 2003; Holmqvist
et al., 2004), it is possible that NO has parallel functions in a
number of other CNS structures.

Ventral spinal neurons as a source of NO emission
Our studies strongly suggest that a single population of spinal
cord cells emit NO during periods of motor axon development.
These are situated immediately ventral to developing motoneu-
ron populations and express NOS1 throughout periods of mo-
toneuron morphogenesis. While previous studies have
demonstrated that cells in this region express NOS1 transcript
(Poon et al., 2003; Holmqvist et al., 2004), their identity has
remained elusive. Here we provide evidence that they are inter-
neurons with a broadly similar spatial distribution and morphol-
ogy to VeSe/VeMe cells (Higashijima et al., 2004; McLean and
Fetcho, 2004). However, as nitrergic neurons do not express
markers for either cell type, we posit that they comprise a novel
class of interneuron. We also provide the first report of a transient
NOS1-positive population in the dorsolateral spinal cord, a po-
sition occupied by dorsal longitudinal ascending interneurons
(Bernhardt et al., 1990). While these cells may also act as a source
of spinal NO emission, several observations imply that they do

not influence motoneuron development: First, compared to ven-
tral populations, they are spatially distant from developing motor
pools. Second, they are sparsely distributed throughout the spinal
cord. Third, they express NOS1 only during the first few hours of
motor axon elaboration. Together these data suggest that ventral
interneurons are the principal source of NO in the developing
spinal cord.

One way in which NO emitted from ventral nitrergic inter-
neurons could exert its effects is through local diffusion at en
passant synapses between motoneuron and nitrergic interneuron
axons. Such signals could be transmitted to neurites by waves of
intracellular calcium (Yamada et al., 2008), or translocation of
signal transduction components of the cGMP cascade (Shelly et
al., 2010). Alternately, NO may diffuse into the periphery, inter-
acting directly with developing neurites in the muscle. This
would hinge on the ability of NO to diffuse considerable dis-
tances; at the ages studied, the motoneuron axons extend �100
�m (at 48 hpf) to 150 �m (at 72 hpf) ventrally from the spinal
cord. However, as NO can diffuse 100 –200 �m from its point of
synthesis (Lancaster, 1994; Wood and Garthwaite, 1994; Tornieri
and Rehder, 2007), the majority of axon branch points could be
well within NO’s range.

Figure 8. Perturbation of NO signaling does not increase motoneuron numbers. A–E, Lateral views of 35 hpf zebrafish immu-
nostained with islet1/2 antibodies in control- (A), NOS1 AMO- (B), c-PTIO- (C), L-NAME- (D), and DETA-NO- (E) treated embryos. F,
Bar chart depicting average number of motoneuron nuclei in 150 �m 2 (box in A). Brackets indicate location of Rohon–Beard (RB)
and motoneuron (Mn) nuclei. Scale bar (in A), 50 �m. *p � 0.05.
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Endogenous NO and motor axon branching
In zebrafish, we consistently found that NO has an inhibitory role
during motor axon branching. Similar repressive effects of NO
have been reported to occur in Helisoma buccal ganglia (Van
Wagenen et al., 1999; Trimm and Rehder, 2004), vertebrate sen-
sory (Hess et al., 1993; Ernst et al., 2000; He et al., 2002), verte-
brate retinal (Rentería and Constantine-Paton, 1996; Mize et al.,
1998; Ernst et al., 2000; Wu et al., 2000a,b), and insect retinal
(Gibbs and Truman, 1998) axons, but not in cultured PC12 cells
(Hindley et al., 1997; Wright et al., 1998; Yamazaki et al., 2001,
2006), or insect enteric/antennal pioneer neurons (Hindley et al.,
1997; Seidel and Bicker, 2000; Haase and Bicker, 2003), where
NO has trophic actions.

The NOS1 AMO phenotype most closely resembles the exu-
berant retinocollicular axon branch phenotype induced in
NOS1/NOS3 double knock-out mice (Mize et al., 1998; Wu et al.,
2000a,b). In these animals, refinement of supernumerary synap-
tic connections is disrupted. Yet, this phenomenon cannot ac-
count for the effects we observe, as synaptic pruning does not
occur at the developing zebrafish neuromuscular junction (Liu
and Westerfield, 1990). Instead, our data point toward a role for
NO in repression of branch initiation, rather than a promotion of
branch elimination. Thus, while the net effects of NOS perturba-

tion appear similar, the mechanisms that underpin them are
likely to diverge.

The sGC/cGMP pathway is a downstream effector of NO
In the zebrafish spinal cord, the sGC/cGMP signaling pathway
mediates the effects of NO. This is perhaps not surprising, as sGC
is known to be both a canonical target of NO and a regulator of
neuron morphogenesis (Piper et al., 2007). Components down-
stream remain to be established, but these could include ryano-
dine receptors (Welshhans and Rehder, 2007; Tojima et al.,
2009). Additionally, negative regulators of cAMP signaling are
potential candidates. Recently it has been shown that axonoden-
dritic development is regulated by the reciprocal actions of cGMP
and cAMP (Shelly et al., 2010). A high intracellular cGMP:cAMP
ratio promotes dendrite development and suppresses axon out-
growth, while a low cGMP:cAMP ratio has the converse effect.
This model may explain our observations: Loss of NO signaling
would reduce cGMP turnover, thereby permitting cAMP-
dependent initiation of axon branching, while elevation of NO
would have the opposite effect. If so, then NO would be expected
to affect zebrafish motoneuron dendrite development in a recip-
rocal fashion. Although we did not examine whether NOS1
knockdown inhibits dendritic development in this study, it is

Figure 9. Effects of NO are mediated through the sGC/cGMP pathway. A–E, Top, Lateral views of znp1-labeled control- (A), cGMP- (B), ODQ- (C), DETA-NO- (D), and ODQ plus DETA-NO- (E) treated
fish at 48 hpf. Bottom, Stick tracings (derived from panels directly above) of axon tracts ventral to the spinal cord. F, Bar chart depicting average (�SEM) branch number per primary fascicle for each
treatment. Scale bar (in A), 50 �m. **p � 0.0005.
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worth noting that disruption of NO signaling in mouse and chick
spinal tissue reduces motoneuron dendrite branching (Inglis et
al., 1998; Xiong et al., 2007).

Nitrergic regulation of primary motoneurons and
consequences to maturation of motor behavior
Our data suggest that NO selectively regulates primary motor
axon branching. The most plausible explanation for this discrep-
ancy is that secondary motoneurons/interneurons lack the nec-
essary signal transduction elements (e.g., sGC/protein kinase G),
though it remains to be determined whether they become com-
petent to nitrergic signals during later periods. Nonetheless, this
observation raises some interesting questions regarding nitrergic
regulation of locomotor ontogeny. In zebrafish, each primary
motoneuron forms multiterminal contacts with a large number
of white muscle (WM) fibers (van Raamsdonk et al., 1983; Myers,
1985; Westerfield et al., 1986; van Asselt et al., 1993; Buss and
Drapeau, 2000). As WM is recruited principally during bursts of
intense locomotor activity (Liu and Westerfield, 1988; Fetcho
and O’Malley, 1995; Buss and Drapeau, 2002), perturbation of
primary motoneuron synaptogenesis is likely to impact on the
maturation of more powerful motor outputs. In support of this
premise, fish exposed to DETA-NO exhibited a markedly re-
duced swimming velocity, while those injected with NOS1 AMO
exhibited a significant, yet less dramatic increase in swim velocity.
This effect may, at least in part, be attributable to changes in WM
recruitment as maximal bend amplitudes were increased in
NOS1 AMO-injected and decreased in DETA-NO-treated fish.
We posit that DETA-NO either prevents populations of WM
fibers from becoming innervated altogether or reduces the num-
ber of multiterminal contacts formed on each WM fiber. In either
scenario, the net effect will be that a proportion of WM fibers
cannot be effectively recruited. In contrast, NOS1 knockdown
would increase the number of primary motoneuron terminals
formed on each WM fiber, thereby increasing recruitment effi-

Figure 10. NO does not regulate branching of early born interneurons. A, Schematic of
ipsilaterally (dark gray) and contralaterally projecting (light gray) early-developing interneu-
rons of the zebrafish spinal cord. CoBL, Commissural bifurcating longitudinal; CoPA, commis-
sural primary ascending; CiD, circumferential descending; KA, Kolmer–Agduhr; CiA,
circumferential ascending; DoLA, dorsal longitudinal ascending; CoSA, commissural secondary
ascending. D, Dorsal; V, ventral; A, anterior; P, posterior. B–I, Optical images of GFP- (B–H ) and
NOS1- (I ) immunolabeled interneurons in control and L-NAME-injected fish at 48 hpf. Arrows
indicate somata of additional GFP-labeled neurons that lie close to imaged axon. Scale bars:
B–H, 50 �m; I, 10 �m.

Figure 11. Ablation of somitic blood vessels does not affect motor axon branching. A, B,
Lateral trunk angiograms of control- (A) and ZM323881- (B) treated fish at 48 hpf. Closed
arrowheads indicate intersegmental vessels, open arrowheads indicate dorsal aorta. Note
that intersegmental vessels are ablated by ZM323881. C, D, Top, Lateral views of znp1
staining of control and ZM323881-treated fish. Bottom, Stick tracings of motor fascicles
derived from panels above. Scale bars: A, B (in A), C, D (in C), 50 �m.

16828 • J. Neurosci., December 15, 2010 • 30(50):16818 –16831 Bradley et al. • NOS1 Regulates Zebrafish Motor Axon Development



ciency. However, as neuromuscular contacts are already capable
of generating optimal muscle contractions, addition of supernu-
merary synaptic contacts is unlikely to boost motor performance
to a dramatic extent.

Our behavioral studies suggest that NO may also affect other
aspects of the locomotor network. Changes in tail beat frequency
observed in DETA-NO/NOS1 AMO-treated fish most likely arise
from an effect on firing of premotor circuitry. Although our an-
atomical studies show that primary interneuron morphogenesis
is unaffected by NO, it remains possible that electrical and/or
synaptic properties of spinal interneurons are modulated by this
signaling molecule (McLean et al., 2001; McLean and Sillar, 2004;
Kyriakatos et al., 2009). Future studies will help determine
whether this is the case.
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