
Intraspinal serotonergic neurons consist of two, temporally 
distinct populations in developing zebrafish

Jacob E. Montgomery1,*, Timothy D. Wiggin1, Luis M. Rivera-Perez2, Christina Lillesaar3, 
and Mark A. Masino1

1University of Minnesota, Department of Neuroscience, Minneapolis, MN

2University of Puerto Rico in Ponce, Department of Biology, Ponce, Puerto Rico

3University of Würzburg, Department of Physiological Chemistry, Biocenter, Würzburg, Germany

Abstract

Zebrafish intraspinal serotonergic neuron (ISN) morphology and distribution have been examined 

in detail at different ages; however, some aspects of the development of these cells remain unclear. 

Although antibodies to serotonin (5-HT) have detected ISNs in the ventral spinal cord of embryos, 

larvae, and adults, the only tryptophan hydroxylase (tph) transcript that has been described in the 

spinal cord is tph1a. Paradoxically, spinal tph1a is expressed transiently in embryos, which brings 

the source of 5-HT in the ISNs of larvae and adults into question. Because the pet1 and tph2 
promoters drive transgene expression in the spinal cord, we hypothesized that tph2 is expressed in 

spinal cords of zebrafish larvae. We confirmed this hypothesis through in situ hybridization. Next, 

we used 5-HT antibody labeling and transgenic markers of tph2-expressing neurons to identify a 

transient population of ISNs in embryos that was distinct from ISNs that appeared later in 

development. The existence of separate ISN populations may not have been recognized previously 

due to their shared location in the ventral spinal cord. Finally, we used transgenic markers and 

immunohistochemical labeling to identify the transient ISN population as GABAergic Kolmer-

Agduhr double-prime (KA″) neurons. Altogether, this study revealed a novel developmental 

paradigm in which KA″ neurons are transiently serotonergic before the appearance of a stable 

population of tph2-expressing ISNs.
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Introduction

Spinal locomotor networks contain all of the necessary components to produce coordinated 

motor activity autonomously from the brain (Grillner and Zangger, 1979; Delcomyn, 1980). 

It is well documented that serotonin (5-HT) is a powerful neuromodulator of these networks 

(Jacobs and Fornal, 1997; Jordan et al., 2008). Unfortunately, the complexity of the 5-HT 
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system makes understanding the mechanisms by which it shapes locomotor output difficult. 

First, numerous 5-HT receptor subtypes exist in vertebrates and can function presynaptically 

or postsynaptically (Barnes and Sharp, 1999; Hoyer et al., 2002). Further, 5-HT signaling 

can occur through classical synaptic transmission or 5-HT can be released extrasynaptically 

to produce paracrine effects through volume transmission (De-Miguel and Trueta, 2005; 

Fuxe et al., 2007). Finally, the cellular sources of spinal 5-HT vary between species. 

Projections descending into the spinal cord from the raphe nuclei are well-conserved in 

vertebrates; however, both the number and location of intraspinal serotonergic neurons 

(ISNs) are highly variable, in that mammals possess relatively few of these cells when 

compared to other vertebrates (Schmidt and Jordan, 2000).

The inter-species variability of ISN cell number and location suggests that they perform 

different functional roles between species. In fish, the proximity of ISNs and their processes 

to spinal motor neurons indicates that they may play a role in modulating motor output (Van 

Dongen et al., 1985; Van Raamsdonk et al., 1996; Brustein et al., 2003a; McLean and 

Fetcho, 2004b) and are therefore an interesting candidate cell class for the study of 

serotonergic modulation of spinal locomotor networks. The transparency and amenability of 

larval zebrafish to labeling techniques, such as transgenesis and whole-mount 

immunohistochemistry, make them an attractive model for the study of ISNs and their 

function. Antibodies to 5-HT and stochastic fluorescent protein expression have been used to 

describe zebrafish ISNs as a homogenous cell population that is distributed along the 

rostrocaudal axis of the ventral spinal cord (McLean and Fetcho, 2004a). These cells possess 

oval-shaped somas and a single process that projects dorsally and laterally and bifurcates to 

form a dendritic arbor and a single descending axon (Brustein et al., 2003a; McLean and 

Fetcho, 2004a).

The time-course of morphological ISN development is consistent with the hypothesis that 

they play a role in shaping zebrafish locomotor output. These cells and the descending 

serotonergic raphe fiber tracts, which modulate sensory responsiveness during arousal 

(Yokogawa et al., 2012), appear to establish a mature pattern of spinal innervation around 4 

days post fertilization (dpf; Brustein et al., 2003a; McLean and Fetcho, 2004a) that is 

retained in the adult zebrafish spinal cord (Van Raamsdonk et al., 1996). Four dpf coincides 

with development of the mature beat-and-glide swimming pattern that persists through the 

life of the fish (Fuiman and Webb, 1988; Muller et al., 2000; Drapeau et al., 2002; Brustein 

et al., 2003b). Further, functional studies demonstrated that acute and chronic perturbations 

of 5-HT signaling affect properties of locomotor output in 4 dpf and older larvae, but not in 

younger larvae or embryos (Brustein et al., 2003a; Airhart et al., 2007). Thus, the spinal 

population of serotonergic neurons ostensibly reaches morphological and functional 

maturity as early as 4 dpf.

A number of studies have examined ISN development and innervation patterns. Antibodies 

to 5-HT label ISNs in the ventral spinal cord as early as 24 hours post fertilization (hpf; 

Sallinen et al., 2009), although others initially detected them slightly later in development, 

between 32 and 48 hpf (Brustein et al., 2003a; McLean and Fetcho, 2004a). Despite 

extensive labeling of ventrally-located cell bodies throughout the spinal cord at 2 dpf, the 

characteristic descending axons are not discernible until approximately 3 dpf and the cells 
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do not acquire their final innervation pattern until 4 dpf (Brustein et al., 2003a; McLean and 

Fetcho, 2004a). Because the ventral soma location and projection pattern of ISNs persist at 

10 dpf (McLean and Fetcho, 2004a) and in adults (Van Raamsdonk et al., 1996), it has been 

assumed that the ISNs that are initially detected in 1 and 2 dpf embryos are the same 

population that is observed in larvae, juveniles, and adults. If, in fact, ISNs do play a role in 

modulating locomotor networks as proposed (Van Raamsdonk et al., 1996; Brustein et al., 

2003a; McLean and Fetcho, 2004b), it is somewhat surprising that 5-HT does not noticeably 

influence motor output until 4 dpf, given their initial appearance between 1 and 2 dpf.

The delay between detection of spinal 5-HT at 1–2 dpf and 5-HT’s influence on locomotor 

output at 4 dpf may be due to later development of post-synaptic cells and receptor 

expression; however, evidence suggests that ISNs undergo further gene expression changes 

and/or differentiation between these ages. Zebrafish possess three known genes that encode 

the rate-limiting enzyme in 5-HT synthesis, tryptophan hydroxylase (Tph): tph1a, tph1b, and 

tph2 (Bellipanni et al., 2002; Teraoka et al., 2004). It was recently shown that tyrosine 

hydroxylase 2 (Th2) also has Tph activity in diencephalic 5-HT neurons (Ren et al., 2013). 

While there is no evidence of tph1b or th2 expression in the raphe or spinal cord, tph1a 
transcripts are present in the ventral spinal cord at 24 hpf (Bellipanni et al., 2002), which is 

consistent with the onset of neuronal 5-HT antibody labeling in the same location around 32 

hpf (McLean and Fetcho, 2004a). Surprisingly, spinal tph1a expression is only transient 

(Bellipanni et al., 2002), even as 5-HT antibody labeling of ventral spinal neurons persists in 

older larvae and adults (Van Raamsdonk et al., 1996; Brustein et al., 2003a; McLean and 

Fetcho, 2004a). Finally, tph2 is expressed in the raphe, which projects to the spinal cord 

(Teraoka et al., 2004; Norton et al., 2005; Lillesaar et al., 2007), although there is no direct 

evidence that tph2 is expressed in the cord itself (Rauch et al., 2003). Spinal transgene 

expression was noted in two separate transgenic lines using promoters (tph2 and pet1 
promoters) that drive expression in tph2-expressing cells (Lillesaar et al., 2009; Yokogawa et 

al., 2012). Although the timing and location of spinal transgene expression was not 

described in detail, this does suggest that tph2 is expressed in spinal neurons. Expression of 

tph2 represents an intriguing potential mechanism to account for continued spinal 5-HT 

synthesis even after the loss of tph1a expression.

We examined ISN development and gene expression between 1 and 4 dpf. First, we verified 

that tph2 was expressed in the spinal cord after tph1a expression was lost. We used 

immunohistochemical labeling of developing Tg(-3.2pet1:EGFP)ne0214 larvae to show that 

the ISNs observed at 2 dpf were a distinct population from those present at 4 dpf and 

beyond. The 4 dpf ISNs were positive for markers of tph2-expressing neurons, indicating 

that these cells synthesized 5-HT rather than taking it up from another source. Finally, we 

identified the population of transiently serotonergic cells as the most ventral subset of 

Kolmer-Agduhr (KA) neurons (designated KA″; Dale et al., 1987b; Bernhardt et al., 1992; 

Park et al., 2004; Yang et al., 2010; Huang et al., 2012). Altogether this study demonstrates 

that KA″ neurons are transiently 5-HT positive before giving way to a separate population of 

tph2-expressing ISNs in the ventral spinal cord.
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Materials and Methods

Zebrafish maintenance and transgenic lines

Zebrafish lines were maintained at the University of Minnesota Zebrafish Core Facility or 

University of Würzburg fish facility using standard techniques (Westerfield, 2000). Embryos 

were collected from timed crosses and raised in egg water containing 60 μg/ml Instant 

Ocean (Blacksburg, VA) Sea Salt at 28.5°C with a 14 hour light:10 hour dark cycle. Larvae 

were screened for fluorescent transgene expression and staged prior to use (Kimmel et al., 

1995). The Tg(-3.2pet1:EGFP)ne0214 (Lillesaar et al., 2009), Et(-1.5hsp70l:Gal4-
VP16)s1003t, Tg(UAS-E1b:Kaede)s1999t (Scott et al., 2007), and Tg(tph2:nfsB-mCherry)y226 

(Yokogawa et al., 2012) lines were described previously. All protocols were approved by the 

University of Minnesota Institutional Animal Care and Use Committee (IACUC) or 

performed in accordance with the animal welfare regulations of the District Government of 

Lower Franconia.

In situ hybridization and immunohistochemical double labeling

In situ hybridization was performed on Tg(-3.2pet1:EGFP)ne0214 embryos (20, 24, and 48 

hpf) and larvae (68 and 96 hpf). Specimens were fixed in 4% PFA overnight at 4°C and then 

dehydrated in a methanol series and stored in 100% methanol at −20°C. Subsequently, the 

tissues were rehydrated in a reverse methanol series and processed for whole-mount in situ 
hybridization as described elsewhere (Thisse and Thisse, 2008). Transcripts for tph1a and 

tph2 were detected by using dig-labeled RNA probes (Bellipanni et al., 2002; Teraoka et al., 

2004), followed by NBT/BCIP color precipitation. After the in situ hybridization, the 

specimens were immunostained for EGFP detection by incubation for three days at 4°C in 

rabbit anti-GFP (TP401, Torrey Pines Biolabs, Inc., Houston, TX) diluted 1:500 in PBS with 

0.1% Tween 20, 2% normal sheep serum, and 2 mg/ml bovine serum albumin. After 

washing, the tissues were incubated for three days at 4°C in secondary goat anti-rabbit Alexa 

Fluor 488 antibodies (Thermo Fisher Scientific, Waltham, MA) diluted 1:1000 in the same 

buffer. Whole-mount preparations were imaged using a Nikon Eclipse Ti microscope 

(Tokyo, Japan) equipped with a 488 nm Sapphire laser.

Whole-mount immunohistochemistry

Embryos and larvae were anesthetized with a lethal dose of 0.2% Tricaine-S (Western 

Chemical, Ferndale, WA), fixed in 4% paraformaldehyde for three hours at room 

temperature or 4°C overnight, and washed with 0.5% Triton X-100 in PBS (PBS-Tx). 

Larvae older than 72 hpf were digested with Proteinase K (40 μg/ml) for 30 minutes to 

permeabilize the tissue, post-fixed with 4% paraformaldehyde for 20 minutes, and washed 

again with PBS-Tx. Specimens were incubated in blocking solution (0.2% bovine serum 

albumin and 10% normal goat serum in PBS-Tx) for one hour at room temperature. Primary 

antibodies were added to the blocking solution and specimens were incubated at 4°C 

overnight. Primary antibodies included rabbit polyclonal anti-5-HT (S5545, 1:400; Sigma-

Aldrich, St. Louis, MO), rat monoclonal anti-5-HT (MAB352, 1:10; EMD Millipore, 

Billerica, MA), and rabbit polyclonal anti-GABA (A2052, 1:400, Sigma-Aldrich). 

Specimens were washed and incubated with secondary antibodies diluted in blocking 

solution containing 1% normal goat serum at 4°C for two days. Primary antibodies were 
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detected with Alexa Fluor 568 (A-11036) or 633 (A-21071) goat anti-rabbit (1:500) or 

Alexa Fluor 633 goat anti-rat (A-21094, 1:300) secondary antibodies (Thermo Fisher 

Scientific). After a final PBS-Tx wash, embryos and larvae were embedded laterally in low 

melting-point agarose for imaging.

Image acquisition and processing

Images of anti-5-HT and anti-GABA labeled whole-mount fish were acquired with an 

Olympus FluoView FV1000 confocal microscope (Center Valley, PA). Z-projections either 

included neuronal processes or were restricted to exclude processes to accentuate 

fluorescence in cell somas. Unless noted otherwise, images were collected from a region 

centered on body segment 15 (midbody). All images are lateral views oriented with dorsal 

toward the top and rostral to the left. Images were processed using FIJI (Schindelin et al., 

2012) and Photoshop CS5 (Adobe Systems, San Jose, CA) to apply layers across entire 

panels to enhance low-intensity fluorescence.

Quantification of fluorescently-labeled cells and statistical analysis

Anti-5-HT labeled and anti-5-HT/GABA double-labeled Tg(-3.2pet1:EGFP)ne0214 larvae 

between the ages of 48 and 240 hpf were embedded laterally and confocal Z-stacks were 

collected through the entire spinal cord with a 441 micron-wide field of view. The number of 

cells that were positive for each label or combination of labels was quantified in Z-stacks of 

defined regions centered on body segments 7 (rostral), 15 (midbody), and 23 (caudal). Cells 

in each region were quantified in 3–6 fish from each age group. Statistical analysis was 

completed using SigmaPlot 12 (Systat Software, San Jose, CA). Two-way ANOVAs 

identified significant effects of age on the number of cells that were positive for each label. 

Holm-Sidak corrected post-hoc t-tests (α = 0.05) were used to compare the number of 

labeled cells at each timepoint to baseline (48 hpf). Values were expressed as mean (SD).

Results

Tph1a and tph2 are expressed at different stages of spinal cord development

Spinal expression of tph1a is only transient (Bellipanni et al., 2002), yet spinal neurons 

contain 5-HT at all developmental ages beginning at approximately 32 hpf (Van Raamsdonk 

et al., 1996; Brustein et al., 2003a; McLean and Fetcho, 2004a). Fragments of the zebrafish 

pet1 and tph2 promoters have been reported to drive transgene expression in the spinal cord 

(Lillesaar et al., 2009; Yokogawa et al., 2012), suggesting that Tph2 may be responsible for 

the persistence of 5-HT in spinal neurons. In situ hybridization was used to determine if 

there was a developmental change in tph1a and tph2 gene expression in developing spinal 

cords (Fig. 1). Images were collected from a region centered on the midbody (body segment 

15) of laterally-mounted embryos and larvae. Tph gene expression expanded in a rostral to 

caudal direction, as it was detected near the hindbrain at slightly earlier ages than in the 

central spinal cord (data not shown). Neither tph1a nor tph2 was detected at 20 hpf (Fig. 1A 

and B). Consistent with previous gene expression studies (Bellipanni et al., 2002; Thisse and 

Thisse, 2004), tph1a was transiently expressed in the ventral spinal cord, as it was detected 

at 24 and 48 hpf (Fig. 1C and E), but not at 68 or 96 hpf (Fig. 1G and I). Conversely, tph2 
was not expressed at 24 or 48 hpf (Fig. 1D and F), but was observed in the ventral spinal 
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cord at 68 hpf (Fig. 1H) with labeling becoming more pronounced at 96 hpf (Fig. 1J). Thus, 

tph1a and tph2 were both expressed in the ventral spinal cord, but at different stages of 

development, with expression of tph1a preceding expression of tph2.

Pet1:EGFP transgene expression colocalizes with tph2

Expression of the pet1 Ets-domain transcription factor precedes expression of tph2 in certain 

post-mitotic serotonergic cell clusters in the brain (Lillesaar et al., 2007). Because the 

Tg(-3.2pet1:EGFP)ne0214 line exhibits spinal expression of EGFP (Lillesaar et al., 2009); 

Supporting Information Fig. S1), we confirmed that pet1:EGFP and tph2 were coexpressed 

in the spinal cord (Fig. 2 and Supporting Information Fig. S2). Tph transcripts and EGFP 

were detected in whole-mount Tg(-3.2pet1:EGFP)ne0214 embryos and larvae by sequential in 
situ hybridization and anti-EGFP immunohistochemistry, respectively. Expression of tph1a 
(arrowheads) was observed prior to pet1:EGFP at 48 hpf (Fig. 2Ai and ii) and did not 

temporally correspond with pet1:EGFP expression (arrows) at 96 hpf (Fig. 2Aiii and iv). 

Tph2 (arrowheads) and pet1:EGFP (arrows) were not detected at 48 hpf (Fig. 2Bi and ii) but 

were coexpressed in ventral cell bodies at 96 hpf (Fig. 2Biii and iv, vertically aligned arrows 

and arrowheads indicate colocalization; 29 of 30 cells were double-positive). We identified a 

single cell in which pet1:EGFP, but not tph2, staining was discernable (Fig. 2Biii and iv, 

black arrows), consistent with pet1 expression preceding tph2 (Lillesaar et al., 2007). 

Therefore, the Tg(-3.2pet1:EGFP)ne0214 line selectively labeled tph2-expressing neurons in 

the 96 hpf spinal cord.

The early population of ISNs is distinct from the later-developing population of pet1:EGFP-
expressing ISNs

We detected two groups of tph-expressing neurons in the ventral spinal cord; tph1a-

expressing cells that did not coexpress pet1:EGFP and tph2-expressing cells that did 

coexpress pet1:EGFP (Fig. 2). It was not clear if tph1a-expressing cells reduced tph1a levels 

and upregulated tph2 and pet1:EGFP, or if the tph2/pet1:EGFP coexpressing cell population 

was entirely distinct from the tph1a-expressing population. Therefore, we investigated the 

relationship between spinal pet1:EGFP expression (pet1:EGFP-expressing, pet1:EGFP+; 

pet1:EGFP non-expressing; pet1:EGFP−) and 5-HT immunoreactivity (5-HT positive, 5-HT

+; 5-HT negative, 5-HT−) in the midbody region of the spinal cord at developmental stages 

that coincided with the transition from tph1a to tph2 expression (Fig. 3 and 4C). Pet1:EGFP 
fluorescence was not observed at 56 hpf, yet 5-HT+ cells were found throughout the ventral 

spinal cord (Fig. 3A–C). Pet1:EGFP fluorescence was first observed at 60 hpf (white arrows; 

5.7 cells (SD 1.2) in midbody region); however, few pet1:EGFP+ cells were 5-HT+ (Fig. 

3D–F and 4C; 10% (SD 9)). The number of pet1:EGFP+ cells increased at 64 and 68 hpf 

(Fig. 3G–L and 4C; 10.3 cells (SD 0.6) and 13.3 cells (SD 1.2) in midbody region at 64 and 

68 hpf, respectively; both p < 0.05). The majority of 64 and 68 hpf pet1:EGFP+ cells 

colabeled with 5-HT antibodies (white arrowheads; 58% (SD 10) and 85% (SD 7), 

respectively), while a smaller proportion were 5-HT− (white arrows). Pet1:EGFP− ISNs 

persisted at 72 and 76 hpf, although the number of these cells was reduced (Fig. 4C; 6.0 

cells (SD 3.7) and 6.2 cells (SD 6.0) in midbody region, respectively compared to 18.0 cells 

(SD 4.0) at 68 hpf; both p < 0.05), as was 5-HT antibody labeling intensity (Fig. 3M–R, 

black arrows). 5-HT antibody labeling became restricted to pet1:EGFP+ cells, as pet1:EGFP
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− cells were rarely detected with 5-HT antibodies after 80 hpf (Fig. 3S–U and 4C; 0.5 

pet1:EGFP−/5-HT+ cells (SD 1.2) in midbody region). Specificity of 5-HT antibody 

labeling to pet1:EGFP+ cells was verified through 240 hpf (Fig 4C; 100% colabeled).

To examine the transition of 5-HT antibody labeling from pet1:EGFP− to pet1:EGFP+ ISNs 

throughout the spinal cord, the number of cells that were labeled in 

Tg(-3.2pet1:EGFP)ne0214 spinal cords with 5-HT antibodies, pet1:EGFP transgene 

expression, or both, were quantified at different ages and in different rostrocaudal positions 

(Fig. 4 and Supplemental Information Fig. S3). Confocal Z-stacks of spinal cord regions that 

included approximately five body segments were collected (Fig. 4A, regions represented by 

horizontal black bars) centered on segments 7 (Fig. 4B, rostral), 15 (Fig. 4C, midbody), and 

23 (Fig. 4D, caudal). Three types of cells were considered in the statistical analysis: 

pet1:EGFP−/5-HT+ (red bars), pet1:EGFP+/5-HT− (green bars), and pet1:EGFP+/5-HT+ 

(yellow bars). There was a statistically significant effect of age on the number of cells of all 

three types (Two-way ANOVA; all F > 100; all p < 0.001), due to a reduction in the number 

of pet1:EGFP−/5-HT+ cells over time and an increase in the number of pet1:EGFP+/5-HT− 

and pet1:EGFP+/5-HT+ cells. The number of cells in each group was compared to baseline 

(48 hpf) to determine the age at which a significant difference in cell abundance first 

occurred in each region. A significant reduction in the number of pet1:EGFP−/5-HT+ cells 

(Fig. 4B–D, red asterisks) was found at 72 hpf in the rostral and midbody regions (corrected 

t-test; all t > 7.5; all p < 0.001), and at 76 hpf in the caudal region (corrected t-test; t = 3.4; p 
= 0.03). A significant increase in the total number of pet1:EGFP+ cells (Fig. 4B–D, black 

asterisks; combined pet1:EGFP+/5-HT− and pet1:EGFP+/5-HT+) was found at 60 hpf in the 

rostral and midbody regions (corrected t-test; all t > 4.3; all p < 0.001), and at 64 hpf in the 

caudal region (corrected t-test; t = 4.7; p < 0.001). Finally, a significant increase in the 

number of pet1:EGFP+/5-HT+ cells was found (Fig. 4B–D, yellow asterisks) at 64 hpf in 

the rostral and midbody regions (corrected t-test; all t > 3.7; all p < 0.01), and at 68 hpf in 

the caudal region (corrected t-test; t = 5.4; p < 0.001). The post-hoc comparisons revealed 

two trends. First, changes in cell abundance began earlier in the rostral region than the 

caudal region, evidence of rostrocaudal progression of development of the serotonergic cell 

types. Second, the number of pet1:EGFP+/5-HT+ cells increased before the number of 

pet1:EGFP−/5-HT+ decreased (rostral and midbody: 64 v. 72 hpf, caudal: 68 v. 76 hpf). 

Altogether, this supported the hypothesis that the pet1:EGFP+/5-HT+ and pet1:EGFP−/5-

HT+ cells are separate neuronal populations, rather than different stages in the development 

of a single population.

Because the pet1:EGFP+ and pet1:EGFP− ISNs were ostensibly separate populations, we 

predicted that these populations would possess distinctive morphological characteristics. 5-

HT antibodies were used to label both populations of ISNs in 64 hpf 

Tg(-3.2pet1:EGFP)ne0214 whole-mount larvae to determine if the populations were 

morphologically distinguishable (Fig. 5). A confocal Z-stack was collected from a laterally-

mounted larva and projected to only include the medial spinal cord (Fig. 5Ai–Ci; medial 

projection) and to include the entire width of the spinal cord (Fig. 5Aii–Cii; full projection) 

in order to emphasize the features of neuronal groups with differing mediolateral positions. 

5-HT antibodies labeled cell somas that possessed either a conical, dorsoventrally elongated 

shape (arrows) or a more rounded, ovoid morphology (white arrowheads, Fig. 5Ai and 5Aii). 
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The apical ends of the former group of ISNs possessed structures located near the central 

canal that were suggestive of cerebrospinal fluid (CSF) contacting ciliated terminals (Vigh-

Teichmann and Vigh, 1983). The latter group of cells characteristically possessed a single, 

prominent projection originating from the soma (black arrowheads), which was consistent 

with previous descriptions of zebrafish ISN morphology (Brustein et al., 2003a; McLean and 

Fetcho, 2004a). When 5-HT immunofluorescence (Fig. 5Ai and 5Aii) and pet1:EGFP 
expression (Fig. 5Bi and 5Bii) were overlayed (Fig. 5Ci and 5Cii), pet1:EGFP expression 

was restricted to the group of cells that possessed rounded or ovoid cell somas (white 

arrowheads) and not the elongated conically-shaped cells with putative ciliated terminals 

(arrows). Consequently, the presence or absence of pet1:EGFP expression predicted the 

morphology of cells that were labeled with 5-HT antibodies. Furthermore, the pet1:EGFP+ 

ISNs occupied a slightly more lateral position than pet1:EGFP− ISNs, as their cell somas 

were more distinguishable in the full projection (Fig. 5Bii and Cii) than in the medial 

projection (Fig. 5Bi and Ci).

A subset of KA neurons transiently contains 5-HT

ISNs that were detected at 48 hpf were a distinct population from those present at later 

stages of development (Figs. 3–5). The characteristic structure located at the apical end of 

pet1:EGFP− ISNs (Fig. 5, arrows) and their position within the ventral spinal cord were 

consistent with the morphology and position of GABAergic KA″ neurons (Dale et al., 

1987b; Bernhardt et al., 1992; Park et al., 2004; Yang et al., 2010; Huang et al., 2012). To 

determine if 5-HT was present in the KA neurons, the Et(-1.5hsp70l:Gal4-VP16)s1003t and 

Tg(UAS-E1b:Kaede)s1999t lines were crossed to produce progeny that expressed Kaede in 

the KA neurons (Scott et al., 2007). Transgene expression in the Et(-1.5hsp70l:Gal4-
VP16)s1003t line is not completely penetrant (Wyart et al., 2009) and this variegated 

expression pattern may have been further impacted by generational silencing of the 

UAS:Kaede transgene (Halpern et al., 2008; Goll et al., 2009; Akitake et al., 2011). ISNs 

were labeled with antibodies to 5-HT (Alexa Fluor 633 secondary antibody was used to 

prevent spectral overlap with Kaede) between 24 and 96 hpf (Fig. 6). Prior to detection of 5-

HT, Kaede expression was observed in a small number of KA neurons at 24 hpf (Fig. 6A–

C). At 48 hpf, 5-HT antibodies labeled cells along the ventral border of the spinal cord and 

often colocalized with KA neurons (Fig. 6D–F, arrows). 5-HT antibody labeling persisted in 

KA neurons at 72 hpf (arrows), but labeling intensity appeared reduced (Fig. 6G–I, arrows), 

which suggested that the KA neurons were being depleted of 5-HT over time. Meanwhile, 

non-KA neurons (that did not express Kaede) were more strongly labeled with 5-HT 

antibodies (Fig. 6G–I). Finally, 5-HT antibody labeling ceased to colocalize with KA 

neurons at 96 hpf (Fig. 6J–L). This suggested that at least a subset of early, pet1:EGFP− 

ISNs were KA neurons; however, the proportion of ISNs that possessed a KA neuronal 

identity could not be determined due to the lack of transgene penetrance in the 

Et(-1.5hsp70l:Gal4-VP16)s1003t line.

We were unable to use the Et(-1.5hsp70l:Gal4-VP16)s1003t line to confirm that all early (48 

hpf, pet1:EGFP−) ISNs possessed a KA identity or that all late (96 hpf, pet1:EGFP+) ISNs 

did not possess a KA identity (Fig. 6). Because KA neurons are the most ventral GABAergic 

cell class in the zebrafish spinal cord (Bernhardt et al., 1992), GABA and 5-HT antibody 
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double-labeling was used to examine the relationship between the GABAergic KA neurons 

and ISN populations in the midbody region of Tg(-3.2pet1:EGFP)ne0214 larvae (Fig. 7). At 

48 hpf, prior to expression of pet1:EGFP, all spinal 5-HT immunolabeling was restricted to 

the GABA-positive neurons that were adjacent to the ventral border of the spinal cord (Fig. 

7A–D, arrowheads; 114 of 114 5-HT+ cells colabeled with GABA, n = 5). At 96 hpf, 5-HT 

antibody labeling rarely colocalized with GABA (1 of 71 5-HT+ cells colabeled with 

GABA, n = 5), as it became restricted to the pet1:EGFP+ cell population (Fig. 7E–H, 

arrows; colocalization of 5-HT and pet1:EGFP quantified in Fig. 4C). GABA was not 

detected in pet1:EGFP+ ISNs. The position of the 5-HT+ KA neurons along the floor of the 

spinal cord suggested that only the double-prime subpopulation of KA neurons contained 5-

HT and not the more dorsally-located KA single prime (KA″) or ventral longitudinal 

descending (VeLD) neurons (Bernhardt et al., 1992; Park et al., 2004). Thus, the early ISN 

population was identified as GABAergic KA″ neurons, which were distinct from the later-

appearing pet1:EGFP+ ISNs.

Discussion

Until now, zebrafish ISNs have been considered a single, homogeneous population 

throughout development (Brustein et al., 2003a; McLean and Fetcho, 2004a; Airhart et al., 

2007; Airhart et al., 2012). 5-HT-immunoreactive cells are initially detected in the spinal 

cord between 24 and 32 hpf (McLean and Fetcho, 2004a; Sallinen et al., 2009), although 

they do not achieve a mature innervation pattern until 96 hpf (McLean and Fetcho, 2004a). 

This age corresponds to the onset of beat-and-glide swimming and effective 

pharmacological perturbation of locomotor output with 5-HT receptor agonists and 

antagonists (Brustein et al., 2003a) and selective 5-HT reuptake inhibitors (Airhart et al., 

2007). Taken together, this represents a 48–72 hour delay between the onset of 5-HT 

synthesis in the ISNs and serotonergic modulation of motor output. Further, only tph1a 
expression has been described in the zebrafish spinal cord and this expression only persists 

until approximately 48 hpf (Bellipanni et al., 2002), bringing the source of 5-HT in older 

fish into question. We present three major findings that improve our understanding of ISN 

development. First, tph2 is expressed subsequent to tph1a (Fig. 1 and 2), accounting for the 

presence of 5-HT in older larvae, which do not express tph1a (Bellipanni et al., 2002). Next, 

we demonstrated that there are two populations of ISNs; an early-appearing and transiently 

5-HT+ population that does not express pet1:EGFP, and a later-appearing, persistent 

population that does express pet1:EGFP (Fig. 3 and 4). Finally, we identified the early-

appearing population of ISNs as CSF-contacting KA″ interneurons (Fig. 5–7), which are 

thought to play a role in producing spontaneous locomotion (Wyart et al., 2009). Altogether 

these findings (summarized in Fig. 8) progress our understanding of the development of the 

spinal 5-HT system, while also introducing new questions about potential functions of 5-HT 

in KA neurons.

Tph2 is upregulated as tph1a expression is lost

Spinal expression of tph1a between 24 and 48 hpf (Bellipanni et al., 2002) is consistent with 

the detection of 5-HT with antibodies at this age (McLean and Fetcho, 2004a). The 

persistence of 5-HT in cells in the ventral spinal cord well after tph1a expression ceased was 
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initially confusing (Lillesaar, 2011). Although the existence of spinal tph2 transcripts had 

not been described, the observation that the tph2 (Yokogawa et al., 2012) and pet1 (Lillesaar 

et al., 2009) promoters drove transgene expression in the spinal cord suggested that Tph2 

may be responsible for synthesizing 5-HT in the ISNs at later ages. To verify our hypothesis 

that both tph1a and tph2 were expressed in the larval zebrafish spinal cord, and to determine 

the developmental stage at which each tph gene was expressed, we conducted a 

developmental time-course study of tph gene expression. Consistent with previous work 

(Bellipanni et al., 2002), we detected tph1a transcripts in the ventral spinal cord between 24 

and 48 hpf, but not at 68 or 96 hpf (Fig. 1). This tph1a expression transitioned to expression 

of tph2 at 68 and 96 hpf and both transcripts were localized to the ventral spinal cord (Fig. 

1). The presence of tph2 transcripts after the loss of tph1a expression presented a plausible 

explanation for the persistence of 5-HT antibody labeling in older larval and adult spinal 

cords and also hinted at underlying developmental mechanisms explaining the delay 

between the initial appearance of ISNs and their morphological and functional maturation. 

This provided evidence that ISNs may not be a homogeneous population in terms of gene 

expression or identity.

Zebrafish possess two temporally-distinct ISN populations

We considered two hypotheses to account for the spatial and temporal tph1a and tph2 gene 

expression patterns. First, as tph1a and tph2 transcripts were both detected in the ventral 

spinal cord, it was plausible that tph1a-expressing cells down-regulated tph1a and later up-

regulated tph2; that is, tph1a and tph2 were expressed in the same cells, but at different 

developmental stages. Alternatively, tph1a may have been expressed transiently in one 

population of cells, with tph2 expression arising in a distinct ventral population. Our data 

supported the latter hypothesis. First, the pet1:EGFP transgene labeled only a subset of 

ISNs, which were morphologically distinct from ISNs that did not express pet1:EGFP at 64 

hpf (Fig. 5). Pet1:EGFP+ ISNs were morphologically similar to previous characterizations 

of ISNs, possessing ovoid somas and a single, prominent process (Brustein et al., 2003a; 

McLean and Fetcho, 2004a). Meanwhile, pet1:EGFP− ISNs appeared more comparable to 

earlier descriptions of CSF-contacting KA neurons (Vigh-Teichmann and Vigh, 1983; Dale 

et al., 1987a; Dale et al., 1987b; Bernhardt et al., 1992; Harper and Roberts, 1993). Antibody 

detection of spinal 5-HT preceded expression of the pet1:EGFP transgene at 48 hpf and a 

portion of pet1:EGFP+ cells did not contain 5-HT between 60 and 80 hpf (Fig. 3 and 4). 

This suggested that preexisting ISNs did not express the transgene; instead, pet1:EGFP was 

likely expressed in a separate neuronal population. Finally, cell counts demonstrated that the 

total number of ISNs increased between 64 and 68 hpf as pet1:EGFP+ ISNs were added to 

the extant population of pet1:EGFP− ISNs (Fig. 4). Altogether this evidence supported the 

conclusion that an early population of ISNs produced 5-HT between approximately 24 and 

48 hpf and were followed by the appearance of a separate pet1:EGFP+ population of ISNs 

beginning at approximately 60 hpf (Fig. 8). 5-HT was restricted to pet1:EGFP+ cells 

through 10 dpf (Fig. 4); however, it has not been determined if 5-HT is localized to 

pet1:EGFP and tph2-expressing cells in adult spinal cords. The existence of separate ISN 

populations in embryos and larvae may have previously been unnoticed due to their 

temporal overlap and similar location in the ventral spinal cord. Finally, while we focused on 

the midbody region of the spinal cord, we did observe a clear rostral to caudal progression of 
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development (Fig. 4 and Supplemental Information Fig. S3) which may account for the 

differences in the reported onset time of ISN labeling with 5-HT antibodies (McLean and 

Fetcho, 2004a; Sallinen et al., 2009).

Kolmer-Agduhr neurons are transiently serotonergic

We confirmed the existence of a previously undescribed population of transiently 5-HT+ 

spinal neurons and next determined the identity and fate of these cells. The morphological 

characteristics of the pet1:EGFP− ISNs were similar to those of GABAergic KA neurons 

(Fig. 5) and accordingly, these cells colocalized with KA neuronal markers at 48 hpf (Fig. 6 

and 7). Because 5-HT antibody labeling gradually transitioned from pet1:EGFP− to 

pet1:EGFP+ ISNs between 48 and 96 hpf (Fig. 3 and 4), it was consistent that 5-HT 

antibody labeling transitioned from KA to non-KA neurons over the same developmental 

timespan (Fig. 6 and 7). Only GABAergic neurons whose somas contacted the ventral 

border of the spinal cord contained 5-HT (Fig. 7). This was consistent with the location of 

the KA″ subclass of KA neurons, which are distinct from the KA″ subclass and VeLD 

neurons, both spatially (Bernhardt et al., 1992) and in their gene expression profiles (Park et 

al., 2004; Yang et al., 2010; Huang et al., 2012). Further, the loss of 5-HT labeling in KA″ 

neurons (pet1:EGFP− ISNs) ostensibly resulted from reduced 5-HT synthesis and not 

developmentally programmed cell death, as the KA″ neurons have been described in adult 

zebrafish (Djenoune et al., 2014).

We propose that KA″ neurons express tph1a to mediate 5-HT synthesis. Although the lack 

of available markers prevented us from verifying that tph1a is expressed in KA″ neurons, we 

have shown that tph1a is expressed in cells that share a similar location along the ventral 

spinal cord (Fig. 1 and 2) at developmental timepoints that correspond to the presence of 5-

HT in KA″ neurons (Fig. 6 and 7). Further, all 5-HT+ cells at 48 hpf were GABAergic (Fig. 

7). If tph1a were expressed in non-KA spinal neurons, we would have expected to detect 

these cells (GABA-negative) with 5-HT antibodies at 48 hpf. Therefore, tph1a-mediated 

production of spinal 5-HT likely occurs in only KA″ neurons, or a subset of them. 

Verification of this hypothesis would be a suitable direction for further study as additional 

markers are developed.

The prospect of 5-HT being produced in KA neurons presents a number of compelling, yet 

challenging directions for future studies. Work could focus on identifying the functional 

roles of KA-derived 5-HT and determining its method, or methods, of signal transmission. 

5-HT is a modulator of numerous physiological processes, including digestion, 

cardiovascular function, and locomotion (Barnes and Sharp, 1999; Berger et al., 2009), and 

it also provides trophic influences on developmental processes, such as cellular proliferation 

and differentiation, neurite growth, and synaptogenesis (McMahon, 1974; Lauder and Krebs, 

1978; Lauder, 1993; Hodges and Richerson, 2008; Neckameyer, 2010). Because 5-HT is 

only present in the KA neurons during a narrow, temporally-defined window of 

development, during which the zebrafish nervous system undergoes rapid change, it is 

feasible that KA-derived 5-HT participates in these developmental changes. In agreement 

with this hypothesis, systemic depletion of 5-HT between 24 and 48 hpf resulted in 

decreased body length in zebrafish larvae (Airhart et al., 2012). Further, the connection of 
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KA neurons to the central canal introduces the possibility that 5-HT is released from the KA 

neurons into the central canal and is transmitted through the CSF.

Conclusion

This study underscores the difficulties that are intrinsic to functional studies in a developing 

model system. Zebrafish locomotor networks undergo significant developmental change 

until 96 hpf, when they exhibit a mature swimming pattern (Drapeau et al., 2002; Brustein et 

al., 2003b), hunting behavior (Buss and Drapeau, 2001), and modulation of locomotion by 

neuromodulators such as dopamine (Thirumalai and Cline, 2008; Lambert et al., 2012) and 

5-HT (Brustein et al., 2003a; Airhart et al., 2007). Previous studies have shown that 

perturbing the 5-HT system prior to 96 hpf does not produce locomotor defects and suggest 

that the ISNs are involved in modulating locomotion in 96 hpf and older larvae (Brustein et 

al., 2003a; Airhart et al., 2007). Our data show that the earlier (prior to 96 hpf) perturbations 

likely affected transiently synthesized, tph1a-derived 5-HT (in addition to non-spinal 5-HT) 

and not 5-HT originating from the persistent population of tph2-expressing ISNs. We have 

demonstrated that: 1) tph2 is expressed in the larval zebrafish spinal cord, 2) two populations 

of ventral ISNs arise during development of embryos/larvae, and 3) the KA″ interneurons 

are transiently serotonergic before the appearance of a persistent population of tph2-

expressing ISNs. Thus, understanding the functional roles of transient 5-HT in KA″ neurons 

and persistent 5-HT in tph2-expressing ISNs is a compelling direction for future 

investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of tph1a precedes expression of tph2 in the developing spinal cord
Spinal expression of tph1a (A, C, E, G, and I) and tph2 (B, D, F, H, and J) were compared 

by in situ hybridization in whole-mount embryos and larvae. A and B: Whole-mount in situ 
hybridization did not detect tph1a (A) or tph2 (B) transcripts in 20 hpf larvae. C–F: At 24 

and 48 hpf tph1a (C and E), but not tph2 (D and F), was detected in the ventral spinal cord. 

G–J: Expression of tph1a was not observed after 68 hpf (G and I). Tph2-expressing cells 

were observed in the ventral spinal cord at 68 hpf (H) and labeling became more prominent 

at 96 hpf (J).
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Figure 2. Spinal expression of pet1:EGFP corresponds to tph2, but not tph1a expression
Transcripts for tph1a (A) and tph2 (B) were detected by in situ hybridization (arrowheads) 

and EGFP was detected by immunohistochemistry (arrows) in whole-mount 

Tg(-3.2pet1:EGFP)ne0214 larvae. A: At 48 hpf, in situ hybridization revealed tph1a mRNA 

that was localized to cells distributed along the ventral spinal cord (Ai) and preceded 

pet1:EGFP transgene expression (Aii). Spinal tph1a expression was not observed at 96 hpf 

(Aiii) and EGFP was detected in single cells in the ventral spinal cord (Aiv). B: Neither tph2 
nor pet1:EGFP was expressed at 48 hpf (Bi and Bii). At 96 hpf, the majority of labeled cells 

were double-positive for tph2 and pet1:EGFP (Biii and Biv; Colabeling indicated by the 

presence of vertically aligned arrowheads and arrows). Black arrows indicate a single cell 

that expressed pet1:EGFP, but not tph2.
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Figure 3. Spinal 5-HT antibody labeling transitions from pet1:EGFP− to pet1:EGFP+ cells 
during development
Tg(-3.2pet1:EGFP)ne0214 larvae were labeled with antibodies to 5-HT every four hours 

between 56 and 80 hpf. Confocal Z-stacks were collected from the midbody region of the 

spinal cord (centered on body segment 15; dashed lines in A represent the dorsal and ventral 

boundaries of the spinal cord, approximately the same location in all panels). White arrows 

indicate cells that expressed pet1:EGFP and were not labeled with 5-HT antibodies, white 

arrowheads indicate cells in which pet1:EGFP expression and 5-HT colocalized, and black 

arrows indicate cells that did not express pet1:EGFP but were faintly labeled with 5-HT 

antibodies. A–C: 5-HT (B) was detected in cells in the ventral spinal cord prior to 

expression of pet1:EGFP (A, merge in C). D–F: Pet1:EGFP expression (D) was initially 

observed at 60 hpf in cells that did not colabel with 5-HT (E, merge in F; white arrows). G–
L: At 64 and 68 hpf, a subset of pet1:EGFP+ cells (G, J) were 5-HT+ (H, K, merge in I, L; 

white arrowheads). 5-HT antibodies continued to detect pet1:EGFP− cells in the ventral 

spinal cord at 64 and 68 hpf (red cells in merged panels I, L). M–R: Colabeling of cells with 

pet1:EGFP (M, P) and 5-HT antibodies (N, Q) continued at 72 and 76 hpf (merge in O, R). 

The number of pet1:EGFP−/5-HT+ cells detected, and the intensity of 5-HT antibody 

labeling in these cells, were both reduced (black arrows). S–U: 5-HT antibody labeling (T) 

of cell somas was restricted to pet1:EGFP+ cells (S) in the ventral spinal cord at 80 hpf 

(merge in U). Scale Bar = 50 μm.
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Figure 4. Quantification of 5-HT antibody labeled cells in pet1:EGFP transgenic larvae reveals a 
rostrocaudal progression of ISN development
Tg(-3.2pet1:EGFP)ne0214 larvae were fixed and labeled with antibodies to 5-HT every four 

hours between the ages of 48 and 80 hpf and at 96 and 240 hpf. A: Confocal Z-stacks were 

collected from regions of the spinal cord (represented by black bars in A) centered on body 

segments 7 (rostral), 15 (midbody), and 23 (caudal). B–D: The number of 5-HT+ cells that 

did not express pet1:EGFP (red bars), 5-HT− cells that expressed pet1:EGFP (green bars), 

and cells that were 5-HT and pet1:EGFP double-positive (yellow bars) were quantified in 

each region of the spinal cord. Black asterisks indicate the earliest age at which there was a 
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significant increase in the total number of pet1:EGFP+ cells (combined pet1:EGFP+/5-HT− 

and pet1:EGFP+/5-HT+) compared to 48 hpf. Yellow asterisks indicate the earliest age at 

which there was a significant increase in the number of pet1:EGFP/5-HT double-positive 

cells compared to 48 hpf. Red asterisks indicate the earliest age at which there was a 

significant decrease in the number of pet1:EGFP−/5-HT+ cells compared to 48 hpf. Error 

bars represent SD.
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Figure 5. ISNs that express pet1:EGFP are morphologically distinct from those that do not 
express pet1:EGFP
A 64 hpf Tg(-3.2pet1:EGFP)ne0214 larva was labeled with antibodies to 5-HT, mounted 

laterally, and a confocal Z-stack was collected through the mediolateral extent of the spinal 

cord. The morphological structure of ISN somas (red) was examined in a confocal projection 

restricted to the medial spinal cord (Ai–Ci, medial projection) and a projection through the 

entire width of the spinal cord (Aii–Cii; full projection). A: 5-HT was detected in cell bodies 

near the ventral boundary of the spinal cord (dashed line, same position in all panels) that 

possessed two distinct shapes; dorsoventrally elongated conical cell bodies with apical 

terminals (Ai, arrows) and round or ovoid cell bodies (Aii, white arrowheads) that each 

possessed a single, prominent projection (Aii, black arrowheads). Apical terminals of the 

conically-shaped cells were positioned near the central canal (represented by a dotted line, 

same position in all panels). B and C: Pet1:EGFP (B, green) was expressed in ISNs with 

ovoid (white arrowheads), but not conical somas (arrows; merge in C). Scale bar = 20 μm.
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Figure 6. Kolmer-Agduhr (KA) neurons are 5-HT immunoreactive at 48 and 72 hpf
The Et(-1.5hsp70l:Gal4-VP16)s1003t and Tg(UAS-E1b:Kaede)s1999t lines were crossed to 

express Kaede in KA neurons (green) of progeny, which were immunolabeled for 5-HT 

(red). The Et(-1.5hsp70l:Gal4-VP16)s1003t line did not drive transgene expression in all KA 

neurons. A–C: Kaede expression (A), but not 5-HT antibody labeling (B, merge in C), was 

detected at 24 hpf (dashed lines represent the dorsal and ventral boundaries of the spinal 

cord, approximately the same location in all panels). D–F: A subset of ventral KA neurons 

(D) were labeled with 5-HT antibodies (E, merge in F; arrows indicate colocalization). G–I: 
5-HT antibody labeling (H) of KA neurons (G) was faint at 72 hpf (arrows) and Kaede-

negative cells were more strongly labeled with 5-HT antibodies (H, merge in I). J–L: Kaede 

expression (J) and 5-HT antibody labeling (K) did not overlap at 96 hpf (L). Scale bar = 20 

μm.
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Figure 7. GABA and 5-HT immunolabeling overlap in ISNs that do not express pet1:EGFP
Whole-mount Tg(-3.2pet1:EGFP)ne0214 larvae were double-labeled with antibodies to 

GABA (blue) and 5-HT (red; dashed lines represent the dorsal and ventral spinal cord 

boundaries, same in A–D and E–H). A–D: A subset of ventral GABA-positive neurons (A) 

colabeled with 5-HT antibodies (B, merge in D; arrowheads indicate colocalization of 

GABA and 5-HT) at 48 hpf. Expression of pet1:EGFP (green) was not detected at 48 hpf 

(C). E–H: GABA (E) ceased to colocalize with 5-HT (F) at 96 hpf, as 5-HT became 

restricted to non-GABAergic pet1:EGFP+ (G; merge in H; arrows indicate colocalization of 

pet1:EGFP and 5-HT). Scale bar = 10 μm.
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Figure 8. Schematic model of marker labeling in transient and persistent serotonergic spinal cell 
populations
Horizontal lines indicate marker labeling and line intensity represents labeling intensity 

(black represents strongest labeling). Arrowheads indicate the hypothesized persistence of a 

label beyond the ages included in this study (10 dpf), and vertical bars indicate the last age 

that a marker was detected in a cell population. Top: Tph1a was expressed from 24 hpf until 

approximately 56 hpf (detected at 48, but not 68 hpf) and GABAergic KA neurons contained 

5-HT from 36 hpf (estimate based on previous reports) until 80 hpf. The model predicts that 

tph1a is expressed in KA neurons, although localization of tph1a to the KA neurons has not 

yet been demonstrated (indicated by the asterisk). Bottom: Tph2 and pet1:EGFP expression 

began at 60 hpf and 5-HT was first detected in a second population of ISNs at 64 hpf. 

Colabeling of these makers persisted until at least 10 dpf.
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