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Oxytocin regulates a diverse set of processes including stress, analgesia, 45 

metabolism, and social behavior. How such diverse functions are mediated by a single 46 

hormonal system is not well understood. Different functions of oxytocin could be 47 

mediated by distinct cell groups, yet it is currently unknown whether different 48 

oxytocinergic cell types exist that specifically mediate peripheral neuroendocrine or 49 

various central neuromodulatory processes via dedicated pathways.  50 

Using the Brainbow technique to map the morphology and projections of 51 

individual oxytocinergic cells in the larval zebrafish brain, we report here the existence 52 

of two main types of oxytocinergic cells; those that innervate the pituitary and those that 53 

innervate diverse brain regions. Similar to the situation in the adult rat and the adult 54 

midshipman, but in contrast to the situation in the adult trout, these two cell types are 55 

mutually exclusive and can be distinguished based on morphological and anatomical 56 

criteria. Further, our results reveal that complex oxytocinergic innervation patterns are 57 

already established in the larval zebrafish brain. 58 

 59 

 60 

Significance (112 words) 61 

We used the Brainbow technique to reconstruct the morphology and projection patterns 62 

of oxytocinergic neurons in larval zebrafish, revealing diverse and complex brain-wide 63 

innervation patterns originating from a small cluster of cells within the neurosecretory 64 

preoptic area. Central target areas include the tectum, hypothalamus, and telencephalon. 65 

This is the first comprehensive whole-brain morphology characterization of 66 
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oxytocinergic neurons to our knowledge. 3D registration reveals spatially distinct 67 

subtypes of oxytocinergic neurons. One group with morphologically complex 68 

projections reaches into distinct brain regions, presumably for neuromodulation, while 69 

another group features simpler projections innervating the pituitary, presumably for 70 

endocrine release. These two groups are spatially segregated, suggesting an 71 

evolutionarily ancient anatomical separation of oxytocin cell subtypes. 72 

 73 

 74 

Introduction (749 words) 75 

Oxytocin (Oxt, formerly isotocin) is exclusively produced by a small group of 76 

neurons in the zebrafish preoptic hypothalamus (Herget et al., 2014), yet it regulates 77 

diverse evolutionarily conserved functions. Neurons producing Oxt in the rat are 78 

activated during stress or feeding, and Oxt is involved in analgesia and energy 79 

metabolism (Lee et al., 2009; Onaka et al., 2012; Eliava et al., 2016). Oxt’s most prominent 80 

role is the regulation of social behavior and reproduction including conspecific 81 

recognition, pair bonding, fear and trust regulation, mother-child attachment, 82 

parturition and lactation in mammals (Pedersen and Prange, 1979; Kendrick et al., 1987; 83 

Lee et al., 2009; Onaka et al., 2012). Its prominent social regulatory role is further 84 

supported by its potential involvement in the impairment of social interaction in autism 85 

spectrum disorders in humans (Meyer-Lindenberg et al., 2011).  86 

Oxt is produced in the paraventricular (PVN) and supraoptic nuclei of the 87 

mammalian hypothalamus and transported through axons towards the 88 
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neurohypophysis, the neuronal posterior lobe of the pituitary, where it is released into 89 

the body circulation (Brownstein et al., 1980). Oxt is also transported and released within 90 

the brain, probably via two different delivery modes: local dendritic release followed by 91 

slow diffusion (Ludwig and Leng, 2006), and fast targeted axonal release in distant 92 

regions widely spread throughout the brain (Buijs, 1978; Sofroniew, 1980; Swanson and 93 

Hartman, 1980;  Knobloch et al., 2012). For example, Oxt originating from rat 94 

hypothalamic cells is axonally delivered to forebrain regions including the central 95 

amygdala, where Oxt mediates fear suppression (Knobloch et al., 2012). Such Oxt-96 

transporting projections have also been suggested in voles and mice (Ross et al., 2009; 97 

Dölen et al, 2013). Recent observations in rats also suggest mutual innervation of 98 

oxytocinergic cells within and across hemispheres (Eliava et al., 2016).  99 

Despite these advances, it is not well understood how central and peripheral 100 

functions of Oxt are coordinated. Some studies demonstrated that magnocellular Oxt 101 

neurons of the neurohypophysial system feature collaterals reaching into the striatum or 102 

central amygdala (Ross et al., 2009; Knobloch et al., 2012). Some oxytocinergic cells were 103 

recently demonstrated to have a dual analgesic function in rats, innervating other 104 

neuroendocrine oxytocinergic cells to release Oxt into the blood, while simultaneously 105 

inhibiting nociception by long-range collateral fibers reaching into the dorsal horn of the 106 

lumbar spinal cord (Eliava et al., 2016). While a dichotomic separation of PVN 107 

projections reaching either towards the pituitary or the medulla and spinal cord was 108 

suggested before (Hosoya and Matsushita, 1979; Swanson and Kuypers, 1980), 109 

conflicting data was reported in fish (separate projection cell types in the plainfin 110 
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midshipman, Goodson et al., 2003; dual projections of the same cells in the trout, Saito et 111 

al., 2004). The situation in the developing zebrafish brain is unknown. An important and 112 

currently open question is whether distinct Oxt neuron subtypes exist in zebrafish that 113 

mediate specific central or peripheral functions. To address this question, a large 114 

number of Oxt-positive cells must be sampled and individual Oxt cells must be 115 

categorized based on distinguishable features. 116 

With a simpler transparent brain and genetic access, zebrafish larvae offer 117 

significant experimental advantages for structural and functional analysis of individual 118 

neurons. Importantly, zebrafish larvae execute endocrine functions and complex 119 

behaviors within their first 5 days of development (Löhr and Hammerschmidt, 2011). 120 

While the presence of tracts and projections throughout brain regions caudal to the 121 

PVN-homologous neurosecretory preoptic area (NPO) was shown before (Coffey et al., 122 

2013; Herget et al., 2014), the morphology and target regions of individual oxytocinergic 123 

neurons have remained unclear.  124 

In this study, we used zebrafish larvae to characterize the morphology and 125 

projection targets of neurons producing Oxt. To distinguish individual cells within the 126 

dense cluster and fiber bundles, we targeted Brainbow (Livet et al., 2007; Lichtman et al., 127 

2008) to the NPO (Herget et al., 2014) of 6 day old zebrafish larvae using both an oxt 128 

promoter (Coffey et al., 2013) and a conserved regulatory element of the transcription 129 

factor orthopedia a (otpa) (Gutierrez-Triana et al., 2014). Random recombination of the 130 

Brainbow cassette by inducible Cre recombinase allowed spectral separation of 131 

individual cells and their projections from their densely intermingled neighbors. 132 
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Morphological whole-cell 3D skeletonization revealed a striking structural diversity and 133 

multiple target regions of Oxt-producing neurons in the larval zebrafish. Registration of 134 

skeletonized cells into one common model brain showed a separation of the 135 

oxytocinergic cluster into two distinct groups: a rostral hypophysiotropic cluster and a 136 

caudal encephalotropic cluster, indicating that in zebrafish, peripheral neuroendocrine 137 

and different central neuromodulatory processes are likely mediated by dedicated 138 

oxytocinergic pathways. 139 

 140 

 141 

Methods 142 

 143 

Fish maintenance 144 

Maintenance and breeding of male and female AB/TL wildtype zebrafish were 145 

performed under standard conditions at 28.5°C on a 12:12 light/dark cycle (Westerfield, 146 

2000). For all experiments, crosses of AB and TL strains were used. All procedures were 147 

performed according to the guidelines of the German animal welfare law and approved 148 

by the local government (Regional council, Karlsruhe).  149 

 150 

Plasmid Construction 151 

The pST_OtpECR6:BrbM plasmid was generated by cloning the 3x multimerized 152 

NPO-regulatory region of the zebrafish gene otpa (OtpECR6) together with the E1B 153 

minimal promoter (Gutierrez-Triana et al., 2014) upstream of the membrane-bound 154 
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Brainbow-1.1 (BrbM) cassette (Livet et al., 2007) in a vector containing both I-SceI and 155 

Tol2 sites. To generate pST_Oxt:BrbM, the OtpECR6 enhancer was replaced by the 1.7 kb 156 

regulatory region of the zebrafish oxt gene, whose activity was shown to reflect the 157 

expression of endogenous oxt (Coffey et al., 2013).  158 

 159 

Generation of transgenic lines 160 

Recombinant plasmids were injected into one-cell stage AB/TL embryos at a 15 161 

ng/ l concentration in the presence of 10 ng/ l Tol2 transposase mRNA and 0.05% 162 

phenol red (Sigma-Aldrich, #P3532). The progenies of injected fish were maintained in 163 

E2 medium + 0.2 mM N-phenylthiourea (Sigma-Aldrich, #P7629) to prevent 164 

pigmentation and screened for preoptic Kusabira expression at 3 days post fertilization 165 

(dpf) using a Leica MZ6 fluorescence microscope. The following stable transgenic lines 166 

were established: Tg(OtpECR6:BrbM)hd23 and Tg(Oxt:BrbM)hd24. Both transgenic lines 167 

were incrossed for multiple generations to increase copy numbers. 168 

 169 

Brainbow induction 170 

For stochastic recombination of the Brainbow transgenes, one-cell stage 171 

progenies of Tg(OtpECR6:BrbM)hd23 or Tg(Oxt:BrbM)hd24 fish were injected with hsp:nls-172 

Cre plasmids at a concentration of 15 ng/ l in the presence of 10 ng/ l I-SceI 173 

meganuclease enzyme and 0.05% phenol red. For transient Brainbow expression, we 174 

injected one-cell stage AB/TL embryos with pST_OtpECR6:BrbM or pST_Oxt:BrbM  175 

plasmids at a concentration of 15 ng/ l together with 10 ng/ l Tol2 transposase mRNA 176 



 

9 
 

and hsp:nls-Cre plasmid with I-SceI enzyme as described above. On the following day, 177 

injected embryos were heat-shocked at 37°C for 1.5-15 h, depending on the line used and 178 

the sparseness desired.  179 

 180 

Whole-mount immunohistochemistry 181 

Fixation and staining were performed as reported previously (Kastenhuber et al., 182 

2010; Herget et al., 2014), using a chicken anti-GFP antibody (abcam, #13970, RRID: 183 

AB_300798) together with a rabbit anti-Oxt antibody (Herget et al., 2014), and anti-184 

chicken Alexa 488 (invitrogen, #11039, RRID: AB_142924) plus anti-rabbit Alexa 647 185 

secondary antibodies (invitrogen, #A21245, RRID: AB_141775). Anatomical reference 186 

landmarks were visualized using NeuroTrace Fluorescent Nissl Stain (NT) (invitrogen, 187 

#N21480).  188 

 189 

Confocal microscopy 190 

For imaging, larval heads were cleared in 80% glycerol (Gerbu, #2006.50000) in 191 

PBS for 1 h. Confocal stacks were recorded using a Leica SP5 confocal microscope with a 192 

20x glycerol objective. Live imaging was performed on agarose-embedded larvae (Low 193 

Melt Agarose, Roth, #6351.1) with a 20x water objective. Each channel was recorded 194 

sequentially to reduce interfering signals from overlapping emission spectra. Zoom, 195 

dimensions, gain, offset, average, and speed were adjusted for each stack to obtain the 196 

optimal image quality of the desired volume. 197 

 198 
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Image evaluation 199 

Stacks were evaluated using Amira 5.3 or 5.4 (FEI Visualization Sciences Group) 200 

to create maximum intensity projections and 3D voxel-rendered views, and to perform 201 

3D registration and neuron skeletonization. Maximum intensity projections and voxel-202 

rendered views were restricted to the volume of interest. Brightness and contrast were 203 

adjusted for each channel. Neuron skeletonization was performed using the 204 

SkeletonTree plugin (Schmitt et al., 2004; Evers et al., 2005). Stacks of different animals 205 

were manually registered by transformation using commonly stained cell clusters as 206 

references.  207 

 208 

 209 

Results 210 

 211 

Complex oxytocinergic projections are present during early development in larval 212 

zebrafish 213 

Because of the successive specialization of Oxt functions during evolution, 214 

ascending Oxt projections are thought to be a feature of more advanced and mature 215 

vertebrates (Knobloch and Grinevich, 2014). To determine the extent of Oxt projection 216 

complexity in developing larvae, we used a custom-made Oxt antibody (Herget et al., 217 

2014) to characterize the development of Oxt projection patterns in larvae at 3-6 dpf. In 218 

larval zebrafish, oxytocinergic somata are restricted to the NPO (Fig. 1 and Herget et al., 219 

2014). Their projections form densely entangled bundles innervating the pituitary, but 220 
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also reach into other brain regions and towards the spinal cord (Fig. 1). Strikingly, 221 

distinct fibers can be observed reaching into the optic tectum (TeO), the hypothalamus, 222 

and the telencephalon (Tel) at these early developmental stages. Hypophysial and spinal 223 

projections can be observed from 3 dpf on (Fig. 1A,A’), while other brain regions are 224 

innervated beginning at 4-5 dpf (Fig. 1B-C’). The innervation patterns observed by 6 dpf 225 

(Fig. 1D,D’) remain stable until at least 8 dpf (data not shown). Target regions were 226 

identified using NT as a cytoarchitectural marker of brain anatomy (Fig. 2). In 6 dpf 227 

larvae, oxytocinergic fibers were found reaching into the Tel close to the anterior 228 

commissure (Fig. 2A,B’), crossing through the postoptic commissure (Fig. 2A), 229 

prominently innervating the pituitary via the hypothalamohypophysial tract (Fig. 230 

2A,B’’’), passing through major parts of the thalamus, tegmentum and hypothalamus 231 

(Fig. 2A,B’,B’’), reaching dorsally up into the TeO (Fig. 2A-B’), or passing ventrally 232 

through the medulla oblongata (Fig. 2A). Dense collateral branching occurs in the 233 

medulla oblongata, while only few unbranched fibers appear to run laterally parallel to 234 

the spinal cord, and therefore potentially within the putative sympathetic trunk (data 235 

not shown). Generally, Oxt immunostaining showed regional inter-individual 236 

variability at this developmental stage, especially for the branches reaching into the TeO 237 

and the cerebellum (Ce) (Fig. 3). 238 

 239 

The Brainbow technique allows morphological reconstruction of individual 240 

oxytocinergic neurons and their fibers  241 
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An immediate question raised by the complex arrangement of oxytocinergic fiber 242 

bundles is which soma connects to which brain region. This dense network of fibers can 243 

only be dissected by single-cell reconstruction. To visualize individual Oxt neurons in 244 

their entirety, we used the Brainbow technique to achieve multicolor labeling of the 245 

entire oxytocinergic neuron population. We used two independent transgenic 246 

approaches: we began by using Brainbow driven by a promoter covering the NPO 247 

(Gutierrez-Triana et al., 2014), and later also used an Oxt promoter which restricts the 248 

Brainbow expression to mostly oxytocinergic cells (Coffey et al., 2013). We achieved 249 

Brainbow expression in the NPO (Fig. 4A) by linking BrbM to the otpECR6 promoter, a 250 

conserved regulatory element of the transcription factor otpa, which allows genetic 251 

targeting of a part of the NPO covering corticotropin-releasing hormone (crh), arginine 252 

vasopressin (avp) and oxt-positive cells (Gutierrez-Triana et al., 2014). The established 253 

Brainbow line, Tg(OtpECR6:BrbM), can be used to distinguish the innervation targets of 254 

different NPO cells, as illustrated by differently colored cells projecting to different 255 

neurohypophyseal subregions (Fig. 4A). Since Brainbow is expressed throughout the 256 

NPO and therefore covers neighboring and intermingled cell types as well, 257 

immunohistochemistry (IHC) was carried out using the Oxt antibody together with an 258 

anti–GFP antibody (to detect recombined BrbM fluorescent proteins) to confirm 259 

oxytocinergic identity. Comparing confocal images taken in vivo with images of the 260 

same animal after fixation and staining reveals fibers carrying the peptide labeled by 261 

IHC (Fig. 4B,B’). IHC also greatly improves the fluorescence signal and reduces the 262 

background, facilitating visualization of fibers in deep regions such as the pituitary. In 263 



 

13 
 

addition to Tg(OtpECR6:BrbM), we also generated Tg(Oxt:BrbM) using a published oxt 264 

promoter (Coffey et al., 2013), which is more specific for oxytocinergic cells. IHC 265 

confirmation of oxytocinergic identity was nevertheless also performed in experiments 266 

using this oxt promoter to ensure that only oxytocinergic cells were processed further for 267 

reconstruction. We also used animals that transiently expressed Brainbow (for higher 268 

expression levels at the expense of color diversity). The morphology of non-overlapping 269 

cells identified as Oxt-positive by IHC was reconstructed using Amira (Fig. 4C-C’’). 270 

Several selection steps excluded animals from further processing (Fig. 4D). We often 271 

observed expression of the same fluorophore in neighboring cells, or induction of 272 

Brainbow in fibers not carrying Oxt, and such animals were excluded from 273 

morphological analysis. Only those animals displaying successful recombination in cells 274 

positive for Oxt that were separated from other co-stained cells allowed the 275 

reconstruction of individual oxytocinergic neurons and their projections. Cases in which 276 

a cell was partially, but not completely reconstructable were excluded from further 277 

morphological analysis, but included in soma position analysis. 278 

 279 

Morphological analysis of oxytocinergic cells reveals two major types based on their 280 

projection patterns 281 

Using the Brainbow approach, we characterized the morphological diversity and 282 

projection targets of 6 dpf oxytocinergic cells and found diverse projection patterns 283 

which can be categorized into two distinct groups: Some neurons innervate the pituitary, 284 

while others instead innervate other brain regions. Oxt-positive cells innervating the 285 
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pituitary are comparatively simple, featuring only a single projection towards the 286 

pituitary, or very limited branching near the soma within the NPO (Fig. 5), which 287 

occasionally extends caudally (Fig. 5C,C’; putative posterior tuberculum or rostral 288 

hypothalamus). Other hypophysiotropic cells feature more complex proximal branching 289 

within the NPO (Fig. 6A-G’), which often extends caudally (Fig. 6B,B’,D,D’,F,F’,G,G’; 290 

putative posterior tuberculum or rostral hypothalamus). The somata and projections of 291 

these two subcategories do not segregate after registration (Fig. 6H, see also below). 292 

Apart from pituitary–innervating cells, broad branching throughout the brain 293 

was observed for other Oxt-positive neurons (Fig. 7, 8). Projections of some cells reached 294 

rostrally into the Tel and other brain regions, but not the pituitary (Fig. 7). These cells 295 

feature extensive branching throughout the brain, with fibers reaching rostrally into the 296 

Tel (Fig. 7A-E’), caudoventrally into the hypothalamus (Fig. 7A-C’, E-E’), caudodorsally 297 

into the TeO (Fig. 7C-D’), and branches crossing to the contralateral hemisphere (Fig. 298 

7A-A’, C-E’; registration in F). Other encephalotropic cells did not reach into the Tel or 299 

towards the pituitary, but into other brain regions (Fig. 8). These cells featured 300 

projections reaching dorsally into the prethalamus (Fig. 8A,A’), caudoventrally into the 301 

hypothalamus (Fig. 8B-I’), caudodorsally into the Ce (Fig. 8D,D’) and the TeO (Fig. 8G-302 

I’), and branches crossing to the contralateral hemisphere (Fig. 8B,B’,E-I; registration in J). 303 

Strikingly, we never observed Oxt cells that project both to the brain and the pituitary. 304 

Therefore, these two projection types are mutually exclusive and occur in different cells. 305 

 306 

The neuroendocrine and neuromodulatory clusters exhibit anatomical separation 307 
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To determine whether Oxt cells that exhibit the two projection types show 308 

anatomical clustering, we visualized the cell bodies and projection patterns of groups of 309 

cells. We manually registered reconstructed cells by 3D transformation using both the 310 

residual Kusabira signal of unrecombined Brainbow and the co-stained peptide IHC 311 

labeling in the NPO and the pituitary as reference landmarks. This allowed the 312 

visualization of multiple cells within the same model brain (Fig. 9; see also Fig. 6H, 7F, 313 

8J). The trajectory of axons innervating the pituitary generally follows a similar double-314 

curved path, first turning ventrally but then curving dorsally and into the pituitary (Fig. 315 

9A-A’’, Movie 1). In comparison, the combined group of encephalotropic cells shows a 316 

much more diverse collection of morphologies, with each cell featuring a unique 317 

innervation pattern (Fig. 9B-B’’, Movie 2). Comparing the hypophysiotropic and 318 

encephalotropic groups of all reconstructed cells after registration revealed that the 319 

hypophysiotropic population resides in a more rostral part of the NPO, while the 320 

encephalotropic cells tend to be caudal to them (Fig. 10, Movie 3). This suggests an 321 

anatomical separation of these subtypes of oxytocinergic cells within the NPO. 322 

 323 

 324 

Discussion (1716 words) 325 

Oxt is thought to be delivered via different release pathways: volume 326 

transmission from hypothalamic dendrites (Ludwig and Leng, 2006), or targeted axonal 327 

long-range delivery. Our understanding of distinct innervation patterns and the 328 

circuitry of different Oxt functions has been rapidly increasing due to considerable 329 
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recent advances using rats. Innervated brain regions have been reported more than 30 330 

years ago in rats (Buijs, 1978; Sofroniew, 1980; Swanson and Hartman, 1980), but 331 

functionally specific circuits have only been identified in recent years (Knobloch et al., 332 

2012; Eliava et al., 2016).  333 

The subgroup of oxytocinergic neurons featuring projections to distant brain 334 

regions is thought to be anatomically distinct from hypophysiotropic neurons (Hosoya 335 

and Matsushita, 1979; Swanson and Kuypers, 1980), leading to the assumption that in 336 

specific situations (e.g. empathy, fear, pain, stress), dedicated subpopulations of neurons 337 

would modulate relevant brain regions to guide behavior towards survival of the 338 

individual and the species (Knobloch and Grinevich, 2014). However, the direct 339 

demonstration of distinct Oxt cell types based on their projections has been lacking, 340 

since the morphological diversity of oxytocinergic cells underlying circuit funtion is very 341 

difficult to extract from the large and opaque brains of rodents. Here we provide 342 

anatomical and morphological evidence for the existence of two major types of Oxt cells 343 

with distinct projections in larval zebrafish.  344 

To visualize individual neurons in their entirety, two methods are commonly 345 

used: Sparse single-color labeling, or multicolor labeling of a group of neurons using 346 

Brainbow. Sparse labeling has been used in zebrafish to define dopaminergic (Tay et al 347 

2011) and olfactory projectomes (Miyasaka et al., 2014), yet such an approach depends 348 

on transient expression. The Brainbow method is an elegant tool for morphological 349 

reconstruction of multiple cells in larval zebrafish (Robles et al., 2013), since it allows 350 

multicolor labeling in stable transgenic lines depending only on Cre recombinase, which 351 
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can be provided via heat shock induction. While in theory this approach should allow 352 

more efficient single-cell reconstruction, its actual efficiency in NPO cells was overall 353 

very low due to multiple selection steps excluding many animals from further analysis 354 

(Fig. 4D). Since our results show that immunostaining is required for the confirmation of 355 

cell type identity and signal enhancement in deep regions, for future studies we suggest 356 

the use of separately detectable fluorophores for independent immunostaining, as 357 

reported (Cai et al., 2013). While the registration approach we used might raise concerns 358 

about repeated sampling of the same cell type, we assume that the stochastic nature of 359 

random Brainbow recombination prevents such potential sampling bias. Oversampling 360 

of the same cell type is also unlikely due to considerable inter-individual differences 361 

observed in cell numbers, soma positions, hemispheric distribution, innervation patterns, 362 

and coexpression levels across animals. The cells shown here are a small subset of the 363 

large dataset of imaged and reconstructed samples which included many 364 

unreconstructable or only partially reconstructable cells (due to overlap or crossing of 365 

branches with the same labeling). Nevertheless, in all these images and partial 366 

reconstructions, we saw the same two major types that are shown here. 367 

Our results suggest that long-range projections of Oxt neurons are ancestral in 368 

the vertebrate brain, and that central Oxt projections are present during early 369 

development in zebrafish, unlike in developing mammals (Grinevich et al., 2015, 2016). 370 

Our data are partially consistent with an earlier study in the rainbow trout, in which 371 

oxytocinergic cells also project widely throughout the brain, innervating ventral 372 

telencephic, diencephalic, and mesencephalic regions in addition to the pituitary (Saito 373 
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et al., 2004). Each of the analyzed cells projected to both the pituitary and central brain 374 

regions, suggesting that the peripheral endocrine and central neuromodulatory 375 

functions are mediated by the same cell in the trout. Our results indicate that 376 

widespread oxytocinergic innervation throughout the brain is a feature of other teleosts 377 

as well. 378 

In the plainfin midshipman, oxytocin innervates the ventral Tel, and such fibers 379 

terminate in the olfactory bulb (Goodson et al., 2003). This olfactory innervation was not 380 

found in larval zebrafish here, but could appear in juvenile or adult animals. Similar to 381 

the trout, projections into the Tel also were largely restricted to its ventral part. It should 382 

be noted that putative amygdala-homologous regions are located more dorsally in the 383 

Tel (Wullimann and Mueller, 2004; Maximino et al., 2013) and therefore are probably not 384 

innervated by Oxt cells in larval zebrafish at this stage, but such innervation could 385 

develop later. The hypothalamic and tectal innervation described in the trout was also 386 

observed here in larval zebrafish. However, the projection pattern groups we observed 387 

in larval zebrafish are different from those in the trout, where oxytocinergic neurons 388 

innervate the pituitary and other brain regions simultaneously (Saito et al., 2004). The 389 

zebrafish oxytocin system could thus be more differentiated than its trout homolog. A 390 

separation similar to our results was however suggested for the plainfin midshipman 391 

(Goodson et al., 2003).  392 

A second magnocellular cell type innervating the neurohypophysis in mammals 393 

produces the closely related neuropeptide Avp. We also performed morphological 394 

analysis of vasopressinergic cells using the same approach. Our data suggests that 395 
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vasopressinergic projections are less abundant in extrahypothalamic regions than 396 

oxytocinergic projections (Herget, Salazar Thula and Ryu, unpublished data), as was 397 

also reported for descending projections in rats (Buijs, 1978; Sawchenko and Swanson, 398 

1982) and in various fishes (Van den Dungen et al., 1982; Goodson et al., 2003; Saito et al., 399 

2004). This suggests that Oxt might regulate more diverse brain functions than Avp in 400 

larval zebrafish. This difference in complexity is thought to be greater in evolutionarily 401 

more advanced vertebrates, in which magnocellular Avp neurons remained structurally 402 

simpler, while Oxt neurons acquired a more complex shape (Grinevich et al., 2016). 403 

However, there are numerous extrahypothalamic structures expressing Avp in rodents 404 

(BNST, medial amygdala, etc.), which can contribute to modulation of various behaviors 405 

(Rood and De Vries, 2011). In contrast, Avp somata in larval zebrafish are restricted to 406 

the NPO (Herget et al., 2014). 407 

We previously found that a minor population of oxytocinergic cells coexpresses 408 

crh (rarely), proenkephalin a (rarely), or proenkephalin b (moderately) in 5 dpf larvae 409 

(Herget and Ryu, 2015). Consistent with our current results, cells displaying this peptide 410 

coexpression are localized to the rostral half of the Oxt cluster, which according to our 411 

reconstruction and registration approach features predominantly neuroendocrine cells 412 

projecting to the pituitary. These results suggest that the Oxt population consists of a 413 

rostral neuroendocrine group that partially coreleases enkephalins (and rarely Crh) into 414 

the pituitary, and a caudal neuromodulatory group that innervates distinct brain regions 415 

to regulate behavior. This apparent spatial separation is not without precedent. 416 

Oxytocinergic axons of some cells in the caudal PVN in rats display collateral branches, 417 
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in contrast to the predominantly hypophysiotropic cells of the rostral and lateral PVN 418 

(Sofroniew, 1983). Oxt neurons projecting to regions other than the pituitary also cluster 419 

in the dorsoposterior part of the PVN in prairie voles, and such neurons were suggested 420 

to innervate the brainstem, while neuroendocrine cells tend to localize in the anterior 421 

PVN (Ross et al., 2009). Therefore, the clustering of Oxt neurons in zebrafish may have a 422 

similar trend as reported in rats and voles, although the mammalian Oxt system is far 423 

more complex and includes numerous accessory nuclei which may have 424 

extrahypothalamic projections as well (Steinman et al., 2015). Oxytocinergic innervation 425 

of the Ce was previously demonstrated in the trout (Saito et al., 2004). In 6 dpf larval 426 

zebrafish, Oxt immunostaining showed considerable inter-individual variability in the 427 

degree of innervation of various regions, and the Ce was not innervated in all animals 428 

(Fig. 3), but such innervation could still develop later in those animals. 429 

The Oxt system has received considerable attention for many years due to its key 430 

role in social behavior. Oxt is thought to increase the salience of sensory information 431 

linked to social cues (Grinevich et al., 2016). This involvement of the Oxt system in 432 

socially relevant brain regions has been suggested for different sensory modalities in 433 

different animal groups (vocal regions in songbirds, olfactory regions in rodents, and 434 

visual regions in primates), further supporting the concept of a modulatory function of 435 

locally released oxytocin in regions important for the social behavior of that species 436 

(Grinevich et al., 2016). In sonic fish, which use vocal-acoustic systems for mating 437 

communication, the brain regions involved are innervated by oxytocinergic cells 438 

(Goodson et al., 2003). Also, in adult zebrafish, Oxt and Avp injections modulate social 439 
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and anxiety-related behavior (Braida et al., 2012). However, potential roles of Oxt in 440 

larval zebrafish in the context of social behavior have not been explored so far. It is 441 

tempting to speculate that the oxytocinergic system is involved in the modulation of 442 

visually guided social behavior in zebrafish, given its projections into the TeO. Such 443 

fibers tend to be situated within the deep neuropil, adjacent to the stratum 444 

periventriculare. Therefore, the innervated layers are probably the stratum album 445 

centrale or stratum griseum centrale (Nevin et al., 2008; Scott and Baier, 2009; Baier, 446 

2013). In the trout, oxytocinergic fibers are found in deep tectal regions along the 447 

stratum periventriculare as well (Saito et al., 2004). Oxytocinergic fibers are also found 448 

within the stratum album centrale and stratum griseum centrale in the midshipman 449 

(Goodson et al., 2003). Tectal processing studies suggest that the deeper neuropil layers 450 

primarily have an output function, receiving input from the superficial layers (Nevin et 451 

al., 2010). Deep tectal layers are thought to process not only visual input, but also receive 452 

extraretinal afferents from other brain regions and from different sensory systems 453 

(Kinoshita and Ito, 2006). Local modulation of visual processing in deep layers of the 454 

tectal neuropil by afferents from non-visual brain regions was also suggested for 455 

zebrafish (Robles et al., 2011). Our results suggest that oxytocinergic cells of the NPO 456 

constitute one of these regions. The tectal innervation found here in larval zebrafish is in 457 

agreement with the notion that these animals rely primarily on visual cues for social 458 

behavior. 459 

Further studies of the Oxt system in different stages and under different 460 

environmental conditions, such as social enrichment or social deprivation, could 461 
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illuminate the potential for plasticity of Oxt circuits for social behavior. Further 462 

investigation and manipulation of oxytocinergic cells in zebrafish will greatly enrich our 463 

understanding of one of the most remarkable and relevant vertebrate peptide systems, 464 

potentially in a faster and more comprehensive way than is currently possible in rodents. 465 

 466 
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 665 

Figure Legends 666 

 667 

Figure 1: Projections of Oxt-positive cells in the NPO of developing zebrafish. Dorsal 668 

(A-D) and lateral (A’-D’) views of immunostained Oxt-positive cells and their 669 

projections. Note the complexity of projections reaching towards the pituitary (arrows), 670 

the spinal cord (arrowheads), and other brain regions (asterisks). Pituitary and spinal 671 

projections are established at 3 dpf (n=9), while additional innervation of other brain 672 

regions forms over 4 (n=11) and 5 dpf (n=13) and is established by 6 dpf (n=24). Scale 673 
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bars: 100 m. Additional abbreviations: d, dorsal (following body axis); H, 674 

hypothalamus; l, lateral; Pit, pituitary; PT, posterior tuberculum; r, rostral (following 675 

body axis); T, tegmentum; Th, thalamus. 676 

 677 

Figure 2: Innervated regions of Oxt-positive neurons at 6 dpf. A: Lateral view of 678 

immunostained Oxt-carrying fibers (magenta) in combination with NT (green) to 679 

identify brain regions at 6 dpf (n=12). Fibers reach the pituitary through the 680 

hypothalamohypophysial tract, but also innervate the caudal Tel and optic tectum. 681 

Spinal projections pass the metencephalon and myelencephalon ventrally. B-B’’’: Serial 682 

horizontal substacks (dorsal to ventral) show innervation of the TeO (B), the caudal Tel 683 

(B’), hypothalamic and tegmental regions (B’’), and the pituitary (B’’’). The fibers mostly 684 

traverse within Nissl-negative regions, which correspond to white matter. Scale bars: 685 

100 m. Additional abbreviations: ac, anterior commissure; Ha, habenula; MO, medulla 686 

oblongata; NIn, interpeduncular nucleus; poc, postoptic commissure. 687 

 688 

Figure 3: Variable Oxt-positive projections at 6 dpf. A-H’: Oxytocinergic cells and their 689 

innervation patterns shown by IHC in 8 different animals, dorsal (A,B,C,D,E,F,G,H) and 690 

lateral (A’,B’,C’,D’,E’,F’,G’,H’) views. I-I’: The same data after 3D registration of all 691 

stacks into one common model, dorsal (I) and lateral (I’) views. Each stack is shown with 692 

a different color. Note the variability of innervation patterns. Some animals show 693 

oxytocinergic innervation of the Ce, and tectal branches appear to be somewhat different 694 

in each individual. Scale bars: 100 m.  695 
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 696 

Figure 4: NPO Brainbow in larval zebrafish. A: Different colors resulting from 697 

recombination distinguish different projections and target regions (arrows) of NPO cells 698 

towards the pituitary at 5 dpf, which would be unrecognizable with only one color. 699 

Scale bars: 50 m. B-B’: Innervation of the pituitary shown in Tg(otpECR6:BrbM) at 4 dpf 700 

in vivo (B), and after IHC staining for GFP and Oxt (B’). Note that features of the 701 

projections visible in vivo can also be identified after fixation and staining (arrows). C-702 

C’’: Reconstructed morphology of an Oxt-positive cell resulting from BrainbowM 703 

recombination (green), shown together with Oxt IHC (white) in dorsal (C), lateral (C’), 704 

and frontal views (C’’). This cell projects towards the spinal cord. D: Methodological 705 

pipeline. One-cell stage embryos (n > 5,000) were injected and subjected to a heat shock 706 

on the following day to induce Cre recombinase. The surviving embryos (~3,500) were 707 

fixed at the relevant stage and immunostained to confirm peptidergic cell type identity. 708 

181 animals displayed Brainbow recombination, and recombination occurred in 709 

oxytocinergic cells in 119 animals, covering a total of 216 Oxt-positive cells. This subset 710 

of animals showing successful recombination in oxytocinergic cells was used for single-711 

cell skeletonization. Cells that could not be completely reconstructed with certainty were 712 

discarded, so that eventually 26 animals were used for the reconstructions presented. 713 

Reconstructed cells were registered using common landmarks. Note that each selection 714 

step excludes animals from further processing, requiring a large starting number to get 715 

few cell reconstructions and resulting in overall low efficiency. Scale bars: 50 m. 716 

 717 
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Figure 5: 3D reconstruction of morphologically simple Oxt-positive preoptic neurons 718 

that innervate the pituitary at 6 dpf. A-F’’: Skeletonized neurons, shown within the 719 

context of the Oxt IHC (A,B,C,D,E,F; dorsal and lateral views), and shown individually 720 

with a color code of the distance along each branch from the soma center 721 

(A’,B’,C’,D’,E’,F’; dorsal, lateral, and frontal views). Distance color codes are scaled to 722 

the maximum distance of each cell. Note that these cells feature very limited branching 723 

close to the soma, or no branching at all, until they reach the pituitary.   724 

 725 

Figure 6: 3D reconstruction of morphologically complex Oxt-positive preoptic 726 

neurons that innervate the pituitary at 6 dpf. A-G’’: Skeletonized neurons, shown 727 

within the context of the Oxt IHC (A,B,C,D,E,F,G; dorsal and lateral views), and shown 728 

individually with a color code of the distance along each branch from the soma center 729 

(A’,B’,C’,D’,E’,F’,G’; dorsal, lateral, and frontal views). Distance color codes are scaled to 730 

the maximum distance of each cell. Note that these cells feature several branches close to 731 

the soma. H: Registration of the hypophysiotropic cells shown in Fig. 5 (magenta) and 6 732 

(green) shows intermingled projections (dorsal, lateral, and frontal views).  733 

 734 

Figure 7: 3D reconstruction of Oxt-positive preoptic neurons that innervate the Tel 735 

and other brain regions, but not the pituitary, at 6 dpf. A-E’’: Skeletonized neurons, 736 

shown within the context of the Oxt IHC (A,B,C,D,E; dorsal and lateral views), and 737 

shown individually with a color code of the distance along each branch from the soma 738 

center (A’,B’,C’,D’,E’; dorsal, lateral, and frontal views). Distance color codes are scaled 739 
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to the maximum distance of each cell. Note that these cells feature extensive branching 740 

throughout the brain, with fibers reaching rostrally into the Tel (A-E’), caudoventrally 741 

into the hypothalamus (A-C’, E-E’), caudodorsally into the TeO (C-D’), and several of 742 

the branches crossing to the contralateral hemisphere (A-A’, C-E’). F: Registration of 743 

these encephalotropic cells shows the contribution of each cell to the brain-wide 744 

innervation pattern (dorsal, lateral, and frontal views).  745 

 746 

Figure 8: 3D reconstruction of Oxt-positive preoptic neurons that innervate other 747 

brain regions at 6 dpf. A-I’: Skeletonized neurons, shown within the context of the Oxt 748 

IHC (A,B,C,D,E,F,G,H,I; dorsal and lateral views), and shown individually with a color 749 

code of the distance along each branch from the soma center (A’,B’,C’,D’,E’,F’,G’,H’,I’; 750 

dorsal, lateral, and frontal views). Distance color codes are scaled to the maximum 751 

distance of each cell. Note that these cells feature extensive branching throughout the 752 

brain, with fibers reaching dorsally into the prethalamus (A-A’), caudoventrally into the 753 

hypothalamus (B-I’), caudodorsally into the Ce (D-D’) and the TeO (G-I’), and several of 754 

the branches crossing to the contralateral hemisphere (B-B’, E-I’). J: Registration of these 755 

encephalotropic cells shows the contribution of each cell to the brain-wide innervation 756 

pattern (dorsal, lateral, and frontal views).  757 

 758 

Figure 9: Projections of Oxt-positive cells manually registered from different 6 dpf 759 

animals into one common model. A-A’’: Oxt-positive cell morphology innervating the 760 

pituitary, dorsal (A), lateral (A’), and frontal (A’’) views. Each cell is shown with a 761 
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different color. A 3D rotation of this dataset is provided as Movie 1. B-B’’: Oxt-positive 762 

cell morphology innervating regions other than the pituitary, dorsal (B), lateral (B’), and 763 

frontal (B’’) views. Each cell is shown with a different color. A 3D rotation of this dataset 764 

is provided as Movie 2. 765 

 766 

Figure 10: Comparison of hypophysiotropic and encephalotropic cell types following 767 

registration. A-A’’: Comparison of encephalotropic (green) and hypophysiotropic 768 

(magenta) innervation of Oxt-producing cells, dorsal (A), lateral (A’), and frontal (A’’) 769 

views. A 3D rotation of this dataset is provided as Movie 3. B-B’’: Magnified view of 770 

reconstructed soma centers after registration, dorsal (B), lateral (B’), and frontal (B’’) 771 

views. Three additional somata of encephalotropic oxytocinergic cells were added, since 772 

the soma was reconstructable. Note that the two morphological subtypes appear to 773 

possess segregated somata, suggesting a functionally relevant regionalization within the 774 

cluster of Oxt-producing cells. Hypophysiotropic cells reside in a more rostral part of the 775 

NPO compared to encephalotropic cells.  776 

 777 

Movie 1: 3D rotation showing projections of hypophysiotropic Oxt-positive cells. 778 

Morphological reconstructions were manually registered from different 6 dpf animals 779 

into one common model. Each cell is shown with a different color. See also Fig. 9A-A’’. 780 

 781 
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Movie 2: 3D rotation showing projections of encephalotropic Oxt-positive cells. 782 

Morphological reconstructions were manually registered from different 6 dpf animals 783 

into one common model. Each cell is shown with a different color. See also Fig. 9B-B’’. 784 

 785 

Movie 3: 3D rotation comparing hypophysiotropic and encephalotropic cell types. 786 

Morphological reconstructions were manually registered from different 6 dpf animals 787 

into one common model. The soma positions and projection patterns of 788 

hypophysiotropic cells (magenta) and encephalotropic cells (green) are separated. See 789 

also Fig. 10A-A’’. 790 
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