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ABSTRACT

How brains encode social stimuli and transform these representations into advantageous
behavioral responses is not well-understood. Here, we show that social isolation activates an
oxytocinergic, nociceptive circuit in the larval zebrafish hypothalamus. We further demonstrate
that chemical cues released from conspecific animals modulate its activity to regulate defensive
behaviors and appetite. Our collective data reveals a model through which social stimuli can be

integrated into fundamental neural circuits to mediate adaptive behaviour.


https://doi.org/10.1101/2020.02.19.956854

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.19.956854; this version posted February 20, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

INTRODUCTION

In mammals, signaling in oxytocinergic (OXT) circuits modulates a wide spectrum of socially
driven behaviors, ranging from pair bonding and parental care to the responses to stress and
pain'. OXT has also been described as a potent regulator of appetite*°. We reported recently
that the larval zebrafish OXT circuit encodes a response to aversive, particularly noxious stimuli
and directly drives nocifensive behavior via brainstem premotor targets6. Moreover, studies in

both zebrafish®® and mammals®°

suggest that the OXT-expressing neuronal population is
anatomically and functionally diverse, and might also modulate multiple behaviors in zebrafish.
Here, in a brain-wide screen' for neuronal populations whose activity reflects social context, we
show that larval zebrafish oxytocinergic circuits display diverse responses to conspecific
chemosensory stimuli, and are key effectors for social context modulation of nociceptive and
appetite-driven behaviors. Our results reveal a simple algorithm by which neuromodulatory

neurons can represent social context to exert flexible control over hard-wired behavioral drives.

RESULTS

Brain-wide activity mapping of social isolation and its rescue by conspecific chemical cues

Using pERK based whole-brain activity mapping (MAP-Mapping'"), neural activity in brains of
briefly (2 hrs) socially-isolated larvae (7 - 8 days-post-fertilization; dpf) was compared to
animals that had been maintained in the presence of similarly-aged conspecifics. We found that
isolated fish showed an enhancement of neural activity in specific regions, including the
telencephalon (especially subpallium), hindbrain, locus coeruleus, area postrema, caudal
hypothalamus, preoptic area (PO, homolog of the hypothalamic paraventricular nucleus in
mammals) and posterior tuberculum (PT) (Fig. 1a-b, Supplementary Movie 1, Supplementary
Data 1). Many of these same regions are activated by noxious or aversive stimuli®’; they may
thus represent the signature activity pattern of a negative internal state, which can be similarly
triggered by social deprivation. Neurons expressing the peptide oxytocin (OXT) are abundant in
the PO and PT®"'?" regions, and as we describe below, OXT-positive neuron clusters in both of
these areas (OXTpo and OXTpr respectively) display greater activity in socially-isolated fish. To
acquire a more precise quantitation of OXT activity in relation to the social environment, we
measured pERK activity for individual GFP-labeled OXT neurons (Tg(oxt:GFP)), as well as
surrounding non-OXT PO and PT neurons, in high resolution confocal microscopic images of
dissected brains® (Fig. 1c-d, Supplementary Fig. 1). We found that a subset of both OXT
neurons and surrounding non-OXT neurons were significantly more active in socially-isolated

fish, as was recently observed in the context of noxious stimuli® (Fig. 1a-b). Thus, the OXT
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population might encode negative valence stimuli, such as the environmental stimulus of social

isolation.

FIGURE 1
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74 Figure 1: phospho-ERK based mapping reveals OXT neuron modulation by social context

75

76 (a) Top: pERK-based activity mapping to compare brain activity of isolated vs. social fish. Green voxels

77 highlight regions that are significantly more active in isolated fish as compared to fish maintained in

78 groups. This final map was generated by averaging data from 5 independent experiments in which

79 isolated fish are compared to fish kept in groups of 3 (2 experiments), 5 (1 experiment) or 10 (2

80  experiments) (See Supplementary Movie 1; FDR Threshold used = 0.05%. Yellow = Outline of preoptic

81 (OXTpo) and posterior (OXTpr) oxytocin populations). These masks were used for the quantification of

82 activity in bottom. Other ROIs are quantified in Supplementary Data 1. Tel = Telencephalon, cH =

83  Caudal Hypothalamus, LC = Locus Coeruleus, AP = Area Postrema, HB = Hindbrain.

84 Bottom: Social isolation significantly activates OXT-expressing brain regions. Here, the mean pERK

85 signal was calculated per fish across the specified ROIs. Data for other stimuli was also included in Wee

86  etal (2019)°. Adjusted p values for social isolation: ***p = 0.00084 (OXTpo), *p = 0.03 (OXTpr), 0.42

87 (whole brain). Wilcoxon signed-rank test relative to a median of 1, Bonferroni correction.

88

89 (b) High-resolution imaging of pERK expression in OXT neurons in brains from dissected isolated fish

90 (bottom), compared to the brains of fish kept in groups of 3 (top). Maximum intensity projection of one

91 fish from each condition are shown (green = preoptic (OXTpo) and posterior (OXTpr) oxt:GFP-positive

92 neurons, magenta = anti-pERK staining). White arrows indicate OXT neurons with high pERK intensities.

93  Scale bar =20 ym.

94

95  (c) Top: Effect of social isolation and social sensory cues on mean OXT (PO + PT combined, green)

96 neuron activity per fish. pERK intensities of individual OXT and non-OXT (see Supplementary Fig. 1)

97 cells were extracted automatedly as reported in Wee et al (2019)6. pERK intensities shown are

98 normalized to those of control fish (i.e. fish maintained in groups of 3). Social isolation induced a 1.2 fold

99 increase in OXT neuron pERK activity relative to fish maintained in groups of 3. Visual cues of
100  conspecifics moderately reduced OXT neuron pERK activity (1.1 fold relative to group), non-kin and kin
101  water cues induced an even stronger reduction in OXT neuron pERK activity (1.01 and 1.00 fold relative
102  to group). OXT neurons: p= 0.0074** ( group vs isolated) / 0.069 (group vs visual) / 0.52 (group vs non-
103  kin water) / 0.83 (group vs kin water) / 0.37 (isolated vs visual) / 0.022* (isolated vs non-kin water) /
104  0.036* (isolated vs kin water) / 0. 21 (visual vs non-kin water) / 0.19 (visual vs kin water) / 0.65 (kin vs
105 non-kin water). Bottom: Spatial distribution of the most active OXT-positive neurons. Active neurons
106 were defined using a pERK intensity threshold above which only 10% of neurons are active in the control
107  (i.e group of 3) condition. 300 OXT cells were randomly sampled across all fish.
108
109  (d) Probability distributions (kernel density estimate (KDE)) of normalized pERK fluorescence across all
110 neurons per group. Multiple panels are shown to aid visualization. Fish were either kept in groups of 3
111 (gray, n =993 neurons from 12 fish), isolated (pink, n = 931 neurons from 11 fish), isolated but exposed
112 to visual cues of conspecifics through a transparent barrier (red, n = 902 neurons from 12 fish) or isolated
113 but exposed to non-kin-conditioned water (blue, n = 866 neurons from 11 fish) or kin-conditioned water
114 (orange, n= 856 neurons from 12 fish). Isolated fish had significantly higher OXT neuron pERK activation
115 than fish in a group (***p = 2.6x10'35). Isolated fish presented with visual conspecific or non-kin water
116 cues also had significantly higher OXT pERK activity than fish in a group (***p = 4.8x10™"° and *p = 0.027
117 respectively), whereas kin water did not significantly change OXT neuron activity relative to fish in group
118  (p = 0.67). All cue types significantly reduced OXT neuron activity relative to isolated fish (***2.8x107
119 (visual), ***6.3x10™° (non-kin), ***2.0x10"** (kin)). Kin water induced significantly-lower OXT neuron
120  activity relative to non-kin water (*p = 0.012). Both kin and non-kin water reduced OXT neuron activity
121 significantly more than visual cues (***p = 2.9x10™"° and ***p = 2.6x10” respectively), two-sided Wilcoxon
122  rank-sum test.
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123 As a step toward elucidating the nature of the social signal, we compared OXT neuronal
124  activity in animals exposed to the separated visual or chemical cues of a social environment.
125  We find that water conditioned by prior exposure to conspecific larval fish (see Methods)

126  reduced the elevated OXT neuronal activity observed in socially isolated fish, whereas visual
127  exposure to conspecific larval fish (maintained in a separate water enclosure) had minimal

128  effect (Fig. 1c-d). We also examined the effect of water conditioned with similarly-aged sibling
129  (kin) fish in relation to similarly-aged fish of a different strain background (non-kin). Both ‘kin’
130  and ‘non-kin’ conditioned water was sufficient to reduce OXT neuron activity (Fig. 1c-d), but the
131 effect of kin water was significantly stronger (Fig. 1d). Nearby OXT-negative neurons in the PO
132  and PT area were also suppressed by conspecific-conditioned cues (Supplementary Fig. 1).
133  Thus OXT and PO/PT neural activity in larval zebrafish is increased during brief (2 hr) social
134  isolation, and this activity is equivalently (and rapidly, see Fig. 2) suppressed by exposure to
135  water that had held conspecific larval fish.

136

137 In vivo calcium imaging reveals diverse olfactory and OXT neuronal responses to chemical

138 conspecific cues

139  We next turned to in vivo calcium imaging to acquire a temporally precise record of OXT

140  neuronal activity. Imaging was performed on larvae in which UAS:GCaMP6s was driven directly
141 in OXT neurons with an oxt:Gal4 driver (Fig. 2a). Tethered 8-11 dpf fish were subjected to either
142  conditioned or control water released in 10 second pulses. We show that pure water flow, which
143  represents a mechanosensory stimulus, mildly activated OXT neurons, whereas water that had
144  been conditioned by prior incubation with larval fish triggered an immediate relative reduction of
145  OXT neuronal activity (Fig. 2a,e-f). We next tested whether OXT neuron calcium activity also
146  discriminates between kin and non-kin conspecific cues''®. To that end, OXT neuronal

147  activity was compared between sibling-conditioned water (kin water’) and water conditioned by
148  larvae of a distinct genetic background'® (‘non-kin water’). We also examined water conditioned
149 by the presence of adult kin, which is potentially an aversive predator cue, as adult zebrafish
150  consume their own young. To minimize the effects of familiarity, conspecifics used to generate
151 conditioned cues were raised apart (in a different dish) from experimental fish.

152 Since water-borne chemical cues likely act as odorants, we included the olfactory bulb
153  (OB) in the areas specifically interrogated for changes in neuronal activity upon exposure to

154  these cues. When examined via labeling with the pan-neuronal GCaMP line HuC:GCaMP6s
155  (Fig. 2a-d, Supplementary Fig. 2), each of the three conditioned water types (kin, non-kin and
156  adult kin) generated overlapping but distinct activity signatures within the OB and OXT
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157  populations (Fig. 2). As expected, kin water led to a relative reduction of the OXT neuron

158 response (Fig. 2e-f). Adult water, on the other hand, led to a net increase in OXT activity with
159  longer lasting dynamics, correlating with similarly longer lasting olfactory responses (Fig. 2c, e-
160  f). Notably, non-kin water was less effective in reducing OXT neuron activity than kin water, and
161 it elicited much weaker OB activity (Fig. 2f, also compare Fig. 2b to 2e), suggesting some subtle
162  differences between kin and non-kin water effects that had also been observed with pERK

163  imaging (compare with Fig. 1d).

164

165 FIGURE 2
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167  Figure 2: Calcium imaging confirms OXT neuron modulation by conspecific cues

168

169 (a) Top: Z-projection of volumetrically-scanned brain regions (olfactory bulb and oxytocin neurons). The
170  olfactory bulb was labeled using Tg(HuC:GCaMP6s). The Tg(oxt:Gal4; UAS:GCaMP6s) transgenic line
171 labels OXTpo neurons strongly, with weaker labeling of the OXTpr cluster. We did not image both regions
172  simultaneously. Bottom: Schematic of imaging and cue delivery setup.

173

174  (b-d) Olfactory Bulb (OB) Imaging

175 (b) Mean OB fluorescence in response to different stimuli (kin, non-kin, adult or water flow) integrated
176  over a 60 s period post-stimulus from a single fish. See Supplementary Fig. 2 for more examples.

177

178 (c) Mean stimulus-triggered calcium responses from 10 fish. All four stimuli (kin, non-kin, adult or water
179 flow) were presented to each fish. Each plot is the average calcium trace of all OB voxels that are

180  selective for one of the four stimuli. On average, about 5/1.5/10/1% of voxels (n=17856/5357/34672/3522
181 out of 345688 total voxels) were specific to kin, non-kin, adult conditioned water and water respectively.
182  Olfactory responses are sustained and decay slowly throughout the imaging interval (2 min).

183

184 (d) Quantification of overlap of OB responses to different stimuli (118622 voxels that are responsive
185  (r>0.1) to at least one of the stimuli, aggregated across 10 fish). While many voxels showed specific
186 activation by individual stimuli, there were some overlapping responses between the cues. Color map
187 indicates Pearson’s correlation coefficient (r-value).

188

189  (e-j) OXT neuron imaging

190 (e) Mean OXT neuron fluorescence integrated over a 60 s period post-stimulus from two different fish,
191 one imaged with kin and non-kin water, and another with kin and adult water.

192

193 (f) Top: Mean stimulus-triggered calcium responses of OXT neurons. All fish ( 29 fish, n=1033 neurons)
194  were imaged with water or kin water, some additionally were imaged with either non-kin (8 fish, n =245
195 neurons) or adult water (10 fish, n = 374 neurons). Bottom: Mean stimulus-triggered calcium responses
196 of each neuron normalized to its own mean water response. Gray broken line indicates stimulus onset.
197  Shading indicates SEM.

198

199 (g) Fraction of OXT neurons that would be classified as suppressed (blue) or activated (red) by each
200  water-borne cue, as a function of the mean difference in integrated calcium activity from the water

201 response (i.e. difference threshold). A threshold of 0.05 (i.e. 5% difference) was used in subsequent
202 panels.

203

204  (h) Spatial distribution and percentages of neurons that show either suppressed (top) or enhanced

205 (bottom) responses to each cue relative to water. For accurate comparison of spatial distribution, 200
206 neurons were randomly selected from each group. Percentages are calculated based on a difference
207 threshold of 0.05. Kin cues induced the highest percentage suppression (38%) and lowest percentage
208 activation (11%), whereas adult cues induced the lowest percentage suppression (17%) and highest
209  percentage activation (40%) of OXT neurons.

210

211 (i) Mean stimulus-triggered calcium responses of neurons classified as being suppressed (top) or

212 enhanced (bottom) by each cue, normalized to their mean water response. Shading indicates SEM.
213

214 (j) Visualization of overlapping OXT neuron representations between conspecific cues. Left: overlap
215 between kin and non-kin water. Right: overlap between kin and adult water. We did not image all 3 cues
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216 simultaneously. Red = enhancement, Blue = suppression, White = no change, based on difference

217  threshold of 0.05. Approximately one third of neurons suppressed by kin water were also suppressed by
218 non-kin (40%) and by adult water (36%). In addition, a common subset of neurons activated by kin water
219  were also activated by non-kin (76%) and adult (90%) water. However, 24% and 35% of kin water-

220  suppressed neurons were alternatively activated by non-kin and adult-conditioned water, respectively.
221

222 OXT neurons are diverse in their circuit connectivity®'’~'?

and responses to social

223  deprivation (Fig. 1) and nociceptive input®. To further resolve this heterogeneity, we used

224 calcium imaging to classify individual OXT neurons into populations that either reduce or

225 increase their activity in response to water-borne conspecific cues. We found that, across a
226  range of thresholds, the fraction of OXT-positive neurons whose activities were suppressed by
227 larval kin-conditioned water was consistently higher than the fraction of neurons that were

228 activated (Fig. 2g). Non-kin-conditioned water, in contrast, induced equivalent neuronal fractions
229  with increased or suppressed activities. Water conditioned by adult fish triggered a greater

230 fraction of neurons with enhanced activity (Fig. 2g). Under all conditions, activated or

231 suppressed neurons were spatially distributed throughout the OXT-positive PO and PT

232 domains, instead of being segregated into distinct areas (Fig. 2h-i). Further, the specific

233  response properties of individual neurons to one conspecific cue did not predict strongly how
234  they would respond to alternate cues, although we observed that kin water-activated OXT

235 neurons tended to also be commonly activated by other conspecific (non-kin or adult) cues (Fig
236  2j). The heterogeneity of the population suggests that OXT neurons as a group are able to

237  differentially encode these stimuli and provide a basis to discriminate between them in affecting
238  behavior.

239

240 Conspecific cues suppress nociceptive OXT circuits and defensive behavior

241 Social buffering is a widely-observed phenomenon in which the presence of conspecifics

242  ameliorates the effects of aversive experience?*?'. We previously showed that a large fraction of
243  OXT neurons are activated by noxious stimuli and drive defensive behaviors, specifically

244  through brainstem premotor targets that trigger vigorous large-angle tail bends®. Given that most
245  of the OXT circuitry appears to be suppressed by water-borne social cues derived from closely-
246  related conspecifics, we posited that these cues might reduce the nocifensive behavior induced
247 by the stimulation of TRPA1 receptors. Indeed, increased swim speed triggered by nociceptive
248  TRPA1 receptor activation was significantly ameliorated by the presence of kin-conditioned

249  water (Supplementary Fig. 3). Consistent with the idea that this reduced nocifensive response
250 involves the suppression of OXT neurons, kin water significantly also reduced the peak tail

251 angles of responses to TRPA1 stimulation in tethered fish (**p = 0.0081, n = 16 fish, Fig. 3a-b).
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Figure 3: Chemical kin cues modulate OXT nociceptive responses and defensive behavior

(a) Top: Schematic showing setup to probe effect of conspecific-conditioned water on TRPA1-induced
nocifensive responses. Bottom: Fish were tethered with their nose/mouth and tails freed, and incubated in
15 uM Optovin solution. Alternating pulses of water or conspecific water were presented, followed by a
100 ms pulse of UV light after 30 s to activate TRPA1 receptors.
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261 (b) Kin water significantly reduced the mean peak tail angle (**p =0.0081) of TRPA1-induced tail bends.
262  Maximum and mean velocity was not significantly changed (p = 0.18 and 0.63). One-sided Wilcoxon
263  signed-rank test, n = 16 fish.

264

265 (c) The calcium trace of each OXT neuron was cross-correlated with stimulus regressors or motor

266 regressors either within 5 s of TRPA1 stimulation (motorgm), or outside of the post-stimulus window

267  (motoren), as in Wee et al (2019)°. Panel shows percentage of OXT cells that will be classified as

268  stimulus, motors;m or motorspen-correlated as a function of Pearson’s correlation coefficient threshold (r-
269  value).

270

271 (d) Distribution of OXT neurons that are either suppressed (blue) or enhanced (red) by kin water, as a
272 function of their Pearson’s correlation coefficient with the stimulus, motorsm or motorsyen regressors.

273 Neurons that show kin water-induced suppression are significantly more correlated to TRPA1 motor and
274  stimulus regressors (***p = 7.2x107 (stim), ***p = 9.3x10™° (motors;m), but not spontaneous movement
275 regressors (p = 0.35).

276

277 (e) As the threshold for correlation with stim or motorsim regressors is relaxed (i.e. approaching smaller
278 values), a larger proportion of suppressed rather than activated neurons are observed, suggesting that
279 moderately TRPA1-responsive neurons are most strongly suppressed by kin water. As in Fig. 2, a

280  difference threshold of 0.05 (i.e. 5%) was the cutoff for determining if responses were enhanced or

281 suppressed by kin water.

282

283 (f) Left panel: Mean stimulus-triggered calcium responses of all TRPA1-responsive neurons in the

284 presence of water (black) or kin-conditioned water (orange), as a function of a medium stim or motorgm
285  regressor coefficient threshold (r = 0.20) used to identify these neurons. See Supplementary Fig. 4 for
286  plots using other r-value thresholds. Shading indicates SEM. Gray dashed line = water or kin water

287 delivery, Purple dashed line = UV stimulus onset. Right panels: Mean stimulus-triggered calcium

288 responses for all TRPA1-activated neurons that are suppressed (top) or activated (bottom) by kin water,
289  again for threshold of r = 0.20. n = 151 neurons (all TRPA1 activated) / 92 neurons (61%, suppressed by
290 kin water) / 42 neurons (28%, activated by kin water) for both control and kin water conditions. Top inset
291 shows the spatial distribution of these neurons. All neurons (n=500) are displayed. Bottom inset

292  compares the magnitude (8) of calcium fluorescence (Af/f) change before and after TRPA1 stimulation for
293 neurons that were identified to be suppressed or activated by kin water. Despite the differences in

294 baseline activity that are induced by water flow (see black arrow) the magnitude of calcium fluorescence
295  change post-TRPA1 stimulation is still modulated by kin water.

296

297  (g) Distribution along the A-P axis of suppressed and enhanced neurons (r>0.20).

298
299
300 To further tie nociceptive responses to social modulation of OXT neurons, we examined

301  the effect of conspecific cues on the subset of OXT neurons that respond to TRPA1 stimulation.
302  As we had previously done®, each neuron’s calcium activity was correlated with stimulus and
303  motor regressors (Fig. 3c). For motor regressors, we further classified responses into those that
304  occured within 5 s of the stimulus (motors;m) or at other time points in the experiment (motorsyon).
305 Individual OXT neurons were then subsequently grouped according to whether they displayed

306  suppressed or enhanced TRPA1 responses following kin water presentation. We found that kin
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307  water-suppressed neurons had significantly higher (right-shifted on the graph shown in Fig. 3d)
308  correlations with TRPA1 stimulus and motorsim regressors. Indeed, among OXT neurons that
309 had high TRPA1 responsiveness (r > 0.35; 13% of OXT neurons), a larger fraction of neurons
310  were suppressed (55%) rather than activated (33%) by kin water (Supplementary Fig. 4).

311 However, when less stringent criteria was used to define TRPA1 responsiveness (e.g. r
312 > 0.20, Fig 3f), the ratio of kin water-suppressed to kin water-activated OXT neurons increased
313  even further (Fig. 3d-e, also see Supplementary Fig. 4), indicating that the bulk of kin water-
314 suppressed OXT neurons are only moderately-responsive to TRPA1. When we included these
315  moderately-responsive OXT neurons in our analysis, we observed a clear divergence from

316  baseline activity before TRPA1 activation, which was induced by water flow alone (Fig. 3f, top
317  right panel), suggesting that these kin water-suppressed OXT neurons had both a water flow-
318 induced and TRPA1-specific response. Thus many kin water-suppressed OXT neurons are not
319  only responsive to TRPA1 stimulation, but also to other potentially aversive stimuli such as

320 water flow.

321 Notably, kin water was sufficient to reduce responses to both water flow and TRPA1
322  stimuli (even when accounting for baseline differences; Fig. 3f, top right panel). Further, these
323  kin water-suppressed neurons also tended to be more posteriorly-distributed, consistent with the
324  idea that they correspond to parvocellular, hindbrain-projecting neurons which drive motor

325  output® (Fig. 3g). In contrast, OXT neurons that showed enhanced activation under exposure to
326  kin water were more highly-selective for TRPA1 activation, and did not show apparent

327  responses to water flow (Fig. 3f, bottom right panel). Thus, the reduced nocifensive responses
328  of larval fish observed in the presence of social cues is directly reflected in the suppressed

329  activity of a subset of TRPA1-responsive neurons within the OXT circuit.

330

331 OXT neuronal activity suppresses appetite in a conspecific cue-dependent manner

332 In mammals, social isolation is associated not only with increases in aversive behavior, but also
333  with a reduction in positive-valence behaviors such as feeding®. To determine if this is also the
334  case in larval zebrafish, we first made use of an established and quantitative food intake assay
335 that measures gut fluorescence intensity caused by the ingestion of fluorescently-labeled

23-25
(

336  paramecia Fig. 4a). In this assay, larval fish were food deprived for a period of two hours to

337 increase appetite?*?°

, either in isolation or in the presence of conspecific fish (Fig. 4a).
338  Subsequently, animals maintained under either of these two conditions were presented with
339 large excess of fluorescently labeled paramecia. Notably, fish maintained in isolation consumed

340  significantly less paramecia (i.e. food) than those kept in small groups. Additionally, when group
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size was varied from 2 to 5 individuals, food intake per capita was observed to scale with group

size (Fig. 4b). Finally, we observed that water-borne cues from closely related larval fish (kin

fish), but not visual cues, were sufficient to rescue the isolation-induced suppression of food

intake (Fig. 4c).
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Figure 4: Manipulation of OXT signaling affects appetite in a social-context dependent manner

(a) Schematic of social behavior experiments. Larval zebrafish were raised in a group up to 7 or 8 dpf.
They were then either isolated in a small dish or into a small group of 3 fish. After 2 hrs, fluorescently-
labeled paramecia was added for 30 min, following which fish were fixed and subsequently imaged.
Example raw fluorescence images are shown, with inset showing higher (100x) magnification image.
Integrated gut fluorescence (area x intensity) was used to approximate food intake.

(b) Left: Gut fluorescence quantification from a single experiment demonstrates that isolated fish on
average eat less, per capita, than fish in a group of 3. All gut fluorescence measurements are normalized
to the mean food intake of fish in a group (**p = 0.0058, n = 21/17 fish, two-sided Wilcoxon rank-sum
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359  test). Right: Normalized food intake (i.e. gut fluorescence normalized to the average gut fluorescence of
360 fish in a group of 3) scales with group size (n = 36, 7, 52, 29 fish, single asterisks depict p<0.05 using
361 one-way ANOVA corrected for multiple comparisons).

362

363 (c) Left: Chemical but not visual cues were sufficient to rescue isolation-induced feeding suppression in
364 a single experiment. *p = 0.03 (single vs group), *p = 0.04 (single vs kin water), p = 0.17 (single vs visual),
365 n = 24/24/22/23 fish, two-sided Wilcoxon rank-sum test. Right: Average of multiple experiments. p =

366  ***2.8283x10™ (single vs group), *p = 0.02 (single vs kin water), p = 0.35 (single vs visual), n =

367  86/86/55/87, Wilcoxon rank-sum test.

368

369 (d) Cell-specific chemical ablation of OXT neurons specifically rescues effect of social isolation on

370  appetite (n = 65/59/57/56 fish). *p = 0.015 (single vs group), **p = 0.0017 (single control vs single

371 ablated), p = 0.76 (single ablated vs group ablated), two-sided Wilcoxon rank-sum test. Controls are
372  metronidazole (MTZ)-treated, non-transgene-expressing siblings.

373

374 (e) Oxytocin antagonist L-368,899 rescues isolation-induced suppression of food intake without

375  significantly changing food intake in a group (n=40/50/29/34 fish). **p = 0.0022 (single vs group), **p =
376  0.0091 (single control vs single antagonist), p = 0.09 (single antagonist vs group antagonist), two-sided
377  Wilcoxon rank-sum test.

378

379  (f) Oxytocin agonist WAY267,484 suppresses food intake in groups but does not affect food intake in
380 isolated fish (n=40/50/20/21 fish). **p = 0.0022 (single vs group), p = 1 (single control vs single agonist),
381 **p = 0.0069 (group control vs group agonist), two-sided Wilcoxon rank-sum test. Control groups for both
382  (e) and (f) are the same sets of fish, split up for better visualization. All data is from multiple sets of

383  experiments and normalized to food intake in a group of 3 fish.

384

385  (g) Comparison of food intake of oxt null mutants (oxt-/-) and their heterozygous wild-type siblings (oxt+/-)
386 inisolated and non-isolated contexts (n = 60/59/58/54 fish). Single-group differences in food consumption
387 are abolished -- however, food intake was reduced in groups, rather than enhanced in isolated fish.

388 **p = 0.0011 (single vs group), p = 0.65 (single control vs single mutant), **p = 0.0012 (group control vs
389  group mutant), two-sided Wilcoxon rank-sum test.

390

391 (h) Schematic of our model for how oxytocin neurons can integrate information on social state to control
392 appetite and avoidance behaviors. We posit that social chemical cues are olfactory, and that GABAergic
393 neurons in the forebrain transform OB activation into inhibitory signals. The OXT circuit modulates

394 nocifensive behavior via brainstem premotor neurons’. Since it projects extensively into other parts of the
395  hypothalamus, as well as the pituitary gland, these downstream regions may be involved in mediating its
396 effects appetite®.

397

398 Given that social isolation increases neuronal activity in a subset of OXT-positive

399 neurons and also suppresses food intake, we asked if OXT neurons are required for the social
400 control of appetite. To this end, we chemogenetically ablated OXT neurons in larvae expressing
401 bacterial-nitroreductase specifically in OXT-positive neurons, by incubation them from 5 to 7 dpf
402  (while still in a group of conspecifics) with the prodrug metronidazole (MTZ). This treatment

403 resulted in a loss of ~80% of nitroreductase-labeled preoptic OXT cells (unablated = 20.3 + 1.1
404  neurons, ablated = 4.5 + 0.5 neurons; n = 20 control fish, 29 fish with ablation). At 8 dpf, these
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405 larvae, or MTZ-treated non-expressing controls, were then separated either into groups of 3 or
406 isolated, and assayed for feeding as described above.

407 We found that OXT neuron ablation enhanced food intake in isolated animals, while the
408 food intake of fish maintained in a group was unchanged (Fig. 4d). Consistently, addition of an
409  OXT receptor antagonist strongly increased food intake in isolated fish (Fig. 4e), whereas OXT
410  agonists strongly suppressed food intake of fish kept in a group (Fig. 4f). These results indicate
411  that OXT signaling is both necessary and sufficient to mediate the social modulation of food
412  intake observed in socially isolated fish.

413 Lastly, we compared food intake in OXT homozygous null mutant animals with their

414  heterozygous siblings. As expected, we found that null mutant animals did not modulate their
415  food intake on the basis of social environment, whereas the behavior of their heterozygous

416  siblings was indistinguishable from that of wild type animals. However, mutant animals had low
417  food intake in both the isolated and the group setting (Fig. 4g). Thus, as with acute ablation of
418  OXT neurons, social modulation of feeding was impaired. However, the generally low food

419 intake in these fish might reflect long-term deficits in circuit activity that altered the development
420  or maintenance of neural circuits involved in socially modulated behaviors. In summary, these
421 results demonstrate that, similar to nocifensive behaviors, larval zebrafish OXT neurons are
422  necessary and sufficient for social state modulation of appetite.

423

424  DISCUSSION

425  Larval zebrafish are generally not thought to exhibit robust social interactions, aside from simple
426  behaviors such as rudimentary avoidance of other larvae?. However, we found that even brief
427 (2 hr) social isolation results in distinct neural signatures that correlate with aversive and

428  nociceptive brain circuits, including activity in the preoptic area, posterior tuberculum, caudal
429  hypothalamus and, notably, populations of oxytocin (OXT)-positive neurons. This is consistent
430  with the results of a recent study (Tunbak et al, preprint online®”) that described increased

431  activity in the preoptic area as a result of long-term social isolation in older (juvenile, 21 dpf)
432  zebrafish. Thus, in an intriguing parallel to humans®, we note that pain and social isolation

433  exhibit a shared neural signature in the larval zebrafish brain that is likely to extend also to older
434  animals in this species.

435 Extending the analysis of the OXT-positive population revealed that these neurons are
436  functionally diverse and modulate distinct behavioral outputs, including feeding and nocifensive
437  escape responses (see also Wee et al, 20196). We thus propose a circuit mechanism by which

438 the larval zebrafish integrates conspecific social cues into the modulation of defensive and
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439  appetitive behaviors (Fig. 3h). Our data suggest that OXT neurons (and likely other preoptic
440 populations; Supplementary Fig. 1) encode a range of chemical social information via olfactory
441 inputs (Supplementary Fig. 2), which then becomes the basis for the modulation of nocifensive
442  and appetitive behavioral outputs. Indeed, our data reveal that the presence of conspecifics,
443  and specifically conspecific chemical cues, significantly increases appetite and reduces

444  nociceptive responses (Fig. 3 & 4). At the circuit level, OXT neurons displayed a variety of

445  responses to these chemical social cues, which could thus uniquely signal the presence of adult
446  fish (known predators), genetically-related animals (larval kin), or distantly-related (larval non-
447  kin) conspecifics. Importantly, we show that kin cues induced the most widespread inhibition of
448  OXT neurons (Fig. 2), while the same OXT neurons can be either excited or inhibited by other
449  cues, suggesting multimodal and valence-specific tuning. Notably, conspecific cues increase the
450  activity of a small subset of OXT neurons that appear to be more sensory in nature suggesting
451 that these could drive anxiolytic or anti-nociceptive effects, consistent with traditional views of
452  OXT function®.

453 In humans and other mammals, it is known that social cues, including odors, can
454  attenuate aversive experience and behaviors, a phenomenon known as “social buffering”?°2".
455  Social facilitation of appetite has also been observed in many species®, and is likely

456  evolutionarily adaptive. In general, an isolated animal needs to shift its priorities from foraging to
457  vigilance or escape, since it may be more susceptible to the risk of predation. Accordingly, adult
458  zebrafish display isolation stress in a group size-dependent manner®. We had previously shown
459 that OXT neurons respond to a range of aversive, particularly noxious stimuli, and are sufficient
460  to drive motor responses by acting on brainstem targets®. By demonstrating that chemical social
461 cues converge on this circuit, and that kin cues, in particular, predominantly diminish the activity
462  of TRPA1-responsive, parvocellular OXT neurons, we provide a potential mechanistic

463  understanding of how the OXT circuit can mediate the phenomenon of “social buffering” in a
464  vertebrate organism®'.

465 Furthermore, our demonstration of a suppressive effect of OXT on appetite corroborates
466  a series of mammalian research findings: 1) The insatiable appetite and morbid obesity

467  observed in Prader Willi Syndrome is likely due to impaired OXT signaling®**?; 2) Acute

468 inhibition of paraventricular OXT neurons can promote food intake®; 3) Lesions of the PVN, as
469  well as mutations that affected OXT neuron development, have been shown to cause

470  hyperphagia and obesity***, and; 4) Direct administration of OXT has been shown to reduce
471  feeding®®. Atthe same time, our data suggests that the role of OXT in feeding may be more

472  complex than previously appreciated. Notably, while OXT homozygous mutants do not show
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473  social state-dependent modulation of appetite, they also eat less than their heterozygous

474  siblings, implying that a complete absence of OXT may be detrimental towards feeding.

475 Our data further highlight the profound influence of social context on OXT’s appetite-
476  suppressing effects, which may very well generalize to mammals. For example, a recent study
477  found that inhibiting OXT signaling enhances sugar intake in a socially dominant mouse

478  regardless of their social context, whereas in subordinate mice, such inhibition only enhanced

479  appetite when cues from the dominant mouse were not present37

. Our results also complement
480 the observations of strong interactions between social and feeding circuits across evolution®,
481 and reinforce a role for OXT in prioritizing various motivated behaviors®. However, effects of
482  OXT in larval zebrafish may occur as part of a coordinated response to both social isolation and
483  noxious contexts, rather than reproduction or parental care.

484 We do note some important distinctions between our findings and the canonical view of
485  OXT function as suggested by mammalian studies, the most significant of which is that the

486 larval zebrafish OXT neurons show widespread activation by social isolation, rather than by
487  cues indicating the presence of conspecifics?>°. We propose three possible reasons for these
488 apparent differences: first, representations within both the mammalian and zebrafish OXT

489  population are diverse and thus the observed activity patterns in zebrafish may reflect those of
490  specific subpopulations of mammalian OXT cells (indeed, some zebrafish OXT neurons are
491 activated by conspecific cues, and some mammalian OXT cells are inhibited by conspecific
492  cues™); second, OXT response properties may have changed over the course of evolution, as
493  more sophisticated social functions were derived. Third, there is a possibility that OXT neuron
494  response properties might reverse over the course of development, since adult and kin odor
495  generate opposite activity signatures; however, since the enhancement of preoptic area

496  activation appears to persist at least till juvenile stages (Tunbak et al, preprint onIine27), when
497  social preference behaviours have developed, any such reversal would have to happen closer
498 to adulthood. Overall, our results may provide a broader and more intricate perspective of

499  OXT'’s social function in vertebrate animals.

500 Furthermore, given that noxious stimuli and social isolation both activate the OXT

501 population, an enhancement of OXT signaling may in fact represent a negative valence state in
502 larval zebrafish, rather than the rewarding experience it is generally associated with.

503 Interestingly, recent studies in mammalian models have demonstrated that OXT neurons can
504  also be negatively reinforcing, and promote fear, stress and anxiety in some situations™“°. Thus,
505 this study could provide an evolutionary perspective on the ancient functions of this highly-

506  conserved peptide and how they relate to our current understanding of them in mammals.
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507 In conclusion, our study demonstrates how organizing principles and circuit

508 implementation strategies underlying social behavior can be elucidated by probing social

509 context-dependent behaviors in a small and optically accessible model organism. More broadly,
510  our dissection of the larval zebrafish OXT circuit provides an entrypoint into understanding how
511 neuromodulatory systems represent behavioral states such as social isolation, hunger, and

512  acute nociception, on multiple timescales, and how these representations are then used to

513  modulate behavioral output in a flexible and context-dependent manner.

514

515

516 METHODS

517 Fish husbandry and transgenic lines

518 Larvae and adults were raised in facility water and maintained on a 14:10 hr light:dark cycle at
519  28°C. All protocols and procedures involving zebrafish were approved by the Harvard

520  University/Faculty of Arts & Sciences Standing Committee on the Use of Animals in Research
521 and Teaching (IACUC). Fish were raised at a density of ~40 fish per dish and fed from 5 dpf till
522  the day of the experiment. Behavioral experiments were carried out mostly on fish of the WIK
523  background, although other genotypes (e.g. AB, or mit1fa-/- (nacre) in the AB background) were
524  also utilized and showed similar behavioral results. mit1fa-/- (nacre) in the AB background,
525 along with additional transgenes described below, were also used for calcium imaging and
526  MAP-mapping experiments. Transgenic lines Tg(oxt:GFP*', Tg(UAS:GCaMP6s)*,

527  Tg(UAS:nsfoCherry)®, Tg(HuC:GCaMP6s)*, Tg(oxt:Gal4) and oxytocin mutants® were

528  previously published.

529

530 MAP-mapping

531 7-8 dpf larvae, that had been continuously fed with an excess of paramecia since 5 dpf, were
532  either isolated or split into small groups, using 35 mm dishes filled with 3 ml embryo water. For
533  groups of 10, a larger (10 cm) dish was used to prevent overcrowding. Paramecia was present
534  within each dish to ensure that the fish were well-fed and had ample stimulation. After 2 hrs,
535 larvae were quickly funneled through a sieve, which was then quickly dropped into 4%

536  paraformaldehyde, immunostained, imaged and analyzed as described in Randlett et al.

537  (2015)".

538 Exposure to sensory cues for high-resolution pERK experiments

539  For generation of conspecific-conditioned water, sibling or non-sibling larvae that had been

540  continuously fed with an excess of paramecia from 5 dpf were transferred into a new 10 cm petri
541 dish that did not contain any paramecia, at a concentration of 2 fish per ml. After a 2 hr

542  incubation, a syringe with an attached 0.45 um filter was used to very gently suck out the

543  conditioned water, with great care taken not to disturb or stress the fish in the process.

544

545  7-8 dpf larvae, that had been continuously fed with an excess of paramecia since 5 dpf, were
546  either isolated or split into small groups, using 35 mm dishes filled with 3 ml embryo water.
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547  Paramecia was present within each dish to ensure that the fish were well-fed and had ample
548  stimulation. 700 pl of the filtered conspecific-conditioned water was added to each 35 mm dish
549  (~1:5 dilution), 30 min before fixation, and embryo water was correspondingly added to controls.
550  For providing visual access to conspecifics, the 35 mm dishes containing single larvae were
551 inserted into larger (55mm) dishes containing ~5 larvae that thus be surrounding but unable to
552 interact with the single larva. After 2 hrs, larvae were quickly funneled through a sieve, which
553  was then quickly dropped into 4% paraformaldehyde, dissected in PBS and immunostained as
554 described in Wee et al, 2019°.

555

556 High resolution pERK analysis

557  For quantification of pERK/tERK ratios over individual OXT neurons, pERK experiments were
558  performed on dissected Tg(oxt:GFP) brains. Cellular-resolution imaging of dissected brains was
559  obtained using the Zeiss (LSM 700 and LSM 880) or Olympus (FVB1000MPE) confocal

560  microscopes. pERK/tERK intensities of individual GFP-positive neurons were measured using
561 ImageJ and quantified using MATLAB as reported in Wee et al, 2019°. Analysis code is also
562  available on www.github.com/carolinewee

563  Social feeding experiments

564  For experiments in which feeding was assessed, larvae that had been continuously fed with an
565  excess of paramecia from 5 dpf were either isolated or placed in groups of 3, in 35 mm dishes
566 (3 ml embryo water), in the absence of food. After 2 hours, fluorescent-labeled paramecia was
567 added followed by a quick fixation after 30 min (full protocol is described in Wee et al, eLife,
568  2019%). Sensory cues were generated and presented as described above for pERK

569  experiments. Fixed larvae were subsequently distributed into 96-well flat-bottom dishes and
570 imaged using the AxioZoom V16 (Zeiss) and analyzed using Fiji software (3D Objects Counter,
571 custom software also available on www.github.com/carolinewee)

572

573 Calcium imaging and olfactory stimulation

574  8-11 dpf larval Tg(oxt:Gal4;UAS:GCaMP&6s) fish in the nacre background were used for calcium
575 imaging experiments. They were embedded in the center of a 55 cm dish in 1.5% agarose with
576  their tails and noses freed.

577

578  Kin or non-kin conditioned water (at a concentration of 1 fish/ml) were generated as described
579  above. In these calcium imaging experiments, we used WIK fish as non-kin fish, since the

580  Tg(oxt:Gal4,UAS:GCaMP6s) fish we imaged were of the AB genetic background. For adult

581  water, 5 adult kin (from parent tank of larvae) were used to condition 500 ml| of water (1 adult
582  fish/100 ml) for 2 hrs, and also subsequently filtered. Kin and non-kin fish used to condition

583  water were raised apart from experimental fish from 3 dpf, to dissociate genetic from familiarity
584  efects.

585

586  Alternating olfactory stimuli were delivered using a custom-built syringe pump system controlled
587 by custom Labview software. At specified time intervals, 300 pl of each cue (~30 pl/second) was
588  delivered using a zero-dead-volume multi-channel perfusion pencil (AutoMate Scientific).

589  Embryo water was also constantly circulated through the dish using a peristaltic pump (Harvard
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590  Apparatus). The interstimulus interval (ISI) was 2 minutes for olfactory bulb imaging and 5

591 minutes for OXT neuron imaging. The longer IS| for OXT neuron imaging was implemented to
592  reduce desensitization and ensure that activity truly returned to baseline before presenting the
593  subsequent stimulus. In order to reduce experiment time and avert the possibility of OXT

594  neuron desensitization, we also never compared responses to more than 2 cues (e.g. either kin
595  vs non-kin, or kin vs adult, but not all 3 stimuli).

596

597  Calcium imaging and behavioral monitoring with TRPA1 stimulation was performed as

598  previously reported® on 8-10 dpf larvae, with a number of core differences: 1) 15 pyM instead of
599 25 uM Optovin (Tocris Bioscienes) was used, to reduce background signals (see below) 2)

600 nostrils are exposed to allow for olfactory stimulation 3) the same UV stimulus intensity used
601 throughout the experiment, and only 4 stimulations were presented (alternating kin and water).
602  Since, in addition to the tail, the nose was exposed in this current paradigm, Optovin, a colored
603  solution, was rapidly absorbed into the fish’s brain and caused a linear increase in background
604  signal (i.e. even in non-GCaMP-labeled tissue) over time. Post-hoc subtraction of this

605 background signal from OXT GCaMP signals restored a flat baseline, allowing us to extract
606  meaningful calcium signals.

607

608  Data analysis

609  All calcium imaging data was analyzed using custom ImageJ and MATLAB software. The

610  general protocol for analysis was: 1) Image registration to correct for motion artifacts using the
611 TurboReg™ plugin in ImageJ; 2) Extraction of fluorescence signals from both channels using
612  manually-segmented ROIs in MATLAB or on a voxel-by-voxel basis 3) Calculation of Af/f signals
613  from raw traces and alignment to tail traces, as needed, in MATLAB.

614

615  For fish expressing Tg(UAS:GCaMP6s) exclusively in oxt-expressing neurons, ROls were

616  drawn over all visible cells in a maximum projection image for each plane and raw fluorescence
617  traces were extracted as the mean pixel value within the ROI. Other analysis was done on a
618  voxel-by-voxel basis, rather than using cell segmentation, which would exclude responses from
619  neuropil that are abundant in the OB and forebrain. Af/f values were calculated from raw traces
620 using the average fluorescence over the time period before the first stimulus as the baseline to
621 which all traces were normalized.

622

623  Behavior, stimulation and calcium imaging timestamps were aligned and used to extract

624  stimulus-triggered averages as well as to generate motor and stimulus regressors to correlate
625  with calcium activity. The regressors were convolved with a GCaMP6s kernel based on its

626  measured response delay (0.48 s) and decay time (3s, based on Chen et al. (2013) and cross-
627  correlated with calcium traces that had been smoothed with a 3-frame zero phase filter. In order
628 to determine if an OXT neuron was activated or suppressed, we averaged the calcium signal
629 over a 60s interval post-stimulus for each stimulus type. If the difference between the two

630 integrated calcium signal during olfactory and water stimulation was more than 0.05, we

631 classified the neurons as being either activated or suppressed by the cue depending on the
632  sign. Although the threshold of 0.05 is arbitrary, we show that across a range of thresholds, the
633 relationship between the proportions of suppressed and enhanced neurons remains consistent
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634  for each type of stimulus. In addition, the first stimulus was always dropped from analysis, in
635  order to account for possible effects of initial startle.

636

637  Since there was no difference in kin water responses between younger (8 dpf (n=7 fish): 35%
638  suppressed, 10% enhanced) and old (11 dpf (n = 7 fish): 37% suppressed, 10% enhanced) fish,
639 we pooled data across all the ages. Fish were isolated for between 30 min to 4 hrs before

640 imaging, though the bulk of experiments were performed with 1.5-2.5 hr isolation (note that time
641 of isolation = time of embedding). We did not observe any consistent changes in kin water

642  suppression with isolation times, thus any differences observed are likely due to random

643  variation (1 hr or less isolation (n=5): 50% suppressed, 13% enhanced; 1.5 - 2.5 hrs isolation
644  (n=19): 33% suppressed, 13% enhanced, 3-4hrs isolation (n=7): 40% suppressed, 5%

645 enhanced).

646

647 Free-swimming TRPA1 stimulation

648  Fish were singly placed into a 20.6 mm cut-out agarose circular mold illuminated by three quad
649  blue LEDs (Luxeon Star, 470 nm). To probe the effect of conspecific cues, DMSO or Optovin
650  solutions were generated either in embryo water or kin-conditioned water. Following 5 min of
651 habituation in DMSO (effectively also the isolation period), fish were stimulated once every 30 s
652  with a 100 ms pulse of blue light. The DMSO solution was then exchanged with Optovin, and
653 the same protocol repeated. Behavior was recorded at 200 fps (Pike F-032, Allied Vision) and
654  analyzed using custom Python software.

655

656  Statistics

657  All error bars show mean + SEM over fish. Significance was reported as follows: *p<0.05,

658  **p<0.01, ***p<0.001. Significance was determined using the Wilcoxon signed-rank test for
659 paired data and the Wilcoxon rank-sum test for independent samples. One-sided tests were
660 used in cases where there was a clear hypothesis for the direction of effect. One-way ANOVA
661 with Bonferroni Correction was used in cases where there were multiple comparisons. Wilcoxon
662  signed rank test was used in Fig. 1a for comparing the distribution of normalized OXT ROI

663  signals across different behavioral stimuli to the null hypothesis of median 1.

664

665 DATA AVAILABILITY

666  All data, code (hardware control and analysis) and resources (transgenic lines/mutants

667  generated) will be made available by the corresponding author upon request.

668

669 CODE AVAILABILITY

670 Live versions of the analysis code are maintained at www.github.com/carolinewee.

671
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