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 28 

Abstract  29 

Neuro-immune interaction during development is strongly implicated in the pathogenesis of 30 

neurodevelopmental disorders, but the mechanisms that cause neuronal circuit dysregulation 31 

are not well understood. We performed in vivo imaging of the developing retinotectal system 32 

in the larval zebrafish to characterize the effects of immune system activation on refinement 33 

of an archetypal sensory processing circuit. Acute inflammatory insult induced hyper-34 

dynamic remodeling of developing retinal axons in larval fish and increased axon arbor 35 

elaboration over days. Using calcium imaging in GCaMP6s transgenic fish we showed that 36 

these morphological changes were accompanied by a shift toward decreased visual acuity in 37 

tectal cells. This finding was supported by poorer performance in a visually guided 38 

behavioral task. We further found that the pro-inflammatory cytokine, interleukin-1β (IL-1β) 39 

is upregulated by the inflammatory insult, and that down-regulation of IL-1 abrogated the 40 

effects of inflammation on axonal dynamics and growth. Moreover, baseline branching of the 41 

RGC arbors in IL-1morphant animals was significantly different from that in control larvae, 42 

and their performance in a predation assay was impaired, indicating a role for this cytokine in 43 

normal neuronal development. This work establishes a simple and powerful non-mammalian 44 

model of developmental immune activation and demonstrates a role for IL-1 in mediating 45 

the pathological effects of inflammation on neuronal circuit development.   46 

 47 

Significance Statement   48 

Maternal immune activation (MIA) can increase the risk of neurodevelopmental disorders in 49 

offspring, however the mechanisms involved are not fully understood. Using a non-mammalian 50 

vertebrate model of developmental immune activation, we show that even brief activation of 51 

inflammatory pathways has immediate and long-term effects on the arborization of axons, and that 52 

these morphological changes have functional and behavioral consequences. Finally, we show that the 53 

pro-inflammatory cytokine IL-1 plays an essential role in both the effects of inflammation on circuit 54 

formation and normal axonal development. Our data add to a growing body of evidence supporting 55 

epidemiological studies linking immune activation to neurodevelopmental disorders, and help shed 56 

light on the molecular and cellular processes that contribute to the etiology of these disorders. 57 

 58 
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Introduction   59 

Prenatal inflammation caused by maternal immune activation (MIA) has been linked to 60 

deficits in social interaction, cognition, emotional processing, sensorimotor gating, and 61 

executive functions, which are common psychopathological features of several 62 

neurodevelopmental disorders (Meyer et al., 2011). Epidemiological studies of large human 63 

cohorts have demonstrated a correlation between severe infection during pregnancy and the 64 

increased likelihood of neurodevelopmental disorders such as schizophrenia (Brown and 65 

Derkits, 2010) and autism spectrum disorder (ASD) in offspring (Atladóttir et al., 2010). 66 

Other lines of evidence, including postmortem brain analyses and pre-clinical studies in 67 

animal models, implicate MIA and continued immune dysregulation in the etiology of 68 

neurodevelopmental disorders (Khandaker et al., 2015; Müller et al., 2015; Stuart et al., 2015; 69 

Estes and McAllister, 2016; Nakagawa and Chiba, 2016; Mottahedin et al., 2017; Solek et al., 70 

2018). Despite some contradictory findings, the data point to increased levels of 71 

inflammatory cytokines in serum and brain tissue, and abnormal activation of microglial cells 72 

both during development and later in life in patients. Moreover, accumulating evidence from 73 

clinical studies shows alterations in visual perception and processing in individuals with ASD 74 

(Simmons et al., 2009; Robertson et al., 2014; Anketell et al., 2015; Bakroon and 75 

Lakshminarayanan, 2016; Robertson and Baron-Cohen, 2017) and schizophrenia (Khosravani 76 

and Goodarzi, 2013; Silverstein and Rosen, 2015; King et al., 2017). 77 

Functional brain imaging has identified dysregulated circuit connectivity in individuals with 78 

ASD (Heinsfeld et al., 2018; Jack, 2018; Chen et al., 2019). Postmortem examination of ASD 79 

brains has also revealed disorganized gray and white matter, decreased volume of neuronal 80 

somata, increased neuropil and increased numbers of neurons (Varghese et al., 2017). Given 81 

the paucity of available human postmortem samples and the limited resolution of brain 82 

imaging in patients, animal model studies are essential to better characterize the neuronal 83 

deficits in these disorders and the processes leading to these defects. Studies in animal models 84 

of MIA, mostly in rodents, using administration of polyinosinic:polycytidylic acid (poly(I:C)) 85 

or lipopolysaccharide (LPS) to induce immune activation, have demonstrated defects in 86 

neurogenesis, cortical organization, neuronal morphology and synaptic properties (Solek et 87 

al., 2018). The externally developing, genetically amenable and transparent zebrafish larva, 88 

while not strictly speaking an MIA model, is an excellent alternate vertebrate model to 89 
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examine the effects of inflammatory insults on the formation and growth of neural circuits 90 

during development.  91 

We used in vivo time lapse imaging in a well-described developing circuit, the zebrafish 92 

retinotectal projection (Fig. 1A), to follow the specific effects of acute inflammatory insult on 93 

the developing nervous system over time. We devised our inflammatory stimulus protocol to 94 

reflect a relatively severe infection paradigm at a time stage corresponding roughly to late 95 

second/early third trimester of human development. 96 

Here we show that a brief inflammatory insult induces morphological activation of microglia 97 

and expression of the pro-inflammatory cytokine interleukin-1β (IL-1β) and increases the rate 98 

of branching dynamics in developing retinal ganglion cell (RGC) axons. The arbors become 99 

larger and more complex several days following the inflammatory stimulus. Moreover, 100 

inflammation significantly alters the visual response properties of tectal cells measured with a 101 

genetically encoded calcium indicator, and visually guided behavior of the larvae, suggesting 102 

functional consequences of the morphological changes observed. Our experiments 103 

additionally revealed a key role for the pro-inflammatory cytokine IL-1β in mediating the 104 

effects of LPS-induced inflammation on neurons, as well as in regulating normal RGC axon 105 

arborization in the brain.  106 

Materials and methods 107 

Animal care. All animal use protocols were reviewed and approved by the Animal Care 108 

Committee of the Montreal Neurological Institute, McGill University. Zebrafish maintenance 109 

and breeding were performed according to standard techniques (Westerfield, 2000). Embryos 110 

were raised in E3 embryo medium at 28.5⁰C. 0.2mM phenylthiourea was added to embryo 111 

water after 24 h of development to inhibit pigment formation for in vivo imaging 112 

experiments. Embryos for imaging of microglia were obtained by natural spawning from the 113 

Tg(ApoE:GFP) transgenic line (Peri and Nüsslein-Volhard, 2008) generously provided by 114 

Dr. Francesca Peri (EMBL) . Embryos for calcium imaging were obtained from the 115 

Tg(elav3:H2B-GCaMP6s) transgenic line (Vladimirov et al., 2014) crossed with compound 116 

roy;nacre double homozygous mutants (casper, which lack melanocyte and iridophore 117 

pigmentation) generously provided by Dr. Misha B. Ahrens (Janelia HHMI). All other 118 

experiments were performed using wild-type embryos from Tüpfel long fin zebrafish (kind 119 

gift of Dr. Pierre Drapeau, University of Montreal).  120 
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Treatment. Lipopolysaccharide (LPS) from Salmonella enterica serovar typhimurium 121 

(Sigma, L6511) was added to zebrafish E3 embryo medium at a final concentration of 25-30 122 

μg/ml. After two hours, larvae were removed from LPS and rinsed thoroughly in E3 embryo 123 

medium. Notably, we were unable to elicit inflammatory responses with LPS from E. coli. 124 

Injection of 2-4 pl LPS (750g/mL) with phenol red (final concentration 0.125%) into the 125 

pericardium of the 3 dpf larvae was performed as described, 2 h before sample collection 126 

(Christou-Savina et al., 2015). 127 

Microglia number and morphology analysis. Tg(ApoE:GFP) larvae were treated with LPS for 128 

2 h or mock treated as controls at 3 dpf. For microglia morphology analysis images of the 129 

tectum were acquired immediately after treatment, on an upright confocal microscope 130 

custom-converted for two-photon imaging, using a 60x water immersion objective (NA 1.1) 131 

with excitation light provided by a Ti:sapphire femtosecond pulsed laser (Maitai BB, Spectra-132 

Physics). 1 μm interval z-series stacks were acquired with Fluoview 5.0 software (Olympus). 133 

Number of branches for each microglia was measured in FIJI using the Analyze Skeleton 134 

function on the despeckled and thresholded image (Morrison and Filosa, 2013). For microglia 135 

number analysis, images of the tectum were acquired as described above immediately after 136 

treatment and again in the same larvae at 4 dpf, 5 dpf and 6 dpf. Microglia were manually 137 

counted using the 3D viewer plugin in Fiji, with the experimenter blinded to treatment 138 

condition. 139 

Quantitative reverse-transcription PCR. 20-35 zebrafish larvae of the appropriate stage were 140 

collected in a microcentrifuge tube and euthanized by snap-freezing in an ethanol-dry ice 141 

bath. RNA was extracted with TRI Reagent (Invitrogen) and purified with RNEasy mini-kit 142 

(Qiagen) according to a standard protocol (Marín and Rubenstein, 2001), including a 30 min 143 

DNase (Qiagen) digest. Reverse-transcription was performed on 1 μg of total RNA with 144 

Superscript II or Superscript IV (Life technologies) according to manufacturer’s instructions.  145 

TaqMan quantitative real-time PCR (Life Technologies) was performed using the following 146 

assays: GAPDH (Dr03436842_m1), IL-1 (Dr03114368_m1) and TNF- 147 

(Dr03126850_m1). Custom probes were designed against Danio rerio IL-6 (Fwd: 5’-148 

TCAGACCGCTGCCTGTCTA-3’; Rev: 5’-CACGTCAGGACGCTGTAGAT-3’). No 149 

amplification was seen in no-RT and no-template controls. Data were normalized to the 150 

housekeeping gene GAPDH and relative gene expression was calculated according to the ΔCt 151 

method (Livak and Schmittgen, 2001).  152 
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RGC axon labelling and morpholino injection. Linearized and purified plasmid DNA at a 153 

total concentration of 40 ng/μl was injected into the cytoplasm of 1-2 cell-stage fertilized 154 

zebrafish eggs. The following plasmids were used and have been previously described: 155 

pBrn3c:Gal4 (Xiao et al., 2005) (gift of Dr. Herwig Baier, MPI Martinsried); pUAS:mYFP 156 

(Schroeter et al., 2006) (gift of Dr. Leanne Godinho, TUM). Larvae were screened for 157 

expression at 3 dpf. The IL-1 morpholino (5’-TAACCAGCTCTGAAATGATGGCATG-158 

3’), which has been previously described (Banerjee and Leptin, 2014) and a standard control 159 

morpholino were obtained from Gene Tools (Philomath, OR, U.S.A) and were pressure-160 

injected into the yolk of 1-2 cell stage fertilized embryos at a concentration of 0.25 mM. To 161 

test the efficacy of the morpholino, pCS-IL1-ATGmo-eGFP was generated by inserting a 162 

146 bp fragment of zIL-1 encompassing the region of morpholino binding into the pCS-163 

eGFP plasmid, in-frame with eGFP. The plasmid was linearized using NotI, and capped 164 

mRNA was transcribed using an SP6 RNA polymerase in vitro transcription kit 165 

(mMESSAGE mMACHINE SP6; Life Technologies). 2 nl of solution was injected at an 166 

RNA concentration of 2 ng/l, with Control or IL-1 MO in one-cell stage embryos and 167 

presence of green fluorescence was assessed at 24 hpf. Images were taken using a Zeiss 168 

Imager.M1 fluorescent microscope equipped with an Axiocam 503 camera and uniformly 169 

adjusted for contrast and brightness using Adobe Photoshop.  170 

Two-photon in vivo imaging. Unanesthetized zebrafish larvae at 3-6 dpf were mounted in 1.2-171 

1.4% low-melting point (LMP) agarose in custom-built imaging chambers. Imaging was 172 

performed on a custom-built upright two-photon microscope, as described above, using 173 

excitation light at 910nm.  1 μm interval z-series stacks were acquired with Fluoview 5.0 174 

software (Olympus). For daily imaging, larvae were gently removed from the agarose and 175 

returned to regular housing between imaging sessions. 176 

Image processing. 3 or 4-dimensional image stacks were denoised using CANDLE software 177 

(Coupé et al., 2012). Skin autofluorescence was manually removed in ImageJ software 178 

(NIH). As zebrafish RGC axons are highly planar, XYZ-stacks were Z-projected for further 179 

analysis. Dynamo software (Dr. Kurt Haas) was used to reconstruct axonal arbors and 180 

quantify total arbor length, total number of branches, rates of branch addition, loss and 181 

number of transient branches.  182 

Measurement of larval size. Larvae were acquired through natural fertilization from 3 183 

separate matings on 3 separate days. At 6 dpf, larvae from LPS-treated and untreated groups 184 
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were placed on custom slides under a dissecting microscope fitted with a 3D-printed cell 185 

phone holder. Images acquired with an Android smartphone were analyzed with the Micro-186 

measurements application (Octavian Fometescu) calibrated with a micro-ruler. 187 

Calcium imaging and analysis. Tg(elav3:H2B-GCaMP6s) were treated with LPS for 2 h at 3 188 

dpf. At 6 dpf, larvae were imbedded in 1.4% low-melting point agarose in custom-built 189 

imaging chambers, with the right eye facing a side window constructed from a glass 190 

coverslip. Visual stimuli were generated by a custom MATLAB code and displayed on a 108 191 

× 64 mm HDMI display with 800 × 480 resolution. A red Wratten filter #29 or red optical 192 

cast plastic filter (565LP) was positioned in front of the display to filter out light at the 193 

wavelengths detected for GCaMP signal. Brightness stimuli consisted of 0.2 s full-field 194 

flashes, presented at 10 luminance levels. Spatial frequency stimuli consisted of sinusoidal 195 

gratings at 0.0073, 0.0147, 0.0293, 0.0367, 0.0587, 0.0733, 0.1173, 0.1466, 0.1833, 0.2346, 196 

0.2933, 0.3666, 0.5865, 0.7332, 1.173 and 1.4663 cycles per degree of visual angle (cyc/deg) 197 

counterphasing at 5 Hz for 1 s. Each stimulus, including null stimuli which were used to 198 

estimate baseline signal variance in the absence of a response, was presented 10 times in 199 

random order with 7 s rest periods in between presentations. Reproducible positioning 200 

distance between the larva and the display was achieved by a custom 3D-printed chamber 201 

holder. Pulsed infrared excitation light was generated by either a Mai Tai Ti:Sapphire  or 202 

InSight X3 laser (Spectra-Physics) tuned to 910 nm. Emitted light was collected with a 20x 203 

1.0NA water immersion objective (Olympus) and detected using a gallium arsenide 204 

phosphide (GaAsP) photomultiplier (ThorLabs). Images (512 x 512 pixels) of the left optic 205 

tectum were acquired at a frame rate of 30 Hz by galvo-resonant scanning. XYZT series were 206 

collected in 10µm steps using a piezoelectric focusing collar (PI). This allowed for 207 

volumetric data consisting of 4 focal planes (with 2 flyback frames) to be collected at a rate 208 

of ~5 Hz. Scanning and image acquisition were controlled by ThorImage, with ThorSync 209 

(ThorLabs) for synchronization of stimulus presentation to a 5 V trigger to a National 210 

Instruments analog-to-digital converter. Images were registered for drift in x-y when needed. 211 

Any imaging experiment which showed significant z-drift was discarded. GCaMP6s targeted 212 

to cell nuclei was used to segment regions of interest (ROIs) for analysis by ImageJ 213 

processing and particle analysis functions called from MATLAB. Fluorescence intensity 214 

change within each ROI was calculated and normalized to baseline (F/F0); the baseline 215 

signal was defined at each stimulus presentation as the average fluorescence intensity in a 216 

1200 ms temporal window centered on the stimulus onset. For all timepoints between 217 
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stimulus presentations, baseline was calculated as the linear interpolation between the 218 

previous and subsequent presentation baseline values. An ROI’s response to each stimulus 219 

was calculated as the average F/F0 signal during a 5 s window starting after presentation of 220 

the stimulus. For each ROI, a t-statistic for each stimulus was computed relative to the null 221 

distribution generated by the responses to blank stimuli, using the formula: 222 

                                                                    223 

where  is the average reponse to stimulus i,  is the average response to the null stimulus; 224 

 and  are the respective sample variances;  and  are the respective sample sizes. 225 

ROIs with a t-statistic  >2.5 for at least 1 stimulus were retained for further analysis. For 226 

brightness stimuli, a linear model between response strength and stimulus strength was 227 

estimated using the ordinary least-squares method. All ROIs with R2 > 0.531 were used from 228 

each larva and pooled for group-level analysis. This R2 cut-off value was selected based on 229 

the mean 75th quartile of the linear regression R2 for all the fish in both data sets. For spatial 230 

frequency stimuli, a principle components analysis (PCA) was run on the pooled responses of 231 

all ROIs to each spatial frequency. The first principle component accounted for over 50% of 232 

the variance in the responses to spatial frequencies, and reflected a sigmoidal-shaped 233 

response profile. Accordingly, we fit the responses of every ROI to the sigmoidal function 234 

                                                  235 

where F/F0 is the response of the ROI as a function of spatial frequency, a1 and a2 are 236 

scaling factors, SF50 is the spatial frequency that elicited a half-maximal response, and k is the 237 

slope factor. The goodness-of-fit (R2) was measured for each ROI and all ROIs with R2 > 238 

0.85 were kept for further analysis. This threshold was chosen arbitrarily; the results of our 239 

analysis were robust to an increased or decreased threshold. We further excluded cells whose 240 

estimated SF50 fell outside the range of spatial frequencies that were presented as stimuli, as 241 

well as cells with slope factors that were too steep (k < 0.0075). This slope factor threshold 242 

was chosen to exclude cells displaying binary rather than graded responses, but ultimately the 243 

inclusion or exclusion of these cells did not change the outcome of our analysis. All 244 

MATLAB code used can be found on GitHub (https://github.com/niklasbrake/LPS-2020). 245 
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Predation assay. Paramecium multimicronucleatum were obtained from Carolina Biological 246 

Supplies (Burlington, NC). 6 dpf zebrafish larvae (untreated and LPS treated at 3 dpf), were 247 

assessed for overall health with a 30 min free-swim assay using DanioVision (Noldus). Any 248 

fish that swam less than half the average distance traveled by all fish in the same treatment 249 

group was discarded. 1-3 larvae were transferred to a 35mm petri dish along with 25-75 250 

paramecia. The dish was placed on a polarizing glass plate, illuminated obliquely and imaged 251 

with a Logitech C922x Pro Stream 1080P Webcam for 20-40 min. All recorded prey capture 252 

events were analyzed using ImageJ software (NIH). Predation capability was assessed 253 

differently in control MO, IL-1 MO, untreated and LPS treated larvae. Following free-swim 254 

evaluation as described above, three larvae were added to a 35mm petri dish along with 25-75 255 

paramecia. A 3-5 sec video was acquired for each plate at 30 fps, before the addition of the 256 

zebrafish larvae, and hourly thereafter for 5h. The movies were analyzed post hoc, by taking 257 

the t-projection of each frame with the first frame subtracted, allowing paramecium motion to 258 

be readily visible as trails. Paramecia were counted at each time point, with the experimenter 259 

carrying out the analysis blind to the condition and the timing of movie acquisition. The 260 

original movies were consulted to resolve any ambiguities in the t-projections. Each 261 

condition was performed in duplicate on five separate days (n = 10 for each treatment group). 262 

The paramecium prey decline constant was obtained using MATLAB by fitting the data to an 263 

exponential function derived from the Lotka-Volterra differential equations, keeping predator 264 

number constant. It was previously reported that this constant does not depend on the number 265 

of paramecia at the start of the experiment (Smear et al., 2007).   266 

RNAscope/Immunohistochemistry. Tg(ApoE:GFP) zebrafish larvae (3 dpf, untreated and LPS 267 

treated) were fixed in 4% PFA/PBS overnight at 4°C and washed 3 times in cold 1X PBS 268 

then equilibrated with 30% sucrose in PBS overnight at 4°C. The samples were then 269 

incubated in 1:2 30% sucrose:OCT Compound (Tissue-Tek) for 30 minutes and frozen in 270 

cryomolds. 14 μm cryosections were obtained with a CM1850 cryostat (Leica). RNAscope 271 

was performed following manufacturer’s directions (ACD Bio), using a Dr-IL-1 probe set 272 

(Cat# 432971). Sections were then washed in PBST (PBS with 0.1% Tween 20) and blocked 273 

in 10% calf serum in PBST for 2 h at room temperature. Slides were incubated with chicken 274 

anti-GFP (Abcam, ab13970) primary antibody in 1% calf serum in PBST overnight at 4°C. 275 

Sections were then washed 3 times for 15 min with PBST and incubated with goat anti-276 

chicken Alexa488 conjugated secondary antibody (Invitrogen, A-11039) in 1% calf serum in 277 

PBST for 2 hours at room temperature. Sections were washed 3 times for 15 min with PBST 278 
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and nuclei were visualized with DAPI before mounting in ProLong Gold (Life Technologies, 279 

P10144).  Images were acquired on a Zeiss LSM880 confocal microscope, pseudocoloured 280 

and uniformly adjusted for contrast and brightness using Adobe Photoshop. 281 

Statistical analysis. All statistical analyses were performed using GraphPad Prism 8.4.1 282 

software. For qRT-PCR, Mann-Whitney tests were performed to compare expression in 283 

untreated samples to those treated with LPS. For dynamics imaging analysis, total number of 284 

branches added, lost or transient branches were normalized to the average number of total 285 

branches for each RGC during the imaging period. The rate of branch addition, loss was then 286 

calculated by dividing by the number of time points. The rate pre-treatment was set to 1 and 287 

increase or decrease in the rate following treatment was calculated as the ratio of the rate 288 

post-treatment to pre-treatment. 2-way repeated measures ANOVA comparisons of control 289 

MO and no MO samples for all conditions showed no significant difference between the 290 

groups; these were pooled to increase the statistical power of subsequent analyses. 2-way 291 

ANOVA repeated measures analysis was performed for each set of data to assess statistical 292 

significance of the effect of LPS treatment. For daily imaging analysis, total arbor length and 293 

total branch numbers were compared using 2-way repeated measures ANOVA. Comparison 294 

of the control MO and no MO animals showed that control MO injection caused no 295 

significant differences in growth; these two groups were pooled for analysis. Outliers were 296 

identified using the ROUT method (Q = 1%). 2-way ANOVA repeated measures analysis 297 

was performed for each set of data to assess statistical significance of the effect of LPS 298 

treatment. For the branch size distribution analysis, we performed Wilcoxon tests of the 299 

frequency distribution of all the branch lengths in each group for each time point separately. 300 

For GCaMP6s imaging analysis of response to brightness stimuli, unpaired 2-tailed t-tests 301 

were performed on the number of ROIs/fish that met linear regression criteria (see above). No 302 

significant difference in the number of ROIs meeting criterion was found between treatment 303 

groups. Mann-Whitney tests were performed on the pooled values of slope and x-intercept as 304 

these measures failed Kolmogorov-Smirnov tests for normality. For the response to spatial 305 

frequency stimuli, Wilcoxon rank sum test was used to compare distributions of SF50 values. 306 

For the predation experiments, Welch’s t-test was performed to compare the predation event 307 

parameters; Kruskal-Wallis tests were performed to compare prey decline constants. For 308 

RNAscope analysis, Kruskal-Wallis tests were performed to verify the significant difference 309 

in % skin expressing IL-1 and number of IL-1 puncta per microglia. 310 
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Results 311 

LPS causes an inflammatory response in zebrafish larvae 312 

LPS is a bacterial endotoxin which has been shown to rapidly and robustly trigger an 313 

inflammatory response in a variety of animals, including zebrafish (Xie et al., 2021). We 314 

therefore stimulated an inflammatory reaction in 3 dpf zebrafish larvae by immersion for 2 h 315 

in E3 rearing medium containing LPS. We opted for waterborne delivery of LPS rather than 316 

injection since it more closely resembles the fetal exposure to a mother’s response to 317 

infection during pregnancy. Indeed, although some pathogens manage to colonize the 318 

placenta, very few ever reach the fetal circulation (Robbins and Bakardjiev, 2012). To 319 

ascertain whether this brief exposure by immersion was sufficient to induce an inflammatory 320 

reaction in the central nervous system of zebrafish larvae, we used Tg(ApoE:GFP) to image 321 

microglia in the optic tectum by in vivo two-photon microscopy (Fig. 1A,B).  Microglia in the 322 

zebrafish have a spectrum of morphologies and activation states from ramified-surveillant to 323 

amoeboid-activated (Peri and Nüsslein-Volhard, 2008; Svahn et al., 2012).  We quantified the 324 

number of processes extended by each microglial cell as a metric of morphological 325 

complexity (Fig. 1C,D). Two hours of LPS exposure induced microglia to adopt more 326 

amoeboid morphologies, reflected in a lower number of branches, consistent with immune 327 

activation (Fig. 1E).  Pro-inflammatory cytokines such as TNF-α, IL-6 and IL-1β have been 328 

shown to be robustly upregulated in zebrafish in response to LPS (Novoa et al., 2009; Yang 329 

et al., 2014; Hasegawa et al., 2017). We performed qRT-PCR on zebrafish larvae after 2 h of 330 

exposure to LPS at 3 dpf. Our results indicate a rapid induction of IL-1β (12.3-fold), IL-6 331 

(5.3-fold) and TNF- (4.1-fold) mRNA expression (Fig. 1F). We found that mRNA levels 332 

for inflammatory cytokines such as IL-1 return to baseline within 6 h of LPS treatment (Fig. 333 

1G).  334 

LPS-induced inflammation causes immediate changes in RGC axon growth  335 

To determine the effects of LPS on the arborization of developing axons, we expressed 336 

monomeric yellow fluorescent protein (mYFP) in RGCs by injecting one-cell stage embryos 337 

with Brn3c:Gal4 and UAS:mYFP, and selected mosaic embryos with sparse labeling of RGC 338 

axons (Xiao et al., 2005). At 3 dpf, we performed time lapse two-photon imaging of 339 

individual RGC axon arbors in the optic tectum (every 6 min for 36 min, Fig. 2A-E; Video 1) 340 

during an initial baseline period and immediately after 2 h of exposure of the larva to LPS,  341 

and then digitally reconstructed the arbors to obtain 4-dimensional morphometric data. We 342 
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performed the same analysis for cells in control animals. Comparison of the two imaging 343 

periods demonstrates that LPS treatment increases rates of axonal branch addition and loss 344 

(Fig. 2F). The number of transient branches (those that were formed and then lost during the 345 

imaging period) is similarly increased by LPS treatment (Fig. 2F), consistent with an overall 346 

increase in branching dynamics. These data reveal that a short exposure to an inflammatory 347 

stimulus is sufficient to cause alterations in axonal branch dynamics.  348 

LPS induced inflammation causes lasting changes in RGC axon growth 349 

Epidemiological studies suggest that short periods of inflammation during intrauterine 350 

development can contribute to lifelong alterations in neuronal function which may manifest 351 

as ASD or schizophrenia (Meyer et al., 2011). To establish whether a short inflammatory 352 

insult results in persistent effects on neuronal morphology, we imaged axons daily from 3 to 353 

6 dpf, following a 2 h exposure to LPS at 3 dpf (Fig. 3A). This corresponds to a period 354 

starting one day after the RGC axons enter the optic tectum and begin to arborize (Poulain et 355 

al., 2010) until growth and elaboration of the arbors has essentially reached a plateau. We 356 

found that RGCs had larger and more elaborate arbors at 6 dpf in LPS-treated animals 357 

compared to control untreated animals (Fig. 3B-E). This difference is not caused by a change 358 

in overall growth of the animals since the size of the larvae did not differ significantly 359 

between groups at 6 dpf (untreated: 3.92 ± 0.20 mm, n = 41; LPS treated: 3.96 ± 0.19 mm, n 360 

= 38). This implies that the short period of inflammation triggered by early LPS treatment 361 

(Fig. 1G) causes sustained changes that affect subsequent neuronal growth and circuit 362 

formation over days or longer.  363 

Functional consequences of neuronal development defects caused by inflammation 364 

To determine whether the functionality of the retinotectal circuit is affected by the 365 

morphological changes following LPS treatment, we used calcium imaging to assess the 366 

responses of tectal cells to visual stimuli (Fig. 4A,B). We performed fast resonant-scanning 367 

two-photon in vivo imaging in Tg(elav3:H2B-GCaMP6s) transgenic zebrafish, which express 368 

the genetically encoded calcium indicator GCaMP6s in the nuclei of most neurons, 369 

facilitating automated single-cell segmentation of ROIs for analysis (Fig. 4C) (Vladimirov et 370 

al., 2014). We compared larvae treated at 3 dpf with LPS for 2h with control animals by 371 

measuring the responses of tectal neurons to a set of visual test stimuli at 6 dpf (Fig. 4A), 372 

corresponding to the last day of imaging in our morphological study (Fig. 3).  373 
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We began by interrogating the sensitivity of tectal cells to brightness level by 374 

presenting full-field flashes of varying brightness and analyzing the response properties of 375 

individual cells (see methods). Many tectal cells displayed a linear relationship between 376 

GCaMP6s response and stimulus brightness. To select these cells for analysis, we performed 377 

linear regression of response strength (F/F0) to brightness level for each cell and selected 378 

those with an R2 > 0.531 (see methods). The number of cells in each fish that met these 379 

selection criteria did not significantly differ between the untreated and LPS-treated groups 380 

(untreated: 108 ± 12.9 cells, n = 10; LPS treated: 98 ± 17.0 cells, n = 9; t = 0.14, p = 0.89, 381 

Student’s t-test). The x-intercept of the regression line for response vs. brightness in these 382 

cells corresponds to the brightness sensitivity threshold for flash detection. Brightness 383 

sensitivity thresholds did not differ between cells from LPS-treated and control fish, 384 

suggesting that on average cells respond to the same minimum brightness stimulus in both 385 

groups (Fig. 4D,E; untreated: 0.085 ± 0.29, n=1197 cells; LPS-treated: 0.097 ± 0.27, n = 386 

1126; p = 0.28, Mann-Whitney test). On the other hand, the slope of the linear regression line 387 

was significantly lower in cells from LPS-treated larvae (Fig. 4D,F; untreated: 0.216 ± 0.19, 388 

n=1197 cells; LPS-treated: 0.184 ± 0.16, n = 1126; p < 0.0001, Mann-Whitney test). This 389 

indicates that although the threshold for detection of a flash is similar between groups, the 390 

ability to discriminate between brightness levels may be reduced in LPS-treated larvae.  391 

We next evaluated visual response acuity using the same experimental set up as for 392 

brightness but presenting counterphasing sinusoidal gratings at a range of spatial frequencies. 393 

We fitted the spatial frequency responses of each ROI to a sigmoidal curve, as demonstrated 394 

for an example cell in Figure 4G and calculated goodness-of-fit, selecting cells with R2 > 395 

0.85. The number of cells in each fish that met this selection criterion did not significantly 396 

differ between the untreated and LPS-treated groups (untreated: 50 ± 6.4 cells, n=16; LPS 397 

treated: 40 ± 5.1 cells, n = 19; t = 1.23, p = 0.23, Student’s t-test). For each selected ROI, we 398 

extracted an SF50 value, the spatial frequency at which the cell displayed a response equal to 399 

half its maximal response strength (Fig. 4G, dashed line). A significant shift in the median of 400 

the distribution of SF50 was observed for LPS-treated animals (untreated: median = 0.0218, n 401 

=798; LPS treated: median = 0.0189, n = 760); p = 0.00125, Wilcoxon rank sum test). The 402 

median SF50 in tectal cells from LPS treated larvae is shifted toward a lower spatial frequency 403 

than that in untreated control cells (Fig. 4H). These data suggest that LPS-treated larvae may 404 

have slightly lower visual acuity at the level of individual tectal neurons. 405 
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Overall, the above results suggest that LPS treatment alters the wiring of the 406 

retinotectal circuit, leading to changes in the functional properties of tectal cells. To assess 407 

whether these changes have behavioral consequences, we performed a predation assay (Orger 408 

et al., 2004). By 6 dpf zebrafish larvae no longer derive sufficient nutritional support from 409 

yolk, and instead have begun to use vision to scavenge food from the environment. We 410 

placed 6 dpf larvae in a petri dish with paramecia, prey for zebrafish larvae, and recorded 411 

capture events (Fig. 4I-L). We measured a number of parameters from each event, including 412 

prey distance and angle at initiation of pursuit, initial larva turn, number of swim bouts to 413 

successful capture, final turn angle and distance of prey immediately prior to capture 414 

(Patterson et al., 2013). We found that the average distance of the paramecia at the onset of 415 

pursuit was greater in untreated larvae than in LPS treated animals (Fig. 4I,J). This suggests 416 

that LPS-treated larvae may have more difficulty seeing prey at a distance, indicative of 417 

poorer visual acuity, in line with our results from GCaMP imaging. Zebrafish larvae typically 418 

underestimate the initial turn angle necessary to perfectly align their body axis with the prey 419 

to begin pursuit (Patterson et al., 2013). We calculated the difference between the angle of 420 

prey location and that of the initial turn ( angle of approach) and found no difference 421 

between untreated and LPS treated groups (Fig 4K). We also found no difference in the 422 

number of swim bouts that larvae make between initiation of pursuit and capture (not shown). 423 

This suggests that once LPS-treated larvae see their prey, they are just as efficient in their 424 

pursuit. However, the distance of the paramecia at initiation of the final swim bout leading to 425 

capture was on average slightly greater in untreated than LPS-treated larvae (Fig. 4L). This 426 

provides further evidence to suggest that these animals process visual information differently 427 

from controls. In summary, an acute inflammatory insult early in visual system development 428 

leads to significant changes in the functional properties of the retinotectal circuit and to 429 

visually-guided behavior, with reduced brightness discrimination and visual acuity, 430 

manifesting in deficits in prey perception at 6 dpf. 431 

The role of IL-1 in mediating inflammation-induced neuronal defects 432 

We next sought to investigate the molecular mechanisms by which inflammatory insults 433 

cause neuronal growth changes. Cytokines, including IL-1, have physiological functions 434 

that include regulation of neurogenesis, neuronal survival, strength of synaptic transmission 435 

and synaptic plasticity (Schneider et al., 1998; Ikegaya et al., 2003; Vezzani and Viviani, 436 

2015). Moreover, IL-1β has been demonstrated to play a role in axonal structural plasticity in 437 
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mouse slice cultures (Boato et al., 2011, 2013). In our experiments, IL-1 mRNA levels 438 

showed robust activation following LPS treatment (Fig. 1F). 439 

To identify the cells that exhibit upregulation in expression of IL-1 in our inflammation 440 

model, we performed RNAscope on 3 dpf Tg(ApoE:GFP) larvae, coupled with 441 

immunohistochemistry for GFP to label microglia, immediately after 2 h of LPS treatment 442 

(Fig. 5). As a positive control for induced IL-1β expression in myeloid cells, including 443 

microglia, we performed microinjection of LPS into the pericardium of 3 dpf larvae 444 

(Hasegawa et al., 2017)(Fig. 5D,H,L,P). Compared to untreated control samples, animals 445 

treated with bath application of LPS showed marked IL-1β mRNA expression in patches of 446 

the skin in the fins (Fig. 5B,C, arrowheads), head (Fig. 5F,G, arrowheads) and tail (Fig. 447 

5N,O, arrowheads). Quantification of the acquired images from 3 separate larvae confirm a 448 

significant increase in IL-1 mRNA in the skin of LPS treated larvae compared to untreated 449 

controls (Fig. 5Q). Expression of IL-1 was also detected in microglia in the tectum (Fig. 450 

5F,G, arrows), the retina (Fig. 5J,K, arrows) and spinal cord (Fig. 5N,O, arrows) of both 451 

untreated and LPS treated animals. The number of IL-1 puncta per microglia was 452 

significantly increased in LPS injected animals (Fig. 5R), consistent with previously 453 

published data (Hasegawa et al., 2017). 454 

We hypothesized that reducing IL-1β production with a morpholino oligonucleotide (MO) 455 

might prevent the immediate effects of LPS. Indeed, we found that the enhancement in RGC 456 

axon dynamics in response to LPS exposure was absent in morphant fish injected at the one-457 

cell stage with IL-1β antisense MO (Fig. 6A). Control MO injected larvae treated with LPS 458 

showed an increase in branch additions and loss comparable to that observed in animals 459 

without MO (not shown). 460 

We next asked whether increased IL-1 expression was necessary for the long-term 461 

arborization changes in RGCs induced by LPS treatment. We performed daily imaging of 462 

RGC axons in IL-1 MO injected animals from 3 to 6 dpf (Fig. 6B-E). We found that IL-1 463 

knockdown prevented the effects of LPS on axonal growth, reflected by similar total arbor 464 

length and branch number in LPS and untreated animals (Fig. 6B,C). We verified the efficacy 465 

of the morpholino with an IL-1 5’UTR-eGFP fusion construct and demonstrated its 466 

translation blocking effect in vivo (Fig. 6F,G). 467 
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We noticed that basal RGC arbor growth and morphology were different between IL-1 468 

morphants and control MO animals. RGC axonal arbors in control MO larvae plateau in both 469 

size and branch number by 5 dpf, while those in IL-1 MO larvae continue to grow and add 470 

branches, having significantly more branches than control cells by 6 dpf (Fig. 7A). In LPS-471 

treated animals, the RGC growth curves are also different, with the IL-1 MO injected cells 472 

eventually reaching a total length comparable to those in control MO samples, but with 473 

significantly more total branches than controls at 6 dpf (Fig. 7B). Finally, RGC axons in LPS-474 

treated, IL-1 MO-injected larvae have more fine filopodia (< 2 m) than LPS-treated 475 

control MO-injected animals, which resulted in a significant difference in the branch size 476 

distributions between IL-1 MO-injected and control MO-injected larvae at 6 dpf (Fig. 7C,D; 477 

P < 0.05, Wilcoxon test). No such difference was seen comparing control MO and no MO 478 

cells at 6 dpf (Wilcoxon test P = 0.49). Thus, while IL-1 is required to mediate the 479 

immediate effects of LPS on branching dynamics and the long-term effects on arbor growth, 480 

it is also essential to normal arbor growth and elaboration. 481 

We compared the predatory ability of control MO and IL-1 MO-injected zebrafish. We 482 

allowed the larvae to consume paramecia freely for 5 h, recording the number of paramecia 483 

remaining each hour. We calculated a prey decline constant for each group (Fig. 8A) and 484 

found a significant reduction in the ability of IL-1 MO larvae to consume prey compared to 485 

control MO animals. This difference was observed in the presence or absence of LPS 486 

treatment at 3 dpf (not shown). IL-1 MO-injected larvae do swim shorter distances than 487 

controls (Fig 8B), although they are capable of comparable acceleration (Fig. 8C). These data 488 

suggest that downregulation of IL-1 during development affects not only the visual circuit 489 

wiring but likely other systems as well. 490 

Discussion  491 

Our results demonstrate that a single episode of inflammation can have both rapid and long-492 

lasting effects on a developing nervous system. We detected an increase in axonal dynamics, 493 

reflected in the elevated rates of branch addition, branch loss and in the increased numbers of 494 

transient branches, immediately following LPS treatment (Fig. 2). We further observed a 495 

significant increase, at 6 dpf, in the size and overall complexity of RGC axons in LPS treated 496 

animals, when mature levels of arborization complexity are normally attained (Fig. 3). These 497 

morphological changes are accompanied by alterations in the responsiveness of the tectal 498 
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cells to visual stimuli and performance in a simple, tectal-mediated visual behavioral assay 499 

(Fig. 4). We also ascertained the contribution of IL-1 which is markedly but transiently 500 

upregulated in response to LPS exposure (Fig. 1F,G), to the effects of inflammatory 501 

stimulation on neuronal development. Expression of IL-1 is primarily upregulated in the 502 

skin following bath application of LPS, but is also expressed in microglia in both untreated 503 

and treated larvae (Fig. 5). The immediate and long-term effects on axonal dynamics, appear 504 

to depend on the production of IL-1, since they fail to occur when expression of the 505 

cytokine is downregulated by MO injection (Fig. 6). However, the axons in these animals 506 

already grow larger and more complex under baseline conditions (Fig. 7), indicating that 507 

precise control of IL-1 levels may be critical for regulating RGC axon arbor growth under 508 

conditions of inflammatory insult as well as in normal development. These defects contribute 509 

to the ineffectiveness of IL-1 morphant larvae in prey capture (Fig. 8).  510 

Dendritic spine analysis through a thinned-skull in the young (post-natal day (P) 17 to P19) 511 

mouse showed decreased dynamics of dendritic spines on layer V pyramidal neurons in the 512 

somatosensory cortex following MIA (Coiro et al., 2015).  There are important distinctions 513 

between our results and those from Coiro et al., including differences in the brain region of 514 

study and the timing of in vivo imaging --  we observed axonal branching dynamics 515 

immediately following the administration of inflammatory stimulus while they imaged 516 

dendrites roughly one month after MIA. Moreover, axonal and dendritic dynamics have been 517 

reported to exhibit opposite reactions to similar manipulations.  For example, 518 

pharmacological blockade or postsynaptic morpholino knockdown of N-methyl-D-aspartate 519 

type glutamate receptors in the retinotectal system of Xenopus tadpoles impedes dendritic 520 

growth, while enhancing axonal dynamics (Rajan et al., 1999; Sin et al., 2002; Kesner et al., 521 

2020). 522 

Studies in rodent models of MIA have shown disparate effects of inflammation on neuronal 523 

growth. In rats from litters treated with LPS to induce inflammation during gestation, 524 

dendritic arbor size was reduced in layer V medial prefrontal cortex neurons (mPFC) from 525 

young (P10, P35) animals, but returned to values no different than control at P60, while CA1 526 

hippocampal neurons showed reduced dendritic length only in adult animals (Baharnoori et 527 

al., 2009). Spine density was found to be significantly lower in pyramidal neurons in mPFC 528 

in P60 MIA animals (Baharnoori et al., 2009). In another study also using LPS-induced MIA 529 

in rats, spine density of dentate gyrus granule cells was increased at P21 but decreased at P90 530 
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(Lin and Wang, 2014). Granule cells in the hippocampus showed a significant increase in 531 

spine density and a non-significant increase in the number of branching nodes in P15 males 532 

from litters treated with LPS at embryonic day 15 (E15) (Fernández de Cossío et al., 2017). 533 

Hence, inflammatory stimulation during development affects neuronal populations in 534 

complex ways. 535 

Studies in postmortem brain samples from ASD patients have detected differences in 536 

neuronal morphology in comparison to controls. Of note, a reduction in the number of 537 

dendrites in hippocampal and PFC neurons was observed compared to normally developing 538 

controls (Raymond et al., 1996; Mukaetova-Ladinska et al., 2004). Conversely, a higher 539 

density of axons has been described in the serotonin pathways of ASD subjects (Azmitia et 540 

al., 2011). Spine density alterations in ASD patients also vary. A decrease in spine density 541 

found on pyramidal neurons in the neocortex (Williams et al., 1980) is in contrast with an 542 

increase in spine density on apical dendrites of layer II pyramidal neurons in the frontal, 543 

temporal, and parietal cortex as well as layer V neurons of the temporal cortex (Hutsler and 544 

Zhang, 2010). Spine density and total dendritic length of pyramidal neurons in the 545 

dorsolateral PFC of schizophrenia subjects were also reduced compared with normal brain 546 

samples (Glantz and Lewis, 2000). Given that various neuron populations are affected 547 

differently at different developmental time points, it would be useful to better understand how 548 

visual system pathways may be affected in rodent models and in human patients. For 549 

example, direct administration of pro-inflammatory cytokine, such as intravitreous injection 550 

of IL-6 in rats, has been shown to result in abnormal spreading of RGC axons in the superior 551 

colliculus (Menezes et al., 2019).  552 

We have shown that the morphological changes we observed in the RGC axons following 553 

inflammatory stimulation are accompanied by functional alterations in the retinotectal circuit 554 

and performance in a simple behavioral assay (Fig. 4). One of the hallmarks of ASD is a 555 

demonstrated hypersensitivity to sensory stimulation, including visual stimuli (Takarae and 556 

Sweeney, 2017). Studies in ASD patients have assessed aspects of low-level visual 557 

processing (Bakroon and Lakshminarayanan, 2016; Robertson and Baron-Cohen, 2017), 558 

although high variability in the methods used and small sample sizes make it difficult to 559 

compare results across reports. Nevertheless, some studies have found that ASD patients 560 

show enhanced perception of high spatial frequency visual cues (Kéïta et al., 2014; Caplette 561 

et al., 2016), in line with a large body of evidence for enhanced overall visual functioning in 562 



 

19 
 

autism (Samson et al., 2012). In contrast, it is suspected that schizophrenia patients may have 563 

lower visual acuity (Silverstein and Rosen, 2015), and impairments in contrast perception and 564 

processing (Butler et al., 2001). Therefore, our data showing an altered response to luminance 565 

levels and decreased visual acuity in LPS treated zebrafish larvae may be relevant to the 566 

etiology of ASD and schizophrenia. We have developed a simple developmental 567 

inflammation model in a fast-growing, genetically amenable animal, which at least partially 568 

recapitulates aspects of neurodevelopmental disorders, with the hope that it may serve as a 569 

platform to explore the molecular underpinnings of such functional pathologies. 570 

Our results demonstrate an important role for IL-1 in mediating the acute and long-term 571 

effects of inflammatory insult on RGC development (Fig. 6). The evidence that a 572 

predominant source of excess IL-1 in our LPS treated larvae is the skin (Fig. 5) is of 573 

particular relevance to MIA. In a study using poly(I:C)-induced inflammation in the mouse, 574 

levels of certain cytokines, including IL-6 and TNF- were increased in maternal plasma, 575 

placenta and fetal brain, while IL-1 was upregulated in maternal plasma only (Mueller et al., 576 

2019). Here we show that external application of an inflammatory stimulus and a peripheral 577 

activation of IL-1 is sufficient to cause short- and long-terms changes to neuronal circuit 578 

development, suggesting that additional downstream signaling molecules likely mediate the 579 

central changes.  580 

We also demonstrate a role for IL-1 signaling in the normal growth of RGCs, since these 581 

axons develop abnormally in IL-1 knockdown larvae, even in the absence of LPS treatment 582 

(Fig. 7). Indeed, RCG axons from IL-1 MO animals have more branches at 6 dpf than 583 

control MO cells (Fig 7A,B). Moreover, the branch size distribution is significantly different 584 

between IL-1 MO and control MO axons (Fig. 7D). Cytokines have demonstrated roles 585 

beyond inflammatory responses, including in synaptic plasticity, neurogenesis and 586 

neuromodulation (McAfoose and Baune, 2009). TNF- exposure promotes synaptic 587 

maturation, resulting in an increase in spontaneous synaptic event frequency, and enhanced 588 

dendritic branch growth in neurons in the optic tectum of Xenopus laevis tadpoles (Lee et al., 589 

2010).  Recombinant IL-1 has been shown to promote differentiation and neurite outgrowth 590 

of neuronal precursor cells in vitro (Park et al., 2018) and in entorhinal brain slice cultures 591 

from P2 mice (Boato et al., 2011), consistent with a role in normal development. In contrast, 592 

male rats chronically overexpressing IL-1 through lentiviral injection had reduced neurite 593 

length of doublecortin-expressing immature neurons (Hueston et al., 2018).  594 
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Although microglia do not appear to be the primary source of IL-1 upregulation in our 595 

inflammation model (Fig. 5), we have shown that their morphology is modified immediately 596 

following LPS treatment, demonstrating that they respond to the insult (Fig. 1B-E). Microglia 597 

in close proximity to the skin or vasculature may be the first to sense the elevated IL-1 598 

levels and in turn upregulate other cytokines. Microglia have been shown to perform 599 

numerous tasks in neurodevelopment, both in normal conditions and in mediating the effects 600 

of inflammation, through direct physical contact and secretion of signaling molecules (Tay et 601 

al., 2016; Konishi et al., 2018; Lenz and Nelson, 2018; Lim and Ruthazer, 2020). Detailed 602 

characterization of the role of microglia in mediating the effects of inflammation on neuronal 603 

development in our model will contribute significantly to the field of MIA and continue to 604 

advance our understanding of the etiology of neurodevelopmental disorders like ASD and 605 

schizophrenia. 606 

Figure legends  607 

Figure 1. Treatment of zebrafish larvae with LPS causes microglial activation and 608 

increased cytokine expression A) Schematic representation of a retinal ganglion cell (RGC) 609 

in the zebrafish larval brain. Forebrain (for), neuropil (n), optic tectum (tec). B) Microglia 610 

have a ramified morphology under normal conditions. Z-projection image of the tectum of a 3 611 

dpf Tg(ApoE:GFP) zebrafish. C-E) Microglia exhibit morphological changes in response to 612 

LPS. Morphology of microglia following control (C) and LPS treatment (D). Skeletonized 613 

views are shown on the right. E) Quantification of number of branching ramifications per 614 

microglia in control and LPS treated Tg(ApoE:GFP) larvae at 3 dpf. n = 53 cells from 4 615 

animals (control); 91 cells from 7 animals (LPS). *** p < 0.001; two-way ANOVA with 616 

Sidak correction for multiple comparisons. F) Treatment of zebrafish larvae with LPS at 3 dpf 617 

causes an increase in mRNA levels of cytokines IL-1, IL-6 and TNF- measured by qRT-618 

PCR. mRNA levels were assayed in wild type larvae following a 2 h treatment with LPS at 3 619 

dpf or in untreated controls (IL-1: n = 6 untreated, n = 7 LPS treated; IL-6: n = 4 untreated, 620 

n = 4 LPS treated; TNF-: n = 6 untreated, n = 6, LPS treated). #  p = 0.057, * p < 0.05, ** p 621 

< 0.01 Mann-Whitney test. (G) IL-1 cytokine mRNA levels measured by qRT-PCR.  622 

mRNA levels were assayed in wild type larvae at 2 h post treatment (hpt), 6hpt, 24 hpt and 48 623 

hpt following a 2-hour treatment with LPS at 3 dpf or in untreated controls (2 hpt: n = 7 624 

untreated, n = 9 LPS treated; 6 hpt: n = 3 untreated, n = 3 LPS treated; 24 hpt: n = 4 625 
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untreated, n = 4 LPS treated, 48 hpt: n = 3 untreated, n = 3 LPS treated). *** p < 0.001 626 

Mann-Whitney test. Error bars – standard error of the mean. Scale bars – 10 m. 627 

Figure 2: Treatment of zebrafish larvae with LPS causes increased RGC branching 628 

dynamics. A) Experimental design: single RGCs expressing mYFP were imaged at 3dpf 629 

before and after 2 h treatment with LPS or mock treatment control. B-E) Arbors are shown as 630 

projected z-stacks (B,D) and as reconstructed skeletons (C,E). Branch additions during a 36 631 

minutes imaging period are marked in green, losses in red and transient branches in blue. F) 632 

Rates of branch addition, branch loss and transient branches are significantly increased 633 

following LPS exposure (n = 21 untreated; n =18 LPS treated; ** p < 0.01, * p < 0.05, two-634 

way repeated measures ANOVA). Error bars – standard error of the mean. Scale bars – 25 635 

m. F: fertilization. 636 

Figure 3. LPS treatment of 3 dpf larvae has long term effects on RGC arbor growth. A) 637 

Experimental design: single RGCs expressing mYFP were imaged at 3 dpf before 2 h of 638 

mock (untreated, B) or LPS (C) treatment. The same animal was imaged again on the 3 639 

subsequent days. LPS treated RGCs have larger arbors (D) and significantly more branch tips 640 

(E; n = 18 untreated, n = 18 LPS; ** p < 0.01, two-way repeated measures ANOVA with 641 

Sidak correction for multiple comparisons). Error bars – standard error of the mean. Scale bar 642 

– 25 m. F: fertilization. 643 

Figure 4. Functional consequences of inflammation on retinotectal circuit function. A) 644 

Experimental design: Tg(elav3:H2B-GCaMP6s) larvae were treated for 2 h with LPS or 645 

mock treatment control and imaged at 6 dpf. B) Experiment setup: larvae were embedded in 646 

LMP agarose in a custom chamber and placed in front of a monitor showing visual 647 

stimulation protocols. Calcium-induced changes in GCaMP6s fluorescence were recorded 648 

with a 2P microscope. C) Example time projected image from 1 z-plane of the left tectum of 649 

a Tg(elav3:H2B-GCaMP6s) larva with ROIs auto-identified for data extraction (bottom). D) 650 

Average response strength (F/F0) of the significantly responding cells to full-field flash 651 

visual stimuli of increasing brightness levels for each larva. Average response strength 652 

(F/F0) of the ROIs for individual fish are represented by dashed (untreated) and full (LPS 653 

treated) lines. Average of all the ROIs are plotted as circles with corresponding trendlines. 654 

E,F) Comparison of linear regression values for x-intercept (D) and slope (E; untreated n = 9 655 

fish, 1197 total ROIs; LPS treated n = 10 fish, 1104 total ROIs). G) Response strength of an 656 
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example cell to each of 10 presentations of visual stimuli consisting of counterphasing 657 

sinusoidal gratings of varying spatial frequency. The data is fitted to a sigmoidal curve and 658 

the spatial frequency value at which the cell generates a response of half maximum strength 659 

(SF50) is extracted. H) Normalized sigmoidal response curves for all selected cells in 660 

untreated (blue, n = 16 fish, 798 total ROIs) and LPS treated (red, n = 19 fish, 760 total ROIs) 661 

larvae, with average group response curves illustrated with thick lines of corresponding color. 662 

The distribution of the SF50 values for selected cells is shown in the histogram above. A shift 663 

in the median value of the distribution is represented by arrowheads above the histogram. ** 664 

p = 0.00125, Wilcoxon rank sum test. I) Representation of the position of paramecia at 665 

initiation of pursuit by untreated (green, n = 43 events, 6 larvae) and LPS treated larvae (red, 666 

n = 47 events, 7 larvae). J-L) Comparisons of initial prey distance (J), difference between the 667 

prey angle and the angle of the initial turn (K) and the distance of the prey before the final 668 

swim bout at the time of capture (L). *** p < 0.001, ** p < 0.01, Welch’s t test; ns: not 669 

significant. Error bars – standard error of the mean. Scale bars – C: 50 m; I: 0.5 mm. F: 670 

fertilization.  671 

Figure 5. Expression of IL-1 in zebrafish larvae. A,E,I,M) Cartoon representations of the 672 

images shown to their right. B-D) Anterior half of untreated (B), LPS treated (C) or LPS 673 

injected (D) 3 dpf larvae. IL-1 expression is observed in the skin of LPS treated larvae 674 

(arrowheads) 2 hours post-treatment. F-H) Expression of IL-1 is observed in microglia 675 

(arrows/insets) of untreated (F), LPS treated (G) and LPS injected (H) larvae. Expression in 676 

patches of skin is also observed in the LPS treated (arrowhead, G) larvae. J-L) Microglia in 677 

the retina of all 3 larvae also express IL-1. N-P) Microglia in the spinal cord of all 3 larvae 678 

express IL-1. Magenta: IL-1 (RNAscope), green: EGFP (immunohistochemistry), blue 679 

(DAPI nuclear staining. RGL: retinal ganglion cell layer, IPL: inner plexiform layer, INL: 680 

inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer. Q,R) 681 

Quantification of the data represented in A-P. The percentage of skin that expresses IL-1 682 

mRNA is significantly increased in LPS treated larvae (Q; untreated n = 4, LPS treated n = 3, 683 

LPS injected n = 3). The number of IL-1 RNAscope puncta is significantly increased in 684 

microglia from LPS injected larvae only (R; untreated: n = 11, LPS treated: n = 10, LPS 685 

injected: n = 20). ** p < 0.01, Kruskal-Wallis test; ns: not significant. Error bars – standard 686 

error of the mean. Scale bars – 100 m (B-D), 50 m (F-P). 687 
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Figure 6: Effects of LPS on RGC arbor growth and elaboration are mediated in part 688 

through IL-1. A) Branching dynamics are not affected by LPS treatment in the absence of 689 

IL-1. The rate of branch additions and branch loss is not significantly different in LPS vs 690 

untreated larvae in IL-1 MO injected animals n = 8 untreated; n = 8 LPS; ns: not 691 

significant, two-way repeated measures ANOVA). B,E) LPS treatment does not significantly 692 

affect the growth of RGC arbors in IL-1MO injected larvae. Total arbor length (B) and 693 

branch number (C) are not significantly different than those of untreated control cells (n = 7 694 

untreated, n = 7 LPS; ns: not significant, two-way repeated measures ANOVA). Single RGCs 695 

in embryos injected with IL-1 MO were imaged daily for 4 days following 2 h of mock 696 

treatment (IL-1 MO untreated, D) or LPS treatment (IL-1 MO + LPS, E) administered at 3 697 

dpf. F,G) IL-1 MO validation. Embryos were injected with IL-15’UTR-eGFP mRNA and 698 

Control (F) or IL-1 MO (G). The number of larvae with green fluorescence and the total 699 

number of scored larvae is indicated at the bottom of each image.  Error bars – standard error 700 

of the mean. Scale bars – 25 m (D,E); 200 m (F,G). 701 

Figure 7. RGC arbors in IL-1 MO injected animals have abnormal growth. A) In the 702 

absence of LPS treatment, RGC arbors in IL-1 MO injected animals display a different 703 

growth curve than those from control MO animals.  Cells from IL-1 MO injected animals 704 

increase in size slower than control cells but continue to grow until 6 dpf, while arbor length 705 

of control MO cells plateaus around 5 dpf. Cells from IL-1 MO injected animals add more 706 

branches than control MO cells, especially at 5 and 6 dpf (* p < 0.05, ** p < 0.01, two-way 707 

repeated measures ANOVA with Sidak correction for multiple comparisons). B) In the 708 

presence of LPS, cells from control MO and IL-1 MO injected animals also have 709 

significantly different growth curves, both in total length and in the number of branches 710 

added (# p < 0.1, * p < 0.05, ** p < 0.01, two-way repeated measures ANOVA with Sidak 711 

correction for multiple comparisons). C,D) RGC arbors in IL-1 MO injected animals have a 712 

greater number of very small branches at 6 dpf. The size distribution of all RGC branches 713 

from Control MO and IL-1 MO injected animals is significantly different, as measured at 6 714 

dpf in LPS treated animals, and illustrated in the inset in E); * p < 0.05, Wilcoxon test. Error 715 

bars – standard error of the mean. Scale bars - 25 m. 716 

Figure 8. IL-1 morphant zebrafish larvae are poor predators. A) IL-1 MO injected 717 

zebrafish larvae consume paramecia more slowly than their control MO injected siblings. B) 718 
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IL-1 MO injected animals swim a smaller distance per unit time than those injected with 719 

control MO. C) Maximum acceleration during larval swimming is unaffected by MO 720 

injection. **, p < 0.01, **** p < 0.0001, Kruskal-Wallis test; ns: not significant. Error bars – 721 

standard error of the mean. 722 

Extended Data 723 

Video 1 (extended data for Figure 2): Time-lapse in vivo two photon microscopy of 724 

individual retinal ganglion cell (RGC) axons in 3 dpf zebrafish.  Z-stack images (1 m Z-725 

layers) were taken every 6 min for 36 min before and after 2 h exposure to LPS. Maximum 726 

intensity projections of denoised images are shown (see methods). 727 
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