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Abstract Ͷ͵ 
During embryonic developmentǡ regulation of gene expression is key to creating the ͶͶ many subtypes of cells that an organism needs throughout its lifetimeǤ Recent work Ͷͷ has shown that maternal genetics and environmental factors have lifelong Ͷ͸ consequences on diverse processes ranging from immune function to stress Ͷ͹ responsesǤ The REͳǦsilencing transcription factor ȋRestȌ is a transcriptional Ͷͺ repressor that interacts with chromatinǦmodifying complexes to repress Ͷͻ transcription of neural specific genes during early developmentǤ (ere we show that ͷͲ in zebrafishǡ maternally supplied rest regulates expression of target genes during ͷͳ larval development and has lifelong impacts on behaviorǤ  Larvae deprived of ͷʹ maternal rest are hyperactive and show atypical spatial preferencesǤ Adult male fish ͷ͵ deprived of maternal rest present with atypical spatial preferences in a novel ͷͶ environment assayǤ Transcriptome sequencing revealed ͳͷͺ genes that are ͷͷ repressed by maternal rest in blastula stage embryosǤ Furthermoreǡ we found that ͷ͸ maternal rest is required for target gene repression until at least ͸ dpfǤ )mportantlyǡ ͷ͹ disruption of the REͳ sites in either snap25a or snap25b resulted in behaviors that ͷͺ recapitulate the hyperactivity phenotype caused by absence of maternal restǤ  Both ͷͻ maternal rest mutants and snap25a REͳ site mutants have altered primary motor ͸Ͳ neuron architecture that may account for the enhanced locomotor activityǤ These ͸ͳ results demonstrate that maternal rest represses snap25a/b to modulate larval ͸ʹ behavior and that early Rest activity has lifelong behavioral impactsǤ ͸͵ 
 ͸Ͷ 
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Significant Statementǣ ͸ͷ 
Maternal factors deposited in the oocyte have wellǦestablished roles during ͸͸ embryonic developmentǤ We show that in zebrafishǡ maternal rest  ȋREͳǦsilencing ͸͹ transcription factorȌ regulates expression of target genes during larval development ͸ͺ and has lifelong impacts on behaviorǤ  The Rest transcriptional repressor interacts ͸ͻ with chromatinǦmodifying complexes to limit transcription of neural genesǤ We ͹Ͳ identify several synaptic genes that are repressed by maternal Rest and ͹ͳ demonstrate that snap25a/b are key targets of maternal rest that modulate larval ͹ʹ locomotor activityǤ These results reveal that zygotic rest is unable to compensate for ͹͵ deficits in maternally supplied rest and uncovers novel temporal requirements for ͹Ͷ 
rest activityǡ which has implications for the broad roles of RestǦmediated repression ͹ͷ during neural development and in disease statesǤ   ͹͸ 
)ntroductionǣ  ͹͹ 

Precise regulation of gene expression is key to proper nervous system ͹ͺ function and is influenced by both genetic and environmental factorsǤ Central to the ͹ͻ mechanisms of gene regulation are chromatin modificationsǡ which include ͺͲ alterations of the acetylation and methylation status of chromatin by transcriptional ͺͳ activators and repressorsǤ Changes to chromatin landscapes may have both ͺʹ immediate and lifelong consequences and are caused by environmental effects ͺ͵ including poor maternal care ȋWeaver et alǤǡ ʹͲͲͶȌǡ prenatal stressȋStǦCyr and ͺͶ McGowanǡ ʹͲͳͷǢ Vangeel et alǤǡ ʹͲͳͷȌǡ smokingȋ)vorra et alǤǡ ʹͲͳͷȌǡ and  gestational ͺͷ diabetesȋPetropoulos et alǤǡ ʹͲͳͷȌǤ  ͺ͸ 



 

 ͷ

 Maternal mRNAs encoding transcription factors and chromatin effectors are ͺ͹ deposited in oocytes prior to fertilization and modulate developmental gene ͺͺ expression in many speciesǤ For exampleǡ depletion of maternal Drosophila Piwi ͺͻ alters heterochromatin formationȋGu and Elginǡ ʹͲͳ͵ȌǢ  knockdown of VegT in  ͻͲ 
Xenopus alters embryonic  cell fate  and patterning ȋZhang et alǤǡ ͳͻͻͺȌǢ loss of ͻͳ maternal  runx2b dorsalizes zebrafish embryos ȋFlores et alǤǡ ʹͲͲͺȌǢ and deletion of ͻʹ maternal BRGͳǡ arrests mouse development at early cleavage stages and  reduces  ͻ͵ zygotic genome activation ȋBultman et alǤǡ ʹͲͲ͸ȌǤ  These findings suggest a broad ͻͶ role for maternal mRNAs in modulating chromatin landscapes in early embryosǤ  ͻͷ 

The REͳǦSilencing Transcription factor ȋRestȌȀNeuron Restrictive Silencing ͻ͸ Factor ȋNrsfȌ recruits cofactors to modify chromatin structure to silence neural ͻ͹ specific genes in nonǦneural tissues ȋChong et alǤǡ ͳͻͻͷǢ Schoenherr and Andersonǡ ͻͺ ͳͻͻͷȌ and to modulate transcription within the developing nervous systemȋBallas ͻͻ et alǤǡ ʹͲͲͷȌǤ Rest regulates hundreds of neural specific genes via interactions with a ͳͲͲ conserved ̱ʹ͵bp DNA elementǡ the REͳ site ȋLunyakǡ ʹͲͲʹǢ Mortazavi et alǤǡ ʹͲͲ͸ȌǤ ͳͲͳ The NǦterminal domain of Rest interacts with Sin͵ family members to recruit ͳͲʹ repressor complexes that include MeCPʹ and (DACͳȀʹ ȋNaruse et alǤǡ ͳͻͻͻǢ ͳͲ͵ Grzenda et alǤǡ ʹͲͲͻȌǤ The Rest CǦterminal domain interacts with CoRest family ͳͲͶ membersǡ which associate with (DAC ͳȀʹǡ LSDͳ and (͵Kͻ methyltranferase Gͻaǡ ͳͲͷ among other factors ȋBallas et alǤǡ ʹͲͲͳǢ Lunyakǡ ʹͲͲʹǢ Roopra et alǤǡ ʹͲͲͶȌǤ ͳͲ͸ 
We previously showed that zebrafish rest is broadly expressed in the ͳͲ͹ developing nervous system ȋGates et alǤǡ ʹͲͳͲȌǡ but is not essential for neurogenesis ͳͲͺ 
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ȋKok et alǤǡ ʹͲͳʹȌǤ Ratherǡ Rest acts to fine tune neural gene expressionȋKok et alǤǡ ͳͲͻ ʹͲͳʹȌ and consequently modulate both larval and adult behaviors ȋMoravec et alǤǡ ͳͳͲ ʹͲͳͷȌǤ Zebrafish rest mRNA is provided as a maternal transcript ȋGates et alǤǡ ʹͲͳͲȌ ͳͳͳ that is essential for proper regulation of gene expression in the blastulaȋKok et alǤǡ ͳͳʹ ʹͲͳʹȌǤ )n additionǡ maternally supplied rest also modulates later migration of facial ͳͳ͵ branchiomotor neuronsȋLove and Princeǡ ʹͲͳͷȌǤ An early function of REST has also ͳͳͶ been demonstrated in rodentsǡ where maternal deprivation decreases REST ͳͳͷ levelsȋUchida et alǤǡ ʹͲͳͲǢ RodenasǦRuano et alǤǡ ʹͲͳʹȌǤ Subsequent misregulation of ͳͳ͸ NMDA receptor gene expression leads to changes in synaptic plasticityȋRodenasǦͳͳ͹ Ruano et alǤǡ ʹͲͳʹȌǤ  Converselyǡ increased maternal care augments REST levelsǡ ͳͳͺ which correlates with decreased expression of a stress hormoneǡ  corticotropinǦͳͳͻ releasing hormoneȋCR(Ȍ ȋKorosi et alǤǡ ʹͲͳͲȌǤ   ͳʹͲ 
 )n this studyǡ we demonstrate that in zebrafish maternal rest modulates ͳʹͳ zygotic gene expression until at least ͸ dpf and that depletion of maternal rest ͳʹʹ results in behavioral changes in larvae including hyperactivity and atypical spatial ͳʹ͵ preferencesǤ Strikinglyǡ behavioral anomalies persist into adulthood in animals that ͳʹͶ lack maternal restǤ   Affected adult malesǡ but not femalesǡ engage in abnormal ͳʹͷ swimming behaviors including atypical wall preference combined with frequent ͳʹ͸ vertical swimming and sharper turning anglesǤ )mportantlyǡ disruption of the REͳ ͳʹ͹ site of either of two target genesǡ snap25a or snap25bǡ recapitulates the larval ͳʹͺ hyperactivity phenotypeǤ This finding implicates snap25 paralogs as key targets of ͳʹͻ Rest in controlling larval behaviorǤ Consistent with the role of Snapʹͷ in axon ͳ͵Ͳ growthǡ we investigated the architecture of the primary motor neurons in the ͳ͵ͳ 



 

 ͹

mutants and observed increased branching in primary motor neurons in embryos ͳ͵ʹ that lack maternal rest and in snap25a ReǦͳ mutantsǤ  Togetherǡ these results ͳ͵͵ demonstrate that maternally supplied Rest influences embryonic and larval gene ͳ͵Ͷ expression and lifelong behaviorǤ ͳ͵ͷ 
Materials and Methodsǣ ͳ͵͸ 
Fish Maintenanceǣ  ͳ͵͹ 

Zebrafish embryos were obtained from natural crosses and maintained at ͳ͵ͺ ʹͺǤͷι C under ͳ͵ǣͳͳ hour light dark cycleǤ  Adult fish were fed twice daily with a ͳ͵ͻ combination of artemia and flake foodǤ The rest sbuʹͻ mutation was maintained as ͳͶͲ previously described ȋMoravec et alǤǡ ʹͲͳͷȌǤ All rest mutants came from ͳͶͳ intercrossing rest heterozygotes to control for effects caused by maintaining mutant ͳͶʹ inbred stocksǤ   Larval assays were performed at ͸ days post fertilization ȋdpfȌ on ͳͶ͵ multiple clutches derived from different parents to minimize genetic background ͳͶͶ effectsǤ  ͳͶͷ 
(ousing and genotypingǣ ͳͶ͸ 
  (ousing and genotyping were previously described in ȋKok et alǤǡ ʹͲͳʹǢ ͳͶ͹ Moravec et alǤǡ ʹͲͳͷȌwith a slight modificationǤ Adult fish were raised in groups of ͳͶͺ ͺǦͳͲ in ͳǤͺ liter tanksǡ moved into unisex tanks at Ͷ months and transferred to ͳͶͻ individual ͳǦliter tanks two weeks before the behavioral assaysǤ  ͳͷͲ 
Behavioral Testing Apparatus and Paradigmsǣ ͳͷͳ 
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 The Novel Environment and VisualǦMotorǦBehavioral Assays   and the testing ͳͷʹ apparatus were previously described ȋMoravec et alǤǡ ʹͲͳͷȌǤ Assays of adultsǡ of ͳͷ͵ both sexesǡ were conducted at ͸ monthsǤ  All behavioral assays were performed ͳͷͶ between ͳ to ͷ PM and approved by the Stony Brook University )ACUCǤ   ͳͷͷ 
Deep sequencingǣ ͳͷ͸ 
 Total RNA was extracted from pools of ͳͲ embryos from each of the four ͳͷ͹ groups ȋMrestSBUʹͻȀΪ, Zrest ,MZrest and WTȌ  and ʹ pools per a group were sent to ͳͷͺ the New York Genome Center for sequencingǤ  Samples underwent a Tru Seq Vʹ ͳͷͻ library prep and sequenced on a (i Seq ʹͲͲͲ by ʹX ͷͲ bp paired end readsǤ The ͳ͸Ͳ reads were aligned to Danio̴rerioǤZvͻǤ͹Ͷ from EnsemblǤ Significance was defined as ͳ͸ͳ p δͲǤͲͷ after a correction of multiple testing hypothesis using the Benjamini Ƭ ͳ͸ʹ (ochberg procedureǤ ͳ͸͵ 
Expression studiesǣ ͳ͸Ͷ 
 Total RNA was extracted from pools of five embryos using Trizol ȋ)nvitrogenȌ ͳ͸ͷ and cDNA was synthesized by using Super Script )) reverse transcriptase ͳ͸͸ ȋ)nvitrogenȌǤ Quantitative PCR ȋqPCRȌ was carried out with a Light Cycler ͶͺͲ ͳ͸͹ ȋRocheȌ using Quanta SYBR green ȋQuanta bioscienceȌǤ  Transcript levels from each ͳ͸ͺ sample were normalized to βǦactinǤ  Each experiment consisted of three pools of ͳ͸ͻ embryos run in duplicateǤ  Primer pairs are listed bellow or were described ͳ͹Ͳ previously ȋKok et alǤǡ ʹͲͳʹȌǤ ͳ͹ͳ 
npasͶa       FǣGGGCTCAAGCACTTCTCAAC            RǣAGATAGCCCACTGCTTCCTG  ͳ͹ʹ 



 

 ͻ

amph         FǣCCAGAGGAAGAGACCAGTTCA         RǣCTTCTCCTGGTTGGGTCTCA  ͳ͹͵ 
sty4           Fǣ TGGAGAAATCCCAGGACAAG            RǣGACAGACCATGTGCCTCCTT  ͳ͹Ͷ 
scn3b          FǣTGATGTATGTGCTGCTGGTG           RǣTGTGCTTGCTCGTCAGATTT   ͳ͹ͷ 
nsfa              FǣTTTGACAAGTCCAGGCAGTG          RǣCTGAGTCGTAAGGGCTGGAG  ͳ͹͸ 
kcns3a         FǣGAGGATGACCCTCAGAACCA          RǣGTGCCCTCAAACTTTTCCAA  ͳ͹͹ 
cana1ba       FǣATACTGGATCGGCCCAAACT         RǣATACTGGATCGGCCCAAACT  ͳ͹ͺ 
sty10            FǣTGTGGTTCGCATTCTCAAAG          RǣACTTCTTTTTGCGCTCTGGA  ͳ͹ͻ 
grm5(1/2) FǣTGTCACTGATGGCTTCCAGA          RǣTGGCTGCAGGTTCAGGTAGT  ͳͺͲ 
olfm1b        FǣGGGACCTGCAGTACGTGGTA          RǣTATTGCTTGGCGATGTTTTG  ͳͺͳ 
cadpsb        FǣTTGTCGTGAGGTGTTCAAGC          RǣCAAACTTGGCCATCCAAGAG  ͳͺʹ 
nrxn1a       FǣTAATGTGCGTGTGGAGGGTA           RǣGGGTGACGTTTCTGAACGAT  ͳͺ͵ 
 RNA wholeǦmount in situ hybridization was performed as described by ͳͺͶ Thisse et alǤ ȋThisse et alǤǡ ͳͻͻ͵ȌǤ In cases where genotype differences could be ͳͺͷ 
attributed to tube specific variations in staining, embryos were marked by tail ͳͺ͸ 
clips and the procedure carried out with both sets of embryos in the same ͳͺ͹ 
tubeǤ  Probes were synthesized from plasmids or from ͸ dpf cDNA using primer pair   ͳͺͺ for amph anti sense FǣATTTGCCAAAAACGTCCAAA  ͳͺͻ 
   RǣGAGTAATACGACTCACTAGGGGGGCCTTTTTCAAGTCCTCT Ǥ For ͳͻͲ immunohistochemistryǡ embryos were fixed in ͶΨ PFA overnight at ͶιC and stored ͳͻͳ 



 

 ͳͲ

in methanolǤ  ZNPǦͳ staining was performed as described ȋWei et alǤǡ ʹͲͳ͵ȌǤ ͳͻʹ Quantification of average fluorescence of the  immunohistochemistry  was done ͳͻ͵ using )mage JǤ  The same three puncta was quantified on each sample and ratio to ͳͻͶ controls ȋWT or ZrestSBUʹͻȀΪȌǤ ͳͻͷ 
Disruption of REͳ sitesǣ ͳͻ͸ 
 REͳ sites in snap25a ȋTTCAGCACCCTGGACAGCGACȌ and snap25b ͳͻ͹ ȋTTCAGCACCGCGGAGAGCGCTȌ were disrupted using the CR)SPRǦCASͻ systemǤ ͳͻͺ Guide RNA targets sitesǣ  snap25aǦGCAAACGCAGTCGCTGTCCA   snap25b Ȃͳͻͻ GGTGCTGAAATCCACACAACǤ   gRNAs were generated using Ambion MegaScript T7 ʹͲͲ kitǤ   Guide RNA ȋʹͲͲpgȌ was coǦinjected with ͶͲͲpg of Casͻ protein ȋPNA Bioǡ )ncǤȌ ʹͲͳ into the cell of oneǦcell embryosǤ  Fish were genotyped using   primersǣ snap25a REͳ ʹͲʹ site  Fǣ ACGATGTGGGCGGTTTCT  Rǣ TGGAAATTTAGCTGCAGGAG  snap25b REͳ site  ʹͲ͵ FǣTTGCACAGCTTTTGCATGA   RǣTACCATGGAGGCTCGACTTTǤ ʹͲͶ 
Statisticsǣ ʹͲͷ 

 Statistical analyses were conducted as previously described ȋMoravec et alǤǡ ʹͲ͸ ʹͲͳͷȌ  using SPSSǡ version ʹͳ and Graphpad softwareǤ  Outliers were detected using ʹͲ͹ the Grubs test and removed from analysisǤ Significance was defined as less than ͲǤͲͷ ʹͲͺ and trending was defined as ͲǤͲͻͻ to ͲǤͲͷǤ  All error bars represent standard errorǤ  ʹͲͻ 
Resultsǣ ʹͳͲ 
Maternal Rest regulates gene expression at blastula stage: ʹͳͳ 



 

 ͳͳ

       We previously observed that depletion of maternal rest caused derepression ʹͳʹ of a subset of target genes in blastula stage zebrafish embryos ȋKok et alǤǡ ʹͲͳʹȌǤ  To ʹͳ͵ better understand the role of maternal rest in gene repressionǡ we preformed deep ʹͳͶ sequencing of blastula mRNA comparing MrestsbuʹͻȀΪ to ZrestsbuʹͻȀΪ and ʹͳͷ MZrestsbu29/sbu29 to related wildǦtype controlsǤ MrestsbuʹͻȀΪ fish are the offspring of a ʹͳ͸ 
rest mutant female and a wildǦtype male and there for lack maternal rest mRNAǤ   ʹͳ͹ The corresponding controls have normal maternal contribution of rest and are the ʹͳͺ offspring of a rest mutant male and a wildǦtype female ȋZrestsbuʹͻȀΪȌǤ MZrestsbu29/sbu29 ʹͳͻ lack both maternal and zygotic rest and are the offspring of two homozygous ʹʹͲ mutantsǤ  The corresponding control wildǦtypes were obtained from crosses of wildǦʹʹͳ type siblings of the mutant parents used to generate the MZrestsbu29/sbu29 offspringǤ ʹʹʹ Because of the temporal proximity of these embryos to the midǦblastula transitionǡ ʹʹ͵ we anticipate that most of the transcriptional changes detected will be result from  ʹʹͶ direct effects of maternal Rest depletion because the analysis occurred shortly ʹʹͷ 
after the activation of the zygotic genome. ʹʹ͸ 

Overall the deep sequencing identified a total of ʹ͸ǡͲͲͲ transcriptsǡ but only ʹʹ͹ ʹͳͶ were significantly misregulated in both MrestsbuʹͻȀΪ and MZrestsbu29/sbu29 ʹʹͺ RNAseqs ȋPδͲǤͲͷ after Benjamini Ƭ (ochberg correctionȌ ȋFigure ͳAȌǤ  Of these ʹͳͶ ʹʹͻ genesǡ ͳͷͺ were upregulated when maternal rest was absentǤ Genuine targets of ʹ͵Ͳ maternal Rest would likely be misregulated in both MrestsbuʹͻȀΪ and MZrestsbu29/sbu29 ʹ͵ͳ embryosǤ Thereforeǡ we focused on this set of transcriptsǤ Because Rest is thought to ʹ͵ʹ influence gene expression over large chromosomal regionsȋLunyakǡ ʹͲͲʹȌǤ We used ʹ͵͵ an algorithm we previously developed ȋJohnson et alǤǡ ʹͲͲ͸Ǣ ʹͲͲͻȌ to determine ʹ͵Ͷ 



 

 ͳʹ

which of these genes had an REͳ site with ͳͲͲkb of the transcriptional start site ʹ͵ͷ ȋTSSȌǤ This analysis revealed that ͸͵ genes ȋ̱ͶͲΨȌ had predicted REͳ sites ȋscore ʹ͵͸ εǤͻͳȌ located within ͳͲͲkb of the TSSǤ  This set of shared upregulated genes were ʹ͵͹ significantly enriched for REͳ sites ȋChi square αͳͷͻǤͻͺͻ and PδͲǤͲͲͲͳȌǤ    ʹ͵ͺ 
DAV)D analysis of the upregulated genes revealed that Ͷͳ of the ͳͷͺ ʹ͵ͻ misregulated genes are expressed in neural tissues as would be expected of ʹͶͲ authentic Rest targets ȋChong et alǤǡ ͳͻͻͷǢ Schoenherr and Andersonǡ ͳͻͻͷǢ Lunyakǡ ʹͶͳ ʹͲͲʹǢ Bruce et alǤǡ ʹͲͲͶȌǤ GO analysis of ͳͷͺ upregulated genes indicated that their ʹͶʹ functions were enriched in exocytosisǡ synaptic transmissions and cellǦcell signaling ʹͶ͵ ȋFigure ͳBȌǤ  )n additionǡ ͷ͸ significantly downregulated transcripts were identifiedǡ ʹͶͶ but only ͻ had associated REǦͳ sitesǤ This set of downregulated genes was not ʹͶͷ enriched for REǦͳ sites ȋFigure ͳAǡ Chi squaredα ͳǤͻͻͲǡ PδǤͳͷͺ͵Ȍǡ  although recent ʹͶ͸ work has suggested that rest might act as an activator in some contexts ȋKuwabara ʹͶ͹ et alǤǡ ʹͲͲͶǢ Perera et alǤǡ ʹͲͳͷȌǤ    ʹͶͺ 
To validate the RNAǦseq resultsǡ we assayed the expression of ͳͷ upregulated ʹͶͻ REǦͳ associated genes by qPCR in MrestsbuʹͻȀΪ cDNAǤ   These genes were selected ʹͷͲ based on the significance of altered expression in the transcriptome analysisǤ Among ʹͷͳ them are amphiphysin, the most significantly misregulated gene, known zygotic Rest ʹͷʹ targets ȋsnap25a, snap25b, gpr27 and syt4) ȋKok et alǤǡ ʹͲͳʹǢ Love and Princeǡ ʹͲͳͷȌ ʹͷ͵ and genes with a diversity of functionsǡ including  an ion channelȋscn3bȌǡ  an ʹͷͶ 

axon growth regulator ȋnsfaȌ and  a transcription factor ȋnpas4a)ȋBruce et alǤǡ ʹͷͷ ʹͲͲͶȌǤ ʹͷ͸ 



 

 ͳ͵

At blastula stageǡ qPCR confirmed that ͳ͵ȀͳͶ genes tested are upregulated in ʹͷ͹ 
MrestsbuʹͻȀΪ ȋFigure ʹǡ Data not shownȌǤ The remaining geneǡ gpr27, was not ʹͷͺ detectable by qPCR in either MrestsbuʹͻȀΪ or ZrestsbuʹͻȀΪ at blastula stageǤ Based on ʹͷͻ these resultsǡ we conclude that identification of derepressed REͳ containing genes ʹ͸Ͳ in the RNAǦseq experiment had a low false positive rateǤ    ʹ͸ͳ 
Transcriptional Effects of Maternal Rest depletion persist beyond blastula stagesǣ ʹ͸ʹ 

To determine whether maternal rest is required to maintain gene expression ʹ͸͵ profiles of target genes at later stagesǡ we assayed expression of the same target ʹ͸Ͷ genes ͹Ǥͷ hours later at the ͺǦsomite stage using qPCRǤ  Out of the ͳͶ genes we ʹ͸ͷ studiedǡ three genesǡ snap25aǡ snap25bǡ gpr27ǡ were significantly derepressed in ʹ͸͸ 
MrestsbuʹͻȀΪ embryos at ͺ somites ȋFigure ʹǡ Data not shownȌǤ  To determine ʹ͸͹ whether these effects persistǡ we assayed expression of a set of genes including ʹ͸ͺ those showing earlier derepression at ͸ days and observed derepression of amph ʹ͸ͻ and npas4a, but no other differences were uncovered with qPCR ȋFigure ʹ).  The ʹ͹Ͳ 
stage specific effects on individual targets such as amph and npas4a in ʹ͹ͳ 
Mrestsbu29/+ embryos likely stems from the presence of stage specific ʹ͹ʹ 
transcriptional activators that play significant roles in modulating ʹ͹͵ 
transcription of these genes.  ʹ͹Ͷ 

Because domain specific differences in expression may not be detected by ʹ͹ͷ whole embryo qPCRǡ we performed RNA in situ hybridizations on ʹͶ hpf embryos to ʹ͹͸ assay gene expression in MrestsbuʹͻȀΪ embryosǤ  )t was previously shown that Rest ʹ͹͹ target genes are misexpressed in the hindbrain of MZrestsbu29/sbu29 mutants at ʹͶhpf ʹ͹ͺ 



 

 ͳͶ

ȋLove and Princeǡ ʹͲͳͷȌǤ We observed ectopic expression of snap25aǡ snap25b and ʹ͹ͻ 
syt4 in the hindbrain of MrestsbuʹͻȀΪ embryos at ʹͶ hpfǡ while nsfa and amph ʹͺͲ expression were not altered ȋFigure ͵ȌǤ  )n MrestsbuʹͻȀΪǡ snap25a ectopic expression ʹͺͳ spans the hindbrain and midbrain ȋas marked by the bracketȌ ȋFigure ͵ AǦBȌǡ while  ʹͺʹ 
snap25b shows ectopic expression in hindbrain cranial ganglia ȋarrows in Figure ͵ ʹͺ͵ EǦFȌǤ Syt4 has a restricted expression pattern in the hindbrain compared to snap25a ʹͺͶ and snap25b, but the domain located rostral to the otic vesicle is broadly expressed ʹͺͷ in the MrestsbuʹͻȀΪwhen compared to ZrestsbuʹͻȀΪȋwhite bracketsȌȋFigure ͵ )ǦJȌǤ  No ʹͺ͸ spatial differences were observed in expression of nsfa or amph ȋFigure ͵ MǦN QǦRȌ.  ʹͺ͹ At ͸ dpfǡ these genes are exclusively expressed in the brain ȋFigure ͵ȌǤ We observed ʹͺͺ 
MrestsbuʹͻȀΪincreased expression of nsfa and amph in ͸dpf MrestsbuʹͻȀΪ embryos ʹͺͻ ȋFigure ͵ OǦPǡ SǦTȌ but no differences in expression of snap25a, snap25b or sty4 at ʹͻͲ this stage ȋFigure ͵ CǦDǡ GǦ(ǡ KǦLȌǤ   ʹͻͳ 
Depletion of maternal rest modulates larval locomotionǣ ʹͻʹ 

)n addition to deǦrepression of rest target genesǡ disruption of zygotic rest ʹͻ͵ results in hypoǦlocomotion at ͸ dpf ȋMoravec et alǤǡ ʹͲͳͷȌǤ  To determine whether ʹͻͶ maternal rest modulates larval behavior during developmentǡ we monitored ʹͻͷ locomotor activity during spontaneous and evoked swimming behaviors in embryos ʹͻ͸ lacking maternal rest mRNA at ͸ dpfǤ   Larvae were placed in ʹͶ well platesǡ one ʹͻ͹ animal per well and locomotor activity was analyzed using the Zebrabox imaging ʹͻͺ system ȋViewpointȌǤ   ʹͻͻ 
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  Spontaneous movements of MrestsbuʹͻȀΪ, ZrestsbuʹͻȀΪǡ MZrestsbu29/sbu29, and ͵ͲͲ related wildǦtype control larvae were analyzed at ͸ dpf in the lightǤ Comparison of ͵Ͳͳ 
MrestsbuʹͻȀΪ and ZrestsbuʹͻȀΪ, locomotion revealed that MrestsbuʹͻȀΪ larvae move ͵Ͳʹ significantly more  ȋnα͹ͳǡ average of ͳͷͳͳ movementsȌ than ZrestsbuʹͻȀΪ ȋnα͹ʹǡ ͵Ͳ͵ average of ͳͲ͸ͳǤͷ͹ movementsȌ controls ȋFig ͶAǡ PαͲǤͲͲͳ͵Ȍ over ͳͷ minutesǤ  A ͵ͲͶ repeated measure ANOVA evaluated movements over oneǦminute time intervals ͵Ͳͷ identified a significant main effect of genotypeǤ On averageǡ the ZrestsbuʹͻȀΪ controls ͵Ͳ͸ traveled ͹Ͳ movementsȀminǡ while the MrestsbuʹͻȀΪ larvae traveled a ͳͲͲ ͵Ͳ͹ movementsȀmin ȋFig ͶBǡ Table ͳȌǤ The requirement for maternal rest in modulating ͵Ͳͺ larval locomotor behavior was also apparent from comparisons of MZrestsbu29/sbu29  ͵Ͳͻ mutants ȋNαͶͺȌ and related wildǦtype controls ȋNα͹ʹȌǤ   )n this assayǡ the ͵ͳͲ MZrestsbu29/sbu29 mutants significantly surpassed the related wildǦtype controls in the ͵ͳͳ number of movementsǡ duration of movements and distance traveled ȋFigure Ͷ GǦ(ǡ ͵ͳʹ Table ͳȌǤ Both genotypes of maternal rest depleted larvae also show a significant ͵ͳ͵ increased activity in additional parameters of movement including distance traveled ͵ͳͶ and duration of movements ȋFigure Ͷ CǦFǡ)ǦL Table ͳȌǤ Overallǡ this data revealed ͵ͳͷ that the loss of maternal rest results in larval hyperactivityǤ  ͵ͳ͸ Wall preference for the four groups of larvae were assessed by calculating ͵ͳ͹ the percentage of time the larvae spent in both the center and the peripheral ͵ͳͺ divisions of the circular wells ȋenter well diameterǣ ͳͷͲmmǡ center well diameter ͵ͳͻ ͸ʹmmȌǤ  Comparison of MrestsbuʹͻȀΪ vsǤ ZrestsbuʹͻȀΪ and MZrestsbu29/sbu29  vsǤ related ͵ʹͲ wildǦtype controlsǡ demonstrated that the larvae lacking maternal rest displayed a ͵ʹͳ preference to be located at the periphery of the well ȋFigure ͷȌǤ We also examined ͵ʹʹ 
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evoked responses to a light change but no significant differences were observed in ͵ʹ͵ the absence of maternal rest ȋData not shownȌǤ The hyperactivity and atypical ͵ʹͶ spatial preference behavior that is observed in the larvae lacking maternal rest ͵ʹͷ differs from that of the zygotic rest mutant ȋMoravec et alǤǡ ʹͲͳͷȌ   ͵ʹ͸ 
Depletion of maternal rest alters adult behaviorǣ ͵ʹ͹ 
 Depletion of maternal rest in MrestsbuʹͻȀΪ or elimination of both maternal rest ͵ʹͺ and zygotic rest as in MZrestsbu29/sbu29 larvae causes hyperactivity and atypical spatial ͵ʹͻ preferences in spontaneous movement at six dpfǤ  To determine whether depletion ͵͵Ͳ of maternal rest changes behavior in adultsǡ a novel environment assay was ͵͵ͳ employed to measure locomotion and spatial preference at six months of ageǤ ͵͵ʹ 
  To investigate whether the effects of maternal rest on spatial preference ͵͵͵ persisted into adulthoodǡ the amount of time that fish lacking maternal rest spent ͵͵Ͷ within ʹǤ͹ͷ cm of the walls was analyzedǤ A comparison of ZrestsbuʹͻȀΪ and ͵͵ͷ 
MrestsbuʹͻȀΪ movement patterns revealed a strong preference of MrestsbuʹͻȀΪ males ͵͵͸ for the tank walls compared to the ZrestsbuʹͻȀΪ malesǤ No preference was observed ͵͵͹ between MrestsbuʹͻȀΪ  and ZrestsbuʹͻȀΪ femalesȋFigure ͷAȌǤ A twoǦway ANOVA ͵͵ͺ identified a significant main effect of genotype but no significant main effect of sex ͵͵ͻ or sex X genotype interactionǡ although the sex X genotype interaction was strongly ͵ͶͲ trending ȋTable ʹȌǤ Our data showed MrestsbuʹͻȀΪ males spend around ͶͲΨ of the ͵Ͷͳ interval near the edge of the tankǡ while ZrestsbuʹͻȀΪ males spend around ʹ͵Ψ of ͵Ͷʹ their time near the edge of the tankǤ  The female MrestsbuʹͻȀΪ and ZrestsbuʹͻȀΪ fish ͵Ͷ͵ spend a comparable about of time near the edge of the tankǡ ͵ʹǤͺ Ψ toǤ ͵ͲǤ͸Ψǡ ͵ͶͶ 
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respectively ȋFigure ͸BȌǤ   A withinȂsex analysis of time spent near the wall in one ͵Ͷͷ minute intervals showed that every minute MrestsbuʹͻȀΪ males spent more time near ͵Ͷ͸ the edge of the tank when compared to ZrestsbuʹͻȀΪ controls ȋFigure ͸D Table ͵Ȍǡ ͵Ͷ͹ while no differences were observed when comparing females ȋFigure ͸Cǡ Table ͵ȌǤ   ͵Ͷͺ 
 The MrestsbuʹͻȀΪ male fish also presented with another behavioral changeǡ ͵Ͷͻ erratic swimming patterns during the novel environment assayǤ  )ncreased erratic ͵ͷͲ swimming patterns were observed in MrestsbuʹͻȀΪ males when compared to ͵ͷͳ ZrestsbuʹͻȀΪ males as measured by distance traveledǡ velocity in the vertical directionǡ ͵ͷʹ turn angle and location in the tankǤ ȋData Not ShownȌǤ This behavior is similar to the ͵ͷ͵ movements of rest mutants of both sexes ȋMoravec et alǤǡ ʹͲͳͷȌǤ   ͵ͷͶ 
)dentification of Rest target genes that modulate locomotor behaviorǣ ͵ͷͷ 
 To identify the Rest target genes whose misregulation produces the ͵ͷ͸ behavioral phenotypes we observed in the MrestsbuʹͻȀΪ and MZrestsbu29/sbu29 larvaeǡ ͵ͷ͹ we deleted the REͳ elements associated with snap25a and snap25b using the ͵ͷͺ CR)SPRǦCASͻ systemǤ  We chose these two genes because they are upregulated ͵ͷͻ during embryogenesis past blastula stage ȋFigures ʹ and ͵Ȍ and have key synaptic ͵͸Ͳ functionsǤ   Both zebrafish snap25 paralogues have REͳ sites with in the first intron ͵͸ͳ as does mammalian snap25 and Rest has been shown to frequently associate with ͵͸ʹ the snap25 REͳ sites ȋBruce et alǤǡ ʹͲͲͶȌǤ ͵͸͵ 
 The CR)SPRs were designed to recognize a portion of the REͳ site and ͵͸Ͷ flanking sequence to prevent cleavage events at multiple REͳ sitesǤ   REͳ sites ͵͸ͷ contain two highly conserved sections ȋMortazavi et alǤǡ ʹͲͲ͸Ȍ and we aimed to ͵͸͸ 
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delete at least  one of these regionsǤ   The snap25a RE1sbu82 allele is an ͳͳ base pair ͵͸͹ deletion that removes one of these conserved regionsǡ while the snap25b RE1sbu83 ͵͸ͺ allele is a ͷ͵ bp deletion and removes the entire REͳ site ȋ͹AǦBȌǤ    ͵͸ͻ 
 We first determined the effects of these REͳ site mutations on gene ͵͹Ͳ expression at multiple stages of developmentǤ  qPCR analysis at blastula stage of  ͵͹ͳ 
snap25a in the snap25a RE1sbu82/sbu82 mutant ȋFigure ͹CȌ and snap25b in the snap25b ͵͹ʹ 
RE1sbu83/sbu83 mutant ȋfigure͹EȌ mirrored the upregulation of these transcripts ͵͹͵ observed in MrestsbuʹͻȀΪǤ  RNA in-situ hybridization with snap25a and snap25b ͵͹Ͷ probes at ʹͶhpf revealed ectopic expression of snap25a and snap25b in the ͵͹ͷ hindbrain similar to MrestsbuʹͻȀΪ embryosǤ   The snap25a REͳ heterozygotes and ͵͹͸ mutants both showed increase expression in the hindbrain and midbrain ȋas ͵͹͹ marked by the bracketȌ when compared to sibling wildǦtypes ȋFigure ͹DȌǤ The ͵͹ͺ 
snap25b REͳ heterozygous and mutants show medial ectopic expression in the ͵͹ͻ hindbrain ȋas marked by the arrowsȌ when compared to sibling wildǦtypes ȋFigure ͵ͺͲ ͹FȌǤ   ͵ͺͳ 
REǦͳ site mutant larvae are hyperactiveǣ ͵ͺʹ 
 We investigated the spontaneous and light evoked movements of both the ͵ͺ͵ 
snap25a and snap25b REǦͳ site mutants at ͸ daysǤ  Remarkablyǡ similar to the ͵ͺͶ 
MrestsbuʹͻȀΪ and the MZrestsbu29/sbu29 larvae the snap25a and snap25b, REͳ site ͵ͺͷ mutants showed hyperactivity in spontaneous movementǤ   Specificallyǡ the snap25a ͵ͺ͸ REͳsbuͺʹȀsbuͺʹ  site mutants ȋnαʹͶȌ initiated significantly more swims ȋan average of ͵ͺ͹ ʹ͵ͳ͸ movementsȌǡ when compared to sibling wildǦtypes ȋnα͵Ͳǡ an average of ͳ͹ͷͳ ͵ͺͺ 
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movementsȌ and snap25a REͳsbuͺʹȀΪ heterozygotes ȋnα͹Ͷǡ an average of ͳ͸͸Ͳ ͵ͺͻ movementsȌ ȋFigure ͺA Table ͶȌǤ  A repeated measure ANOVA evaluated number of ͵ͻͲ movements across the oneǦminute time bins identified a significant main effect of ͵ͻͳ genotypeǤ The snap25a REͳsbuͺʹȀsbuͺʹ  site mutant made an average of ͳͷͶ ͵ͻʹ movementsȀminute compared to the sibling wildǦtype and snap25a REͳ sbuͺʹȀΪ ͵ͻ͵ heterozygotes who make an average of ͳͳ͸ movementsȀmin and ͳͳͲ ͵ͻͶ movementsȀmin respectively ȋFigure ͺBǡ Table ͷȌǤ  ͵ͻͷ 
 The snap25b REͳsbuͺ͵Ȁsbuͺ͵ mutants displayed a similar behavior to ͵ͻ͸ MrestsbuʹͻȀΪ larvaeǤ These mutants engaged ȋnαͶͶȌ in an average of ʹǡͶͻͲ ͵ͻ͹ movements compared to the sibling wildǦtypeȋnα͵͹Ȍ  an average of ͳǡͻͳͺ ͵ͻͺ movements and snap25b REͳsbuͺ͵ȀΪ  heterozygotesȋnα͸ʹȌ an average of ͳͻʹͶ ͵ͻͻ movements ȋFigure ͺGǡ Table ͶȌǤ  A repeated measure ANOVA of the number of ͶͲͲ movements revealed a significant main effect of genotypeǤ The snap25b ͶͲͳ REͳsbuͺ͵Ȁsbuͺ͵  site mutant made an average of ͳ͸͸ movementsȀmin compared to the ͶͲʹ sibling wildǦtypes and snap25b REͳsbuͺ͵ȀΪ heterozygotes that averaged ͶͲ͵ ͳʹ͹movementsȀmin and ͳʹͺ movementsȀmin respectively ȋFigure ͺ(ǡ Table ͷȌǤ  ͶͲͶ We also examined distance traveled and duration of movements and found that both ͶͲͷ the snap25a and snap2b REͳ mutants surpassed the related wildǦtypes and ͶͲ͸ heterozygotes in both parameters ȋFigure ͺCǦFǡ)ǦLǡ Table ͶǦͷȌǤ Nether of these REͳ ͶͲ͹ mutants presented with an atypical spatial preference or showed a response to a ͶͲͺ light change ȋData Not ShownȌǤ These results indicate that the rest regulation at ͶͲͻ 
snap25a and snap25b is sufficient to controlling locomotor behaviorǡ but not spatial ͶͳͲ preference at ͸ dpfǤ  Ͷͳͳ 
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Motor neurons in MrestsbuʹͻȀΪ and snap25a REͳsbuͺʹȀsbuͺʹ site mutants have Ͷͳʹ increased processesǣ Ͷͳ͵ 
 )ncreased expression of the zebrafish snap25 paralogs results in ͶͳͶ hyperactivityǡ increased branching of motor neurons and changes to the synaptic Ͷͳͷ activity at neuromuscular junctions ȋWei et alǤǡ ʹͲͳ͵ȌǤ  To investigate changes in the Ͷͳ͸ primary motor neuron architecture in the MrestsbuʹͻȀΪ and the snap25 RE1site Ͷͳ͹ mutantsǡ we performed whole mount immunostaining with ZnpǦͳǡsynaptotagmin Ͷͳͺ 
IIB(syt2b)ǡ  at ͷ͸ hpfǤ  We observed increased expression of   ZnpǦͳ in the spinal cord Ͷͳͻ along with increased ZnpǦͳ puncta associated with primary motor neurons in ͶʹͲ 
MrestsbuʹͻȀΪ embryos ȋnαͷȌ ȋmarked by a red arrowȌ when compared to ZrestSBUʹͻȀΪ Ͷʹͳ ȋnαͶȌȋFigure ͻAȌǤ   Quantification of average fluorescence in these ZNPǦͳ puncta  Ͷʹʹ showed a significant increase in fluorescence in the MrestsbuʹͻȀΪ embryos ȋPαͲǤͲͲͳͲȌ  Ͷʹ͵ ȋFigure ͻBȌǤ We also examined the primary motor neuron architecture of the snap ͶʹͶ REͳ site mutants and observed increased ZnpǦͳ staining ȋmarked by red arrowsȌ in Ͷʹͷ the snap25a REͳsbuͺʹȀsbuͺʹ  site mutant ȋnα͹Ȍǡ but not the snap25bREͳsbuͺ͵Ȁsbuͺ͵  site Ͷʹ͸ mutant ȋnα͹Ȍ when compared to wildǦtype controls ȋsnap25aREͳ site control α͹ Ͷʹ͹ and snap25bREͳ site controlα͹Ȍ ȋFigure ͻBǡCǡEȌǤ Quantification of the ZNPǦͳ puncta Ͷʹͺ in the snap25a REͳsbuͺʹȀsbuͺʹ  and snap25bREͳsbuͺ͵Ȁsbuͺ͵  site mutants revealed a Ͷʹͻ significant increase of fluorescence in the snap25a REͳ mutant ȋPαͲǤͲͲ͹ͺȌǡ but not Ͷ͵Ͳ in snap25bREͳ mutant ȋFigure ͻDǡ FȌ Ǥ  These results suggest that alterations of the Ͷ͵ͳ neuromuscular junction ȋNMJȌ in MrestSBUʹͻȀΪ larvae stem from derepression of Ͷ͵ʹ 
snap25aǡ but that regulation of snap25b expression by maternally supplied Rest is Ͷ͵͵ important elsewhereǤ Ͷ͵Ͷ 
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Discussionǣ Ͷ͵ͷ 
 Our previous work demonstrated that zebrafish rest mutants undergo largely Ͷ͵͸ normal neurogenesis ȋKok et alǤǡ ʹͲͳʹȌǡ but that rest mutant larvae  show locomotor Ͷ͵͹ defects  and  engage in erratic swimming as adults ȋMoravec et alǤǡ ʹͲͳͷȌǤ  We now Ͷ͵ͺ present evidence that the effects of maternally supplied rest limits expression of a Ͷ͵ͻ subset of target genes until at least ͸dpf and that larvae lacking maternal rest are ͶͶͲ hyperactive and present with a spatial preference for outer portion of the well when ͶͶͳ compared to controlsǤ To our knowledge this is the first example of a maternally ͶͶʹ supplied mRNA that modulates behaviorǤ  Remarkablyǡ behavioral consequences of ͶͶ͵ the deficit in the early maternal rest expression persist into adulthood as observed ͶͶͶ by the erratic swimming behavior and atypical place preference that was apparent ͶͶͷ in adult MrestsbuʹͻȀΪ malesǡ but not femalesǤ ͶͶ͸ 
 Rest has been proposed to play important roles in stem and progenitor cells ͶͶ͹ to control selfǦrenewal and differentiation in the nervous system ȋBallas et alǤǡ ʹͲͲͷǢ ͶͶͺ Singh et alǤǡ ʹͲͲͺȌǤ   While we cannot conclusively rule out the possibility that ͶͶͻ maternal rest deficit alters cell fateǡ we have found no evidence for major cell fate ͶͷͲ changes in any of the rest mutantsǤ Furthermoreǡ because the larval hyperactivity Ͷͷͳ phenotype can be recapitulated by disrupting the REͳ sites in either snap25a or Ͷͷʹ 
snap25bǡ we favor the model that the primary effects are on gene expression of Ͷͷ͵ these rest target genesǤ  This is consistent with the observations in rodents that ͶͷͶ early RestǦmediated epigenetic effects regulate the later developmental switch in Ͷͷͷ synaptic NMDA receptors ȋRodenasǦRuano et alǤǡ ʹͲͳʹȌǤ Ͷͷ͸ 
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 Rest levels in mammals are diminished by maternal deprivation and elevated Ͷͷ͹ by augmented maternal careȋKorosi et alǤǡ ʹͲͳͲǢ Uchida et alǤǡ ʹͲͳͲǢ RodenasǦRuano Ͷͷͺ et alǤǡ ʹͲͳʹȌǤ While zebrafish do not engage in maternal careǡ MrestSBUʹͻȀΪ embryos Ͷͷͻ face a similar early deficit in Rest activityǤ  Our transcriptome analysis did not Ͷ͸Ͳ identify GR)Nʹb as a key Rest targetǡ as has been demonstrated in the rat studies of Ͷ͸ͳ early Rest function ȋRodenasǦRuano et alǤǡ ʹͲͳʹȌǤ )nsteadǡ our work implicates the Ͷ͸ʹ two snap25 paralogues as key mediators of the observed behavioral phenotypesǤ Ͷ͸͵ Nonethelessǡ the data in rodents and fish may point to a fundamental role for Rest in Ͷ͸Ͷ establishing chromatin landscapes that have later impacts on expression of neural Ͷ͸ͷ genes and neuronal functionǤ  Ͷ͸͸ 
    The halfǦlife of the protein generated from maternal rest RNA is unknownǡ Ͷ͸͹ but the maternal mRNA is degraded by about shield stageǡ ͸ hours after fertilization Ͷ͸ͺ ȋunpublished resultȌǤ Because Rest protein is actively degradedȋWestbrook et alǤǡ Ͷ͸ͻ ʹͲͲͺǢ Kaneko et alǤǡ ʹͲͳͶȌǡ it seems likely that the protein has vanished long before Ͷ͹Ͳ gene expression ȋFig ʹǡ͵Ȍ and behavioral defects ȋFig ͶǡͷȌ are observed at ͸ dpfǤ  Ͷ͹ͳ During this periodǡ zygotic rest is expressed ȋGates et alǤǡ ʹͲͳͲȌǡ  yet is unable to Ͷ͹ʹ compensate for the loss of early Rest activityǤ The adult behavioral analysis further Ͷ͹͵ suggests an early unique role for maternally supplied rest in establishing chromatin Ͷ͹Ͷ states that persist lifelongǤ   (oweverǡ our data does not exclude the possibility that Ͷ͹ͷ the effects stem from consequences of cumulative transgenerational consequences Ͷ͹͸ of Rest deficiency as has been observed in C. Elegans mutants for the Rest complex Ͷ͹͹ proteinǡ LSDͳȋKatz et alǤǡ ʹͲͲͻȌ Ͷ͹ͺ 
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Transcripts regulated by maternal restǣ    Ͷ͹ͻ 
Bioinformatic analysis indicated that we enriched for both neural specific and REͳ ͶͺͲ containing genes in the upregulated set of genes in MrestsbuʹͻȀΪ identified by RNAǦͶͺͳ seqǤ Our qPCR validation of ͳͶ REͳ containing genes demonstrated that the Ͷͺʹ approach robustly identified Rest targetsǤ   The downregulated genes were not Ͷͺ͵ enriched for REͳ sites or for neural genesǡ but recent work has suggested that rest ͶͺͶ might act as an activator in some contexts ȋKuwabara et alǤǡ ʹͲͲͶǢ Perera et alǤǡ Ͷͺͷ ʹͲͳͷȌǤ (oweverǡ if Rest acts as an activator at blastula stagesǡ the number of targets Ͷͺ͸ is quite lowǤ  Alternativelyǡ downregulation of some transcripts could be due to Ͷͺ͹ secondary effects which are expected at a low frequency because the sequence Ͷͺͺ analysis was performed less than an hour ȋat Ͷ hpfȌ after the midǦblastula transition Ͷͺͻ ȋKimmel et alǤǡ ͳͻͻͷȌǤ   ͶͻͲ 
Regulation of synaptic proteins by Restǣ Ͷͻͳ 
 Many of the genes regulated by maternal rest encode synaptic proteinsǤ  )n Ͷͻʹ factǡ the five genes that show persistent misregulationǡ snap25bǡ snap25a, syt4, Ͷͻ͵ 
npas4a and amphǡ all act on presynaptic neuronsǤ  The snap25 paralogs and sytͶ ͶͻͶ enable binding of the synaptic vesicles to the presynaptic density allowing for Ͷͻͷ exocytosis of the neurotransmitters into the synaptic cleftǡ while amph promotes Ͷͻ͸ recycling of empty synaptic vesicles from the presynaptic density after exocytosisǤ  Ͷͻ͹ 
Npas4a regulates the expression of inhibitory synapse genes to control the Ͷͻͺ excitatoryȀinhibitory balance in presynaptic cellsǤ While disrupting the snap25 REͳ Ͷͻͻ sites recapitulates much of the larval locomotor observed in maternal deficient ͷͲͲ 
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larvaǡ it is likely that misregulation of other targets produces behavioral ͷͲͳ consequencesǤ )n particularǡ the atypical spatial preferences observed in MrestsbuʹͻȀΪ ͷͲʹ and MZrestsbu29/sbu29 were not apparent in the REͳ site mutantsǤ  ͷͲ͵ 
Regulation of Behavior by Restǣ ͷͲͶ 
  Zygotic rest mutant larvae are hypoactive ȋMoravec et alǤǡ ʹͲͳͷȌǡ while we ͷͲͷ now demonstrate that  fish lacking maternal rest are hyperactive and demonstrate ͷͲ͸ atypical spatial preferencesǡ spending more time near the wallǤ  This data suggest ͷͲ͹ that maternal rest plays a distinct role from zygotic rest in modulating locomotive ͷͲͺ behavior at six daysǤ  ͷͲͻ 
  Adult zygotic rest mutants of both sexes display atypical spatial preferences ͷͳͲ in a novel environment assay characterized by edge preferences and erratic ͷͳͳ swimming ȋMoravec et alǤǡ ʹͲͳͷȌǤ   When adult MrestsbuʹͻȀΪ fish underwent the same ͷͳʹ testǡ only the males but not females presented with similar phenotypes to the ͷͳ͵ zygotic mutantsǤ  The observation that depletion of a maternal RNA effects behavior ͷͳͶ in a sex specific manor is unusual and suggests that lifeǦlong effects on the ͷͳͷ epigenetic genome may be strongly influenced by sex hormonesǤ   ͷͳ͸ 
Changes to the architecture of primary motor neuronsǣ ͷͳ͹ 
 MrestsbuʹͻȀΪ embryos display increased expression of Styʹb in trunk motor ͷͳͺ neurons when compared to ZrestsbuʹͻȀΪǤ This suggests a possible molecular ͷͳͻ mechanism for the hyperactivity observed in the MrestsbuʹͻȀΪ larvae ȋFigure ͶȌ as ͷʹͲ 
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decreased locomotion has been linked to changes in axon formation and elongation ͷʹͳ of the motor neurons ȋGranato et alǤǡ ͳͻͻ͸ȌǤ  ͷʹʹ 
   We also investigated the primary motor neuron architecture in the snap25 ͷʹ͵ REͳ sites mutants because they are also hyperactive ȋFigure ͹Ȍ and increased ͷʹͶ expression of Snapʹͷ is linked to both axon growth ȋWei et alǤǡ ʹͲͳ͵Ǣ Wang et alǤǡ ͷʹͷ ʹͲͳͶǢ nǤdǤȌ and hyperactivity ȋWei et alǤǡ ʹͲͳ͵ȌǤ  We observed increased expression ͷʹ͸ of Styʹb at the NMJ of the snap25a REͳsbuͺʹȀsbuͺʹ  mutantǡ but not in the snap25b ͷʹ͹ REͳsbuͺ͵Ȁsbuͺ͵  mutantǤ This suggests that the increased number of processes ͷʹͺ associated with primary motor neurons in MrestsbuʹͻȀΪ larvae is due to derepression ͷʹͻ of snap25a in the absence of maternal restǤ The behavioral phenotypes of ͷ͵Ͳ 
MrestsbuʹͻȀΪ are more complex because disrupting the REͳ site of snap25b results in ͷ͵ͳ hyperactivityǡ but not overt changes of Styʹb expression in motor neuronsǤ ͷ͵ʹ Enhanced Snapʹͷb levels may alter synaptic plasticity by altering ͷ͵͵ traffickingȀexocytosis of synaptic vesiclesǡ while not overtly altering the complexity ͷ͵Ͷ of motor neuron processesǤ Since neither snap25 REͳ site mutant displays altered ͷ͵ͷ spatial preferencesǡ regulation of other target gene by Rest must be responsible for ͷ͵͸ this phenotypeǤ  )t is likely that some of these genes also impact swimming ͷ͵͹ frequency as wellǤ  ͷ͵ͺ 
 We present the first evidence that maternal rest plays a longǦterm role in ͷ͵ͻ regulation of gene expression and behavior during developmentǤ The activity of ͷͶͲ maternally supplied rest controls expression of target genes and affects behavior not ͷͶͳ only in larvaeǡ but in adults as wellǤ   By rendering the zebrafish snap25 paralogs ͷͶʹ 
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impervious to Rest mediated repression at these REͳ sitesǡ we determined that ͷͶ͵ 
snap25a/b are key targets of maternal rest involved in modulating primary motor ͷͶͶ neuron development and larval swimming frequencyǤ These findings strengthen the ͷͶͷ idea that a major function of Rest is to regulate synaptic activity and plasticity ͷͶ͸ ȋRodenasǦRuano et alǤǡ ʹͲͳʹȌǤ  The zebrafish rest mutant provides a unique ͷͶ͹ opportunity to explore the lasting requirements for maternal factors in nervous ͷͶͺ system functionǤ This study provides the first evidence that maternal rest is ͷͶͻ necessary for longǦterm regulation of both gene expression and behaviorǤ  ͷͷͲ 
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Figure ͳǣ Transcriptome comparison of MrestsbuʹͻȀΪ and MZrestsbu29/sbu29   ͸ͻ͵ 
AȌ Venn diagram showing the overlap of upregulated and downregulated genes in ͸ͻͶ 
MrestsbuʹͻȀΪ and MZrestsbu29/sbu29 blastulaǤ  The number of genes with a predicted REͳ ͸ͻͷ site near them is indicatedǤ BȌ GO analysis showing the significant biological ͸ͻ͸ processes that are enriched in the upregulated genesǤ  ͸ͻ͹ 
Figure ʹǣ REͳ containing genes are upregulated in MrestsbuʹͻȀΪ embryosǤ ͸ͻͺ 
qPCR analysis showing fold differences relative to the MrestsbuʹͻȀΪ  transcript levels ͸ͻͻ ȋdefined as ͳȌǤ Significance was defined at PδͲǤͲͷ with the use of the Student tǦtestǤ  ͹ͲͲ All markers shown are upregulated at blastula stage in MrestsbuʹͻȀΪ embryosǤ   ͹Ͳͳ 
snap25aȋAȌ, snap25b ȋBȌ and gpr27ȋCȌ are upregulated at the ͺ somite stage ȋͳͳǤͷ ͹Ͳʹ 
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hpfȌǤ npas4a ȋD)and amph ȋEȌ are upregulated at ͸ dpfǤ  ND α not detectable ͹Ͳ͵ 
Figure ͵ǣ  Rest target genes are inappropriately expressed in MrestsbuʹͻȀΪ embryosǤ  ͹ͲͶ 
RNA WholeǦmount in situ hybridization at ʹͶ hours and six days for Rest target ͹Ͳͷ genes in Mrestsbu29/+ and Zrestsbu29/+ in the same tubeǤ  Ectopic expression ͹Ͳ͸ ȋmarked by the white bracket or arrowȌ is observed with  probes for snap25a ȋAǦBȌǡ ͹Ͳ͹ 
snap25b ȋEǦFȌ and syt4 ȋ)ǦJȌ in the hindbrain of MrestsbuʹͻȀΪ embryos at ʹͶhpfǤ ͹Ͳͺ )ncrease expression in MrestsbuʹͻȀΪ observed at six days in with nsfa ȋOǦPȌ and  amph ͹Ͳͻ ȋSǦTȌ probesǤ  OVα otic vesicle MBǣ Midbrain  ͹ͳͲ 
Figure Ͷ Larvae lacking maternal rest are hyperactive at ͸dpf ͹ͳͳ 
AǦFȌ MrestsbuʹͻȀΪ  ȋNα͹ͳȌ exceed ZrestsbuʹͻȀΪ  ȋnα͹ʹȌ in total movements ȋAǦBȌ and ͹ͳʹ total distance ȋCǦDȌ and total duration ȋEǦFȌ over ͳͷ minutesǤ GǦLȌ Similarlyǡ ͹ͳ͵ MZrestsbu29/sbu29 ȋnαͶͺȌ exceed related wildǦtype controls ȋnα͹ʹȌ in total movements ͹ͳͶ ȋGǦ(Ȍ and total distance ȋ)ǦJȌ and total duration ȋKǦLȌ over ͳͷ minutesǤ  All graphs ͹ͳͷ represent average mean with error bars representing standard error measurementǤ  ͹ͳ͸ Significance was defined with the use of a student tǦtest for the entire testing ͹ͳ͹ periods and a 2-way ANOVAs with repeated measures designs, with genotype serving ͹ͳͺ 
as the independent factor and time serving as the repeated measure for the one minute ͹ͳͻ 
analysis.  ͓α genotype  P δ ͲǤͲͷ ͹ʹͲ  ͹ʹͳ Figure ͷǣ Larvae lacking maternal rest show an atypical spatial preference at ͸dpf ͹ʹʹ  AǡCȌ Representative locomotion diagrams of movement in one minute ǡ ͹ʹ͵ 
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MrestsbuʹͻȀΪ  ȋAȌ and MZrestsbuʹͻȀsbuʹͻ  ȋCȌ larva display a preference for the outer ͹ʹͶ wellǤ Green represents small velocity movements and red represents large velocity ͹ʹͷ movements during a spontaneous locomotion assay in the lightǤ   BȌ Quantification ͹ʹ͸ of percentage of time spent in the outer well over ͳͷ minutes shows MrestsbuʹͻȀΪ  ͹ʹ͹ ȋnα͹ͳȌ larva spend significantly more time in the outer well when compared to ͹ʹͺ ZrestsbuʹͻȀΪ  ȋnα͹ʹ) ȋPαͲǤͲͲʹȌ DȌ Quantification of percentage of time spent in the ͹ʹͻ outer wall over ͳͷ minutes reveals that MZrestsbuʹͻȀsbuʹͻ ȋnαͶͺȌ larva spend more ͹͵Ͳ time in the outer well compared to related wildǦtype controls ȋnα͹ʹȌ ȋPαͲǤ Ͳ͵Ͳ͹Ȍ ͹͵ͳ Significance was defined with the use of a student tǦtestǤ  ͹͵ʹ   ͹͵͵ Figure ͸ǣ MrestsbuʹͻȀΪ malesǡ but not females showed increased wall preference in ͹͵Ͷ the novel environment assayǤ  ͹͵ͷ 
AȌ Locomotion diagrams for individual fish over ͷ minutes showing the MrestsbuʹͻȀΪ ͹͵͸ male wall preferenceǤ BȌ During the assayǡ MrestsbuʹͻȀΪ (N=21) males spent more ͹͵͹ time near the wall compared to ZrestsbuʹͻȀΪ (N=20)controls   CǦDȌ Analysis of ͹͵ͺ percentage of time spent near the walls for females (Mrestsbu29/+ (N=18) and ͹͵ͻ 
Zrestsbu29/+ (N=20)) ȋCȌ and Males ȋDȌ in oneǦminute intervals reveals that ͹ͶͲ 
MrestsbuʹͻȀΪ males but not females tend to swim near the side of the tank over the ͹Ͷͳ entire assayǤ  Significance was defined with the use of a multivariate analysis of ͹Ͷʹ 
variance (MANOVA) to identify main effects of sex and/or genotype and significant ͹Ͷ͵ 
interactions between the two  over the testing period.   A two 2-way ANOVA with ͹ͶͶ 
repeated measures design was also used to compare within-sex data collected in 1-minute ͹Ͷͷ 
bins across the 15 minute testing period.  ͹Ͷ͸ 



 

 ͵͸

͓α genotype PǦvalue δͲǤͲͷ ͹Ͷ͹ 
Figure ͹ǣ  CR)SPRǦCASͻ targeting of REͳ sites ͹Ͷͺ 
AǦBȌ A sequence alignment of wildǦtype and snap25 REͳ site mutations ȋA) ͹Ͷͻ 
snap25asbuͺʹ or ȋBȌ snap25bsbuͺ͵Ǥ  The genomic sequence surrounding the REͳ site is ͹ͷͲ marked black and REͳ site in redǤ CǡEȌ qPCR analysis showing fold differences ͹ͷͳ relative to the REͳ mutant transcript levels ȋdefined as ͳȌǤ Significance was defined ͹ͷʹ at PδͲǤͲͷ with the use of the Student tǦtestǤ DǦFȌ RNA wholeǦmount in situ ͹ͷ͵ hybridization with DȌ snap25a probe on a Snap25a REͳ site sbuͺʹȀΪ inx or FȌ snap25b ͹ͷͶ probe on a snap25b REͳ site sbuͺ͵ȀΪ inx Ǥ  Ectopic expression is marked by the white ͹ͷͷ bracket or white arrowǤ  OVα otic vesicle MBǣ Midbrain  ͹ͷ͸ 
Figure ͺǣ  snap25a and snap25b REͳ site mutants are hyperactive at ͸ dpfǤ  ͹ͷ͹ 
 AǦFȌ The snap25a REͳsbuͺʹȀsbuͺʹ  mutants ȋNαʹͶȌ exceeded sibling wildǦtype ȋNα͵ͲȌ ͹ͷͺ controls and snap25a REͳsbuͺʹȀΪ   heterozygotesȋNα͹ͶȌ in AǦBȌ number of ͹ͷͻ movementsǡ  CǦDȌ distance and EǦFȌ duration at ͸dpfǤ  GǦLȌ The snap25b ͹͸Ͳ REͳsbuͺ͵Ȁsbuͺ͵ mutant ȋNαͶͶȌ exceeded sibling wildǦtype ȋNα ͵͹Ȍ and the snap25b ͹͸ͳ REͳsbuͺ͵ȀΪ heterozygotes ȋNα͸ʹȌ in GǦ(Ȍnumber of movementsǡ )ǦJȌ distance and KǦ͹͸ʹ LȌ duration at ͸ dpfǤ  Significance was defined with the use of a one-way ANOVA ͹͸͵ 
over the entire test period; when the data were compared on per min bases, the data were ͹͸Ͷ 
compared using 2-way ANOVAs with repeated measures designs, with genotype serving ͹͸ͷ 
as the independent factor and time serving as the repeated measure.  ͹͸͸ 
Figure ͻǤ  Rest regulates primary motor neuron developmentǤ ͹͸͹ 
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znpǦͳ immunohistochemistry on whole mount zebrafish embryos at ͷ͸ hpf to label ͹͸ͺ primary motor neuronsǤ  Confocal images were acquired from the truck using the ͹͸ͻ yolk extension as a landmark  ȋͳͲum stacksȌǤ  ȋAǡCȌ Changes in the primary motor ͹͹Ͳ neuron architecture are apparent in MrestsbuʹͻȀΪ and snap25a REͳ site mutant ͹͹ͳ embryos when compared to controlsǤ  ȋBǡDȌSignificant increase in fluorescence was ͹͹ʹ observed in the MrestsbuʹͻȀΪ and snap25a REͳ site mutantǤ Significance as defined ͹͹͵ with the use of the student t test and control was set to oneǤ No changes are ͹͹Ͷ apparent in primary motor neuron architecture or fluorescence was observed in ͹͹ͷ 
snap25b REͳ site mutant embryos ȋEǦFȌǤ   ͹͹͸ 
 ͹͹͹ 
 ͹͹ͺ 
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 ͹ͺͳ 
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Table ͳǣ ʹǦway ANOVA with repeated measures to compare genotypes in ͳǦminute ͹ͺ͸ intervals spontaneous movements ͹ͺ͹ Variable Genotype  Time Time X Genotype  
Mrest vsǤ Zrest  F P F P F P 

Total Distance ͳͻǤͻ͵͸ͳͷͶ ͲǤͲͲͲͲͳ͹ ͳǤ͸͸ͻ͹͵ͺ ͲǤͳͲ͵ ͲǤͻͳͷͻͻͶ ͲǤͷͲͲͻͻ 
Total Duration ͳʹǤͳ͸͹͵ͷʹ ͲǤͲͲͲ͸ͷʹ ʹǤͲͲʹ͸Ͳ͹ ͲǤͲ͵͸ͷ͵͵ ͲǤ͹ͳͳͺͻͶ ͲǤ͸ͻ͸͸ͺ 
Total Movements ͳ͵ǤͶ͵͹͵ͷ͸ ͲǤͲͲͲ͵ͷ ʹǤͲ͹ʹ͵͸Ͷ ͲǤͲʹͻ͸Ͷͺ ͲǤͺ͵͸͸͸ͷ ͲǤͷͺͳ͵͵ 

MZrest vsǤ WT  
Total Distance ͳͳǤͲͺͷ͵Ͷ͸ ͲǤͲͲͳͳ͹ͻ ͲǤͶͶͻͲͲͺ ͲǤͺʹͻʹͳ͸ ͲǤͺͺͻ͹ʹ ͲǤͶͻͶʹͺʹ 
Total Duration ͳͳǤ͵ͺͲͶʹ͸ ͲǤͲͲͳͲͳͷ ͲǤͷͳͶͶʹͳ ͲǤ͹ͺʹͺͲ͵ ͲǤͻͲʹ͸Ͳ͸ ͲǤͶͺ͸ͳ͸ 
Total Movements ͳ͸Ǥ͸ͳ͸͵ͺ͸ ͲǤͲͲͲͲͺͷ ͲǤ͸͵ͻʹʹͳ ͲǤ͸͹Ͳ͸Ͷͻ ͳǤͲͲ͹͵Ͷͻ ͲǤͶͳʹ͸ͻͻ  ͹ͺͺ Table ʹǣ MANOVA value from the novel environment assay to identify main effects ͹ͺͻ of sex andȀor genotype and significant interactionsǤ ͹ͻͲ  SEX Genotype Sex  X  Genotype Variable F P F P F P 
Edge of tank ͲǤͲͳͳͲʹͺ ͲǤͻͳ͸͸Ͷͷ ͸Ǥʹʹͻͳͺ ͲǤͲͳͶ͹͸͵ ͵ǤͶ͹ʹͲͶͻ ͲǤͲ͸͸͵ʹͻ  ͹ͻͳ  ͹ͻʹ 
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Table ͵ǣ ʹǦway ANOVA with repeated measures design for the novel environment ͹ͻ͵ assay to compare withinǦsex data collected in ͳǦminute intervals across the testing ͹ͻͶ period  ͹ͻͷ Edge of tank  Time Genotype Time X Genotype 
Sex  F P F P F P Female ͵Ǥͻͻ͵ͻ͹͹ ͲǤͲͲͲͶʹ͵ ͲǤͲͶ͵͸͵ ͲǤͺ͵ͷ͹ͷͷ ͳǤ͵ʹͺͺͺ ͲǤʹ͵ͺͶͶͶ 

Male  ͷǤ͹͵ͳ͵ͳͻ ͲǤͲͲͲͲͲͳ ͳ͸Ǥͺ͵ͷͻͳ͸ ͲǤͲͲͲʹʹ͵ ͳǤͲͲʹͷ͵ͺ ͲǤͶ͵ʹ͹͹ͳ 
 ͹ͻ͸  ͹ͻ͹  ͹ͻͺ  ͹ͻͻ  ͺͲͲ  ͺͲͳ  ͺͲʹ  ͺͲ͵  ͺͲͶ  ͺͲͷ  ͺͲ͸  ͺͲ͹  ͺͲͺ  ͺͲͻ  ͺͳͲ  ͺͳͳ Table Ͷǣ ͳǦ way ANOVA values for spontaneous movements fore REǦͳ mutants ͺͳʹ comparing genotypes ͺͳ͵ 
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Variable OneǦway ANOVA LSD  Post (oc  Snapʹͷa REͳsite sbuͺʹ F P WTȀ(et WTȀMut (etȀMut 
Total Counts ͸ǤͷʹͲͻʹͳ ͲǤͲͲʹͲʹͶ ͲǤͷͻͳͷ͹ͻ ͲǤͲͲͻͲ͹ͻ ͲǤͲͲͲͶͺͳ Total Distance ͹ǤͶͳ͵Ͷ͸͵ ͲǤͲͲͲͻͲ͹ ͲǤͶ͹͹ͺͺ͹ ͲǤͲͳ͵Ͳ͵ͳ ͲǤͲͲͲͶ͸ͻ Total Duration ͸ǤͶͺͷ͵ͶͶ ͲǤͲͲʹͲͻ ͲǤ͸Ͳͳͳͳ ͲǤͲͲͶͻ͹ʹ ͲǤͲͲͲʹͳʹ Snapʹͷb REͳsite sbuͺ͵      
Total Counts ͷǤ͹ʹͶ͵ͻͶ ͲǤͲͲͶͲ͹͹ ͲǤͻ͹͸ͶͲʹ ͲǤͲͲ͸ͶͶͺ ͲǤͲͲʹ͵ͷ͵ Total Distance ͸Ǥ͸ͺ͹ͻ͵ ͲǤͲͲͳ͸ͺ͵ ͲǤͻͻʹͷͳ͸ ͲǤͲͲ͵Ͷ͵ͻ ͲǤͲͲͳͲͳʹ Total Duration ͸Ǥʹͷͻͳͺͷ ͲǤͲͲʹͶͻͳ ͲǤͻ͸Ͷͺ͵͸ ͲǤͲͲͶ͵Ͷͳ ͲǤͲͲͳͷʹ  ͺͳͶ   ͺͳͷ  ͺͳ͸  ͺͳ͹  ͺͳͺ  ͺͳͻ  ͺʹͲ  ͺʹͳ  ͺʹʹ  ͺʹ͵  ͺʹͶ  ͺʹͷ Table ͷǣ ʹǦway ANOVA with repeated measures to compare genotypes in ͳǦminute ͺʹ͸ intervals during spontaneous movements ͺʹ͹ 
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 ͺʹͺ Variable OneǦway ANOVA LSD  Post (oc  Snapʹͷa REͳsite sbuͺʹ F P WTȀ(et WTȀMut (etȀMut 
Total Counts ͸ǤͷʹͲͻʹͳ ͲǤͲͲʹͲʹͶ ͲǤͷͻͳͷ͹ͻ ͲǤͲͲͻͲ͹ͻ ͲǤͲͲͲͶͺͳ Total Distance ͹ǤͶͳ͵Ͷ͸͵ ͲǤͲͲͲͻͲ͹ ͲǤͶ͹͹ͺͺ͹ ͲǤͲͳ͵Ͳ͵ͳ ͲǤͲͲͲͶ͸ͻ Total Duration ͸ǤͶͺͷ͵ͶͶ ͲǤͲͲʹͲͻ ͲǤ͸Ͳͳͳͳ ͲǤͲͲͶͻ͹ʹ ͲǤͲͲͲʹͳʹ Snapʹͷb REͳsite sbuͺ͵      
Total Counts ͷǤ͹ʹͶ͵ͻͶ ͲǤͲͲͶͲ͹͹ ͲǤͻ͹͸ͶͲʹ ͲǤͲͲ͸ͶͶͺ ͲǤͲͲʹ͵ͷ͵ Total Distance ͸Ǥ͸ͺ͹ͻ͵ ͲǤͲͲͳ͸ͺ͵ ͲǤͻͻʹͷͳ͸ ͲǤͲͲ͵Ͷ͵ͻ ͲǤͲͲͳͲͳʹ Total Duration ͸Ǥʹͷͻͳͺͷ ͲǤͲͲʹͶͻͳ ͲǤͻ͸Ͷͺ͵͸ ͲǤͲͲͶ͵Ͷͳ ͲǤͲͲͳͷʹ  ͺʹͻ  ͺ͵Ͳ  ͺ͵ͳ  ͺ͵ʹ  ͺ͵͵ 




















