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 2 

Abstract 18 

Tissue injury leads to early wound-associated reactive oxygen species (ROS) 19 

production that mediate tissue regeneration. To identify mechanisms that function 20 

downstream of redox signals that modulate regeneration, a vimentin reporter of 21 

mesenchymal cells was generated by driving GFP from the vimentin promoter in 22 

zebrafish. Early redox signaling mediated vimentin reporter activity at the wound 23 

margin. Moreover, both ROS and vimentin were necessary for collagen production and 24 

reorganization into projections at the leading edge of the wound. Second harmonic 25 

generation time-lapse imaging revealed that the collagen projections were associated 26 

with dynamic epithelial extensions at the wound edge during wound repair. Perturbing 27 

collagen organization by burn wound disrupted epithelial projections and subsequent 28 

wound healing. Taken together our findings suggest that ROS and vimentin integrate 29 

early wound signals to orchestrate the formation of collagen-based projections that 30 

guide regenerative growth during efficient wound repair.  31 

 32 

  33 
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Introduction 34 

 35 

Wound repair requires the integration of cellular signaling networks to efficiently 36 

restore tissue homeostasis. Response to tissue injury can lead to either scar formation 37 

or complete tissue regeneration, which occurs in certain teleosts and amphibians 38 

(Wehner & Weidinger, 2015). Understanding repair in regenerative animals can help 39 

inform these processes in humans and other species where scar formation is the 40 

primary response to injury. Recent studies highlight the importance of early signaling 41 

events after damage, including the role of reactive oxygen species (ROS), in tissue 42 

regeneration in zebrafish and tadpoles (Gauron et al., 2013; Love et al., 2013; Yoo, 43 

Freisinger, LeBert, & Huttenlocher, 2012). In tadpoles, injury induced ROS activate 44 

growth factor signaling pathways through Wnt and fibroblast growth factor (fgf) that 45 

mediate regeneration (Love et al., 2013). Inhibiting early ROS signaling at damaged 46 

epithelium for just 1 hour pre-and post-injury in larval zebrafish impairs subsequent fin 47 

regeneration 3 days post-injury (Yoo et al., 2012). Although a role for Src family kinase 48 

signaling has been implicated as a pathway downstream of this early ROS signaling 49 

(Yoo et al., 2012), the redox-dependent pathways that mediate full regeneration in 50 

zebrafish larvae remain unclear.  51 

Movement of epithelial cells is thought to play key roles in ensuring proper wound 52 

healing (LeBert & Huttenlocher, 2014; Sonnemann & Bement, 2011). During this 53 

migration, epithelial cells undergo a process known as epithelial to mesenchymal 54 

transition (EMT), a progression conserved during normal development as well as the 55 

malignant transformation of epithelial cells (De Craene & Berx, 2013). The intermediate 56 

filament protein vimentin is expressed during EMT and provides a marker of EMT during 57 
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cell transformation (De Craene & Berx, 2013). Although well characterized as a marker 58 

of EMT, how vimentin regulates wound healing is still unclear. A recent report 59 

demonstrated that vimentin regulates wound healing by affecting fibroblast proliferation 60 

and the differentiation of keratinocytes via transforming growth factor beta (TGFβ) and 61 

Slug signaling (Cheng et al., 2016). Additionally, vimentin has been implicated in 62 

regulating cell movements during wound repair, as seen with vimentin’s role in the 63 

collective movements of lens epithelium after damage (Menko et al., 2014). In glial cells, 64 

vimentin polarizes toward the wound edge, in collaboration with the microtubule network 65 

(Leduc & Etienne-Manneville, 2017). In recent studies, vimentin was shown to orient 66 

actin filaments and traction stress during single cell migration (Costigliola et al., 2017). 67 

These recent studies suggest an important role for vimentin in regulating the movement 68 

of cells during wound repair. 69 

In addition to cell movement, a critical stage of normal repair is the deposition of 70 

a collagen-rich extracellular matrix (ECM) to provide the framework for regenerative 71 

growth. The transient ECM that forms during wound healing is subsequently degraded 72 

during the remodeling phase of wound healing (McCarty & Percival, 2013). Collagen 73 

accumulates in response to tissue injury and it appears vimentin is required for this 74 

accumulation, likely indirectly as suggested by the deficiency of wound-associated 75 

fibroblasts in vimentin null mice (Cheng et al., 2016; Eckes et al., 2000). In addition to 76 

the production of collagen, a key step in the repair process is the remodeling of wound-77 

induced collagen structures, probably through the action of proteases such as matrix 78 

metalloproteinases (MMP). In zebrafish larvae we recently reported a central role for 79 
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MMP9 in collagen reorganization and regeneration after tail transection (LeBert et al., 80 

2015).  81 

Here we sought to determine the pathways that function downstream of wound-82 

associated ROS that mediate wound healing and subsequent regrowth. We generated a 83 

reporter of mesenchymal cells by driving GFP from the vimentin promoter and found 84 

that early redox signaling at the wound was required for vimentin expression at the 85 

wound margin. We also found that inhibition of ROS, NFkB or depletion of vimentin 86 

impaired both collagen expression at the wound and the dynamic reorganization of 87 

collagen into projections. Live imaging demonstrated that these collagen projections 88 

guide epithelial regrowth during regeneration of the fin. Treatments that disrupt collagen 89 

organization, such as inhibition of cross-linking or destruction of collagen fibers by 90 

thermal injury, diminished the formation of epithelial projections and subsequent wound 91 

healing was impaired. These results provide a pathway linking early ROS signaling to 92 

the physical and mechanical processes of healing and regrowth. This healing process is 93 

mediated by vimentin and its regulation of collagen fiber/epithelial cell projections that 94 

promote the forward progression of the wound plane and lead to the regeneration of the 95 

caudal fin. 96 

  97 
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Results 98 

Generation of a vimentin reporter line in zebrafish 99 

Previous studies demonstrated that loss of vimentin impaired wound healing in 100 

mice (Eckes et al., 2000), suggesting that vimentin plays a role in tissue repair. To 101 

determine how vimentin is regulated in response to tissue injury in zebrafish larvae, we 102 

generated a reporter of vimentin expression by driving EGFP from the vimentin 103 

promoter, herein referred to as the Tg(-2vim:egfp) line (Figure 1). Reporter activity was 104 

detected as early as the 2 somite stage (Figure 1A) and later observed in early 105 

differentiating neurons in the head and in glial cells within the developing spinal cord 106 

(Figure 1B). From 2-3 days post fertilization (dpf) the EGFP expression pattern was 107 

maintained in the cranial ganglion cells, spinal cord neurons and opercle (Figure 1C, D, 108 

E, F). This expression pattern is consistent with the vimentin expression pattern 109 

previously shown by in situ hybridization (Cerda, Conrad, Markl, Brand, & Herrmann, 110 

1998). We also noted EGFP expression in developing fin mesenchymal cells at 3 dpf 111 

(Figure 1C, G). It is known that vimentin expression increases with, the induction of 112 

epithelial to mesenchymal transition (EMT) (Franke, Grund, Kuhn, Jackson, & 113 

Illmensee, 1982; Thiery, 2002; Vuoriluoto et al., 2011). To examine the expression of 114 

this reporter during EMT we transiently expressed either wild type (HRasG12) or 115 

oncogenic RAS (HRasV12), tagged with RFP, from the krt4 promoter in the Tg(-116 

2vim:egfp) line (Figure 1H, I), thereby inducing EMT (Freisinger & Huttenlocher, 2014). 117 

Overexpression of oncogenic HRasV12, but not wild type HRasG12, induced vimentin 118 

promoter activity and expression of EGFP that co-localized in the same cells expressing 119 

HRasV12. Taken together, these data show that the Tg(-2vim:egfp) line recapitulated 120 
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previously published in situ vimentin expression data and was expressed in cells 121 

undergoing EMT, thereby providing a powerful tool to report vimentin promoter activity 122 

in larval zebrafish. 123 

 124 

vimentin reporter activity is induced by tissue injury downstream of redox 125 

signaling 126 

Since vimentin plays a key role in wound healing (Cheng et al., 2016; Eckes et 127 

al., 2000; Menko et al., 2014), we sought to determine if vimentin expression is 128 

increased at the wound. To address this question, we performed whole mount in situ 129 

hybridization (WMISH) to probe vimentin expression in unwounded and wounded larvae 130 

and found that tail transection induced localized vimentin expression at the wound edge 131 

by 24 hours post wound (hpw), an outcome not observed with the sense probe (Figure 132 

2A-C, Figure 2-figure supplement 1A). To further characterize the population of cells 133 

that express vimentin at the wound edge (vim+), we utilized long duration time-lapse 134 

laser scanning confocal microscopy of living Tg(-2vim:egfp) reporter larvae. 135 

Interestingly, in the unwounded fin, the reporter line labeled a population of elongated 136 

mesenchymal cells that extend toward the tip of the fin (Figure 1G). Since the majority 137 

of these vim+ cells in the fin were removed during the tail transection no clear signal 138 

was detected along the wound edge at 2 hpw (Figure 2D). In accordance with the in situ 139 

results, vim+ cells were detected by 20 hpw at the wound edge and showed enhanced 140 

expression at 26 hpw (Figure 2E-G). To determine if this population of vim+ cells at the 141 

wound edge resulted from the migration of distal vim+ cells, we performed long duration 142 

time-lapse laser scanning confocal microscopy in a controlled environment using the 143 
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zWEDGI platform that is compatible with long term live imaging (Huemer et al., 2017). 144 

Surprisingly, the vim+ cells did not migrate to the wound from surrounding fin tissue but 145 

rather expression developed in what appeared to be a non-motile population of cells at 146 

the wound edge (Figure 2-movie supplement 1). It should be noted that these vim+ cells 147 

did not appear to arise from epithelial cells based on live imaging (Figure 2-figure 148 

supplement 1B, 1C, Figure 2-movie supplement 2). However, these data do not 149 

preclude the possibility that the vim+ cells are the result of an EMT event beyond the 150 

time resolution of our studies. Additionally, the vim+ cells did not appear to colocalize 151 

with a macrophage marker (Figure 2-figure supplement 1D) and their presence was not 152 

influenced by the depletion of leukocytes using the pu.1 morpholino (MO) (Figure 2-153 

figure supplement 1E), suggesting that immune cells were not involved directly or 154 

indirectly in the vim+ expression. It is possible that a specialized population of cells, 155 

including a type of progenitor cell, migrates to the wound edge from the surrounding 156 

tissue and subsequently activates the vimentin promoter, although our studies cannot 157 

confirm this possibility. Regardless, our findings demonstrate that wounding induces a 158 

population of vim+ cells along the wound edge. 159 

Wound-induced release of ROS has been shown to be a key regulator of wound 160 

healing and regeneration (Leisegang et al., 2016; Serras, 2016; Yoo et al., 2012). Our 161 

earlier work demonstrated that early ROS signaling immediately before and after 162 

damage, mediated fin regeneration three days later (Yoo et al., 2012). Therefore, we 163 

sought to determine whether early wound-induced ROS mediate vimentin expression at 164 

the wound. Using a pharmacological inhibitor of NAD(P)H oxidase enzyme activity, 165 

Diphenyleneiodonium (DPI), we found that inhibition of ROS for 1 hour before and 1 166 
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hour after wounding was sufficient to impair the appearance of vim+ cells at the wound 167 

edge 1 dpw in the Tg(-2vim:egfp) line (Figure 2H, I). Reduced reporter activity after tail 168 

transection with early ROS inhibition was quantified by assessing the relative 169 

fluorescence intensity above background at the wound edge (Figure 2J, Figure 2-source 170 

data 1, Figure 2-source data 2). Similar results were observed with morpholino 171 

depletion of Duox1 (Yoo et al., 2012), which is necessary for the generation of wound-172 

induced ROS (Figure 2-figure supplement 1F,G). Previous studies using a transgenic 173 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) activation reporter 174 

Tg(nfkb:egfp) line showed that early ROS signaling regulates NFκB activity following 175 

caudal fin amputation (de Oliveira et al., 2014). This led us to investigate if ROS was 176 

regulating vimentin activation through NFκB. Using a pharmacological inhibitor of NFκB 177 

activation, Withaferin A (WA), which has previously been shown to inhibit caudal fin 178 

wound healing (LeBert et al., 2015), we found that early inhibition of NFκB was sufficient 179 

to block EGFP expression at 1 dpw in the Tg(-2vim:egfp) line (Figure 2-figure 180 

supplement 1). It should be noted that WA can directly inhibit the Vimentin protein, and 181 

thus the influence of WA downstream of vimentin promoter activation must also be 182 

considered. However, the findings suggest that early ROS signaling, likely at least in 183 

part through NFκB activity, regulates vimentin promoter activation at 1 dpw following 184 

caudal fin amputation. 185 

 The radiating, elongated morphology of the vim+ cells in the unwounded fin was 186 

reminiscent of the pattern previously reported for collagen fibers in the developing 187 

zebrafish fin using second harmonic generation (SHG) imaging (LeBert et al., 2015). To 188 

address a possible association between the vim+ cells and collagen fibers, we 189 
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performed SHG imaging of the caudal fin in the Tg(-2vim:egfp) line. We observed a tight 190 

association between the vim+ cells and the SHG fibers (Figure 2K, L) in unwounded 191 

caudal fins (Figure 2-movie supplement 3). In wounded caudal fins we observed vim+ 192 

cells with a more rounded morphology in regions of the fin characterized by mis-aligned 193 

SHG collagen fibers and the elongated cells in regions of the fin with intact collagen 194 

fibers (Figure 2M, N, Figure 2-movie supplement 4), indicating an association between 195 

vim+ cells and organization of the SHG detected collagen fibers.  196 

Vimentin is required for optimal caudal fin wound healing in zebrafish 197 

The increased vimentin expression observed at the wound edge suggests that an 198 

increase in vimentin may be necessary for optimal wound healing in the larval zebrafish. 199 

To determine whether vimentin is required for larval caudal fin regeneration, we used 200 

morpholino depletion of vimentin expression (Figure 3-figure supplement 1A). We found 201 

that vimentin-deficient larvae had impaired regenerate area and regenerate length at 3 202 

dpw (Figure 3A, B, Figure 3-figure supplement 1B, Figure 3-source data 1), indicating 203 

that vimentin is required for proper wound healing. This defect was wound-specific, as 204 

unwounded morphants did not display a defect in fin length or area compared to age 205 

matched controls during normal development (Figure 3-figure supplement 1F-H). These 206 

findings are consistent with the wound defect reported with VIM-/- mice (Cheng et al., 207 

2016; Eckes et al., 2000; Menko et al., 2014). It should also be noted that vimentin-208 

deficient larvae displayed no defect in the appearance of vim+ cells at the wound edge 209 

following amputation (Figure 3-figure supplement 2A), indicating that vimentin is not 210 

required for the activation of the vimentin promoter along the wound edge. To determine 211 

if the regenerative defect was due to effects on cell survival, we assessed apoptosis by 212 
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TUNEL staining. No defect was observed in the vimentin-deficient larvae at 1 hpw 213 

(Figure 3-figure supplement 2B), providing evidence that the wound healing defect is 214 

likely not due to changes in cell survival. To confirm that the regeneration defect was 215 

not due to off-target effects of the MO, we rescued vimentin expression using co-216 

injection of vimentin MO1 and zebrafish vimentin RNA and also used a second MO 217 

(MO2) (Figure 3-figure supplement 1D, E). Co-injection was sufficient to rescue the 218 

regeneration defect observed in the morphants, suggesting that vimentin is required for 219 

fin regeneration in zebrafish (Figure 3-figure supplement 3A-C). As further confirmation 220 

that vimentin is required for optimal wound healing, we used CRISPR-Cas9 221 

mutagenesis to create mosaic F0 vimentin mutants. The CRISPR was validated by 222 

TOPO cloning and sequencing of individual F0 larvae as well as by sequencing 223 

germline DNA isolated from F0 adults (Figure 3C-E). The mosaic F0 mutants also 224 

displayed reduced regenerate length and area at 3 dpw (Figure 3F, G, Figure 3-figure 225 

supplement 3D, Figure 3-source data 2) but had no developmental defect in fin length 226 

(Figure 3-figure supplement 3E-G). In accordance with previous studies in other species 227 

(Cheng et al., 2016; Eckes et al., 2000; Menko et al., 2014), these data show that 228 

vimentin is required for efficient wound healing. 229 

 230 

Vimentin and early ROS signaling mediate the formation of SHG-fiber containing 231 

projections during wound healing 232 

To determine how vimentin regulates wound repair, we performed long duration 233 

laser scanning confocal microscopy of wound healing dynamics. During regeneration of 234 

the caudal fin following amputation, the wound edge formed an uneven border that 235 
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contained growing epithelial cell extensions (Figure 4-movie supplement 1). The 236 

formation of these epithelial extensions, herein referred to as projections, was not 237 

present during normal development of the caudal fin, which occurred with the extension 238 

of a smooth fin edge (Figure 4-figure supplement 1A). The first visible projections after 239 

tail transection could be identified at 18 hpw and became prominent by 24 hpw (Figure 240 

4A). The projections continued to extend and new projections formed throughout wound 241 

repair (Figure 4A). By contrast, vimentin-deficient larvae possessed a smooth wound 242 

edge and relative absence of the epithelial projections for more than 24 hpw (Figure 4B, 243 

Figure 4-movie supplement 2). To quantify these effects, we assessed the percentage 244 

of larvae that form visible projections. Following transection, more than 75 percent of 245 

control larvae had visible projections by 24 hpw while only about 40 percent of vimentin-246 

deficient larvae displayed projections (Figure 4C, Figure 4-source data 1). Since 247 

vimentin expression is dependent on early ROS signaling at the wound, we also 248 

characterized the effect of early ROS inhibition on the formation of epithelial projections. 249 

Early pharmacological inhibition of ROS resulted in a smooth wound edge (Figure 4-250 

figure supplement 1B) and impaired the formation of projections at 24 hpw (Figure 4D, 251 

Figure 4-source data 2). Similar effects were observed with inhibition of NFkB using the 252 

small molecule WA (Figure 4-figure supplement 1C).  253 

To further characterize the epithelial projections and the role of vimentin in this 254 

process, we performed bright field imaging of the projections at high magnification. We 255 

observed thin finger-like projections at the wound edge that extended around fibrillar 256 

proteins that protruded into the tips of the projections (Figure 4E, F). This observation of 257 

fibrillar structures was supported by LC-PolScope microscopy (Oldenbourg, 2005) 258 
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suggesting that the fibrillar protein was a collagen structure (Keikhosravi et al., 2017). 259 

LC-PolScope, although similar to traditional polarized light microscopy, uses near 260 

circular polarized light that permits high sensitivity detection of fibers in all directions. 261 

These fibers appeared to induce a physical stress on the epithelial projections since the 262 

epithelial cells, whose membranes are also birefringent and can be detected with LC-263 

PolScope microscopy, appear elongated, with the cell membranes stretched outward 264 

around the fiber (Figure 4G). To further characterize these projections, we used SHG 265 

microscopy. Live SHG imaging after tail transection confirmed the presence of fibers in 266 

the projections and indicated a close association between the fibers and the projecting 267 

epithelial cells. Notably, the SHG fibers appeared to push the epithelial cells outward 268 

during extension of the wound edge (Figure 4-movie supplement 3). These findings 269 

suggest that the SHG fibers in the caudal fin, which we have previously shown are 270 

important for proper wound healing (LeBert et al., 2015), play a guidance role in the 271 

formation of epithelial projections during wound repair. This was more clearly shown by 272 

dual imaging of SHG fibers and cell borders, using both phalloidin staining on fixed 273 

samples (Figure 4H) or by performing live imaging of the Tg(krt4:egfp-caax) line (Figure 274 

4I; Figure 4-movie supplement 4). Inhibition of projection formation in the vimentin-275 

deficient, DPI- and WA treated larvae resulted in a lack of SHG fiber-containing 276 

projections as indicated by polarization imaging (Figure 4-figure supplement 1D, 1F, 1H) 277 

and SHG imaging in combination with phalloidin staining (Figure 4-figure supplement 278 

1E, 1G, 1I).  279 

 280 

Wound projections associate with collagen fibers during wound repair 281 
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Since the depletion of vimentin reduced the appearance of epithelial projections 282 

(Figure 4B,C), we investigated the effect of vimentin depletion on SHG fibers. We found 283 

that fiber projections at the wound edge were reduced in vimentin-deficient larvae 284 

(Figure 5A, D, Figure 5-movie supplement 1-4). To quantify this, the length of the wound 285 

edge (contour) in SHG images of the region immediately adjacent to the end of the 286 

notochord was measured in control and vimentin-depleted larvae (Figure 5B, 5E). The 287 

vimentin-deficient larvae had a reduced contour length at the wound edges as 288 

compared to control larvae (Figure 5G, Figure 5-source data 1), supporting the 289 

hypothesis that the fiber projections, as well as the epithelial projections, as assessed 290 

by bright field imaging, require vimentin.  291 

Because our previous work indicates that SHG fiber organization plays an 292 

important role in re-growth of the transected tail fin (LeBert et al., 2015), we sought to 293 

further examine how vimentin depletion impacts SHG fiber organization. Visual 294 

observation of the control MO and vimentin MO wounded caudal fins suggested that 295 

fibers in the vimentin-depleted fins did not project perpendicularly outward and were 296 

prone to be more tangential to the wound edge. To quantify this observation we utilized 297 

CurveAlign analysis (Bredfeldt et al., 2014; Liu et al., 2017; Schneider et al., 2013) of 298 

the SHG images of the transected tails to determine the angle of the fibers relative to 299 

the wound edge (Figure 5C, 5F). This analysis revealed that the population of fibers 300 

with vimentin depletion tended to be less perpendicular overall than their control 301 

counterparts (Figure 5H, Figure 5-souce data 2).  302 

To determine if early ROS signaling also affected SHG projections we performed 303 

a similar analysis in the presence and absence of DPI. Inhibition of early ROS signaling 304 
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impaired SHG fiber contour length at 24 hpw (Figure 5-figure supplement 1A) as 305 

compared to controls. A similar outcome was observed with WA treatment (Figure 5-306 

figure supplement 1B). Taken together, these findings suggest that early wound 307 

signaling through ROS regulates vimentin expression and the subsequent formation of 308 

fiber projections during wound healing. These fibers support the movement of epithelial 309 

cell projections to promote wound edge progression during the process of wound 310 

healing. 311 

 312 

Vimentin and early wound signaling is required for normal wound-induced 313 

expression of col1a1 and col2a1b 314 

The caudal fin of the larval zebrafish contains structural components identified as 315 

actinotrichia (Dane & Tucker, 1985) that are composed of both col1a1 and col2a1b 316 

(Duran, Mari-Beffa, Santamaria, Becerra, & Santos-Ruiz, 2011). To confirm that the 317 

fibers we observed were composed of multiple types of collagen, we performed SHG to 318 

visualize type I/III collagen (Campagnola et al., 2002; Mohler, Millard, & Campagnola, 319 

2003) and antibody labeling of type II collagen (Col II) by immunofluorescence. 320 

Unwounded fins displayed a highly structured organization exhibiting both SHG and Col 321 

II antibody label (Figure 6A). Following amputation, this ordered orientation of fibers was 322 

lost in regions adjacent to the amputated plane (Figure 6B), however both SHG fibers 323 

and Col II labeling still associated in projections and disrupted fibers. Interestingly, we 324 

observed strong Col II labeling at the tips of broken SHG fibers (Figure 6B). Future 325 

studies will be necessary to determine the function of these Col II caps. Regardless, the 326 

findings suggest that the SHG fibers associate with Col II fibers during repair.  327 
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Since previous studies suggested that vimentin regulates collagen accumulation 328 

after wounding in mouse models (Cheng et al., 2016), we wanted to determine whether 329 

the effects of vimentin on collagen fibers were due, at least in part, to changes in 330 

collagen expression. The major fibrillar collagens of the developing caudal fin are 331 

col1a1 and col2a1b (Duran et al., 2011). Therefore, we performed quantitative real-time 332 

polymerase chain reaction (qRT-PCR) to assess expression of col1a1 and col2a1b 333 

following caudal fin amputation. To accurately assess the expression at the site of the 334 

wound, an approximately 500 µm length of fin was collected from amputated and age-335 

matched unwounded larvae (Figure 6C). At 24 hpw, we found an increase in col1a1 and 336 

col2a1b expression in the fins of wounded larvae (Figure 6D, Figure 6-source data 1). In 337 

vitro studies in mice show that expression of collagen I is regulated by vimentin via 338 

stabilization of collagen I mRNA (Challa & Stefanovic, 2011). To determine if vimentin 339 

regulates collagen expression in our in vivo model as well, we performed qRT-PCR in 340 

Vimentin-deficient larvae. At 24 hpw, vimentin-deficient larvae displayed a reduction in 341 

col1a1 and col2a1b expression at 24 hpw compared to controls (Figure 6E, Figure 6-342 

source data 2). Furthermore, pharmacological inhibition of early ROS signaling was 343 

sufficient to cause a significant reduction in the rise of collagen expression following 344 

amputation at 24 hpw (Figure 6F, Figure 6-source data 3). A similar result was also 345 

observed with WA treatment (Figure 6-figure supplement 1A), which may be working 346 

either through NFkB inhibition or by affecting vimentin directly.  347 

In vitro analysis of vimentin regulation of collagen expression has suggested that 348 

vimentin regulates col1 expression through an interaction with La Ribonucleoprotein 349 

Domain Family Member 6 (Larp6) (Challa & Stefanovic, 2011). To determine whether 350 
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this interaction also occurred in our in vivo model, we performed morpholino knockdown 351 

of larp6 (Figure 6-figure supplement 1B) followed by qRT-PCR analysis at 24 hpw. We 352 

determined that Larp6-deficient larvae have reduced col1a1 expression but no defect in 353 

col2a1b expression, consistent with the published in vitro data (Figure 6-figure 354 

supplement 1C). Furthermore, Larp6-deficient larvae displayed a significant defect in 355 

regenerate area at 3 dpw, although no defect in regenerate length (Figure 6-figure 356 

supplement 1D), suggesting that vimentin is influencing wound healing through multiple 357 

pathways. 358 

 359 

Disrupting collagen stability reduced projections and resulted in wound healing 360 

defects 361 

Our findings suggest that vimentin affects wound healing, at least in part through 362 

affecting collagen fiber extensions and the formation of epithelial projections at the 363 

wound edge. To determine if perturbing collagen cross linking affects the formation of 364 

projections and wound repair, we used a pharmacological inhibitor of lysyl oxidase, beta 365 

aminopropionitrile (BAPN) to inhibit collagen I cross-linking and the formation of 366 

collagen I fibrils (Kagan & Li, 2003; Pinnell & Martin, 1968; Tang, Trackman, & Kagan, 367 

1983; Wilmarth & Froines, 1992). Constant inhibition of lysyl oxidase throughout the 368 

wound healing process caused a significant reduction in regeneration of the larval fin at 369 

2 dpw (Figure 7-figure supplement 1A-C). Experiments to 3 dpw were not possible as 370 

the inhibitor caused lethality in both wounded and un-wounded larvae between 4 and 5 371 

dpf (data not shown). It is possible that the observed effects on regeneration were in 372 

part due to toxicity but it should be noted that no effect on developmental fin length was 373 
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observed at the concentration that impaired regeneration. We next performed SHG 374 

imaging to determine if a defect in collagen fiber projections was also present. 375 

Interestingly, BAPN treatment caused an increase in contour length over control (Figure 376 

7-figure supplement 1D, E). We believe this to be a consequence of the measurement 377 

technique, as the V-shaped fin in the BAPN treated larvae created more contour to 378 

measure. However, the BAPN treatment caused a significant decrease in SHG fiber 379 

mean angle, consistent with vimentin-deficient larvae (Figure 7-figure supplement 1F) 380 

and indicates a disruption in fiber organization. Taken together, these findings suggest 381 

that collagen cross-linking mediates regeneration of the fin and reorganization of 382 

collagen at the wound edge. 383 

 384 

Burn injury impaired collagen projections and wound repair 385 

 To further study the connection between the formation of epithelial projections, 386 

collagen fiber extensions and healing outcome, we utilized a new zebrafish burn wound 387 

assay. Using short bursts of stimulation from a cauterizing wire, we generated a wound 388 

to the caudal fin epithelium that also caused significant damage to the integrity of the 389 

SHG fibers near the wound edge (Figure 7A) such that fibers were absent from the 390 

region adjacent to the wound. We performed SHG imaging on phalloidin labeled 391 

samples 24 hours post burn (hpb) and again observed a striking absence of fibers in the 392 

region near the wound edge in the burned caudal fins (Figure 7B). To determine if fins 393 

experiencing a burn wound and subsequent loss of collagen fiber integrity along the 394 

wound edge impacted healing dynamics, we compared burned caudal fins to age-395 

matched, caudal fin-amputated larvae (Figure 7C). Compared to amputated fins, burn 396 
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wounds resulting in a loss of SHG fiber integrity led to a significant reduction in the 397 

percentage of larvae displaying epithelial projections at 24 hpb (Figure 7D, Figure 7-398 

source data 1). Furthermore, when we assessed the wound healing (length and area) of 399 

individual larvae between 24 and 48 h post burn or post amputation, the burn wound 400 

had significant defects in healing as compared to tail transection (Figure 7E, Figure 7 401 

source data 2, Figure 7-figure supplement 1G). Interestingly, vim+ cells also appeared 402 

at the wound edge in the burn wound, although the morphology of the cells were 403 

different compared to tail transection (Figure 7F). It is particularly intriguing that a 404 

mechanical mode of collagen disruption using the burn model had such a dramatic 405 

effect on collagen reorganization after injury and subsequent regeneration. Taken 406 

together, these data suggest that the formation of collagen projections at the wound 407 

edge is necessary for the formation of epithelial extensions and efficient wound repair.  408 

 409 

Discussion 410 

In this study, we demonstrated that vimentin functions downstream of wound-411 

induced redox signaling and regulates collagen expression and reorganization during 412 

wound repair. Using live imaging, our work uncovered a previously unknown 413 

mechanism whereby collagen projections at the wound edge guide epithelial growth 414 

during fin regeneration, a process dependent on vimentin. In response to wounding, 415 

cells at the wound edge turn on vimentin expression and are critical for an increase in 416 

collagen expression and subsequent collagen reorganization at the wound that 417 

promotes proper tissue repair. This finding suggests that vim+ cells affect the behavior 418 

of adjacent tissues by regulating the scaffold needed for regenerative outgrowth through 419 
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the polarized formation of epithelial membrane extensions. Further, direct disruption of 420 

collagen organization by burn wound impairs the formation of the projections and 421 

subsequent regrowth. 422 

Our findings suggest that vim+ cells are critical to generate a wound 423 

microenvironment that optimizes efficient wound healing in zebrafish larvae. It was an 424 

unexpected finding that the vim+ cells in the fin did not migrate to the wound margin, but 425 

rather remained stationary while a population of cells at the wound turned on expression 426 

of vimentin. This population of cells was also not particularly motile but appeared to be 427 

critical for regulating the collagen scaffold for epithelial projections that ultimately led to 428 

efficient wound repair. The idea that vimentin regulates cell migration has been long 429 

established, however, recent studies have also highlighted the role of vimentin in 430 

regulating ECM production (Cheng et al., 2016; Darby, Laverdet, Bonte, & Desmouliere, 431 

2014; Eckes et al., 2000). Vimentin regulates collagen mRNA through Larp6 (Challa & 432 

Stefanovic, 2011) and was also shown to regulate collagen accumulation at the wound 433 

in mouse models (Cheng et al., 2016). Herein, we support, and extend, the evidence of 434 

these previous studies by showing a critical role for vimentin in both collagen expression 435 

and its dynamic reorganization during the repair process in zebrafish larvae. 436 

Substantial evidence implicates injury-induced ROS as a key player in 437 

modulating tissue regeneration. Prior studies indicate ROS regulates growth factor 438 

pathways such as Wnt/fgf signaling after amputation in Xenopus tadpoles (Love et al., 439 

2013). Our findings identify a new pathway through which ROS can regulate 440 

regeneration through a population of vim+ cells at the wound margin. We propose that 441 

ROS stimulates vimentin expression in a population of cells at the wound through its 442 
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effects on NFkB activity. NFkB is known to be a redox sensitive transcription factor 443 

(Nakajima & Kitamura, 2013). Moreover, wound induced activation of DUOX1 and the 444 

generation of hydrogen peroxide appears to be critical for the activation of NFkB 445 

reporter activity in zebrafish larvae (de Oliveira et al., 2014). Taken together, these 446 

findings provide a link between ROS, NFkB and the organization of collagen at the 447 

wound margin to promote healing. Moreover, these findings, in combination with 448 

published work, suggest that redox signaling may have beneficial effects on the ECM in 449 

the wound microenvironment to promote wound healing in zebrafish. It is interesting to 450 

speculate that this may also be the case in humans, rather than just having the 451 

detrimental effects suggested by some clinical studies (Dhall et al., 2014).  452 

Long-term time-lapse imaging of SHG and epithelial cell dynamics demonstrated 453 

a close association between the extending SHG filaments and the epithelial cell 454 

projections. This imaging supports a role for these collagen projections in guiding the 455 

epithelial membrane extensions. As the collagen projections progressed the epithelial 456 

cells showed close apposition to these ECM structures. In future studies, it will be 457 

intriguing to investigate the adhesion sites that form in these projections and if integrin-458 

containing focal contact sites are critical for this guidance. The absence of projections 459 

when collagen cross-linking was impaired supports a key role for these structures in 460 

tissue guidance. A caveat is that this treatment was ultimately toxic at later 461 

developmental stages, preventing longer term analysis of these effects.  462 

Further support for a role of these SHG fibers in tissue guidance and wound 463 

healing was based on our findings with caudal fin burn wounds. The localized caudal fin 464 

burn wound led to a complete loss in SHG signal in the wound margin. This burn wound 465 
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response was surprisingly different from the wound ECM response in the well-studied 466 

tail transection model and makes it a unique model for future studies. This type of 467 

thermal damage abrogated epithelial projections and significantly impaired regeneration 468 

and repair of the fin in the time frame examined. It is also relevant to highlight that fin 469 

growth during normal development does not exhibit this type of collagen guidance, but 470 

rather progresses as a smooth surface without projections. These findings highlight the 471 

key role for collagen as a guidance cue that can promote wound healing in some 472 

contexts. In agreement with this idea substantial clinical efforts have focused on utilizing 473 

collagen scaffoldings with promising results (Kim, Kaminsky, Summitt, & Thayer, 2016; 474 

Reilly, Hickey, Glat, Lineaweaver, & Goverman, 2017; Tracy, Minasian, & Caterson, 475 

2016). 476 

Taken together, our findings suggest that caudal fin transection induces a ROS 477 

mediated program leading to a collagen matrix organization that guides epithelial 478 

behavior and wound repair. Key to this work was the ability to live image the process of 479 

wound healing over extended durations. Using a new reporter of vim+ mesenchymal 480 

cells our findings revealed that this cell population did not migrate during wound healing 481 

but rather regulated the wound microenvironment to promote efficient regeneration. To 482 

our knowledge, this was the first time that collagen structure using SHG and epithelial 483 

cell membranes were imaged long term in vivo, allowing the identification of these 484 

dynamic cell projections that occur during fin growth after injury. This type of study 485 

highlights the power of zebrafish for imaging dynamic processes over time in vivo to 486 

uncover new mechanisms of regulation. However, a caveat is that it remains unclear 487 

how these observations translate to mammalian wound healing. As cutaneous wounds 488 
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are a worldwide clinical problem, the findings suggest the possibility that zebrafish may 489 

be a powerful tool to identify new mechanisms that regulate collagen re-organization, 490 

guiding future development of therapeutics focused on optimal repair of different types 491 

of wounds, including mechanical injury and burn wounds. 492 
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 493 

Figure 1: Characterization of the Tg(-2vim:egfp) zebrafish line. The Tg(-2vim:egfp) larvae 494 

express EGFP in cranial ganglion cells, spinal cord neurons, the opercle and fin fibroblasts. Images 495 

depict lateral views of Tg(-2vim:egfp) larvae with anterior to the left of A) 2 somite stage, B) 2 dpf, 496 

arrow indicating cranial ganglion cells, and C) 4 dpf Tg(-2vim:egfp) larvae, arrow indicating EGFP 497 

positive cranial ganglion cells used for sorting while boxes show regions used for subsequent zoomed 498 

images. D) EGFP expression in the opercle. E and F) spinal cord neuron expression, enface and 499 

cross section, respectively. G) Mesenchymal cells of the caudal fin. H) Mosaic RNA expression of 500 

HRasG12 in the Tg(-2vim:egfp) line did not induce vimentin promoter activation. I) Mosaic RNA 501 

expression of oncogenic HRasV12 in the Tg(-2vim:egfp) line resulted in a dramatic increase in 502 

vimentin promoter activation, observed in two replicates. Scale bars represent 100 µm in A-G and 20 503 

µm in H-I. 504 

 505 

Figure 2: A population of vimentin-positive cells with a rounded morphology developed at the 506 

wound edge and associate with areas of collagen misalignment. A) Whole mount in situ 507 

hybridization for vimentin RNA in 4 dpf unwounded. B) Unwounded caudal fin and C) 24 hpw caudal 508 

fin indicates increased vimentin expression following amputation, observed in 2 experiments. D-G) 509 

Confocal microscopy of a live larval caudal fin showed that following amputation in the Tg(-2vim:egfp) 510 

line, in the wound region (box), a population of cells activated the vimentin promoter (arrow) by 26 511 

hpw. H,I) The activation of the vimentin promoter was regulated by ROS, as treatment with DPI 512 

reduced EGFP signal at the wound edge at 24 hpw as compared to control DMSO. J) Ratio of the 513 

intensity of the vim:egfp expression at the central wound edge over background intensity of the fin in 514 

DPI and DMSO treated larvae at 24 hpw. (p = 0.0282; n = 12 total fins over 3 replicates, with 2 to 6 515 

fins per treatment per replicate; DMSO 95% CI = 1.18 to 1.33, DPI 95% CI = 1.07 to 1.21). K) 516 

Spindle-shaped vim+ cells associate tightly with SHG fibers, as indicated by enface 3D 517 

reconstructions SHG images of unwounded caudal fins in the Tg(-2vim:egfp) line. L) End on view of a 518 

3D surface rendered reconstruction of the association of vim+ cells and SHG fibers in unwounded 519 

caudal fins. M) Spindle shaped vim+ cells associate with intact SHG fibers following amputation 520 

(Arrowhead), but a rounded vim+ cell population is observed in regions of collagen misalignment 521 

(Arrow) in the Tg(-2vim:egfp). N) End on surface rendered reconstruction of the association of vim+ 522 

cells and SHG fibers in amputated caudal fins at 24 hpw, assessed in two replicates including 24 live 523 

larvae. Scale bar represents 100 µm in A-C, 50 µm in D-I, K and M and 30 µm in L and N. * p<0.05, 524 

error bars are standard deviation. 525 

 526 

Figure 3: Vimentin expression was required for proper wound healing. A) Morpholino 527 

knockdown (MO1) of vimentin caused a significant wound healing defect in B) regenerate area at 3 528 

dpw (p < 0.0001; n = 85 total larvae per treatment over 4 replicates, with 17 to 30 larvae per 529 

treatment per replicate; Ctl MO 95% CI = 94604.23 to 101336.98; VimMO 95% CI = 60550.63 to 530 

67369.68).  C) Schematic of single-site CRISPR-Cas9 targeting of vimentin (top). Arrowhead 531 

indicates the presence of aberrant banding in the mosaic F0 mutant (bottom). Sequencing of the vim 532 

guide RNA target sites was also performed (see Methods) on single embryos to further validate. D) 533 

One example of sequencing results shows a 7bp deletion in Exon 1, an early stop codon. E) Amino 534 

acid alignment of vimentin from germline genomic DNA from adult F0 mosaic adults. F) Mosaic F0 535 

mutant larvae (Vim) displayed a significant defect in G) regenerate area at 3 dpw (p < 0.0001; ctl n = 536 

130 larvae total, Vim n = 119 larvae total over 3 replicates with 36 to 45 larvae per treatment per 537 

replicate; ctrl 95% CI = 110643.20 to 115689.47, Vim 95% CI  = 90275.48 to 95555.25). Scale bars in 538 

A and F represent 100 µm. Statistical significance: **** P<0.0001, error bars are standard deviation. 539 
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 540 

Figure 4: Larval zebrafish regenerated the caudal fin following amputation and extended 541 

projections. A) Time-lapse microscopy of caudal fin regeneration revealed the formation of epithelial 542 

projections by 24 hpw. Projections extending from the amputated plane are indicated with an arrow 543 

and arrowhead. B, C) Morpholino knockdown of vimentin expression led to a significant reduction in 544 

the proportion of larvae forming projections at 24 hpw compared to control larvae (p = 0.0348; n = 3 545 

replicate percentages: for ctl MO 76 larvae total and for Vim MO 78 larvae total were scored over the 546 

3 replicates, with 18 to 34 larvae per treatment per replicate; Ctl MO 95% CI = 66.13% to 88.54%; 547 

Vim MO 95% CI = 7.56% to 65.78%). D) Inhibition of early ROS signaling with DPI treatment also 548 

significantly reduced the proportion of larvae forming wound healing projections at 24 hpw (p = 549 

0.0129, n = 3 replicate percentages: for DMSO 72 larvae total and for DPI 66 larvae total were scored 550 

over the 3 replicates, with 11 to 26 larvae per treatment per replicate; DMSO 95% CI = 31.76% to 551 

99.58%, DPI 95% CI = 8.79% to 41.87%). E, F) Brightfield microscopy of projections revealed the 552 

presence of fibrillar structures (box, black arrow). G) Polarization microscopy was used to identify the 553 

fibers as organized structures, likely collagen, and by showing the cell membranes, confirmed that the 554 

fibers extended to the tip of the projections (white arrow). H) The association of the fibers and 555 

overlying cells was further verified by combining SHG with phalloidin staining of actin. I) 3D 556 

reconstruction surface rendering from time-lapse microscopy, collecting SHG and fluorescence 557 

signals in the Tg(krt4:egfp-caax) line, showed extending SHG fibers pushing the healing plane 558 

forward. Scale bars represent 100 µm in A and B,10 µm in E-H and 30 µm in I. * P<0.05, error bars 559 

are standard deviation. 560 

 561 

Figure 5: Extension of collagen fibers required vimentin. SHG microscopy showed the formation 562 

of SHG projections in A) control, and that the projections were impaired in the D) vimentin morphants. 563 

To quantify this observation, Z projections of the region posterior to the notochord, at 24 hpw, were 564 

used for analysis. B, E) The contour of the wound edge was traced and measured, indicated by the 565 

blue line. To assess differences in fiber angle relative the wound edge of fibers, the SHG images 566 

were quantified using CurveAlign software, which identified fiber segments using curvelet 567 

transformation and calculated the angle of each of these segments, within 60 microns of the wound 568 

edge, relative to the nearest wound edge (see Methods for further details). The identified segments 569 

are illustrated in C) (control) and F) (vimentin morphant) as dots with small linear extensions, with 570 

green being the segments within 60 microns of the wound edge and included in the analysis, as 571 

shown in corresponding compass plot, in which the blue arrows indicate the number of segments at a 572 

given angle, with 90o being perpendicular and 0o being parallel to the wound edge. The red double 573 

arrow and corresponding red numeral indicate the mean angle of the fiber segments for that caudal 574 

fin. There was a decrease in G) wound contour (reduced fiber extensions) in the vimentin morphants 575 

at 24 hpw compared to controls (p = 0.0009; ctl MO n = 33 total larvae, vim MO n = 32 total larvae 576 

over 4 replicates with 7 to 9 larvae per treatment per replicate; ctrl MO 95% CI = 280.88 to 305.18, 577 

vim MO 95% CI = 250.32 to 275.1). H) The fiber angle measurement indicated a significant decrease 578 

in orientation, with fibers exhibiting angles more parallel rather than perpendicular, to the wound 579 

edge, in the vimentin morphants at 24 hpw (p = 0.0003; ctl MO n = 30 total larvae, vim MO n = 32 580 

total larvae over 4 replicates with 6 to 9 larvae per treatment per replicate; ctl MO 95% CI = 66.12 to 581 

71.36, vim MO 95% CI = 59.21 to 64.31). Scale bars represent 100 µm in A and D. **** P<0..0001, 582 

error bars are standard deviation. 583 

 584 

Figure 6: Projections contained both SHG fibers and Type II Collagen, and the expression of 585 

collagen at wounds was regulated by vimentin and ROS. A) SHG and type II collagen fibers 586 
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tightly associate in unwounded caudal fins and B) within projections at 24 hpw as indicated by SHG 587 

imaging and immunofluorescence as observed in 2 experiments. C) Schematic of col1a1 and col2a1b 588 

expression analysis from the caudal fin. D) col1a1 and col2a1b expression increased in the wounded 589 

caudal fin by 24 hpw as assessed by qRT-PCR (col1a1 8 hpw p = 0.0779, n = 5 replicates; 24 hpw p= 590 

0.0153, n = 6 replicates; col2a1b 8 hpw p = 0.9491, n = 3 replicates, 24 hpw p = 0.0294, n = 5 591 

replicates). E) Morpholino knockdown of vimentin expression reduced the expression of col1a1 and 592 

col2a1b in the wounded caudal fin compared to control (col1a1 p = 0.004, n = 6 replicates; col2a1b p 593 

= 0.0404, n = 5 replicates). F) Early inhibition of ROS using DPI significantly reduced expression of 594 

col1a1 and col2a1b at 24 hpw (col1a1 p = 0.0464, n = 4 replicates; col2a1b p = 0.0126). * P<0.05. 595 

**** P<0.0001; error bars are standard deviation. 596 

 597 

Figure 7: Burn wounding impaired the formation of epithelial and collagen projections and 598 

wound healing. A) Burning of the caudal fin resulted in a striking absence of SHG fibers near the 599 

wound edge. B) In contrast to the amputation assay, a large gap between the edge of the burned fin 600 

and the edge of the intact SHG fibers was observed at 24 hpw using a combination of SHG imaging 601 

and phalloidin staining, observed in 2 experiments. C) Schematic of burn wound experiments and 602 

analysis. D) Burn wounds displayed a significant reduction in epithelial projections at 24 hpw 603 

compared to transection wounds (p = 0.0116; n = 3 replicate percentages: for amputation 108 larvae 604 

total  and for burn 62 larvae total were scored over the 3 replicates, with 17 to 24 larvae per treatment 605 

per replicate; amputation 95% CI = 48.66% to 98.67%, burn 95% Ci = 2.21% to 30.46%). E) Healing 606 

area was significantly reduced in the burn wounded larvae compared to amputated fins (p < 0.0001, 607 

amputation n = 65 larvae, burn n = 58 larvae over 3 replicates, with 16 to 22 larvae per treatment per 608 

replicate;  amputation 95% CI = 1750.47 to 2166.58, burn 95% CI = 497.69 to 939.76). F) vim+ cells 609 

are present at the wound edge at 24 hpb, but the morphology is different compared to tail transection, 610 

as observed in 2 experiments. Scale bars represent 100 µm. * P<0.05, **** P<0.0001, error bars are 611 

standard deviation.  612 

  613 
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Figure 2-figure supplement 1. Vimentin expression at the wound edge did not co-localize with 614 

epithelial or macrophage markers and was not influenced by leukocyte depletion. A) In situ 615 

hybridization for vimentin at 24 hpw, showing anti-sense and sense labeling. B) Vimentin-positive 616 

cells did not co-localize with krt4-positive cell populations at the wound edge at 24 hpw as visualized 617 

by confocal imaging of larvae by crossing the Tg(-2vim:egfp) and Tg(krt4:tdtom) lines. C) 3-618 

dimensional reconstructions of 3 time points from time-lapse recording (Figure 2-Supplemental movie 619 

2) of wounded caudal fin from a Tg(-2vim:egfp) and Tg(krt4:tdtom) cross, showing both an enface 620 

view and a re-sliced end on view, with the re-slice indicated by arrowheads on enface view, of surface 621 

rendered 3 dimensional reconstructions for each time point, illustrating that gfp expression was not 622 

detected co-localizing with the tdTom expression. t = 0 is 12 hpw. D) EGFP does not co-localize with 623 

a macrophage marker and E) removal of leukocytes by morpholino knockdown of the pu.1 624 

transcription factor did not inhibit the activation of the vimentin promoter at the wound edge at 24 625 

hpw. F,G) DUOX MO reduced EGFP signal at the wound edge at 24 hpw. H, I) The activation of the 626 

vimentin promoter was regulated by NFκB as treatment with WA reduced EGFP signal at the wound 627 

edge at 24 hpw as compared to control DMSO. Scale bars in A, B, D, F and H represent 100 µm and 628 

50 µm in C. 629 

 630 

Figure 3-figure supplement 1. Vimentin depletion reduced vimentin expression but did not 631 

affect fin development. A) RT-PCR of morpholino knockdown of vimentin with morpholino 1 and 2 632 

(also see Methods). B) Morpholino knockdown of Vimentin reduced regenerate length.  C-E) The 633 

defect in regenerate length and area was observed with either MO1 or MO2.  F-H) Morpholino 634 

knockdown of Vimentin did not alter caudal fin area or length in unwounded larvae at 5 dpf. 635 

Regenerate area measurements for control morpholino and vim MO1 in D were also included in 636 

Figure 3B and length measurements for control morpholino and vim MO1 in E were also included in 637 

Figure 3-supplement 1B. Data in G and H represent a single experiment performed in duplicate. For 638 

all other graphs, data was pooled from 2 or 4 replicate experiments. *** P<0.001, **** P<0.0001. 639 

 640 

Figure 3-figure supplement 2. Vimentin depletion djd not affect vimentin promoter activation 641 

or apoptosis A) Maximum intensity confocal Z projections indicate that Vimentin-deficient larvae 642 

activated the vimentin promoter normally in the Tg(-2vim:egfp) line at 1-, 2-, and 3 dpw. B) Vimentin-643 

deficient larvae did not display a defect in apoptosis at 1 hpw, as indicated by analysis of TUNEL 644 

staining. Scale bar represents 100 µm.  645 

Figure 3-figure supplement 3. Vimentin morpholino regeneration defect was rescued by 646 

vimentin RNA and recapitulated in transient mutants. A-C) The defect in regenerate area and 647 

length was rescued by the addition of vimentin RNA. D) F0 mosaic vimentin mutants exhibited 648 

reduced regenerate length but E-F) did not display a defect in developmental caudal fin length at 5 649 

dpf, though did display G) a slight increase in fin area. Data in B and C are pooled from two replicates 650 

and in D are pooled from 3 replicates.  C and D represent data from a single experiment performed in 651 

duplicate. *P<0.05, **** P<0.0001. 652 
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Figure 4-figure supplement 1. Pharmacological inhibition of early ROS and NFkB signaling 653 

disrupted the formation of SHG and epithelial projections. A) Unwounded larvae rarely formed 654 

projections during development. B) Representative bright field images of early ROS-inhibited and 655 

DMSO-control caudal fins at 24 hpw. C) Early inhibition using WA significantly reduced projection 656 

formation at 24 hpw. D, F, H) Polarization microscopy indicated a lack of projections in Vimentin-657 

deficient, ROS-inhibited, and WA treated larvae, respectively, at 24 hpw. E, G, I) Z projections of 658 

SHG imaging and phalloidin labeling of the wound edge at 24 hpw in Vimentin-deficient, ROS-659 

inhibited, and WA treated larvae support the reduction of projection formation with these treatments. 660 

Data in A represents a single experiment and data in C represents data pooled from 4 replicates. 661 

Scale bars in A-D, F, and H represent 100 µm and E, G, and I represent 20 µm. * P<0.05. 662 

 663 

Figure 5-figure supplement 1. Extension of the SHG fibers after wounding was inhibited by DPI 664 

and withaferin A (WA) treatment. A) Early ROS inhibition using DPI reduced SHG wound edge 665 

contour at 24 hpw. B) Early inhibition with WA also reduced SHG fiber contour length at 24 hpw. 666 

Graphs represent data pooled from 3 replicates. Scale bars represent 100 µm. **** P<0.0001. 667 

 668 

Figure 6-figure supplement 1. Larp6-deficient larvae displayed reduced wound induced 669 

collagen expression A) Early inhibition with WA led to reduced col1a1 and col2a1b expression at 24 670 

hpw. B) RT-PCR of larp6 knockdown via morpholino (see Methods). C) Larp6-deficient larvae 671 

displayed a reduction in col1a1 expression but no change in col2a1b expression at 24 hpw. D) Larp6-672 

deficient larvae exhibited a regenerate area defect at 2 dpw but not a regenerate length defect. Data 673 

in A and C represent data pooled from 4 replicate experiments and data in D represent a single 674 

experiment performed in triplicate. Scale bars represent 100 µm in D. * P<0.05, ** P<0.01. 675 

Figure 7-figure supplement 1. Collagen disruption impaired regeneration following amputation 676 

of the caudal fin. A) Inhibition of the collagen crosslinking enzyme lysyl oxidase with BAPN resulted 677 

in reduced B) regenerate area and C) regenerate length at 2 dpw. D) SHG image analysis of BAPN 678 

treated larvae at 24 hpw revealed a change in both E) wound contour length and F) fiber mean angle. 679 

G) The change in caudal fin length was less in burn treatment than tail transection as between 24 and 680 

48 hours after injury. Data in B and C represent a single experiment performed in triplicate. Data in E, 681 

F, and G are pooled from 3 replicate experiments.  Scale bars represent 100 µm. **** P<0.0001.   682 

 683 

 684 
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Supplemental Movies 685 

Figure 2-Supplemental Movie 1: vimentin promoter is activated following 686 

amputation in the Tg(-2vim:egfp) line. Maximum intensity projections of Z-stacks 687 

collected every ~12 minutes of eGFP signal in the Tg(-2vim:egfp) line following 688 

amputation. The movie begins at 12 hpw and ends at 24 hpw with an arrow indicating 689 

the region of interest. Scale bar represents 100 µm. Single images presented in Figure 690 

2D-G 691 

Figure 2-Supplemental Movie 2: VimGFP(+) cells do not appear to co-localize with 692 

Krt4tdTom(+) cell. 3D reconstruction of time-lapse z-stacks, collected every 25 minutes 693 

for about 14 hours starting at 12 hpw, initially showing just the VimGFP(+) cells, then 694 

both the VimGPF(+) and Krt4tdTom(+) cells and then a surface rendering of the two cell 695 

types, in which the Krt4tdTom signal is slightly transparent. Following the time-lapse 696 

data, animations showing the re-slicing of the surface rendering, starting at the wound 697 

edge and moving toward the notochord, at the first time point and at the last time point. 698 

For time-lapse movie, anterior is left. Scale bar is 50 µm. Single imageas presented in 699 

Figure 2-supplement 1C. 700 

Figure 2-Supplemental Movie 3: VimGFP(+) cells aligned along SHG fibers in an 701 

unwounded caudal fin. Rotating 3D reconstruction of a distal region of a 5dpf caudal 702 

fin, directly posterior to the notochord, initially showing the SHG signal, to which the 703 

fluorescence signal of the VimGFP(+) cells is overlaid. The surface rendered data is 704 

rotated 90o to present a side view, then rotated again to present an end-on view of the 705 

top surface, from the tail tip back toward the notochord, illustrating how the GFP(+) cells 706 

align along the radiating SHG fibers. At the start of the movie, anterior is left. Scale bar 707 

is 30 µm. Single images presented in Figure 2K, L. 708 

 709 

Figure 2-Supplemental Movie 4: VimGFP(+) cells exhibit a rounded morphology in 710 

the presence of disrupted SHG fibers after tail transection. Rotating 3D 711 

reconstruction of a distal region of a 3 dpw caudal fin, directly posterior to the 712 

notochord, initially showing the SHG signal, to which the fluorescence signal of the 713 

VimGFP(+) cells is overlaid. The surface rendered data is rotated 90o to present a side 714 

view, then rotated again to present an end-on view of the top surface, from the tail tip 715 

back toward the notochord, illustrating how the GFP(+) cells align along the intact, 716 

radiating SHG fibers at the edge but take on a more rounded morphology adjacent to 717 

misaligned fibers in the wound region. At the start of the movie, anterior is left. Scale bar 718 

is 30 µm. Single images presented in Figure 2M, N. 719 

 720 
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Figure 4-Supplemental Movie 1: Wound healing progresses following caudal fin 721 

amputation with the formation of epithelial projections by 24 hpw. Time-lapse, Z-722 

projections of bright field images of the amputated fin collected every 10 minutes from 723 

18 to 25.5 hpw. Arrow indicates the location of epithelial projections. Scale bar is 100 724 

µm. Similar single images presented in Figure 4A. 725 

 726 

Figure 4-Supplemental Movie 2: Wound healing projections are impaired in 727 

Vimentin-deficient larvae. Time-lapse, Z-projections of bright field images of the 728 

amputated fin collected every 10 minutes from 18 to 25 hpw in Vimentin-deficient 729 

larvae. Scale bar is 100 µm. Similar single image presented in Figure 4B. 730 

 731 

Figure 4-Supplemental Movie 3: Time-lapse microscopy showing that SHG fibers 732 

form projections that push out cells thus promoting forward extension of the 733 

wound edge during tail regrowth. Time-lapse multiphoton microscopy Z-projection of 734 

SHG fibers (top) or SHG (magenta) overlaid on bright field image (bottom) to show both 735 

fiber and cell projections during wound healing. Simultaneous SHG and bright field Z-736 

stacks were collected at approximately 15 min intervals, starting at 21 hpw. Movie is 737 

paused at about 27 hpw with arrows identifying two nascent projections which contain 738 

either multiple (yellow arrow) or single (white arrow) SHG fibers that are outlined by 739 

cellular projections. Arrows also point to those same projections at the last time point to 740 

illustrate the fiber extension and the cellular elongation. Anterior is left, scale bar is 50 741 

µm. 742 

 743 

Figure 4-Supplemental Movie 4: 3D reconstruction of time-lapse microscopy 744 

showing SHG fibers pushing epithelial cells forward promoting forward extension 745 

of the wound edge during tail regrowth. Surface rendering of an angled 3D 746 

reconstruction showing the dynamics of SHG fiber (white) projections extending beyond 747 

the wound plane, which are pushing out epithelial cells (green) expressing Tg(krt:gfp-748 

caax). Sequential SHG and fluorescent Z-stacks were collected at approximately 15 min 749 

intervals, starting at 25 hpw. Anterior is toward upper left, scale bar is 30 µm. Still 750 

images are presented in Figure 4I. 751 

 752 

Figure 5-Supplemental Movie 1: SHG fibers of the caudal fin of an unwounded 3 753 

dpf control larvae were closely aligned, radiating out to a relatively smooth distal 754 

edge. Rotating 3D reconstruction of a distal region of a 3 dpf caudal fin, directly 755 
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posterior to the notochord, showing the SHG signal. The surface rendered data is 756 

rotated 90o to present a side view, then rotated again to present an end-on view of the 757 

top surface, from the tail tip back toward the notochord, illustrating the tightly aligned, 758 

radiating SHG that extend to the smooth fin edge. At the start of the movie, anterior is 759 

left. Scale bar is 30 µm.  760 

 761 

Figure 5-Supplemental Movie 2: SHG fibers of the caudal fin of an unwounded 3 762 

dpf Vimentin-depleted larva resembled the closely aligned fibers of the control 763 

larvae, with a similarly smooth distal edge. Rotating 3D reconstruction of a distal 764 

region of a 3 dpf caudal fin, directly posterior to the notochord, showing the SHG signal. 765 

The surface rendered data is rotated 90o to present a side view, then rotated again to 766 

present an end-on view of the top surface, from the tail tip back toward the notochord, 767 

illustrating the tightly aligned, radiating SHG that extend to the smooth fin edge. At the 768 

start of the movie, anterior is left. Scale bar is 30 µm.  769 

 770 

Figure 5-Supplemental Movie 3: SHG fibers of the caudal fin of a 1 dpw control 771 

larvae were misaligned, with projections forming at the wound edge. Rotating 3D 772 

reconstruction of a distal region of a 1 dpw caudal fin, directly posterior to the 773 

notochord, showing the SHG signal. The surface rendered data is rotated 90o to present 774 

a side view, then rotated again to present an end-on view of the top surface, from the 775 

tail tip back toward the notochord, illustrating the nascent fiber projection at the wound 776 

edge that extend beyond the wound plane. At the start of the movie, anterior is left. 777 

Scale bar is 30 µm. Single image presented in Figure 5A. 778 

 779 

Figure 5-Supplemental Movie 4: SHG fibers of the caudal fin of a 1 dpw Vimentin-780 

depleted larvae were misaligned, with fibers more parallel to the projections 781 

forming at the wound edge. Rotating 3D reconstruction of a distal region of a 1 dpw 782 

caudal fin, directly posterior to the notochord, showing the SHG signal. The surface 783 

rendered data is rotated 90o to present a side view, then rotated again to present an 784 

end-on view of the top surface, from the tail tip back toward the notochord, illustrating 785 

the nascent fiber projection at the wound edge. At the start of the movie, anterior is left. 786 

Scale bar is 30 µm. Single image presented in Figure 5D. 787 

 788 

 789 
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 790 

 791 

Materials and Methods 792 

Key Resources Table 

   Reagent type 

(species) or 

resource Designation 

Source or 

reference Identifiers Additional information 

genetic reagent 

(Danio Rerio) vimentin(vim) this paper   

crispr RNA targeting exon 1 (5’- 
CAAAGGAGCGTCCCGGGT – 

3’) 

strain (D. Rerio) Tg(-2vim:EGFP) this paper     

chemical compound DPI Tocris   100uM 

chemical compound BAPN Sigma   140uM 

chemical compound Withferin A (WA) Santa Cruz   30uM 

sequence-based 

reagent (D.Rerio) duox 

Niethammer, 

et al., 2009   MO 

sequence-based 

reagent (D.Rerio) p53     MO 

sequence-based 

reagent (D.Rerio) vim1 this paper   

MO 80uM 

GTAATAGTGCCAGAACAGACC

TTCTC 

sequence-based 

reagent (D.Rerio) vim2 this paper   

MO 110uM 

TCTTGAAGTCTGGAAATGAGAT

GCA 

sequence-based 

reagent (D.Rerio) larp6     

MO 80uM 

GGGTGTTGGTCTTACCTTCTTG

AA 

gene(D. Rerio) vimentin 

ENSDARG00

000010008     

actin label phalloidin Invitrogen   1:100 

antibody col2a 

PAb, II-II6B3-

s; DHSB   1:200 
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strain (D. Rerio) krt4:EGFP-CAAX 

Krens et al., 

2011     

strain (D. Rerio) krt4:TdTomato 

 Yoo et al., 

2010     

sequence-based 

reagent (D.Rerio) vimentin this paper   

ISH probes                                       

F: CTTCAACAATAACCCGCAAA 

R:TAATACGACTCACTATAGGG

GGTCAGGTTTGGTCACTTCC 

sequence-based 

reagent (D.Rerio) col1a1 this paper   

RT primers                                        

F:TGTCACTGAGGATGGTTGCA

C 

R:GCAGACGGGATGTTTTCGTT

G 

sequence-based 

reagent (D.Rerio) col2a1b 

Duran et al., 

2011   

RT primers          

F:AACAGAAGTGCTTCCGAACG 

R:TGCTCTGGTTTCTCCCTCAT 

sequence-based 

reagent (D.Rerio) vimentin this paper   

RT primers                                        

F:ACCGGGGAAAAGAGCAAAGT   

R:CGAGCCAGAGAGGCGTTAT

C 

sequence-based 

reagent (D.Rerio) larp6 this paper   

RT primers                                        

F:CAAACTGGGCTTCGTCAGTG     

R:TCCGTTGTTGGAATCTCCGC 

recombinant DNA 

reagent(D.Rerio) 

tol2:krt4-hras-

g(v)12-rfp 

Freisinger & 

Huttenlocher, 

2014     

software CurveAlign Liu et al, 2017   

https://loci.wisc.edu/software/curv

ealign 

software FIJI, ImageJ 

Schindelin et 

al., 2012;    https://fiji.sc/ 

software Imaris Bitplane     

 793 

 794 

Zebrafish maintenance and handling 795 

All protocols using zebrafish in this study were approved by the University of Wisconsin-796 

Madison Research Animals Resource Center. Adult zebrafish and embryos were 797 
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maintained as described previously (Yoo et al., 2010). For wounding assays, 2 or 3 day 798 

post-fertilization (dpf) larvae were anesthetized in E3 medium containing 0.2 mg/ml 799 

Tricaine (ethyl 3-aminobenzoate; Sigma-Aldrich). To prevent pigment formation, some 800 

larvae were maintained in E3 medium containing 0.2 mM N-phenylthiourea (Sigma-801 

Aldrich). Adult AB strain fish, including transgenic zebrafish lines, Tg(krt4:egfp-caax) 802 

(Krens, Mollmert, & Heisenberg, 2011), Tg(mpeg1:dendra2) (Harvie, Green, Neely, & 803 

Huttenlocher, 2013) , Tg(krt4:tdtom), and the casper mutant line (White et al., 2008) 804 

were utilized. 805 

 806 

 807 

Generation of Tg(-2vim:egfp) transgenic zebrafish 808 

The 2 kb upstream region of the putative translational start site of the zebrafish vimentin 809 

gene was PCR amplified from BAC CH211-48N12 (BACPAC) using the following 810 

primers: 811 

XhoI-Forward Primer (5’-GATCTCGAGTGTTGCCGTACGTTATTTGC-3’)  812 

KpnI-Reverse Primer (5’-GATGGTACCCTAAATATCGCACCTGTCCA-3’) 813 

The resulting 2 kb PCR product was gel purified, sequentially digested (XhoI and KpnI) 814 

and cloned into an expression vector containing EGFP, minimal Tol2 elements for 815 

efficient integration (Urasaki, Morvan, & Kawakami, 2006) and an SV40 polyadenylation 816 

sequence (Clontech Laboratories, Inc.). F0 larvae were obtained by injecting 3 nL of 817 

12.5 ng/μL DNA plasmid and 17.5 ng/μL in vitro transcribed (Ambion) transposase 818 

mRNA into the cytoplasm of one-cell stage embryo. F0 larvae were raised to breeding 819 

age and crossed to adult AB zebrafish. F2 founders were screened for EGFP 820 
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expression using a Zeiss Axio Zoom stereo microscope (EMS3/SyCoP3; Zeiss; Plan-821 

NeoFluar Z objective).  822 

 823 

Tg(-2vim:egfp) expression with EMT induction (HRasG12 and HRasV12 
824 

overexpression) 825 

 Either tol2:krt4-hras-g12-rfp or tol2:krt4-hras-v12-rfp was injected into Tg(-2vim:egfp) 826 

embryos at the one cell stage (Freisinger & Huttenlocher, 2014). At 2 dpf, fluorescence 827 

images were acquired with a confocal microscope (FluoView FV1000; Olympus) using a 828 

NA 0.75/20x objective. Each fluorescence channel was acquired by sequential line 829 

scanning. Z series were acquired using 180-280-µm pinhole and 0.5-5-µm step sizes. Z 830 

series images were stacked or 3D reconstructed by the FluoView FV1000 software.  831 

 832 

Whole mount In situ hybridization 833 

For whole mount in situ hybridization, larvae were fixed in 4% paraformaldehyde in PBS 834 

and mRNA was labeled by in situ hybridization as previously described (Long & 835 

Rebagliati, 2002). In short, both Dig-labeled antisense probes were hybridized using a 836 

55°C hybridization temperature. Purple color was developed with AP-conjugated anti-837 

DIG and BM purple (Roche Applied Science). Reactions were stopped in PBS. Imaging 838 

was performed with a Nikon SMZ-1500 stereoscopic zoom microscope. The T7 839 

promoter was attached 3’ of the coding sequence of primers to make the DNA template 840 

for the vimentin probe. After sequence confirmation of the DNA template, labeled RNA 841 

was transcribed with the use of T7 RNA polymerase (Ambion).  842 

Oligo sequences used for PCR were as follows: 843 
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Vimentin F: 5’-CTTCAACAATAACCCGCAAA-3’ 844 

T7 Vimentin R: 5’-TAATACGACTCACTATAGGGGGTCAGGTTTGGTCACTTCC-3’ 845 

T7 Vimentin Sense F: 5’-TAATACGACTCACTATAGGGCTTCAACAATAACCCGCAAA-846 

3’ 847 

Vimentin Sense R: 5’-GGTCAGGTTTGGTCACTTCC-3’ 848 

 849 

 850 

Regeneration assays and drug treatments 851 

For regeneration assays, tail transection was performed on 2-2.5 dpf larvae using a  852 

surgical blade (Feather, no. 10). Regenerate length was quantified by measuring the 853 

distance between the caudal tip of the notochord and the caudal edge of the tail fin at 3 854 

days post-wounding (dpw). Regenerate area was measured using the FIJI (Schindelin 855 

et al., 2012) image analysis software to assess the total fin area posterior to the 856 

notochord. Diphenyleneiodonium (DPI) (Tocris) (100 µM) or Withaferin A (WA) (Santa 857 

Cruz) (30 µM) was applied for 1 h before and after wounding. β-aminopropionitrile 858 

(BAPN) (Sigma Aldrich), at a concentration of 140 µM, was maintained from the time of 859 

wounding through the duration of the healing process assessed (2 dpw). The treatment 860 

was replenished at 24 hpw. Larvae were imaged at 2 or 3 dpw for regeneration studies 861 

on a Zeiss Zoomscope (EMS3/SyCoP3; Zeiss; Plan-NeoFluar Z objective).  862 

 863 

Live imaging in zWEDGI device 864 

To minimize larval movement without impinging on caudal wound healing, larvae were 865 

mounted in a zWEDGI device, as previously described (Huemer et al., 2017). Briefly, an 866 

anesthetized larva was loaded into the zWEDGI chamber such that the head remained 867 
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in the loading chamber while the tail passed through the restraining tunnel and 868 

protruded into the wounding chamber. 1% low melting point agarose (Sigma-Aldrich) in 869 

Tricaine/E3 was placed over the larva's head, filling the loading chamber and allowed to 870 

solidify with the larva in the proper position. Additional Tricaine/E3 was added as 871 

needed. The tail, freely suspended in the Tricaine/E3 could then be imaged through the 872 

cover glass bottomed dish, using either confocal or multiphoton SHG microscopy 873 

(described below). For time-lapse imaging of projection formation, larvae were imaged 874 

every 15-20 min (depending on slice number) with a confocal microscope (FluoView 875 

FV1000; Olympus) using a NA 0.75/20x objective from 20 mpw through 48 hpw. For 876 

time-lapse imaging of Tg(-2vim:egfp) following amputation, images were acquired every 877 

15-25 min for up to 70 hpw with a confocal microscope (FluoView FV1000; Olympus) 878 

using a 20X NA 0.75 objective. At roughly 48 hpw, larvae were removed from the 879 

zWEDGI device and re-inserted to maintain viability. Images were the processed into 880 

videos using FIJI. 881 

 882 

Quantification of EGFP intensity  883 

To assess EGFP expression in the Tg(-2vim:egfp) line following amputation, 884 

quantification of EGFP expression at the wound edge was performed in FIJI on Sum 885 

intensity z-projections. The mean fluorescence intensity was measured in 100 micron 886 

long by 30 micron wide rectangular region aligned along the wound edge and centered 887 

at the level of the notochord. In the same fin, as an assessment of the background 888 

fluorescence, a 40 micron diameter circle was used to measured in an area of the fin 889 

anterior to the wound edge and devoid of obvious cellular EGFP expression. The ratio 890 
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of the mean intensity at the wound edge to the mean intensity of the background in the 891 

fin was used as an indicator of the proportional signal intensity of the wound edge 892 

above background.     893 

 894 

Immunofluorescence and phalloidin label 895 

Larvae at 2.5-3.5 dpf were fixed with 1.5% paraformaldehyde in 0.1 M Pipes (Sigma-896 

Aldrich), 1.0 mM MgSO4 (Sigma-Aldrich), and 2 mM EGTA (Sigma-Aldrich) overnight at 897 

4oC and immunolabeled as previously described (Yoo & Huttenlocher, 2011). Mouse 898 

anti-collagen type II (PAb, II-II6B3-s; DHSB) was used at 1:200 in PBS. Dylight 488-899 

conjugated donkey anti-mouse IgG antibodies (Jackson ImmunoResearch Laboratories, 900 

Inc.) were used as secondary antibodies at 1:250. Immunofluorescence images were 901 

acquired with a confocal microscope (FluoView FV1000; Olympus) using a NA 0.75/20x 902 

objective. Each fluorescence channel was acquired by sequential line scanning. Z 903 

series were acquired using 180-280-µm pinhole and 0.5-5-µm step sizes. Z series 904 

images were stacked or 3D reconstructed by the FluoView FV1000 software. For 905 

phalloidin staining of actin, larvae were fixed in 4% PFA for a minimum of 4 hours at RT 906 

or O/N at 4oC. Larvae were washed 3 times in PBS-Tween20 (0.1%) and permeabilized 907 

for 1 hr at RT in PBS-Triton (2%). Larvae were then incubated O/N at 4oC in rhodamine-908 

Phalloidin (Invitrogen) or Alexa Fluor 488-Phalloidin (Invitrogen) diluted 1 to 100 in PBS-909 

Triton (2%). Imaging was performed after 3X washes in PBS-Tween (0.1%).  910 

 911 

Multiphoton microscopy of second harmonic generation (SHG), collagen type 2 912 

antibody label and phalloidin label 913 
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Fixed caudal fin samples were prepared as previously described (LeBert, Squirrell, 914 

Huttenlocher, & Eliceiri, 2016; LeBert et al., 2015) and imaged on a custom-built 915 

multiphoton microscope (Conklin et al., 2011; LeBert et al., 2016) at the Laboratory for 916 

Optical and Computational Instrumentation using either a 40X long working distance 917 

water immersion lens (1.2 NA, Nikon) for projection analyses or a 60X VC water 918 

immersion lens (1.20 NA, Nikon) for antibody and phalloidin label experiments, with the 919 

laser (Coherent Chameleon) tuned to 890 nm. Backwards SHG was collected using a 920 

445/20 nm emission filter (Semrock, Rochester NY) while the fluorescent signal from 921 

the collagen type 2 antibody label was sequentially collected using a 520/35 nm 922 

emission filter (Semrock) and both signals were detected using a H7422P-40 GaAsP 923 

Photomultiplier Tube (PMT) (Hamamatsu, Japan). Rhodamine-phalloidin label was 924 

collected sequentially with the SHG images using a 542/27 nm bandpass emission filter 925 

(Semrock). Brightfield images were simultaneously collected using a separate 926 

photodiode based transmission detector (Bio-Rad, Hercules CA). Imaging parameters 927 

remained constant across imaging days for a given experiment. For projection analyses 928 

data were collected as z-stacks with optical sections 2 microns apart, at 512x512 929 

resolution. For SHG with collagen type 2 antibody label, images were collected as z-930 

stacks with optical sections 1 micron apart, at 1024x1024 resolution. For SHG with 931 

phalloidin label, images were collected as z-stacks with optical sections 1 micron apart, 932 

at 512x512 resolution. Z projections were generated using FIJI software while 3D 933 

reconstructions and surface renderings were constructed using Imaris software 934 

(Bitplane, Zurich, Switzerland). 935 

 936 
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Time-Lapse Multiphoton Microscopy of Projections 937 

To observe the dynamic interaction of SHG projection and epithelial cells, either casper 938 

mutants (White et al., 2008) or Tg(krt4:egfp-caax)(Krens et al., 2011) larvae were 939 

wounded at 2 dpf and mounted into zWEDGI device at 20 to 25 hpw. The wound region 940 

was imaged using multiphoton microscopy, as described above. Images were collected 941 

using a 20X VC air objective (NA = 0.75, Nikon) as z-stacks, 2 micron optical sections, 942 

approximately every 15 min for 20 to 23 hours at 512x512 resolution, with 890 nm 943 

excitation. SHG and brightfield images were collected simultaneously while the SHG 944 

and GFP z-stacks were collected sequentially, with the GFP emission collected using a 945 

520/35 emission filter (Semrock). Z projections were generated using FIJI software 946 

while 3D reconstructions and surface renderings were constructed using Imaris 947 

software (Bitplane, Zurich, Switzerland). 948 

 949 

LC-PolScope Microscopy 950 

Fixed wounded caudal fin samples were prepared in a similar method as described 951 

above for SHG microscopy in that tails were removed from the body and mounted in 952 

PBS in a glass bottomed imaging dish. For LC-PolScope (Oldenbourg, 2005) imaging, a 953 

glass coverslip was placed over the opening of the imaging dish, allowing the 954 

condenser to approach the sample without contacting the mounting fluid while not 955 

compressing the sample. Images were collected using either a 20x (NA = 0.4) or a 40X 956 

(NA = 0.95) air objective (Nikon) on a Nikon Eclipse TE200 microscope with 549/15 nm 957 

interference filter and a dry condenser (NA = 0.85). The camera was an ORCA-Flash4.0 958 

V2 digital CMOS (Hamamatsu, Japan). The system was controlled using the 959 



 41 

OpenPolScope hardware and software for birefringence imaging (openpolscope.org) 960 

(Keikhosravi et al., 2017). 961 

 962 

Analysis of projections at the wound edge 963 

Larvae were fixed at 1 dpw (3 dpf) as described above. Caudal fins were imaged using 964 

a Zeiss Zoomscope microscope using a Zeiss PlanNeoFluar Z 1X:0.25 FWD 56 mm 965 

lens. Images were then assessed for the presence or absence of projections along the 966 

amputated plane.  967 

 968 

Analysis of SHG projections at the wound edge 969 

Because of the three dimensional nature of the caudal fin, for ease of analysis sum z-970 

projections of SHG images were generated in FIJI (Schindelin et al., 2012). In FIJI, a 971 

512 pixel (215 micron) region, at the wound edge distal to, and centered on, the tip of 972 

the notochord was used as the region of interest (ROI). Contour length was determined 973 

by a freehand line tracing the detailed contour of the fibers at the wound edge. Analysis 974 

of SHG fiber angle relative to the wound edge was conducted using CurveAlign open 975 

source software (Bredfeldt et al., 2014; liu et al., 2007; Schneider et al., 2013). SHG and 976 

brightfield  z-stacks were z-projected using FIJI (https://fiji.sc/), and the resulting 2D 977 

images were used for analysis. Within the CurveAlign software, the wound edge was 978 

drawn on the brightfield image and then applied as a boundary for the CurveAlign 979 

analysis. In CurveAlign, curvelets fiber representation (CFR) mode was used to track 980 

individual fibers and each fiber was represented as a group of curvelets that have 981 

localized fiber orientation information. The angle of each curvelet, relative to the wound 982 

https://fiji.sc/
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boundary and within a 60 micron distance from that boundary, was determined. The 983 

mean value of these angles was used as the overall orientation value for each tail.  984 

 985 

RNA extraction for qRT-PCR  986 

RNA was extracted from an approximately 500 µm length portion of the fin using the 987 

 miRvana RNA purification kit (Ambion). First strand cDNA synthesis was performed 988 

using super script III (Invitrogen). Resulting cDNA was diluted 1:10 in RNAse free water 989 

before qRT-PCR was performed in a minimum of triplicate using Roche green master 990 

mix (Roche) for rps11, col1a1 and col2a2 from purified fin RNA. Fold change was 991 

determined using efficiency-corrected comparative quantitation. Data were normalized 992 

to no wound age matched control samples. Primers: 993 

Rps11: 994 

F-5’-TAAGAAATGCCCCTTCACTG-3’     R-5’-GTCTCTTCTCAAAACGGTTG-3’ 995 

Col1a1: 996 

F-5’-TGTCACTGAGGATGGTTGCAC-3’   R-5’-GCAGACGGGATGTTTTCGTTG-3’ 997 

Col2a1b (Duran et al., 2011): 998 

F- 5’-AACAGAAGTGCTTCCGAACG-3’     R- 5’-TGCTCTGGTTTCTCCCTCAT-3’ 999 

 1000 

Morpholino and RNA injections  1001 

Morpholino oligonucleotides (Gene Tools) were re-suspended in water to a stock 1002 

concentration of 0.5 mM. Final morpholino concentrations were injected into 1-2 cell 1003 

stage embryos in 3 nl amounts and embryos were maintained at 28.5oC. The DUOX 1004 
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morpholino was used as published (Yoo et al., 2012). The vimentin and Larp6 splice 1005 

blocking morpholinos used were as follows: 1006 

vim MO1 targeting Exon 1- Intron 1 (80 µm): 1007 

5’-GTAATAGTGCCAGAACAGACCTTCTC-3’ 1008 

vim MO2 targeting Intron 1-Exon 2 (110 µm): 1009 

5’-TCTTGAAGTCTGGAAATGAGATGCA-3’ 1010 

larp6 MO targeting Exon 2-Intron 2 (80 µm):  1011 

5’-GGGTGTTGGTCTTACCTTCTTGAA-3’ 1012 

control MO: 1013 

 5’-CCTCTTACCTCAGTTACAATTTATA-3’ 1014 

To analyze knockdowns, RT-PCR was performed on RNA isolated from single larvae at 1015 

2 dpf. The following primers were used to assess knockdown: 1016 

Vim MO 1 and 2: 1017 

F-5’-ACCGGGGAAAAGAGCAAAGT-3’             R-5’-CGAGCCAGAGAGGCGTTATC-3’ 1018 

Larp6 MO: 1019 

F-5’-CAAACTGGGCTTCGTCAGTG-3’             R-5’-TCCGTTGTTGGAATCTCCGC-3’ 1020 

 1021 

Rescue experiments were performed using zebrafish vim RNA. In short, a gene block 1022 

(IDT) for vimentin was used as the template. The sequence was cloned into the PCS2+ 1023 

vector from which in vitro transcription was performed (Ambion). RNA was purified with 1024 

the miRvana RNA purification kit (Ambion). RNA was injected at 125 ng/µl at the 1-2 cell 1025 

stage in 3 nl amounts. 1026 

 1027 
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Whole mount Terminal deoxynucleotidyl transferased UTP Nick-End Labeling 1028 

(TUNEL) 1029 

In brief, caudal fins from 2 dpf larvae were amputated and larvae were fixed in 4% PFA-1030 

PBS at 4oC overnight. The larvae were washed 3 times in PBS and stored overnight at -1031 

20oC in MeOH. The TUNEL labeling was performed as instructed by the manufacturer 1032 

(Roche). Analysis was performed using a Zeiss Zoomscope. Label bleaches quickly, so 1033 

acquiring images was not always possible. 1034 

 1035 

Vimentin CRISPR-Cas9  1036 

CRISPR guide RNA was designed using crisprscan: http://www.crisprscan.org  1037 

Exon 1 target sequence: 5’- CAAAGGAGCGTCCCGGGT – 3’ 1038 

The pT7 gRNA vector (Addgene 46759) was digested with BsmBI, BglII and SalI (New 1039 

England Biolabs) and diluted to 5 ng/µl in ddH2O. Annealed oligos were ligated into the 1040 

vector using quick ligase (New England Biolabs). Single colonies were selected 1041 

following transformation and digest confirmed with BglII. Candidate plasmids were 1042 

sequenced using M13 primer. Sequence confirmed plasmids were linearized with 1043 

BamHI (New England Biolabs) and in vitro transcribed using MAXIScript T7 kit (Ambion, 1044 

Life Technologies). The resulting guide RNA was injected into the yolk at the one cell 1045 

stage at a volume of 2 nl. The final concentrations of the injection mixes were as 1046 

follows: gRNA at ~40 ng/μl and Cas9 protein (New England Biolabs) at ~55 ng/μL. To 1047 

confirm, 2-5 dpf larval zebrafish were individually digested overnight at room 1048 

temperature in 100 µl DNAzol plus 200 µg/µl proteinase K. PCR was performed on 1049 

gDNA, diluted 1:10 to confirm CRISPR cuts with the following primers for vim1c: 1050 



 45 

Vim1c Forward: 5’ – GACAAAGTGCGCTTTCTGGA–3’  1051 

Vim1c Reverse: 5’ – TCCACCTCCACTTTGCTCTT–3’ 1052 

The F0 mosaic larvae amplicon was then TOPO-cloned and sequenced to verify the 1053 

presence of mutations. Clutches containing larvae positive for CRISPR cuts were grown 1054 

to adulthood. At breeding age, sperm or eggs were collected and gDNA was isolated as 1055 

described above. The target sequence was amplified by PCR and analyzed by Indel 1056 

Detection by Amplicon Analysis (IDAA) as previously described (Yang et al., 2015). 1057 

Samples were analyzed using PeakScanner2.0 (Applied Biosystems). Potential 1058 

heterozygous mutants were then TOPO-cloned and sequenced to determine the 1059 

germline mutation. PCR primers for IDAA PCR amplification were as follows: 1060 

FAM Vim1c Forward: 1061 

5’-GTAAAACGACGGCCAGTGGCGCACGTCCTACAACTACA-3’ 1062 

Vim1c Reverse: 5’-TCGATGTCCTCCCCTAGGTT-3’ 1063 

 1064 

Caudal Fin Burn  1065 

At 2 dpf zebrafish were placed into a 60 mm dish in E3 + 0.2 mg/ml Tricaine. A fine tip 1066 

cautery (BVI Accu-Temp; cat #8442000) was used to burn the caudal fin. The cautery 1067 

was turned on after being placed into the water and was held on the posterior tip of the 1068 

caudal fin for 1-2 seconds, until a slight bend in the fin was apparent. After the burn, fish 1069 

were placed into a clean milk-treated 35 mm petri dish with fresh E3 and held in an 1070 

incubator at 28.5 degrees. For regeneration assessment, embryos were imaged at 1 1071 

and 2 dpw on a Zoomscope (EMS3/SyCoP3; Zeiss; Plan-NeoFluar Z objective). Images 1072 
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were taken on an Axiocam MRm CCD camera using ZEN (blue edition) software (Zeiss, 1073 

2012). 1074 

Statistical analyses 1075 

Statistical parameters are included in the figure legends including the number of 1076 

experimental replicates and total “n”. For projection analyses or representative single 1077 

experiment graphs, assuming a Gaussian distribution of the overall population of 1078 

values, p-values were determined by two-tailed paired t test (2 comparisons) or one-1079 

way analysis of variance (ANOVA) (multiple comparisons) comparing means of each 1080 

sample (GraphPad Prism, GraphPad Software, San Diego CA). For analysis of 1081 

experiments consisting of values from multiple replicates, such as the contour length 1082 

and fiber orientation measurements, as well as relative intensity and regenerate area 1083 

and length measurements, Least Squared Means analysis in R (www.r-project.org) 1084 

(Vincent, Freisinger, Lam, Huttenlocher, & Sauer, 2016) was performed on multiple 1085 

replicate experiments, using Tukey method when comparing more than two treatments. 1086 
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Figure 7-figure supplement 1
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