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SHORT ABSTRACT:  30 

The zebrafish adult kidney is an excellent system for renal regeneration and disease studies.  An 31 

essential aspect of such research is the assessment of nephron structure and function. This 32 

protocol describes several methodologies that can be implemented to assess nephron tubule 33 

composition and to evaluate renal reabsorption. 34 

  35 

LONG ABSTRACT:  36 

The zebrafish model has emerged as a relevant system to study kidney development, 37 

regeneration and disease. Both the embryonic and adult zebrafish kidneys are composed of 38 

functional units known as nephrons, which are highly conserved with other vertebrates, 39 

including mammals. Research in zebrafish has recently demonstrated that two distinctive 40 

phenomena transpire after adult nephrons incur damage: first, there is robust regeneration 41 

within existing nephrons that replaces the destroyed tubule epithelial cells; second, entirely 42 

new nephrons are produced from renal progenitors in a process known as neonephrogenesis.  43 

In contrast, humans and other mammals seem to have only a limited ability for nephron 44 
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epithelial regeneration. To date, the mechanisms responsible for these kidney regeneration 45 

phenomena remain poorly understood. Since adult zebrafish kidneys undergo both nephron 46 

epithelial regeneration and neonephrogenesis, they provide an outstanding experimental 47 

paradigm to study these events. Further, there is a wide range of genetic and pharmacological 48 

tools available in the zebrafish model that can be used to delineate the cellular and molecular 49 

mechanisms that regulate renal regeneration. One essential aspect of such research is the 50 

evaluation of nephron structure and function. This protocol describes a set of labeling 51 

techniques that can be used to gage renal composition and test nephron functionality in the 52 

adult zebrafish kidney. Thus, these methods are widely applicable to the future phenotypic 53 

characterization of adult zebrafish kidney injury paradigms, which include but are not limited 54 

to, nephrotoxicant exposure regimes or genetic methods of targeted cell death such as the 55 

nitroreductase mediated cell ablation technique. Further, these methods could be used to 56 

study genetic perturbations in adult kidney formation and could also be applied to assess renal 57 

status during chronic disease modeling. 58 

 59 

INTRODUCTION:  60 

The kidney is a complex organ that fulfills a multitude of physiological functions in the 61 

body. The foremost function of the kidney is metabolic waste excretion, and this task is closely 62 

intertwined with the maintenance of fluid homeostasis. The kidney performs these jobs by 63 

filtering the blood and forming urine, while concomitantly regulating blood pressure, 64 

electrolyte levels, and acid-base balance. Highly specialized epithelial tubules called nephrons 65 

serve as the basic functional unit of the kidney1,2. In adult vertebrates, nephrons are typically 66 

organized in a tightly coiled arrangement surrounding a centralized drainage system, thus 67 

allowing for many tubules to pack into the fairly small organ. For example, each human kidney 68 

can contain over 1 million nephrons3. Other mammals like the mouse possess on the order of 8-69 

10 thousand nephrons per kidney4. The degree of renal complexity differs between these 70 

mammals and other vertebrates due to variations in sheer nephron number and their 71 

architectural layout within the kidney. Vertebrate species form as many as three successive 72 

kidney structures during development, and each form displays increasing complexity with 73 

regard to nephron endowment and arrangement: the pronephros, mesonephros, and 74 

metanephros. The last renal structure to be retained serves as the adult kidney organ—typically 75 

a mesonephros or a metanephros2. Each kidney form, however, has a nephron-based 76 

composition2. 77 

The nephron is the workhorse of the kidney and is responsible for blood filtration along 78 

with metabolite secretion and reabsorption. Nephrons are simple tubular structures comprised 79 

of epithelial cells and have a segmental organization, in which discrete, highly specialized 80 

domains of differentiated epithelia perform specific tasks. In the order of filtrate flow through 81 

the nephron, there are typically three major parts that comprise each unit: (1) the renal 82 

corpuscle, (2) a tubule with proximal, intermediate, and distal segments, and (3) a collecting 83 

duct1. The proximal tubule is responsible for the reabsorption of organic solutes, most notably 84 

glucose and amino acids1. The intermediate tubule (or loop of Henle) is a major site of salt and 85 

water regulation1. Finally, fine-tuning of salt and other ions occurs in the distal tubule and 86 

collecting duct and is highly regulated by the endocrine system1. From there, the filtrate travels 87 

through the ureter and bladder, ultimately exiting the body as a waste product1. 88 
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The loss of renal function can stem from a multitude of causes that prevent normal 89 

nephron activity. These causes can occur during kidney development, e.g. congenital defects 90 

that lead to the malformation of nephrons5, or causes from different types of injury (stemming 91 

from both genetic and environmental origins). Acquired injuries are broadly categorized as 92 

acute kidney injury (AKI) or chronic kidney injury (CKD). AKI involves an abrupt loss of renal 93 

function, often resulting from ischemia or toxin exposure6,7. In mammals, nephron epithelial 94 

repair is possible after such injuries8, and many people exhibit full restoration of renal function 95 

after AKI. However, AKI is also associated with high morbidity and mortality that have been 96 

reported across a broad 30-70% incidence range6,7. CKD, in contrast, is associated with 97 

progressive loss of renal function that results from years of prolonged damage, typically 98 

associated with fibrosis8,9. Further, an interplay exists between AKI and CKD, as either one can 99 

predispose an individual to the other10-12. For instance, those who have suffered from AKI are 100 

more susceptible to CKD and even death13. The incidence of kidney disease, both in the US and 101 

worldwide, has reached epidemic proportions and is predicted to rise as the aged population 102 

expands—thus there is a growing need to identify regenerative medicine interventions for the 103 

kidney14,15. 104 

Despite the knowledge that AKI patients can recover, it has long been thought that the 105 

kidney is an organ without innate regenerative powers. This traditional view has been 106 

dramatically revised in recent years16. Studies investigating renal damage in mice and rats after 107 

AKI have shown that nephron tubule epithelial cells can proliferate and rebuild functional 108 

nephrons17-20. Although mammals possess this adaptive ability to regenerate nephrons, there 109 

are notable limitations and maladaptive responses can be triggered which lead to renal fibrosis 110 

and CKD21. For example, a recent study demonstrated that repeated epithelial cell ablation in 111 

murine nephrons was associated with diminished regeneration and renal fibrosis—suggesting 112 

nephrons have a limited regeneration threshold22. There is no evidence that the adult 113 

mammalian kidney forms new nephrons to replace lost or damaged ones, thus their destruction 114 

leads to a permanent nephron deficit8,9. Interestingly, some vertebrates do respond to AKI by 115 

regenerating nephron epithelia and by also producing new nephrons, a process referred to as 116 

neonephrogenesis or nephron neogenesis23. Neonephrogenesis occurs in fish after toxin 117 

exposure or partial resection, and injury models have historically included the goldfish24,25, 118 

tilapia26, skate27, medaka28, and more recently, the zebrafish29,30. Of these, zebrafish provide a 119 

viable genetic research model to discover the cellular and molecular pathways responsible for 120 

renal regeneration. 121 

In this video article, we demonstrate how to label nephron segments in adult zebrafish. 122 

Knowledge of nephron anatomy, molecular features, and functional characteristics are 123 

essential for successful future renal studies using zebrafish. The adult zebrafish kidney is a 124 

mesonephros structure and is inherently less complex in terms of nephron number and 125 

organization than the metanephros structure found in adult mammals, avians, and reptiles31. 126 

However, zebrafish nephron segment organization is analogous to mammals, and was first 127 

documented in the embryonic kidney based on gene expression studies31-35. Zebrafish embryo 128 

nephrons contain linear tubule segments that include the proximal convoluted tubule (PCT), 129 

proximal straight tubule (PST), distal early (DE), and distal late (DL)31-35 (Figure 1). Zebrafish 130 

adult nephrons possess similar tubular segments30,31,36,37 (Figure 1). The PCT can also be 131 

identified by a functional phenotype: epithelial cells in the PCT will incorporate fluorescently 132 
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labeled dextran compounds (10-70 kDA in size) present in the circulation, which has been used 133 

in both the embryonic and adult zebrafish kidney to assess measure endocytic uptake by these 134 

proximal tubule cells38-41 (Figure 1). One difference in nephron segments between zebrafish 135 

and mammals is that zebrafish lack an intermediate tubule, or loop of Henle30-37; since this 136 

segment functions in mammals to conserve water, and zebrafish are a freshwater species 137 

without an urgency to concentrate their urine, it is not surprising that zebrafish lack this 138 

segment32,33.  Thus, the overall nephron composition is largely conserved between the zebrafish 139 

and mammalian kidney32,33. These similarities have enabled zebrafish to be an effective 140 

research tool to investigate the functions of renal-expressed genes during developmental 141 

nephrogenesis32-35,42 and to model numerous kidney diseases43,44, thereby adding to the 142 

substantial list of human conditions that can be investigated using zebrafish45,46.  143 

Today, the adult zebrafish kidney is an attractive model for comparative studies of renal 144 

regeneration due to its genetic tractability and the expanding palate of technological resources 145 

available to interrogate gene function and signaling pathways in this species. Several studies 146 

have used the zebrafish mesonephros to investigate the mechanisms of regeneration after 147 

AKI29,30,37. For continued AKI research using the adult zebrafish kidney, it is essential to have 148 

exquisite methods to label different nephron regions and methods to survey nephron 149 

functionality. Several methods for adult kidney analysis have been adapted from embryonic 150 

kidney protocols. Intraperitoneal injection of fluorescently labeled dextran in the adult 151 

zebrafish labels the PCT epithelium in mesonephros nephrons via endocytosis30, as in zebrafish 152 

embryos38-41 (Figure 1). This method has been used to visualize when proximal tubules regain 153 

their reabsorbing property following AKI, which enables one assessment of restored 154 

physiological function30 (Figure 1).   Another feature of the nephron proximal tubule is that the 155 

epithelial cells in this segment possess a brush border37 that shows high levels of endogenous 156 

alkaline phosphatase activity. Thus, the proximal epithelium can be localized visually in the 157 

adult zebrafish kidney using a fluorescence-based technique known as ELF-(Enzyme-Labeled 158 

Fluorescence)-9747.  159 

Here, we describe how to perform fluorescent dextran uptake assays30,48 in the adult 160 

zebrafish kidney, so as to obtain a functional assessment of the proximal tubule and map the 161 

size and contours of this tubule segment. Next, we describe techniques to label the proximal 162 

tubule regions of the adult nephron with the fluorescent label alkaline phosphatase. Third, we 163 

show for the first time that the rhodamine-tagged lectin Dolichos biflorus agglutinin (DBA), 164 

which has been used as a general marker of the collecting ducts in the mammalian kidney49, 165 

marks the distal tubules of the adult zebrafish kidney. As DBA is mutually exclusive to alkaline 166 

phosphatase staining, these labels provide a way to broadly distinguish pan-proximal versus 167 

pan-distal stretches of the adult zebrafish nephron. Throughout the implementation of these 168 

fluorescent stains in both whole mount and cryostat histological sections, we correlate these 169 

labels with expression domains of solute transporter genes that uniquely identify each nephron 170 

segment.  Therefore this protocol also contains a guide to the modified tissue processing 171 

procedures for adult tissue whole mount in situ hybridization (WISH) analysis based on our 172 

embryo WISH protocol50. These procedures can be used in various combinations (Figure 2) to 173 

document morphological and functional attributes of adult zebrafish kidney nephrons. Thus, 174 

these protocols can be applied to regeneration studies, the phenotypic characterization of 175 

other renal disease models, and even used to study formation of the adult kidney.  176 
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PROTOCOL:  177 

The procedures for working with zebrafish described in this protocol were approved by the 178 

Institutional Animal Care and Use Committee at the University of Notre Dame. Note: A guide to 179 

kidney and nephron anatomy in the zebrafish is provided (Figure 1). An overview of the 180 

methodologies described in this protocol is provided as a flow chart (Figure 2) to illustrate how 181 

multiple labeling procedures can be performed on the same kidney sample. For Part 7 on WISH 182 

preparation for adult kidney studies, the steps provided here indicate how to modify the 183 

processing of zebrafish embryos, as recently published50, to provide a technical guide for 184 

successful WISH analysis of the kidney organ. 185 

 186 

1. Adult zebrafish intraperitoneal injection with dextran of interest. 187 

 188 

1.1) Prepare the desired fluorescently labeled dextran stock(s) by dissolving the dextran 189 

powder in distilled water at a concentration of 50 mg/ml, then store aliquots in microcentrifuge 190 

tubes at -20 C in the dark. Note: Various fluorescently labeled dextrans are commercially 191 

available. Select the dextran for use in based on the combination of other labels that are 192 

desired, and make sure the appropriate fluorescent filters are available with the microscopes 193 

that will be utilized. Lysine-fixable dextrans show fluorescence without any further labeling 194 

steps in living samples, unfixed tissue sample from euthanized specimens, and fixed specimens.  195 

 196 

1.2) Thaw the desired dextran stock and store on ice in the dark while performing steps 1.3-1.5. 197 

Wrap the microcentrifuge tube in aluminum foil to protect it from light while handling. 198 

 199 

1.3) Anesthetize an adult zebrafish between 5-7 months in age by placing the fish into a dish 200 

containing either 0.02% tricaine or 0.001% 2-phenoxyethanol for approximately 1-2 minutes. 201 

Note: It is preferable to use adult zebrafish of this age range because younger fish can have 202 

small kidneys that are difficult to dissect, and kidney samples from old fish can contain masses 203 

of scar tissue that cannot be analyzed. When properly anesthetized, the adult zebrafish will not 204 

exhibit a response to touch stimulation, which can be tested by using a spoon or blunt probe to 205 

gently touch the caudal fin of the fish.  206 

 207 

1.4) Using a plastic spoon, lift the fish from the dish, decant the solution and carefully place the 208 

animal on a wet sponge mold, ventral side up. 209 

 210 

1.5) Using a 31 gauge 1.0 cc insulin syringe, inject 20 μl of thawed dextran stock solution into 211 

the intraperitoneal space. Orient the needle so that insertion occurs at a shallow angle at the 212 

ventral midline of the abdomen.  To avoid injecting the organs, insert the needle then slightly 213 

raise it so as to lift the body wall of the fish and create a space in which to inject the dextran 214 

solution48. Note: Alternatively, the dextran stock can be diluted, e.g. at a ratio of 1:2 or 2:1 215 

(dextran:distilled water), to reduce background fluorescence in the sample. 216 

 217 

1.6) Gently return the fish to the tank to allow recovery from anesthesia. Note: Uptake of 218 

dextran by the proximal tubule segment occurs within 8-12 hours and can be detected for at 219 

least up to 3 days post-injection (dpi). Analysis at 3 dpi provides strong tubule signal with low 220 
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background fluorescence in the renal stromal populations. Proceed to Part 2 for whole mount 221 

examination of dextran uptake alone, if additional labeling is not desired. For combinatorial 222 

labeling, proceed to Part 3 to prepare the tissue for whole mount examination of dextran 223 

uptake, then Part 4 to double-label with alkaline phosphatase and/or Part 5, to perform DBA 224 

double- or triple-labeling. For research using histological sections, proceed to Part 6 for 225 

instructions regarding how to make fine slides of the kidney using a cryostat and how to stain 226 

with these with various labels and/or immunohistochemistry with primary and secondary 227 

antibodies. 228 

 229 

2. Dissection and flat mount preparation of the adult zebrafish kidney from an unfixed animal 230 

sample to visualize fluorescent dextran labeling of the proximal tubule. 231 

  232 

2.1) Euthanize the dextran-injected adult zebrafish by placing it into a dish with 0.2% Tricaine 233 

pH 7.0 for 4-5 minutes. Note: Ensure that the fish has been euthanized before proceeding, by 234 

monitoring carefully whether the gills have ceased movement and the heart has stopped 235 

beating36. 236 

  237 

2.2) Using a plastic spoon, lift the fish from the Tricaine solution, decant the solution and place 238 

the animal on a tissue or paper towel.  239 

 240 

2.3) Use a sharp pair of dissection scissors to make a cut behind the gill operculum and remove 241 

the head. 242 

 243 

2.4) Immediately open the body of the fish with the dissection scissors by making a long ventral 244 

incision from the head to the base of the caudal fin. 245 

 246 

2.5) Remove the internal organs of the fish using a pair of fine forceps. 247 

 248 

2.6) Use super-fine dissection needles to pin open the body walls so as to allow visualization of 249 

the kidney organ, which is adherent to the dorsal wall of the animal. 250 

 251 

2.7) Use fine forceps to detach the kidney from the dorsal wall. 252 

 253 

2.8) Gently place the kidney into a 5 ml glass vial containing 1X Pbs and wash 3 times with 3-5 254 

ml of fresh 1X Pbs for 5 minutes each. Note: The use of a glass vial for handling of adult kidney 255 

samples facilitates visualization of the tissue and allows for washes with large volumes (relative 256 

to the tissue mass) of approximately 3-5 ml. Alternatively, a 12-well cell culture dish can be 257 

used. While a plastic microcentrifuge tube could be used, the standard sized tubes (1.5 ml) 258 

could restrict the washing. 259 

 260 

2.9) Remove the kidney with a transfer pipet and place onto a clean glass slide with 1-2 drops of 261 

1X Pbs. 262 

 263 
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2.10) Use fine forceps to flatten the kidney on the slide, making sure no tissue has curled or 264 

otherwise overturned on itself. Note: Alternatively, a tungsten wire tool can be used to make 265 

small incisions in the connective tissue to facilitate flat positioning of the kidney. 266 

 267 

2.11) Place small pieces of modeling clay on each corner of an 18 x 18 mm glass coverslip and 268 

slowly set the coverslip onto the kidney. Note: Slightly angle the coverslip during placement to 269 

minimize trapping air bubbles in the solution50. The modeling clay divots are approximately 2 270 

mm in diameter (see Figure 2A). Alternatively, divots of vacuum grease can be substituted in 271 

lieu of modeling clay. Add an additional drop of 1X Pbs to fill the space between the coverslip 272 

and glass slide if necessary. 273 

 274 

2.12) Observe and/or image the kidney by placing the glass slide into the field of view on a 275 

stereomicroscope or compound microscope with the appropriate filter. Note: Refer to Figure 276 

2A for macroscopic appearance of this slide preparation). 277 

 278 

3. Fixation, dissection, permeabilization and removal of pigmentation of the adult zebrafish 279 

kidney. 280 

 281 

3.1) Prepare a fresh fixative solution of 4 % paraformaldehyde (PFA)/ 1X Pbs/ 0.1% DMSO or 282 

thaw a frozen aliquot of 4 % PFA/1 X Pbs and add 0.1 % DMSO. Caution: PFA is toxic and PFA 283 

solutions should be handled at a chemical hood while wearing suitable personal protective 284 

equipment, including gloves and a lab coat. In addition, PFA powder should be handled with 285 

care when making the stock solution.  286 

 287 

3.2) Fill a dissection tray with enough fixative solution to submerge the entire animal. 288 

 289 

3.3) Euthanize and mount the selected zebrafish in fixation solution (refer to Steps 2.2-2.6). 290 

Note: The selected fish can be an untreated zebrafish kidney specimen, or a kidney isolated 291 

from a zebrafish that previously received an intraperitoneal dextran injection (Part 1).  292 

 293 

3.4) Fix the sample overnight (12-16 hours) at 4 oC. 294 

 295 

3.5) The following day, use fine forceps to carefully detach the kidney from the dorsal body wall 296 

and place the organ into a glass vial using a transfer pipet. Note: Alternatively, a 12-well or 24-297 

well culture dish can be used. While a plastic microcentrifuge tube could be used, the standard 298 

sized tubes (1.5 ml) could restrict the washing. 299 

 300 

3.6) Wash the dissected kidney 3 times with 3-5 mls of 1X Pbs with 0.05 % Tween for 5 minutes 301 

each. 302 

 303 

3.7) Remove the 1X Pbs with 0.05 % Tween and rinse the kidney with 3 mls of a 5% sucrose 304 

solution (in 1X Pbs) for 30 minutes. 305 

 306 
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3.8) Replace with 3 mls of 30 % sucrose solution (in 1X Pbs) and store overnight (12-16 hours) at 307 

4 oC. Note: The sucrose solutions permeabilize the cellular membranes, subsequently allowing 308 

specific labeling of reagents as they penetrate the tissue. 309 

 310 

3.9) The following day, remove the 30 % sucrose solution and wash the kidney 2 times with 5 311 

mls of 1X Pbs with 0.05 % Tween for 5 minutes each. 312 

 313 

3.10) Replace the 1X Pbs with 0.05 % Tween with 3-5 mls of bleaching solution to remove the 314 

melanocyte pigmentation present on the kidney organ.  315 

 316 

3.11) Place glass vial on a rotator and watch carefully as pigmentation disappears. Note: 317 

Depigmentation typically takes approximately 20 minutes when performed after sucrose 318 

treatment, but occasionally can take as long as 60 minutes. If the bleaching solution is left on 319 

the kidney for too long, disintegration of the organ can occur; it is advised to monitor the 320 

sample every 10-15 minutes to check tissue integrity.  321 

 322 

3.12) When the pigmentation has been removed from the kidney, wash twice with 3-5 mls of 323 

1X Pbs with 0.05 % Tween. 324 

 325 

3.13) Replace the 1X Pbs with 0.05 % Tween with 3-5 mls of 4% PFA solution for 1 hour at room 326 

temperature.  327 

 328 

3.14) Remove the 4% PFA solution and wash the kidney 3 times with 3-5 mls of 1X Pbs with 329 

0.05 % Tween for 5 minutes each. Note: Once fixation is complete, the kidney also can be 330 

mounted on a glass slide and evaluated for dextran uptake sans the melanocyte pigmentation, 331 

by performing Steps 2.8-2.12. 332 

 333 

3.15) Remove the 1X Pbs with 0.05 % Tween and replace with 3-5 mls of blocking solution, then 334 

incubate the kidney at room temperature in the block for 2 hours.  335 

 336 

3.16) When blocking is complete, proceed directly to the selected staining protocol. Note: The 337 

kidney can now be processed through one or more other procedures in order to conduct 338 

labeling studies with different reagents. For whole mount labeling of the proximal tubule with 339 

only alkaline phosphatase, proceed to Section 4. For whole mount labeling of only the distal 340 

tubule go to Section 5. Alternatively, Sections 4 and 5 can be performed in linear succession for 341 

dual detection in whole mount.  342 

 343 

4. Labeling the adult kidney proximal tubule segments with alkaline phosphatase detection. 344 

 345 

4.1) Remove the block and wash the kidney 3 times with 3-5 mls of 1X Pbs with 0.05 % Tween 346 

for 5 minutes each, and then replace the 1X Pbs with 0.05 % Tween with 3-5 mls of 1X Pbs. Let 347 

the kidney soak for at least 10 minutes. Note: During this time, transfer the kidney to a 12-well 348 

or 24-well culture dish if the tissue has been kept in a glass vial for previous processing steps. 349 

 350 
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4.2) Replace the 1X Pbs with the sufficient working alkaline phosphatase substrate solution 351 

(Refer to detection kit located in the Table of Materials) to cover the sample, then place the 352 

sample on a rotator for 30 minutes at room temperature. 353 

 354 

4.3) Stop the reaction by washing the kidney in alkaline phosphatase wash buffer solution.  355 

 356 

4.4) Rinse the kidney with 3 changes of wash buffer solution over 10-15 minutes. Note: After 357 

this step, proceed directly to Part 5, Step 5.1 (thus temporarily omitting Steps 4.5-4.6) if 358 

labeling with DBA is also desired. Optional step: To label and visualize cell nuclei in the organ, 359 

soak the kidney in propidium iodide solution. Prepare a propidium iodide stock by dissolving 360 

the powder at a concentration of 1 mg/mL (1.5 mM) in distilled water. Dilute the stock to 500 361 

nM in 2X SSC and incubate the kidney in this solution for 30 minutes. Rinse with 1X Pbs and 362 

proceed to Step 4.5.  363 

  364 

4.5) Remove the wash buffer solution and mount the kidney onto a clean glass slide in the 365 

phosphatase mounting medium included in the labeling kit (Refer to Steps 2.9-2.12). Note: The 366 

mounting medium has replaced the 1X Pbs from step 2.9. 367 

 368 

4.6) Visualize the alkaline phosphatase stained kidney using a stereomicroscope or compound 369 

microscope with a Hoechst/DAPI filter set. Note: Optional step: Visualize the propidium iodide 370 

using a tetramethyl-rhodamine (TRITC) or Texas red filter. 371 

 372 

5. Demarcating the adult kidney distal tubule segments with rhodamine DBA. 373 

 374 

5.1) Prepare a 200 l working DBA solution by diluting DBA (2 mg/ml) 1:100 in 1X Pbs. 375 

 376 

5.2) Replace the 1X Pbs with 0.05 % Tween solution with the 200 l DBA solution. 377 

 378 

5.3) Place on rotator for 1 hour at room temperature. 379 

 380 

5.4) Remove the DBA solution and wash the kidney 3 times with 3-5 mls of 1X Pbs for 5 minutes 381 

each. Note: Optional step: To label and visualize cell nuclei in the organ along with the DBA 382 

label, soak the kidney in DAPI solution to detect with a Hoechst/DAPI filter (rhodamine DBA 383 

stain can be detected with a TRITC or Texas red filter). Prepare a DAPI stock by dissolving 384 

powder at a concentration of 5 mg/ml (14.3 mM). Dilute the stock to 300 nM in 2X SSC and 385 

incubate the kidney in this solution for 20 minutes. Rinse with 1X Pbs and proceed to step 5.5. If 386 

Part 4 processing has been performed, keep in mind that DAPI and alkaline phosphatase are 387 

both detected with a Hoechst/DAPI filter. 388 

 389 

5.5.) Remove the 1X Pbs and mount the kidney on a clean glass slide (refer to Steps 2.9-2.12). 390 

 391 

5.6) Visualize the DBA-stained distal segments of the kidney using a standard TRITC or Texas red 392 

filter set on an fluorescent stereomicroscope or compound microscope. Note: Optional step: 393 

Visualize the DAPI using a Hoechst/DAPI filter. 394 
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6. Embedding, cryosectioning and staining (vital dyes and immunohistochemistry labeling) of 395 

adult zebrafish kidney tissue. 396 

 397 

6.1) Select fish for analysis, then euthanize, fix, and permeabilize as described (Steps 3.2-3.8). 398 

Note: Fix adult fish in 9:1 ethanol:formaldehyde/ 0.1% DMSO in lieu of 4% paraformaldehyde/ 399 

1X Pbs/ 0.1% DMSO for the cryosection procedure to produce sections for dextran, alkaline 400 

phosphatase, and DBA visualization. However, keep in mind that paraformaldehyde-based 401 

fixations can be compatible for some immunohistochemistry procedures. Further, bleaching of 402 

the adult kidney is not needed for cryosection analysis, because the melanocytes are superficial 403 

and do not affect visualization of nephron cells that comprise the "inside" of the kidney organ.  404 

 405 

6.2) The following day, remove the 30% sucrose solution and replace with 1:1 tissue freezing 406 

medium:30% sucrose for 4 hours at room temperature. 407 

 408 

6.3) Remove the 1:1 solution and embed kidney samples in 100% tissue freezing medium in 409 

cryomolds and place at -80 oC for at least 1 hour. 410 

 411 

6.4) Transversely cut serial sections, approximately 12 μm thick, through the entire adult 412 

kidney. 413 

 414 

6.5) Mount frozen cryosections onto adhesive microscope slides and allow to air dry for 1 hour 415 

at 50 oC. 416 

 417 

6.6) Store slides at -80 oC until use. 418 

 419 

6.7) When cryosections are ready to be labeled, remove the microscope slides from -80 oC and 420 

place on slide warmer at 50 oC for 45 minutes. 421 

 422 

6.8) Using a liquid blocker pen, draw a circle around the cryosections and let dry for 15 minutes 423 

on the slide warmer at 50 oC. 424 

 425 

6.9) Remove slides from the slide warmer and place flat in a humidity chamber at room 426 

temperature.  427 

 428 

6.10) Rehydrate the cryosections by adding 1X Pbs with 0.05 % Tween to the encircled portion 429 

of the slides for 20 minutes. Note: Approximately 200-300 μl is needed to cover each encircled 430 

portion on a slide. 431 

 432 

6.11) Replace the 1X Pbs with 0.05 % Tween solution with fresh 1X Pbs and incubate for 10 433 

minutes. 434 

 435 

6.12) Remove 1X Pbs and incubate cryosections in a blocking solution for 2 hours. Note: For a 436 

10 mL blocking solution, combine 8 mL 1X Pbs with 0.05 % Tween, 2 mL fetal calf serum and 437 

150 μl DMSO. To perform immunohistochemistry after the blocking step, incubate the slide 438 
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with the desired primary antibody diluted in fresh block overnight at 4 oC, wash once using 1X 439 

Pbs with 0.05 % Tween, incubate for two hours at room temperature with secondary antibody 440 

solution diluted in 1X Pbs with 0.05 % Tween, wash once using 1X Pbs with 0.05 % Tween, and 441 

mount a coverslip on the slide with mounting medium. The required antibody dilutions will vary 442 

and trials should be performed to select the optimal dilutions. Antigen retrieval can also 443 

facilitate immunolabeling, and is performed before blocking. Immediately after slides are 444 

thawed at 50 oC (Step 6.8) incubate the cryosections between 95 oC-100 oC for 40 minutes in 445 

preheated 10 mM sodium citrate buffer.  Cool the slides for 30 minutes, then wash twice in 1X 446 

Pbs with 0.05 % Tween, and proceed to Step 6.11.  447 

 448 

6.13) Remove the blocking solution and wash cryosections 3 times with 1X Pbs for 5 minutes 449 

each. 450 

 451 

6.14) Replace 1X Pbs with DBA staining solution and incubate for 1 hour. Note: Dilute 1 μl DBA 452 

in 99 μl of 1X Pbs to make a 100 μl staining solution. 453 

 454 

6.15) Remove the DBA staining solution and wash cryosections 3 times with 1X Pbs for 5 455 

minutes each. 456 

 457 

6.16) Apply alkaline phosphatase label and incubate on cryosections for 10 minutes.  458 

 459 

6.17) Wash alkaline phosphatase off the cryosections with a series of 3 washes of wash buffer 460 

for 10 minutes each. Note: For a 100 mL solution of washing buffer, combine 5 mL of 0.5 M 461 

EDTA and 120 mg of levamisole into 95 mL of 1X Pbs. To label nuclei, incubate the sections with 462 

propidium iodide or DAPI at the dilutions previously noted (Steps 4.4, 5.4, respectively) for 30 463 

minutes at room temperature. Select a nuclear stain compatible with the combination of other 464 

fluorescent stains that have been chosen. 465 

 466 

6.18) Remove all liquid from the cryosections and place 2 drops of mounting medium on 467 

microscope slide. 468 

 469 

6.19) Carefully place micro cover glass onto the microscope slide. Cryosections are now ready 470 

to image with the appropriate filter(s). 471 

 472 

7. WISH processing for adult zebrafish kidney samples. 473 

 474 

7.1) Select the desired zebrafish specimen(s), euthanize, fix and dissect the kidney as described 475 

(Steps 3.1-3.5). Note: It is essential to use a fixative solution of 4 % paraformaldehyde (PFA)/ 1X 476 

Pbs with 0.1% DMSO to permeabilize the kidney. Place the kidney into a glass vial for easy 477 

visualization during subsequent processing steps. 478 

 479 

7.2) Remove the fixative and wash the kidney twice with 5 mls of 1X Pbst. 480 

 481 
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7.3) Remove the 1X Pbst and wash the kidney twice with 100 % methanol, then incubate the 482 

kidney at -80 oC for at least 20 minutes to permeabilize. Note: Dissected kidneys can be stored 483 

indefinitely -80 oC.  484 

 485 

7.4) Rehydrate the kidney by performing a series of 5 minute washes with 3-5 mls of 50 % 486 

methanol/1X Pbst, 30 % methanol/1X Pbst, and twice with 1X Pbst. 487 

 488 

7.5) Bleach the kidney to remove pigmentation as described (Steps 3.10-3.14). 489 

 490 

7.6) Treat the kidney with 10 µg/ml proteinase K/1X Pbst with 0.1% DMSO for 20 minutes, then 491 

rinse twice with 1X Pbst and post-fix in 4% PFA/1X Pbst for 20 minutes to overnight. Note: 492 

Always prepare the proteinase K working solution immediately before sample digestion by 493 

combining 50 µl of freshly thawed proteinase K stock (10 mg/ml), 50 mls of 1X Pbst, and 50 µl 494 

of DMSO.  495 

 496 

7.7) Process the kidney for single or double WISH following the steps for riboprobe synthesis, 497 

prehybridization, hybridization, anti-digoxygenin/anti-fluoroscein antibody incubation and 498 

detection as recently described49. Note: Whole mount imaging of kidney stains should be 499 

performed within several days of performing the staining reaction. Nephron stains tend to fade 500 

very quickly, especially red substrate labels. For nephron photography, flat mount the kidney 501 

sample as described above in Steps 2.10 to 2.12, and image using a stereo- or compound 502 

microscope. Differential interference contrast filters can be employed to better visualize the 503 

cellular outlines of nephrons to facilitate sample analysis. 504 

 505 

REPRESENTATIVE RESULTS:  506 

Each of the protocols was performed on wild type zebrafish. Examples of the data 507 

obtained document the normal structural composition and properties of the nephrons within 508 

the healthy adult zebrafish kidney. The adult zebrafish possesses a mesonephros, or second 509 

kidney form that is located on the dorsal body wall (Figure 1A). The adult kidney is relatively flat 510 

and contains a so-called head, trunk, and tail region with superficial melanocytes scattered 511 

throughout these regions (Figure 1A). The renal tissue contains branched arrays of nephrons 512 

that connect and drain into central collecting ducts (Figure 1A).  Each nephron is polarized 513 

along its length, with a blood filter (or renal corpuscle) at one end, followed by a series of 514 

tubule segments, and lastly terminating at a duct that collects the solution that will be excreted 515 

(Figure 1A). Each adult nephron tubule contains proximal and distal segments of cells, 516 

demarcated by the expression of specific solute transporters30,31,36,37, which is conserved with 517 

the segmental pattern exhibited by embryonic nephrons31-35 (Figure 1B). For example, cubilin 518 

transcripts mark the proximal tubule39 (PCT and PST) and clcnk transcripts mark the distal 519 

tubule32 (DE and DL) (Figure 1B). Further, the PCT segment is distinguished by expression of 520 

slc20a1a, the PST is distinguished by expression of slc13a1, the DE is distinguished by 521 

expression of slc12a1, and the DL is distinguished by expression of slc12a332 (Figure 1B). 522 

Differences between adult nephron tubules compared to embryonic ones are that distal 523 

segments display convolutions (DE, DL) and the DL segment branches extensively in the adult, 524 

which is distinct from the linear, non-branched anatomy of these regions in the embryo30,31,36,37 525 
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(Figure 1A). In both adult30 and embryonic38-41 nephron tubules, the PCT epithelium can be 526 

distinguished due to its endocytic properties: it can be visualized and assessed for reabsorptive 527 

function based on the ability to uptake fluorescent dextran conjugates (Figure 1B). Further, as 528 

demonstrated in the subsequent figures, the adult proximal tubule (PCT and PST, or pan-529 

proximal region) is labeled by alkaline phosphatase, while the distal tubule (DE and DL, or the 530 

pan-distal region) is labeled by DBA (Figure 1B). The methods used herein to label adult 531 

zebrafish nephron segments using dextran uptake, alkaline phosphatase, DBA, 532 

immunohistochemistry or WISH can be performed in various combinations, in whole mount or 533 

with histological sections of renal tissue (Figure 2). This allows for great flexibility and variety 534 

when nephron composition is to be assessed (Figure 2). 535 

The adult kidney can be mounted flat on a glass slide for analysis, with divots of 536 

modeling clay (or alternatively, vacuum grease) used to suspend the coverslip over the tissue 537 

(Figure 3A). As the typical kidney length is approximately 5-7 mm, it has a size conducive to 538 

imaging on a stereo or compound microscope (Figure 3A). Under brightfield lighting, a 539 

superficial population of melanocytes with black pigmentation can be visualized in association 540 

with the kidney tissue, and vasculature such as the aorta can be seen because the circulating 541 

erythrocytes have a red hue (Figure 3B). Following intraperitoneal injection of dextran-FITC, 542 

PCT domains located throughout the mesonephros were still labeled 3 days later, and imaged 543 

using a FITC filter on a fluorescent microscope (Figure 3C). While melanocytes partly obscure 544 

the visualization of individual renal tubules (Figure 3C’), the melanocytes do not prevent 545 

quantification of nephron number or the evaluation of tubule diameter and length. Following 546 

intraperitoneal injection of dextran fluoro-ruby, bleaching of the fixed sample eliminated the 547 

melanocyte pigmentation, and PCT segments were observed with brightfield lighting alone 548 

(Figure 3D). Lipid droplets from the abdominal body cavity can sometimes be seen in 549 

association with whole kidney organ preparations (Figure 3D). Individual PCT segments show 550 

convolutions, coils (Figure 3D’) but also can be characterized by relatively linear stretches 551 

(Figure 3D”). 552 

Different dextran conjugates provided different levels of overall clarity in proximal 553 

tubule labeling. In particular, dextran-FITC or dextran fluoro-ruby led to crisp nephron labels 554 

with minimal background (Figure 3C-D”). Both the dextran cascade blue and lucifer yellow 555 

conjugates showed proximal tubule uptake in the adult kidney (Figure 4A, 4B). Interestingly, 556 

kidneys exposed to dextran cascade blue showed relatively specific PCT fluorescence with some 557 

background (Figure 4A, 4A’), while kidneys exposed to dextran lucifer yellow had labeled PCT 558 

segments but showed noticeable background signal, with non-specific fluorescent staining 559 

present throughout in the renal stroma, or the space between the nephrons (Figure 4B, 4B’). 560 

Finally, the use of dextran-fluoro ruby provided superior proximal tubule labeling, with minimal 561 

or no background even when viewed at a range of different magnifications (Figure 4C, 4C’). In 562 

all cases, the distinctive tubular pattern of dextran conjugate uptake correlated with the WISH 563 

expression of transcripts encoding slc20a1a, an established PCT-specific marker30-32 (Figure 4D).  564 

Nephron PCT segments stained with slc20a1a antisense riboprobe displayed S-shaped PCT coils, 565 

as well as less sharply coiled PCT segments (Figure 4D’), as observed during labeled dextran 566 

conjugate assays (e.g. Figure 3D’, 3D”). 567 

 Other kidney preparations, such as detection of the proximal tubule alkaline 568 

phosphatase activity (Figure 5A, 5B, 5C) were similarly performed after removal of the 569 
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melanocyte pigmentation. This allowed for proximal tubule nephron imaging and analysis 570 

without any obstruction. Endogenous alkaline phosphatase reactivity in the nephron is one 571 

major hallmark of the proximal tubule1,47. Alkaline phosphatase staining is highly specific for 572 

proximal nephron regions, as compared to the pan-proximal WISH expression pattern of the 573 

gene cubilin39 (Figure 5D, 5D’). Alkaline phosphatase reactivity was most intense in the first 574 

section of the proximal tubule that corresponds to the PCT (Figure 5B), similar to the pattern of 575 

cubilin expression (Figure 5D, 5D’), which also had highest relative transcript levels in the PCT. 576 

The PCT was distinguished by its slightly wider diameter, specific expression of the transcription 577 

factor mafba (Figure 5E, 5E’), and specific expression of the solute transporter gene slc20a1a 578 

(Figure 4D, 4D’). Alkaline phosphatase reactivity also labeled a stretch of proximal tubule with a 579 

thinner diameter that corresponds to the PST segment (Figure 5B) based on comparison to the 580 

segment-specific transcript expression of the solute transporter gene slc13a1 (Figure 5F, 5F’). 581 

The WISH expression domains of the PCT marker slc20a1a and PST marker slc13a1 are mutually 582 

exclusive (Figure 5G), and close examination of single nephrons showed that these respective 583 

domains abut, with little if any gap between them, and that together they recapitulate the 584 

expression domain of cubilin (black arrowheads in Figure 5G’, 5G”, 5G”’).  585 

To further confirm the relationship of alkaline phosphatase reactivity with proximal 586 

tubule identity, whole mount co-labeling of alkaline phosphatase staining was performed on   587 

kidneys from zebrafish that received an intraperitoneal injection of dextran fluoro-ruby 3 days 588 

prior (Figure 6A, 6B, 6C). Dextran fluoro-ruby showed overlap with alkaline phosphatase in just 589 

the wider-diameter portion of the proximal tubule domain that corresponds to the PCT 590 

(examples in Figure 6D, 6E, 6F, 6G, 6H, 6I). The dextran-positive domain abruptly stopped at 591 

the site where the diameter of the proximal tubule thinned, i.e. where the PCT and PST met, 592 

(white arrowheads in Figure 6) and only alkaline phosphatase reactivity was observed in the 593 

subsequent PST segment (examples in Figure 6D, 6E, 6F, 6G, 6H, 6I). Background fluorescence 594 

from the alkaline phosphatase reaction also dimly outlined the pair of parallel major collecting 595 

duct tracks found in the adult kidney29,30—ducts which are distinguished by having the widest 596 

diameter of any renal-associated tube (asterisks in Figure 6A, 6D, 6E, 6G, 6H). Next, the co-597 

labeling of nephron tubules with alkaline phosphatase and dextran uptake was observed in 598 

cryosection analysis (Figure 6J, tubule perimeters outlined with white dots). In cross-section, 599 

the alkaline phosphatase reactivity was noted in a thick band at the apical surface of the tubular 600 

epithelium, consistent with brush border ultrastructure, while the corresponding tubular cell 601 

cytosolic space showed dextran fluoro-ruby reactivity (Figure 6J). Notably, stained tubules were 602 

either double positive for alkaline phosphatase and dextran, leading to their identification as 603 

PCT segments, or singly positive for alkaline phosphatase (Figure 6J, tubule perimeter outlined 604 

in yellow dots), leading to an identification as a PST segment (note: other tubules present were 605 

negative for both stains, data not shown) (Figure 6J). Further, alkaline phosphatase staining 606 

(Figure 6K) was successfully combined with a nuclear label, propidium iodide (Figure 6L), 607 

facilitating cell counting (overlay in Figure 6M).  608 

The distal tubule of the adult zebrafish nephron was labeled with rhodamine-conjugated 609 

DBA (Figure 7). Whole mount double-labeling with DBA and alkaline phosphatase was 610 

performed on kidneys from wildtype zebrafish (Figure 7A, 7B, 7C). DBA and alkaline 611 

phosphatase reactivity showed no overlap in nephron tubules (Figure 7D, 7E, 7F, 7G, 7H). DBA 612 

stained tubules showed a markedly thinner diameter compared to alkaline phosphatase 613 
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positive tubules, and DBA tubules were often branched (white arrowheads, Figure 7G, 7H, 7J), 614 

whereas branching was never observed in tubule segments stained with alkaline phosphatase.  615 

Renal cryosections were collected from wildtype zebrafish that carry a transgene in which the 616 

enpep promoter drives eGFP (Tg:enpep:eGFP), as GFP labels both the proximal and distal 617 

nephron tubules51 (Figure 7I). Immunohistochemistry was performed to detect GFP, so as to 618 

label all of the renal tubules (green, Figure 7I), followed by fluorescent labeling with alkaline 619 

phosphatase and DBA (turquoise and red, respectively, Figure 7I). Analysis of tubule sections 620 

revealed that tubules were either positive for alkaline phosphatase or DBA, but not both labels 621 

(Figure 7I). Only rare tubules showed reactivity with neither alkaline phosphatase nor DBA 622 

stain, possibly due to the angle of the tubule section (white arrow, Figure 7I). Further, DBA 623 

staining was successfully combined in whole mount kidney staining with the nuclear label DAPI 624 

(Figure 7J), again emphasizing the characteristic branched nature of the distal tubule segments 
625 

(white arrowheads, Figure 7J). 626 

Next, to further compare the patterns of dextran-FITC uptake, alkaline phosphatase, and 627 

DBA, triple labeling was examined by intraperitoneally injecting adult zebrafish with dextran-628 

FITC, followed by kidney isolation 3 days later followed by cryosectioning and staining for 629 

alkaline phosphatase and DBA (examples provided in Figure 8A-E). Renal tubules showed three 630 

categories of label combinations: tubules that were double positive for alkaline phosphatase 631 

and dextran denoted PCT segments (white dotted lines), tubules positive for alkaline 632 

phosphatase alone denoted PST segments (yellow dotted lines), and distal tubules were labeled 633 

by just DBA (red dotted outlines) (Figure 8A, 8B, 8C, 8D, 8E). Further, only DBA positive tubules 634 

exhibited branch points (Figure 8E). By WISH analysis, this distinctive branching pattern of the 635 

distal, DBA positive tubules correlated with the gene expression patterns of solute transporter 636 

transcripts that are specific for distal tubule segments (Figure 8F-I). Transcripts encoding clcnk, 637 

which marks the entire distal tubule (DE and DL) were thin in diameter, plentiful in the kidney, 638 

and contained branch points (black arrowhead) (Figure 8F, 8F’). In comparison, tubule 639 

segments that showed expression of slc12a1 or slc12a3, which are markers of the DE and DL, 640 

respectively, were less plentiful in kidney samples overall compared to clcnk expression 641 

(compare Figure 8G and 8H to 8F). Further, tubule segments that expressed slc12a1 were 642 

rarely, if ever, branched (Figure 8G, 8G’), whereas tubule regions that expressed slc12a3 were 643 

frequently branched in characteristic pinwheel-like arrangements (Figure 8H, 8H’, 8H”, 8H”’, 644 

black arrowheads). Finally, double WISH for the PCT marker slc20a1a and the distal marker 645 

clcnk showed that these stains were not overlapping (Figure 8I). Notably, the stretches of 646 

slc20a1a-expressing PCT segments were not attached to clcnk-expressing tubules, which was 647 

expected since the PST is situated between these regions (Figure 8I). Taken together, the assays 648 

of labeling renal tubules with dextran uptake, alkaline phosphatase reactivity, DBA, and WISH 649 

for specific gene transcripts, enables the discernment of proximal versus distal segments.  650 

  651 

Figure Legends:  652 

 653 

Figure 1: Nephron anatomy in the adult zebrafish kidney. Schematic drawings of the (A) adult 654 

zebrafish kidney and (B) a comparison chart of segment molecular characteristics exhibited by 655 

adult and embryonic zebrafish nephrons. (A) (Top left) The adult kidney is a flat organ located 656 

on the dorsal body wall. (Top right), When viewed from a ventral perspective, the kidney has a 657 
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distinctive curved morphology, consisting of head, trunk and tail regions, and also has a surface 658 

population of associated melanocytes. Enlargement (bottom left) shows a schematic of a typical 659 

nephron tree in the adult zebrafish kidney, in which each single nephron possesses a blood 660 

filter (renal corpuscle) on one end, followed by a proximal tubule, distal tubule, and duct. 661 

Colored schematic (bottom right) shows a linear diagram of one adult nephron tree to compare 662 

segment characteristics with those of embryonic nephrons (B). The zebrafish embryo nephrons 663 

contain tubule segments that include the proximal convoluted tubule (PCT), proximal straight 664 

tubule (PST), distal early (DE), and distal late (DL), with respective gene expression domains 665 

listed below. Nephrons in the adult zebrafish have a similar segmental composition and 666 

analogous molecular signature based on the expression domains of genes that encode solute 667 

transporters, although a notable distinction compared to the embryo is that several nephrons 668 

can be united through a branched DL segment.  669 

 670 

Figure 2: Flowchart map indicating the relationship between the methods depicted in this 671 

protocol, indicating how the methods can be performed singly or in assorted combinations. 672 

Following intraperitoneal injection of labeled lysine-fixable dextran into the adult zebrafish, the 673 

kidney can be visualized in a whole mount preparation, either alone or in combination with 674 

alkaline phosphatase and/or DBA stains. Alternatively, the selected zebrafish kidney can be 675 

examined after histological tissue sectioning with a cryostat. The sections can be stained to 676 

label numerous combinations of attributes, using immunohistochemistry, nuclear staining, DBA 677 

staining, and/or alkaline phosphatase reactivity. In addition, renal sections can be visualized 678 

directly for the presence of lysine-fixable dextran uptake in PCT segments. Finally, selected 679 

kidneys can be processed for the spatiotemporal expression of gene expression using WISH. 680 

Bracketed numbers refer to corresponding protocol parts.  681 

 682 

Figure 3: Adult zebrafish kidney flat mount preparation and application to visualize 683 

conjugated dextran uptake in the PCT segment of kidney nephrons. (A) Brightfield image of a 684 

kidney specimen flat mount preparation, in which the organ has been positioned flat on a glass 685 

slide, with a coverslip placed on top of the tissue that is resting on four divots of modeling clay 686 

(hot pink color). Here the renal preparation is imaged alongside a metric ruler to provide a 687 

scaled comparison. The typical adult kidney is approximately 5-7 millimeters (mm) from head to 688 

tail. (B) Brightfield image of an unbleached kidney. The black pigmentation corresponds to the 689 

scattered population of melanocytes found in association with the kidney, and the aorta runs 690 

along the midline of the kidney. (C) Visualization of nephron PCT segments 3 days following 691 

intraperitoneal injection of 40 kDa dextran-fluorescein (FITC), without bleaching of the adult 692 

kidney. PCT segments are seen throughout the kidney but partly obscured due to the 693 

melanocytes. (C’) Digital zoom of a single nephron, with melanocytes (white arrow). (D) Image 694 

of an adult kidney 3 days following intraperitoneal injection of 10 kDa dextran fluoro-ruby, 695 

fixation of the kidney, and bleaching. The melanocyte pigmentation was removed and the PCT 696 

regions were visualized here based on their endocytic uptake of dextran under brightfield 697 

lighting. Lipid droplets (arrow) from the abdomen can sometimes be seen in association with 698 

renal tissue samples. (D’, D”) Representative images depict slight morphological variations 699 

between PCT segments. While many nephron PCTs are tightly coiled (D’), other nephrons 700 

contain PCT regions that have minimal coiling (D”).  701 
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 702 

Figure 4: Adult kidney nephron PCT tubule segment labeling. Wildtype zebrafish were 703 

intraperitoneally injected with a single fluorescent dextran conjugate; then their kidney was 704 

examined 3 days after the injection for PCT visualization. (A, A’) Dextran cascade blue, 10 kDa 705 

(B, B’) dextran lucifer yellow, 10 kDA and (C, C’) dextran fluoro-ruby, 10 kDa all preferentially 706 

label the PCT segments in renal nephrons. Both dextran cascade blue and lucifer yellow show 707 

some non-specific labeling of stromal cell populations located between nephrons, with much 708 

higher background observed in lucifer yellow treated kidneys. In contrast, dextran fluoro-ruby 709 

showed dramatically reduced background with intense PCT labeling. (D, D’) An adult kidney 710 

stained by WISH to detect the location of transcripts encoding slc20a1a, a specific marker of 711 

the PCT transporter cell type. The expression domain of slc20a1a matches the characteristic 712 

pattern of dextran uptake observed in the kidney, with a distribution of various tightly 713 

coiled/looped PCT domains as well as more elongated PCT stretches that show a consistent 714 

wide diameter.  715 

 716 

Figure 5: Representative result of staining for alkaline phosphatase, a pan-proximal tubule 717 

marker, in the adult zebrafish kidney compared to other proximal tubule markers assessed 718 

with WISH. (A-C) Alkaline phosphatase staining (turquoise) illuminates the nephron proximal 719 

tubule, highlighting both the PCT and PST. (D-F’) Single WISH for the listed genes (each in purple 720 

staining). (D, D’) The expression pattern of cubilin, a pan-proximal (PCT-PST) marker, correlates 721 

with alkaline phosphatase (D, D’). In comparison, WISH for mafba marks the PCT (E, E’) and 722 

slc13a1 marks the PST (F,F’). In (G-G”’) double WISH for the PCT marker slc20a1a (red) and the 723 

PST marker slc13a1 (purple) shows that the segments labeled by these markers do not overlap, 724 

and rather that their expression domains occupy adjacent positions when single nephrons are 725 

closely examined (G’-G”’). Black arrowheads indicate the junction between PCT and PST 726 

segments, which is typically associated with a change in tubule diameter from large to small, 727 

respectively. 728 

 729 

Figure 6: Alkaline phosphatase and dextran uptake show overlap in the PCT segment of adult 730 

kidney nephrons, and alkaline phosphatase staining is compatible with nuclear co-labeling 731 

with propidium iodide. (A-I) Whole mount preparations of alkaline phosphatase staining 732 

performed on kidneys from zebrafish adults that had previously received an intraperitoneal 733 

injection of dextran fluoro-ruby. Alkaline phosphatase (turquoise) and dextran fluoro-ruby (red) 734 

show overlap in the PCT, but not in the PST, which is only positive for alkaline phosphatase. 735 

Background levels of alkaline phosphatase illuminate the pair of major collecting ducts in each 736 

kidney (asterisks, *), which are distinctive due to their wide diameter. (A-C) Merged image and 737 

separate images of the saddle region of a single kidney. (D-F) and (G-I) Two sets of merged 738 

images and separate images of example nephrons.  (I) Cryosection analysis confirms co-labeling 739 

of alkaline phosphatase and dextran fluoro-ruby in PCT segments (outlined in white dots), 740 

whereas alkaline phosphatase alone labels the PST segment (outlined in yellow dots). (K-M) A 741 

kidney was labeled with (K) alkaline phosphatase (turquoise) and (L) propidium iodide (purple), 742 

enabling the (M) merged visualization of proximal tubule cells and their nuclei, respectively.  743 

 744 
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Figure 7: Alkaline phosphatase and DBA are mutually exclusive segment labels that mark the 745 

pan-proximal and pan-distal regions, respectively, present in adult zebrafish kidney nephrons. 746 

(A-H) Whole mount preparations of a zebrafish kidney stained with alkaline phosphatase and 747 

rhodamine-DBA. Alkaline phosphatase (turquoise) and DBA (red) do not show overlap in the 748 

kidney. Background levels of alkaline phosphatase illuminate the pair of major collecting ducts 749 

in each kidney (asterisks, *), which are distinctive due to their wide diameter. DBA positive 750 

tubules are thinner in diameter and characterized frequently by the presence of branch points 751 

(white arrowheads). (A-C) Merged image and separate images of the saddle region of a single 752 

kidney. (D-F) One set of merged images and separate images of example nephrons. (G, H) 753 

Additional examples, with branched DBA tubules alongside alkaline phosphatase positive 754 

tubules, merged images. (I) Cryosection analysis confirms that alkaline phosphatase and DBA 755 

label distinct tubule sections, and only rare tubules show neither label (white arrow), likely due 756 

to the angle of section for that tubule. For this analysis, wildtype transgenic fish, 757 

Tg:enpep:eGFP, were used and all of the renal tubules in this kidney were immunolabeled with 758 

a primary antibody to detect GFP. (J) Whole mount kidney staining for DBA (red) and DAPI 759 

(blue) (merged image), again showing the branched distal tubule segments of the adult 760 

nephrons (white arrowhead).   761 

 762 

Figure 8: Triple labeling of adult kidney cryosections with dextran uptake, alkaline 763 

phosphatase, and DBA compared to distal segment WISH analysis. (A-E) Adult kidneys were 764 

intraperitoneally injected with dextran-FITC (green), and the kidneys collected 3 days later for 765 

embedding and cryosectioning. Staining with alkaline phosphatase (turquoise) and DBA (red) 766 

revealed three populations of tubules: PCT segments that were positive for alkaline 767 

phosphatase reactivity and dextran (outlined in white dots), PST segments that were positive 768 

only for alkaline phosphatase reactivity (outlined in yellow dots), and distal tubule segments 769 

that were positive for DBA only (outlined in red dots) which also showed characteristic distal 770 

branch points. (A-D) Merged image and separate images of one example section. (E) Merged 771 

image of another example section. (F-I) Comparison of distal tubule gene expression patterns 772 

by single (F-H’”) and double (I) WISH. The (F-H’) Single WISH for the listed genes (each in purple 773 

staining). (F,F’) The expression pattern of clcnk, a pan-distal (DE-DL) marker, was detected in 774 

thin tubules that contained branch points (black arrowhead). (G,G’) In comparison, WISH for 775 

slc12a1 marks the DE with no branch points detected, and (H-H’”) slc12a3 marks the DL, a 776 

segment characterized by numerous branch points throughout the kidney organ (black 777 

arrowheads). (I) Double WISH for the PCT marker slc20a1a (red) and the pan-distal clcnk 778 

(purple). The segments labeled by these markers do not overlap, and rather their expression 779 

domains occupy non-adjacent positions, such that individual PCT coils (bottom right) do not 780 

abut distal tubules, and the latter occupy discrete locations and possess hallmark branch points 781 

(black arrowhead).  782 

 783 

DISCUSSION:  784 

Here, we have described methods that enable the visualization of nephron segment 785 

components in the adult zebrafish.  The injection of fluorescent dextran conjugates enables 786 

preferential PCT labeling due the endocytic properties of these proximal tubule cells30,38. This 787 

method can be performed with great flexibility due to the existence of dextrans that can be 788 



Page 19 of 24         

obtained with a bevy of different fluorescent conjugates. In addition, the use of lysine-fixable 789 

dextrans is an especially convenient way to label PCT segments, as secondary labeling 790 

procedures are not required. This enables relatively straightforward signal detection and is 791 

compatible with many other fluorescent labels, immunolabeling, and use of transgenic reporter 792 

lines. Alkaline phosphatase labeling also marks the proximal tubule, with strong reactivity in the 793 

PCT and slightly weaker reactivity in the PST. Finally, the DBA staining enables labeling of distal 794 

tubule segments, which display a characteristic branched morphology. Various lectin molecules, 795 

which are sugar-binding proteins of nonimmune origin, have been used extensively used to 796 

distinguish mammalian nephron segments47. It is interesting that DBA in the zebrafish 797 

correlates with distal tubule segments, as it is utilized to mark collecting ducts in mammalian 798 

kidneys47.  799 

Taken together, these methods can be utilized in various combinations to document 800 

renal composition and function. Since all of these methods can be used in whole kidney 801 

preparations, they provide tools to evaluate nephron structure and function throughout the 802 

organ without entirely relying on the use of more time-consuming, tedious methods, e.g. 803 

cryosection work and immunolabeling. However, the stains described in this methods article 804 

are viable in cryosection. Cryosection analysis generates samples (compared to whole mount) 805 

that are better suited for immunohistochemistry to detect specific peptides, though of course 806 

this type of analysis requires the availability of appropriate primary antibodies. Unfortunately 807 

one major limitation in working with the zebrafish animal model remains the poor availability of 808 

antibodies. Thus WISH remains the most widely used, i.e. ‘go-to,’ procedure for the analysis of 809 

gene expression. WISH using BCIP, NBT, and/or INT substrate reactions to produce purple or 810 

red precipitates is not compatible with fluorescent staining on cryosections. One option would 811 

be to invoke the use of fluorescent WISH detection, a procedure that has been optimized for 812 

zebrafish embryonic samples and could be tailored for use with the adult kidney. The 813 

description of the methods in this video article should allow for further experimentation with 814 

techniques like fluorescent WISH in combination with transgenic zebrafish lines in which 815 

individual segments are labeled with a reporter such as eGFP or mCherry. Alternatively, the 816 

methods describe here could be tested in combination with other vital dyes, e.g. other lectins. 817 

Thus, further adaptation and expansion of the methods described here could be invoked to suit 818 

the researcher’s needs for whole mount kidney preparations and analysis.  819 

As such, these methods have broad potential for implementation with the zebrafish 820 

model for ongoing regeneration studies and also in genetic disease modeling.  There is a 821 

pressing need for innovative research and treatments for renal afflictions. Millions of people 822 

suffer from some form of kidney disease each year that results from congenital, acute, and/or 823 

chronic causes. Further, the prevalence of kidney disease continues to rise worldwide, making 824 

these diseases a global public health issue14,15. Treatments such as hemodialysis are available 825 

whereby an external dialysis machine serves to rid a patient’s blood of metabolic waste if their 826 

kidneys are not able to perform this role. Unfortunately, this intervention has limitations, as 827 

ongoing treatment is necessary for survival. Moreover, patients will eventually require a kidney 828 

transplant, which can take years to receive once a patient is placed on a waitlist. Even after 829 

obtaining a kidney transplant, many patients suffer adverse effects as a result of the procedure 830 

and must battle these effects for the rest of their lives. These difficulties demonstrate the 831 
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serious need for the development of novel treatments to either help prevent kidney disease or 832 

to perhaps augment tissue regeneration8,16,52,53.   833 

Given the obvious ethical limitations of the use of human test subjects in biomedical 834 

laboratories, animal models are essential for the study of human disease pathogenesis and for 835 

the testing of new treatments. As a result of its anatomical similarity and evolutionary 836 

proximity, the mouse has become the most widely used model of human disease45. However, 837 

there are certain limitations with this animal, including inability to visualize organ development 838 

in vivo and practicality of completing large-scale genetic screens. Zebrafish are a relevant and 839 

useful model organism for the study of organ development and modeling of human disease45,46. 840 

As regards human disease, functional homologs in zebrafish exist for nearly 70% of all human 841 

disease genes54,55. Recent work has highlighted the utility of zebrafish for many areas of kidney 842 

research31,37,56. Studies of regeneration and repair in zebrafish after AKI suggest that tubule 843 

epithelial regeneration and neonephrogenesis are two processes that occur and overlap 844 

throughout the regeneration timecourse30,37. The use of an aminoglycoside antibiotic called 845 

gentamicin has been utilized as an injury paradigm through which to study the outcomes of AKI 846 

in adult zebrafish29,30,37. Over an approximately two-week period following injury from 847 

gentamicin, the proximal tubules regenerate, and meanwhile new nephrons form throughout 848 

the organ29,30,37. In general, the mechanisms that regulate epithelial regeneration remain highly 849 

controversial. In one proposed mechanism of the repair process, there is the initial acute injury 850 

event followed by a sloughing of dead cells into the lumen. Next, there is a series of de-851 

differentiation, proliferation, and migration events, after which new cells differentiate, 852 

repopulating the injured basement membrane and restoring function to the injured site. 853 

Alternatively, other studies have suggested that replacement cells arise from stem/progenitor 854 

cells that reside within nephron tubules. As regards the process of neonephrogenesis in 855 

zebrafish, cellular aggregates have been observed following AKI by gentamicin injection29,30. 856 

These aggregates later mature into new nephrons that plumb into already existing tubules29,30. 857 

The common thread that unites nephron epithelial regeneration and neonephrogenesis is their 858 

sheer mystery factor: at present there are exponentially more questions about how these 859 

regenerative feats occur than there are available insights.  860 

To date, however, several exciting lines of evidence support the notion that renal 861 

regeneration research using zebrafish can indeed provide relevant comparative insights into 862 

human AKI that may also have direct translational potential56-58. Chemical screening to identify 863 

small molecules that increase the proliferation of renal progenitor cells in the zebrafish embryo 864 

recently led to the identification of the histone deacetylase inhibitor methyl-4-(phenylthio)-865 

butanoate (m4PTB)56,57. Administration of this compound to zebrafish larvae with gentamicin-866 

induced AKI revealed that larval survival increased and that renal tubular proliferation was 867 

enhanced56,58. When mice with moderate ischemia-induced AKI were treated with m4PTB, their 868 

recovery was accelerated in association with a reduction in both tubular atrophy and cell cycle 869 

arrest of proliferating renal tubular cells58. These findings suggest that the pathways 870 

responsible for normal zebrafish renal development and/or the regenerative response to AKI 871 

will be conserved with mammals56.  872 

Thus, while further studies are needed to tease apart the mechanisms of regeneration—873 

namely to identify the signaling pathways that are involved and understand their interactions—874 

the zebrafish provides one promising avenue to pursue this important goal in the nephrology 875 
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field. Tools such as the nephron cell labels described in this protocol represent one group of 876 

assays that can be utilized to evaluate renal composition and functionality in AKI models. 877 

Further, they can be applied to characterize transgenic models of kidney disease and may 878 

provide ways to identify chemical therapeutics capable of promoting restoration of nephron 879 

structure after renal damage.  880 
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1X Pbs with 0.05 % Tween 0.05% Tween-20 detergent in 1 X Pbs.

Tween 20

American 

Bioanalytical AB02038

4% PFA/1X Pbs

Dissolve 4% PFA (w/v) (Electron Microscopy 

Sciences, Cat # 19210) in 1 X Pbs, bring to boil on a 

hot plate in a fume hood. Cool and freeze the 

aliquots for storage in the freezer at -20°C. Thaw 

just before use and do not refreeze stocks. 

Fine Forceps Roboz RS-1050 Dumont Tweezers Pattern #55 

Glass Slide Thermo-Fisher 4445 White Frost 

Glass Coverslip Thermo-Fisher 12-540A 18 x 18 mm

Modeling Clay Hasbro Playdoh

Other modeling clays can be substituted and work 

similarly

Slide Holder Thermo-Fisher 12-587 Optional: cardboard tray to store slides flat

Bleaching solution

Bleach Mix Formula (for a 20 mL solution):

1.6 mL of 10% Potassium hydroxide solution

0.6 mL of 30% Hydrogen peroxide solution

100 μl of 20% Tween

Fill to 20 mL with distilled water

Potassium Hydroxide Sigma 221473

Hydrogen Peroxide Sigma H1009
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Blocking solution

Blocking Solution (for a 10 mL solution):

8 mL of 1X Pbs with 0.05% Tween

2 mL of fetal calf serum 

150 μl of DMSO

Alkaline phosphatase activity 

detection Invitrogen E6601

We utilize the ELF 97 Endogenous Phosphatase 

Detection Kit.  To prepare the working substrate 

solution, dilute the substrate 20-fold in the 

detection buffer, according to the manufacturer's 

instructions. 

Alkaline phosphatase wash 

solution

Recipe for Wash Buffer Solution (for a 100 mL 

solution):

5 mL of 0.5M EDTA

120 mg of Levamisole

95 mL of 1X PBS

Dextran, fluorescein, 40,000 MW Invitrogen D1844

Dilute with distilled water to make a 50 mg/ml 

stock solution, and store aliquots in the freezer at -

20°C.

Dextran, cascade blue, 10,000 

MW Invitrogen D1976

Dilute with distilled water to make a 50 mg/ml 

stock solution, and store aliquots in the freezer at -

20°C.

Dextran, lucifer yellow, 10,000 

MW Invitrogen D1825

Dilute with distilled water to make a 50 mg/ml 

stock solution, and store aliquots in the freezer at -

20°C.

Dextran, tetramethylrhodamine 

(fluoro-ruby), 10,000 MW Invitrogen D1817

Dilute with distilled water to make a 50 mg/ml 

stock solution, and store aliquots in the freezer at -

20°C.

Dolichos biflorus  agglutinin (DBA)-

rhodamine

Vector 

laboratories RL-10-32

DBA Staining Solution (for a 100 μl solution):

1 μl of DBA 

99 μl of 1X PBS

Propidium iodide Invitrogen E6601



DAPI Invitrogen P1304MP
Vectashield Hard Set Mounting 

Medium

Vector 

laboratories H-1400

Micro cover glass VWR 48393081

Dimethyl Sulfoxide, DMSO
American 

Bioanalytical 67-68-5

Sucrose Sigma S0289

EDTA, 0.5M Solution, pH 8.0
American 

Bioanalytical AB00502

Levamisole Sigma L-9756

Tissue Freezing Medium

Triangle 

Biomedical 

Sciences, Inc. TFM-C
Tissue-Tek Cryomold Biopsy, 

10x10x5mm Sakura Finetek 4565
TruBond 380 Adhesive 

Microscope Slides Tru Scientific 0380W

Liquid Blocker – Super PAP Pen

Electron 

Microscopy 

Sciences

71312

Immuno stain moisture chamber
Evergreen 

Scientific
240-9020-Z10 

Cryostat Therm

Microm™ HM 525 

Cryostat

Stereomicroscope Nikon

SMZ645; 

SMZ1000; 83455 P-

Blue GFP/DAPI; 

83457 P-Endow 

GFP/FITC; 83457 P-

TRITC

Filter set used was as follows:  Hoechst/DAPI filter 

was used for DAPI, propidium iodide, dextran-

cascade blue and alkaline phosphatase detection. 

GFP/FITC filter was used for dextran-FITC, dextran 

lucifer yellow, and anti-GFP detection. The TRITC 

filter was used for dextran-fluoro-ruby, PI, and DBA 

detection. 



Compound microscope Nikon

96310 C-FL UV-

2E/C DAPI; 96311 

C-FL B-2E/C FITC; 

96313 C-FL Y-2E/C 

Texas Red

Filter set used was as follows: Hoechst/DAPI filter 

was used for DAPI, propidium iodide, dextran-

cascade blue and alkaline phosphatase detection. 

GFP/FITC filter was used for dextran-FITC, dextran 

lucifer yellow, and anti-GFP detection. The Texas 

Red filter was used for dextran-fluoro-ruby, PI, and 

DBA detection.  
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Justin Cherny, Ph.D. 
Science Editor 
JoVE 
Editorial Office 
17 Sellers St.  
Cambridge, MA 02139 
 
 
December 26, 2013 
 
Dear Dr. Cherny,  
 
I am pleased to submit our revised manuscript JoVE 51644 (Revision 2), entitled “Analysis of Nephron 
Composition and Function in the Adult Zebrafish Kidney.” We believe the current version is vastly 
improved and will provide the community with a very valuable guide to nephron studies in zebrafish.  
 
We edited the manuscript based on the helpful recommendations from the panel of reviewers. One 
common question they had regarded the specificity of the labels for the various segments of adult 
kidney nephrons: namely, if/how each label related to other gene expression domains and whether 
particular labels overlap or indeed mark distinct subsets of cells. We realized a major weakness in the 
manuscript was the omission of dual labeling data for our techniques and side-by-side comparisons to 
whole mount in situ hybridization (WISH) data. While we were confident in our anatomical assignations 
due to our extensive research on nephrons, the reviewer comments helped us to appreciate that we 
needed to SHOW readers many more representative results and provide dual labeling technique 
instructions. Thus, we have sought to document how our nephron labels are compatible in various 
combinations, and incorporated these multi-step staining procedures into the revised manuscript.   
 
We now provide readers with a bounty of images that fully demonstrate each nephron segment 
assignation using double, and in some cases triple, labeling procedures. As a result, you will see that 
each figure has been elaborated with many additional images and labeled in exquisite detail. This set of 
figures substantiates our findings and reinforces data from our prior publications on this topic (Wingert, 
et al., PLoS Genet, 2007; Wingert and Davidson, Dev Dyn, 2011; Diep, et al., Nature 2011; Gerlach, 
Schrader, Wingert, J Vis Exp, 2011; Li, et al., Dev Biol, 2013 in press). While these papers (and those 
from colleagues, e.g. Zhou and Hildenbrandt, Am J Physiol Renal Physiol, 2010) were cited in the 
previous version, some crucial WISH adult nephron data were originally published in the lengthy 
Supplemental Figures for the Diep, et al., 2011 study, and indeed were part of my own contribution to 
that study. Due to the location of WISH data in supplemental figures, we suspect that the community is 
poorly acquainted with these data—which would naturally explain the reviewer questions about how 
nephron labels compare to known gene expression domains. We have incorporated single and double 
WISH data into Figures 4, 5 and 8 so that JoVE readers have all the information annotated together in 
this paper.  This now makes our methods paper the most current and comprehensive resource 
compiled to date concerning the molecular characteristics of the adult zebrafish kidney. 

Rebuttal Comments
Click here to download Rebuttal Comments: JoVE51644-R2 responsefinal.docx 

http://www.editorialmanager.com/jove/download.aspx?id=137819&guid=3ef642c0-e9a6-43fa-b47d-83bcdc4d2099&scheme=1
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Several other major revisions were performed. To help familiarize readers with nephron segment 
labels and help them to understand the relationships between different labels, we created a table of 
nephron segment characteristics (now in Figure 1) to summarize our representative results. We also 
constructed a flow chart of methodologies (now Figure 2) to map how the labeling procedures in the 
video article relate to one another. Since we show dual nephron labeling from cryosections, we have 
added cryosectioning and immunohistochemistry staining to the protocol. Since we added WISH data, 
we have included a guide for the different steps that we use to process WISH samples in conjunction 
with our standard WISH protocol (Cheng, et al., JoVE, 2013 in press). As Cheng, et al. will be published 
as a JoVE open access article, there will be no restriction for readers of this kidney methods paper to 
gain easy access to the full WISH protocol employed by our lab.  
 
Finally, we have addressed each of the minor concerns raised by the reviewers. We have edited parts 
of the introduction, results, and discussion to clarify these items. On the following pages is the point-
by-point response.  
 
We wish to thank both you and the reviewers for taking the time to provide considerate and useful 
suggestions that have enabled us to better evaluate the original version and now craft a dramatically 
more detailed, and thus we believe improved, methods manuscript on this topic.  
  
 
Sincerely, 

 
 
 

Rebecca A. Wingert, Ph.D. 
Assistant Professor 
Department of Biological Sciences 
University of Notre Dame 
100 Galvin Life Sciences Research Building 
Notre Dame, IN 46556 
Phone: 574-851-4774 
Email: rwingert@nd.edu 
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JoVE 51708 R1: Response to Reviewers' comments 
 
Reviewers' comments: 
 
Editorial comments: 
 
1) All of your previous revisions have been incorporated into the most recent version of the manuscript. 
Please download this version of the Microsoft word document from the "file inventory" to use for any 
subsequent changes. 
 This is the file we used for subsequent revisions. 
 
2) Please disregard the comment below if all of your figures are original. 
If you are re-using figures from a previous publication, you must obtain explicit permission to re-use the 
figure from the previous publisher (this can be in the form of a letter from an editor or a link to the 
editorial policies that allows you to re-publish the figure). Please upload the text of the re-print 
permission (may be copied and pasted from an email/website) as a Word document to the Editorial 
Manager site in the "Supplemental files (as requested by JoVE)" section. Please also cite the figure 
appropriately in the figure legend, i.e. "This figure has been modified from [citation]."  
 Our figures are entirely original. 
 
3) Please take this opportunity to thoroughly proofread your manuscript to ensure that there are no 
spelling or grammar issues. Your JoVE editor will not copy-edit your manuscript and any errors in your 
submitted revision may be present in the published version.  
 We have proofread for spelling and grammar issues. 
 
4) Please ensure steps 3.3/5.5 refer to the correct steps.  
 We have checked that steps 3.3 and 5.5 are referring to the correct prior steps in the protocol. 
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Reviewer #1:  
Manuscript Summary: 
Authors describe new additional methods to visualize the adult zebrafish kidney nephron to evaluate 
renal reabsorption and to assess nephron tubule composition. Some techniques are not well described 
or incomplete for users who will read this manuscript. Although their new methods is highly accepted 
and can share with the kidney community. 
 We thank Reviewer 1 for their positive review of the manuscript, including the feedback that 
these methods are highly accepted in the nephrology field and will be useful to share with the 
zebrafish community in this methods article format. The comments suggesting how to clarify several 
steps in the procedures were very helpful. We have addressed each point below, and each alteration in 
the revised manuscript is highlighted in grey. 
 
Major Concerns: 
1. (page 5) Why authors chose only 5-7 months old zebrafish? Any reason behind? 
 Yes, we have the best results with kidney samples of this age range. Younger fish can have small 
kidneys that are difficult to dissect, and kidney samples from old fish can contain masses of scar tissue 
in the organ that cannot be analyzed. We have added this information to the Note located in Step 1.3. 
 
2.Does author need to use 20 micro-liter for injection volume to use for ip injection? Other zebrafish 
user has been using smaller volume. 2 micro-liter can be good enough, but they tried and they need ten 
time more? Better to describe body weight for zebrafish that people can compare to the mice model ip 
injection. If you think about the volume for ip inject used for mice, is it appropriate to use this volume 
for small adult zebrafish? 
 Yes, we use a 20 microliter volume for injection. This has no adverse side effects—the volume 
literally corresponds to two drops of fluid. This volume corresponds with several published protocols 
for the injection of fluid (dextran or injury agents like gentamicin) into the adult zebrafish abdominal 
cavity (Diep, et al., 2011; Drummond and Davidson, 2010).  Body weight for zebrafish has not been 
adopted as a standard measure in the field (Diep, et al., 2011; Drummond and Davidson, 2010).  
 
3. Water is used for diluting dextran stock for use? What diluted concentration they are using or are 
they using stock solution to inject? Explanation is missing. 
 Yes, we used distilled water for diluting dextran powder (this recipe is in Step 1.1). We also 
added this information to the table of materials for easy reference. Adult fish can be injected with the 
stock concentration of 50 mg/ml. Diluted stocks also work, and can reduce background fluorescence. 
We indicate the dextran dilution that is still effective at specific PCT segment labeling in Step 1.5.  
 
4. Authors describe that, "Uptake of dextran by the proximal tubule segment occurs within 8-12 hours 
and can be detected typically for at least up to 3 days post-injection." The data they showed for Fig. 1-5, 
is when? 
 These data are now located in Figures 3 and 4. In both instances, the data shown is 3 days post 
dextran injection. This detail has been added to the corresponding Figure legends. 
 
5. In 2.8, 3.11 sections kidney needs to be placed in glass tube for particular reason, or they can place in 
eppendorf tube? 
 The use of a glass vial for handling of adult kidney samples facilitates visualization of the tissue 
and allows for washes with large volumes (relative to the size of the tissue) of approximately 5 ml.  We 
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edited the notes in Step 2.8 and Step 3.5 to indicate the rationale for using a glass vial. Alternatively, a 
12-well cell culture dish can be used. While a plastic microcentrifuge tube could be used, the standard 
sized tubes (1.5 ml) could restrict the washing. 
 
6. In 3.12, 0.05% PBS-Tween means exactly what? PBS with 0.005% Tween or something else? 
 This means 1X Pbs with 0.05 % Tween, not the more commonly used 1X Pbs with 0.1 % Tween. 
We have clarified this point in the methods steps and added the solution recipe to the materials table. 
 
7. Entire protocol lack volume of the solution they used for some cases of their description. Some is 
described to use glass tube but some lack information. Glass tube need to be used instead of eppendorf 
tube is unclear. 
 As noted in our response to point #5 above, the use of a glass vial for handling of adult kidney 
samples facilitates visualization of the tissue and allows for washes with large volumes. Throughout the 
steps we have carefully noted volumes for other wash steps to provide this missing information. 
 
8. They also lack information, what filters they used to take images for the figures they used for the 
manuscript. 
 A standard Hoechst/DAPI filter was used for DAPI, dextran-cascade blue and alkaline 
phosphatase detection. A standard FITC filter was used for dextran-FITC, dextran lucifer yellow, and 
anti-GFP detection. Standard TRITC or Texas red filters were used for dextran-fluoro-ruby, propidium 
iodide, and DBA. The catalog numbers for the exact filters we used with our Nikon stereomicroscope 
and compound microscope have been added to the table of materials. 
 
9. Authors do not describe particular comments of dextran size for the use of zebrafish. They should 
include the information. 
 The specific dextran item numbers were provided in the materials table, and each corresponds 
to particular sized dextran moieties. We have used both 10 and 40 kDa size dextrans to label the 
proximal tubule cells via endocytosis of the label. To provide readers with details in the paper, so that 
they would not have to look the item number up in the manufacturer’s listing online, we have added 
the molecular weight of each dextran to the materials table and edited the legends of Figures 3 and 4 
to also specify the molecular weights. 
 
10. Author describes that "Alkaline phosphatase labeling also marks the proximal tubule, with strong 
reactivity in the PCT and slightly weaker reactivity in the PST. Finally, the DBA staining enables labeling 
of distal tubule segments, which display a characteristic branched morphology." They do not explain 
using their figures.  
 We added labels to indicate these regions in the figures, and describe this in the representative 
results section. 
 
11. Author describes that, 2.11) Place small pieces of modeling clay on each corner of an 18 x 18 mm 
glass coverslip and slowly set the coverslip onto the kidney. Explanation needs more clarification. What 
is modeling clay and how much thickness or space need to be made by clay? 
 To clarify, we provided an image in Figure 1, with a metric ruler positioned alongside the 
prepared kidney slide preparation for easy reference and reader comprehension. 
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Reviewer #2:  
The manuscript by McCampbell and colleagues describes a protocol of how to label different tubular 
parts of the adult zebrafish kidney, the so-called mesonephros. I believe these labeling techniques to be 
very useful for researchers in the field of kidney regeneration and function.  
 We thank Reviewer 2 for their comments and feedback, along with the compliment that the 
methods will be very useful for researchers in the field of kidney regeneration and function. The 
suggestions they made have been very helpful in revising the manuscript. Edits in the revised 
manuscript are highlighted in grey. 
 
There are some points that should be considered or improved: 
1) The introduction is inappropriately long and should be reduced by at least 50%. While interesting all 
the "human" aspects can be deleted, at least dramatically condensed.  
 The introduction abides by the standard formatting length for JoVE papers. We have utilized a 
majority of the allowed space (which is 1500 words) in order to provide a useful resource for the 
zebrafish community, in particular to provide a context in which to consider the use of zebrafish for 
kidney research. Explaining the state of knowledge about kidney regeneration is vital, as that provides 
the backdrop for both why and how zebrafish can be used to address deficiencies in our knowledge. 
The suitability of the introduction was actually complimented by Reviewer 4 and was not a point of 
concern raised by the other reviewers. We have, however, partly condensed the coverage on human 
kidney topics in order to make space to add more details about nephron structure, as suggested by 
Reviewer #3 (major concern point 1). 
 
2) Protocol: 3.11; can you indicate how long depigmentation takes? 
 We revised Step 3.11 to indicate that depigmentation typically takes 20 minutes but 
occasionally can take longer. 
 
3) Figure 1: Are two different magnifications really required? B/C or D/E would be sufficient.  
 We have kept the images that were originally located in panels B/C and eliminated the images 
in D/E to make space for additional images (note Figure 1 is now Figure 3). 
  
4) Figure 3: Are four different magnifications required? I think two would be fine. 
 We have kept two images and eliminated the additional magnifications (note Figure 3 is now 
Figure 4). 
 
5) Figure 4: In the text describing the figure, expression of markers slc20a1a, trpm7 and slc13a1 are 
mentioned. However, there are no data shown. It therefore does not become clear or convincing that 
the particular segments labeled by fluoro-ruby are indeed the ones identified by the respective markers. 
Either the marker expression has to be shown (by ISH or IHC) or the hints regarding the markers should 
be deleted. Also, in at least one of the panels PCT and PST should be indicated.  
 To address this concern, we have added images to the aforementioned Figure (note this is now 
Figure 5) of whole mount in situ hybridization gene expression patterns for several proximal transcripts, 
including a pan-proximal marker (cubilin) that matches the pattern of alkaline phosphatase labeling, 
the PCT markers (slc20a1a, mafba), and a PST marker (slc13a1). Further, double in situ hybridizations 
are provided of slc20a1a and slc13a1, demonstrating that the segmental expression domains of these 
markers are directly adjacent and do not overlap. Markers for distal segments are shown in Figure 8. 
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It should be noted that the markers we mentioned have been previously published (e.g. Diep, 
et al., 2011; Gerlach, Schrader, Wingert, 2011), and we provided these citations in the original 
manuscript. The images we provide here represent further validation of the segmental domains and 
are provided ultimately to facilitate easy comparison of the domains for the JoVE readership. 
 
6) Figure 6: the major collecting duct is demarcated by a white dotted line. What is this based on? 
Another visualization of the collecting duct should be shown. 
 The white line was drawn based on a brightfield image, which unfortunately was not saved in 
our files. We have not identified a marker that is specific for the major collecting ducts, which are 
distinctive based on their very wide diameter and location along the anterior-posterior axis of the 
kidney (See Figures 6 and 7 for clear examples), which can be faintly visualized due to background 
levels of fluorescence when kidneys are treated with alkaline phosphatase. The major collecting ducts 
have been labeled in these Figures. 
 
Editorial comment: 
[Please keep JoVE's protocol guidelines and length requirements in mind while addressing reviewer 
comments (use short steps, imperative tense, proper spacing, etc).] 
 Yes, we have done so. 
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Reviewer #3:  
The manuscript by McCampBell et al. describes methods to visualize different nephron segments in the 
zebrafish kidney. It is a very important resource and worth publishing. There are, however, a few points 
that need to be addressed before I can recommend acceptance in JoVE.  
 We thank Reviewer 3 for their comments and feedback. We have addressed each concern 
below and edits in the revised manuscript are highlighted in grey. 
 
1. The authors mention that the zebrafish mesonephros has a similar organization than the 
metanephros (page 3). While generally correct, the authors should point out that there is one big 
difference and this is the absence of Henle's Loop. Even though there is the argument that the 
intermediate segment may share some of its functions, this a clear anatomical difference.  
 We were remiss in bringing up this point and have revised the introduction accordingly. 
 
2. There are several issues about the description of the DBA lectin.  
(2.1) On page 4, in a section on labeling zebrafish nephron segments, the authors mention the use of 
lectins. But to my knowledge this has not been shown in zebrafish. Thus, citing a manuscript describing 
DBA in rat is misleading (even if its shown in the subsequent results section) and must be altered.  
 We revised these sentences in the introduction to clearly state that DBA labeling is used in 
mammals, e.g. the rat, to label the collecting ducts. 
  
(2.2) DBA in mouse and rats labels collecting ducts and is a widely used tool for it. The authors now 
propose that it labels distal tubules in zebrafish. This in itself is a very valuable piece of information, but 
it needs to be validated using double labeling. The authors need to show convincingly that it does not 
label nephric ducts. Just relying on the geometry is not sufficient. 
 We have performed double- and triple-labeling combinations to demonstrate that the DBA 
label is mutually exclusive of the alkaline phosphatase label and dextran uptake (Figures 7 and 8). 
Further, we demonstrate that distal tubules, which are marked by transcripts encoding clcnk (DE and 
DL segments) are elongated segments that show branched morphologies analogous to DBA-stained 
tubule regions. We further demonstrate that that the DE, which is stained by transcripts encoding 
slc12a1, is rarely (if at all) branched in shape, while the DL, which is labeled by transcripts encoding the 
solute transporter slc12a3, is commonly found in branched and pinwheel-like morphologies. 
 
(2.3) Finally the demonstration that there is a difference in the staining pattern of lectins between 
different organisms is important general knowledge and the authors should discuss this in the 
discussion section. 
 We have added this comment to the discussion. 
 
3. In fact, double staining is a very important aspect, when studying nephron patterning. It would have 
been very informative, if some of the methods described include approaches to stain e.g. proximal and 
distal tubules (plus nuclei). 
  Good point. We have added extensive double- and triple-labeling approaches to the revised 
manuscript. In Figure 6, we show that alkaline phosphatase and dextran uptake partially overlap. 
Dextran uptake is a widely accepted phenotype of the PCT, and matches the domain of numerous PCT-
specific markers (Figures 4, 5). The alkaline phosphatase+/dextran- tubules can only correspond to PST 
segments because the renal corpuscle flanks the other end of each PCT (see Figure 1). We show that 
gene transcripts known to be exclusive markers of the PCT and PST are found in directly adjacent 
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domains in the proximal tubule, and that the pattern of the PCT-PST stretch matches the alkaline 
phosphatase domain (Figure 5). Finally, we show that alkaline phosphatase and DBA are non-
overlapping domains, and that the DBA domains correspond to distal tubules that express clcnk, and 
which can be subdivided into the DE and DL based on slc12a1 and slc12a3 transcripts, respectively 
(Figures 6-8). 
 
4. The discussion is very lengthy and needs to be revamped. The topic of the review is labeling different 
nephron segments, yet the discussion is mostly about acute kidney injury. While there is little doubt 
that zebrafish is a valuable model to study kidney disease, this is not part of the manuscripts. A more 
relevant discussion on nephron organization is needed. 

The discussion has been revamped. We reorganized this section such that the initial two 
paragraphs provide a relevant discussion on nephron organization, as both you and Reviewer #4 have 
suggested. Nevertheless, we kept (but revised) the narrative that discusses the scientific context in 
which to consider the use of adult zebrafish for kidney research. Explaining the state of knowledge 
about kidney regeneration is vital, as that provides the backdrop for both why and how zebrafish can 
be used to address deficiencies in our knowledge. At the current time, the major application of the 
nephron labels presented here is for the characterization of renal regeneration phenotypes. The 
discussion abides by the standard 3-6 paragraph length for JoVE papers. 
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Reviewer #4:  
Manuscript Summary: 
This paper starts with a cogent and comprehensive review of nephron function, repair, regeneration, 
and the use of zebrafish as model organism for studying renal injury and repair. The introduction and 
discussion are interesting to read and well-written but are not particularly focused on the utility of the 
methods presented in the paper. For example, the discussion contains a paragraph on mechanisms of 
renal repair in zebrafish, without discussing how or if the methods presented are linked to this topic. 
 
The presentation of the methods is clear and the protocols have sufficient details. 
 We thank Reviewer 4 for their comments and feedback. We have addressed each concern 
below and edits in the revised manuscript are highlighted in grey. 
 
Major Concerns: 
1. Readers are left to trust the authors about the specificity of the methods. There is no comparison of 
the claimed region of uptake to independent histological or molecular markers of the relevant tissue 
segments. The authors do reference marker genes for these regions but do not correlate them with the 
fluorescence results presented. Such a comparison should be made, or a study showing this comparison 
should be clearly referenced. 
 We have revised the manuscript to provide extensive images to compare the nephron segment 
labels and correlate them with independent molecular markers, e.g. with gene transcript domains for 
specific solute transporters that uniquely identify nephron segment populations. For example, dextran 
uptake is compared to the domain of the PCT in Figure 4. In Figure 5, we provide a series of labels to 
compare alkaline phosphatase reactivity with the combined domains of the PCT and PST, to make the 
correlation that alkaline phosphatase is a pan-proximal marker. Next, in Figure 6, we show double 
labeling of dextran uptake and alkaline phosphatase, demonstrating that they overlap in the PCT and 
that only alkaline phosphatase labels the PST. Here we show co-labeling by both whole-mount kidney 
analysis and cryosection analysis—to clearly demonstrate areas of co-expression. In Figure 7, we 
provide a comparison of alkaline phosphatase with DBA staining, demonstrating that these are 
mutually exclusive nephron segment regions. Again, we provide whole mount and cryosection data to 
demonstrate the exclusivity of the alkaline phosphatase and DBA stains. Finally, in Figure 8 we provide 
triple-labeling data for dextran uptake, alkaline phosphatase, and DBA. These data demonstrate that 
tubule segments in the adult kidney are double positive for alkaline phosphatase/dextran, positive for 
alkaline phosphatase alone, or positive for DBA. Based on correlations to molecular features and 
morphological characteristics of the nephron segments, these combinations demarcate the PCT 
(alkaline phosphatase/dextran), PST (alkaline phosphatase), and distal tubule (DBA), respectively.   
  
2. The authors should condense the discussion and focus on the significance, limitation, and utility of 
the methods presented. 

The discussion abides by the length for JoVE papers. We have reorganized and edited the 
discussion to begin this section with paragraphs focused on the significant, limitations, and utility of 
the methods presented. We kept the paragraphs that discuss the scientific context in which to consider 
the use of adult zebrafish for kidney research. Explaining the state of knowledge about kidney 
regeneration is vital, as that provides the backdrop for both why and how zebrafish can be used to 
address deficiencies in our knowledge. At the current time, the major application of the nephron labels 
presented here is for the characterization of renal regeneration phenotypes.  


