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SUMMARY: 29 
Presented here is a protocol to perform time- and space-restricted gene knock-out in axolotl 30 
spinal cords by injecting CAS9-gRNA complex into the spinal cord central canal followed by 31 
electroporation. 32 
 33 
ABSTRACT: 34 
The axolotl has the unique ability to fully regenerate its spinal cord. This is largely due to the 35 
ependymal cells remaining as neural stem cells (NSCs) throughout life, which proliferate to 36 
reform the ependymal tube and differentiate into lost neurons after spinal cord injury. 37 
Deciphering how these NSCs retain pluripotency post-development and proliferate upon spinal 38 
cord injury to reform the exact pre-injury structure can provide valuable insight into how 39 
mammalian spinal cords may regenerate as well as potential treatment options. Performing 40 
gene knock-outs in specific subsets of NSCs within a restricted time period will allow study of 41 
the molecular mechanisms behind these regenerative processes, without being confounded by 42 
development perturbing effects. Described here is a method to perform gene knock-out in 43 
axolotl spinal cord NSCs using the CRISPR-Cas9 system. By injecting the CAS9-gRNA complex 44 
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into the spinal cord central canal followed by electroporation, target genes are knocked out in 45 
NSCs within specific regions of the spinal cord at a desired timepoint, allowing for molecular 46 
studies of spinal cord NSCs during regeneration.  47 
 48 
INTRODUCTION: 49 
 50 
The spinal cord of most vertebrates is unable to regenerate following injury, leading to 51 
permanent disability. Several salamanders, such as the axolotl, are notable exceptions. The 52 
axolotl can fully regenerate a structurally identical spinal cord and completely restore spinal 53 
cord function. Much of the regenerative capability of the axolotl spinal cord is due to 54 
ependymal cells. These cells line the central canal, and unlike those in mammals, axolotl 55 
ependymal cells remain as neural stem cells (NSCs) post-embryonic development. After spinal 56 
cord injury (i.e., from a tail amputation), these NSCs proliferate to regrow the ependymal tube 57 
and differentiate to replace lost neurons1–3. Uncovering how axolotl spinal cord NSCs remain 58 
pluripotent and become activated after injury can provide valuable information on developing 59 
new therapeutic strategies for human patients.  60 
 61 
Due to advances in the CRISPR-Cas9 gene knock-out technique, performing knock-outs to 62 
decipher gene function has become easier and been shown to have broad applicability in 63 
various species, including axolotls4–8. The recent release of the full axolotl genome and 64 
transcriptome now allows any genomic locus to be targeted and for better assess to off-target 65 
effects9–14. Optimized protocols have been developed for knock-out and knock-in in axolotls 66 
using the CRISPR-Cas9 system15. Delivery of the CRISPR-Cas9 machinery in the form of CAS9 67 
protein-gRNA ribonucleoprotein (RNP) has been shown to be more efficient than using Cas9 68 
and gRNA-encoding plasmids4. This is likely due to the RNP being smaller in size than plasmid 69 
vectors, its allowance of DNA breaks to be made immediately, and protecting of the gRNA from 70 
RNA degradation. In addition, using RNPs bypasses transcription and translation; thus, it avoids 71 
issues such as promoter strength and optimal codon usage when plasmid elements are derived 72 
from a different species. 73 
 74 
Loss-of-function studies are one of the general approaches to investigating potential functions 75 
of genes of interest. In order to study gene function during regeneration, a knock-out should 76 
ideally be performed just before an injury to avoid effects on development. In addition, the 77 
knock-out should be restricted to both the NSCs and region of regeneration. A knock-out of the 78 
target gene in all NSCs (including those in the brain, which is the case in Cre-LoxP systems), may 79 
produce effects not related to regeneration that can confound the interpretation of results. 80 
Fortunately, the structure of the axolotl spinal cord provides a unique opportunity for time- and 81 
space-restricted knock-out in NSCs. Most of the spinal cord NSCs are in contact with the central 82 
canal and constitute the vast majority of the cells in contact with the central canal16,17. 83 
Therefore, an injection of the CAS9-gRNA complex into the central canal, followed by 84 
electroporation, allows delivery to spinal cord NSCs to the desired region at a specific time4,18,19. 85 
This protocol demonstrates how this is performed, leading to highly penetrating knock-out in 86 
the targeted spinal cord NSCs. Subsequent analysis are then performed to study the effects on 87 
regeneration and NSC behavior. 88 
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 89 
PROTOCOL: 90 
 91 
All animal experiments must be carried out in accordance with local and national regulations on 92 
animal experimentation and with approval of the relevant institutional review board. 93 
 94 
1. Preparing the CAS9-gRNA RNP mix  95 
 96 
1.1. Design and synthesize gRNAs. 97 
 98 
NOTE: Refer to other publications for designing and synthesizing gRNAs, including one 99 
exclusively concerning axolotls15,20–22. 100 
 101 
1.2. Obtain CAS9-NLS protein by preparing in-house or purchasing it commercially. 102 
 103 
1.3. Prepare CAS9-gRNA mix by mixing 5 µg of CAS9-NLS protein, 4 µg of gRNA, 0.9 µL of 10x 104 
CAS9 buffer, and fill up the volume to 10 µL with nuclease-free H2O. Aliquot the mixture and 105 
store at -80 °C if not used immediately. 106 
 107 
2. Preparing agarose plates for electroporation 108 
 109 
2.1. Prepare 200 mL of 2% (wt/vol) agarose solution in 1x DPBS. Dissolve by heating the 110 
solution in a microwave and pour it onto 10 cm Petri dishes to a depth of about 10 mm (deep 111 
enough to cover the whole animal).  112 
 113 
2.2. Allow the plates to solidify at room temperature (RT). Store plates at 4 °C if not used 114 
immediately.  115 
 116 
2.3. Using surgical scalpels, cut the agarose plate to make a slit for holding the tail straight, as 117 
well as, a well for fitting in the body of the animal, and two extra wells for placing the 118 
electrodes (Figure 1E).  119 
 120 
2.4. Place the plate on ice and fill it up to the brim with ice-cold 1x DPBS. Use the same DPBS 121 
solution for making the plates to ensure consistent electrical conductibility in the set-up.  122 
 123 
3. Configuring the electroporator  124 
 125 
3.1. Configure the electroporator. Set up the poring pulse to consist of one bipolar pulse of 70 126 
V, with a duration of 5 ms, interval of 50 ms, and no voltage decay. Set up the transfer pulse to 127 
have four bipolar pulses of 40 V, with a duration of 50 ms, interval of 999 ms, and 10% voltage 128 
decay. 129 
 130 
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3.2. Connect the electrodes to the electroporator and adjust the tweezers to be 7 mm apart. 131 
Submerge the electrodes in a beaker of PBS before and in between electroporation. 132 
 133 
4. Preparing and loading microinjection glass capillaries 134 
 135 
4.1. Perform a ramp test on a flaming/brown micropipette puller as per the manufacturer’s 136 
instructions to determine the heat value.  137 
 138 
4.2. Pull injection capillaries with tapered ends using the following parameters: heat = ramp 139 
test value, pull = 100, velocity = 100, time = 100. 140 
 141 
4.3. Observe the needle under a stereomicroscope. Using fine forceps, break the capillary at an 142 
angle so that it has a slanted tip. Break at a position where it is thin enough to target the central 143 
canal, while being strong enough to pierce the skin.  144 
 145 
NOTE: The point at which the diameter is at about 20 µm or about 50% of the diameter of the 146 
spinal cord is a good starting point. Multiple tries may be needed to obtain optimal breaking.  147 
 148 
4.4. Add Fast Green FCF solution to the RNP mix at a ratio of 1:30 and load about 5 µL of 149 
injection mix into the capillary with a Microloader pipette tip. 150 
 151 
4.5. Mount the capillary on the pneumatic pump, with the slanted tip facing downwards. 152 
 153 
5. Configuring the pneumatic pump  154 
 155 
5.1. Configure the pneumatic pump. Set the hold to 0.5 psi, eject to 2 psi hold, and duration to 156 
gated. 157 
 158 
5.2. Test capillary and pneumatic pump settings by dipping the capillary into a drop of water 159 
and pressing the foot pedal to inject. Ensure that the injection mix comes out in a slow but 160 
steady stream. 161 
 162 
5.3. Adjust the hold pressure if the injection mix start leaking out spontaneously or water is 163 
sucked up the capillary. Increase the ejection pressure or break more of the capillary if the 164 
injection mix is coming out too slow. Decrease the ejection pressure if the injection is coming 165 
out too fast.  166 
 167 
6. Injecting RNP mix into the spinal cord 168 
 169 
6.1. Anesthetize axolotls in 0.03% benzocaine solution for at least 10 min. Check that the 170 
animals are not responsive by flipping them upside down in the water. 171 
 172 
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6.2. Pick up an animal with ring forceps and lay it on a bed of silicon, with the left side of the 173 
animal facing up and the tail pointing towards the right. Position the injection site in the middle 174 
of the field of view of the stereomicroscope (Figure 1A).  175 
 176 
6.3. Adjust the micromanipulator so that the capillary is coming in at 60° from the right side of 177 
the field of view (Figure 1B). 178 
 179 
6.4. Identify the spinal cord and central canal (Figure 1C).  180 
 181 
NOTE: The spinal cord is the tubular structure above the notochord. 182 
 183 
6.5. Aiming at the central canal, move the capillary forward to gently pierce the skin and muscle 184 
into the central canal of the spinal cord. Limit the movement of the capillary to small steps, as 185 
the spinal cord is right beneath the tail muscles. 186 
 187 
6.6. Press and hold down the foot pedal to inject the mix into the central canal. Observe 188 
whether the RNP mix spreads along the central canal as a blue line in both directions, which 189 
shows the capillary is positioned (Figure 1D). 190 
 191 
6.7. If this does not occur, keep the foot pedal pressed while moving the capillary slightly in and 192 
out until the RNP mix starts going in. If the capillary become clogged by tissue, clear it by 193 
ejecting into water at higher pressures. 194 
 195 
6.8. Adjust the ejection pressure so that it is just enough to cause the RNP mix to spread in the 196 
central canal, but not so much that it blows up the structure. 197 
 198 
6.9. Continue to hold down the foot pedal so the injection mix spreads further along the central 199 
canal, until it reaches the terminal vesicle at the end of the spinal cord and ventricles in the 200 
brain.  201 
 202 
NOTE: This may take up to 2 min depending on the size of the animal. It may be necessary to 203 
increase the pressure after some time to cause the RNP mix to enter the brain ventricles. 204 
 205 
6.10. Proceed as soon as possible to electroporation after successful injection.  206 
 207 
7. Electroporation 208 
 209 
7.1. Transfer the animal with ring forceps onto the prepared agarose electroporation plate 210 
(Figure 1E) on ice. Place the tail inside the slit so it is sandwiched by agarose (Figure 1F). 211 
 212 
7.2. Place the electrodes into the wells on both sides of the tail. Ensure that the entire animal 213 
and electrodes are covered by ice-cold PBS. 214 
 215 
7.3. Press the foot switch to start the electroporation. 216 
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 217 
7.4. After electroporation is complete, return the animal to water.  218 
 219 
7.5. Proceed to inject more animals if necessary. 220 
 221 
7.6. Check that the electroporated animals are healthy after anesthesia wears off and that 222 
there is no damage done to the tail.  223 
 224 
8. Assessing knock-out efficiency 225 
 226 
8.1. Fix the tail of the electroporated animal. Perform a cross-section of the tail followed by 227 
immunohistochemical staining to assess efficiency of the knock-out at the protein level.  228 
 229 
NOTE: If a tail amputation is to be performed after electroporation, the cut off tail could be 230 
used for this purpose. Animals electroporated with gRNAs against Gfp or Tyrosinase, for 231 
example, can be used as a negative control4.  232 
 233 
8.2. Alternatively, the electroporated spinal cord could be extracted and lysed for DNA. Perform 234 
genotyping PCR followed by Sanger sequencing or next-generation sequencing to assess the 235 
percentage of edited genetic loci15. 236 
 237 
NOTE: The resulting editing efficiency will underestimate the actual editing efficiency for NSCs, 238 
due to the inclusion of non-electroporated cells and neurons that lack apical contact to the 239 
central lumen and thus will not receive the RNP mix.  240 
 241 
REPRESENTATIVE RESULTS: 242 
 243 
Injection and electroporation of CAS9-gRNA complex against Sox2 into the axolotl spinal cord 244 
central canal led to a massive loss of SOX2 immunoreactivity in a majority of spinal cord NSCs, 245 
with gRNA against Tyrosinase (Tyr) as a control (Figure 2A). TUJ1 (staining for B3-tubulin) is a 246 
marker for neurons and was not expressed in NSCs, and SOX2- TUJ1- cells surrounding the 247 
central canal were considered to be cells harboring Sox2 deletions. Quantification showed Sox2 248 
knock-out in a significant number of NSCs by CAS9-Sox2-gRNA electroporation (Figure 2B), 249 
indicating that this method led to efficient and highly penetrating gene knock-out in spinal cord 250 
NSCs. 251 
 252 
After simultaneous injection and electroporation, the mixture of two CAS9-gRNA complexes 253 
against Sox2 and Gfp, respectively, into transgenic axolotls with ubiquitous GFP expression 254 
(CAGGS-GFP), a high percentage of double knock-out NSCs were observed (Figure 2C,D), 255 
indicating that the protocol can be used to flexibly knock-out multiple genes.  256 
 257 
FIGURE AND TABLE LEGENDS: 258 
 259 
Figure 1: Axolotl spinal cord injection and electroporation. (A) Schematic showing injection of 260 
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CAS9-gRNA RNP into axolotl spinal cord central canal. (B) Micromanipulator set-up for the 261 
injection. (C) View through a stereomicroscope of the axolotl tail, with the spinal cord indicated. 262 
(D) View through a stereomicroscope of the axolotl tail with an injected spinal cord. (E) 263 
Schematic of the electroporation plate. (F) Schematic of the animal and electrodes placed 264 
inside the electroporation plate, ready for electroporation. Scale bars = 1 mm. This figure is 265 
adapted from Albors and Tanaka18. 266 
 267 
Figure 2: Representative knock-out results in axolotl spinal cord NSCs. (A) Spinal cord injection 268 
and electroporation of CAS9-Sox2-gRNA (n = 21) led to loss of SOX2 in the majority of NSCs at 269 
15 days post-electroporation (dpE) by immunohistochemical staining. CAS9-Tyr-gRNA (n = 21) 270 
served as a negative control. Scale bars = 100 μm. (B) Quantification showed significant 271 
reduction in SOX2+ NSCs (p < 0.001 by Student’s t-test), counting SOX2- TUJ1- cells surrounding 272 
the central canal as NSCs harboring a Sox2 deletion. Error bars = SD. (C) Simultaneous injection 273 
and electroporation of Sox2-gRNA and Gfp-gRNA coupled to CAS9 (n = 6) led to loss of SOX2 274 
and GFP in the majority of NSCs by immunohistochemical staining. CAS9-Tyr-gRNA (n = 6) 275 
serves as negative control. Scale bars = 100 μm. (D) Quantification showed that among all 276 
targeted NSCs having any deletion, a majority (94%) harbored double deletion (GFP− SOX2−), 277 
with only a small proportion (6%) having single deletion (GFP+ SOX- or GFP- SOX2+). This figure 278 
is adapted from Fei et al.4. 279 
 280 
DISCUSSION: 281 
 282 
The described protocol allows time and space restricted gene knock-out in the NSCs in the 283 
axolotl spinal cord. The current protocol allows specific targeting of NSCs at a defined time and 284 
location with high penetrance. It avoids potential undesired effects originating from gene 285 
knock-out in NSCs in other regions such as the brain that occur when using the Cre-LoxP 286 
system. It also avoids developmental effects originating from a persistent knock-out, allowing 287 
the study of gene function focused on regeneration. In addition, this protocol can be performed 288 
in wild-type animals, avoiding the long waiting time needed to generate additional transgenic 289 
axolotls, which is required for the Cre-LoxP system. It also offers the versatility to knock-out 290 
multiple genes simultaneously and is highly penetrating, allowing experiments to be performed 291 
on F0 animals. Importantly, the procedure is shown to have no observable effect on tail and 292 
spinal cord regeneration4.  293 
 294 
The use of CAS9 protein-gRNA RNP complexes also displays much higher efficiency than 295 
systems using Cas9 and gRNA-expressing plasmids4. This is likely due to smaller size of the RNP 296 
complex compared to plasmids, as well differential codon usage affecting expression of the 297 
CAS9 protein from plasmids derived from mammalian systems. In addition, since the CAS9 298 
protein-gRNA RNP complexes can induce breaks immediately, knock-out occurs quickly. 60%–299 
70% of modified genomic loci have been observed by genotyping PCR within 24 h of 300 
electroporation (data not shown). There is also a possibility to perform knock-ins using this 301 
strategy by co-electroporating a repair template. A number of knock-in strategies are available, 302 
the details and considerations of which are out of scope for this publication, but they are 303 
described in detail in another publication15. 304 
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 305 
On the other hand, this protocol does have a few limitations. Staining or genotyping PCR is 306 
generally needed to assess the extent of knock-out in each experimental animal, which can be 307 
laborious. While gene knock-out from this method is largely restricted to the NSCs surrounding 308 
the central canal, it cannot be ruled out that other cell types could also be targeted, because 1) 309 
they are also in contact with the central canal, or 2) the RNP mix has leaked out of the central 310 
canal before electroporation. These factors should be considered when interpreting the results. 311 
 312 
gRNA design 313 
With the recently published axolotl genome and transcriptome, identifying axolotl genes and 314 
their sequences has become much easier9–13. Detailed guides in designing gRNAs has been 315 
described elsewhere, including one that deals exclusively with axolotls15. It is advised to design 316 
and test at least three gRNAs for editing efficiency beforehand and to choose the optimal 317 
design for the actual experiment. Efficiency of the gRNA can be tested by injecting the CAS9-318 
gRNA mix into freshly laid axolotl eggs at the one-cell stage23. Editing efficiency can be then 319 
assessed by genotyping the hatched larvae.  320 
 321 
Injection considerations 322 
Since the injection site of the spinal cord suffers from physical damage caused by the needle 323 
and spreading of the RNP mix to tissues outside the central canal, it is important to perform the 324 
injection at positions away from the region of interest to be analyzed. For example, if a tail 325 
amputation is performed after electroporation to study the effects of a targeted gene in spinal 326 
cord regeneration, it is necessary to perform the injection where the site will be removed by 327 
amputation. 328 
 329 
Entering the central canal with an injection capillary is the most critical step of this protocol, 330 
and new users are advised to practice before the actual experiment. Injection is best performed 331 
on smaller animals (less than 2.5 cm long) at the posterior end of the spinal cord, where it is 332 
easiest to position the capillary tip into the central canal. It is advised to observe the initial 333 
spread of the blue-colored RNP mix closely. There is the possibility that the RNP mix may be 334 
injected into the meningeal space around the spinal cord. A sharp and quick spread as a line 335 
along the middle of the spinal cord indicates successful injection into the central canal18. If 336 
nothing exits or the spread stops prematurely, it is recommended to keep the foot pedal 337 
pressed while moving the capillary slightly in and out. If this fails, it may be necessary to re-338 
position the capillary or check for a clogged opening. For the RNP mix to spread into the brain 339 
ventricles, it is often necessary to increase the ejection pressure towards the end. Having the 340 
brain ventricles filled up is not necessary for electroporation of the spinal cord, but it is the best 341 
indication that the RNP mix has been injected into the central canal. 342 
 343 
Electroporation considerations 344 
It is advised to optimize the electroporation parameters beforehand to achieve sufficient 345 
delivery of the RNP to a majority of NSCs without causing extensive damage to other tissues or 346 
killing the animal. This protocol has been optimized for animals 2.0–2.5 cm long in size18. A 347 
reduction in transfer pulse voltage to 35 V is likely necessary when working with animals 348 
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smaller than this. On the other hand, larger animals will require higher voltage and/or more 349 
pulses. In addition, the distance between the electrodes affects the efficiency. A reduction of 350 
the distance to 6 mm may be necessary for larger animals. 351 
 352 
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Name of Material/ Equipment

Agarose

﻿Benzocaine

﻿Benzocaine 0.03 % (wt/vol)

﻿Benzocaine 10 % (wt/vol)

Borosilicate glass capillaries ﻿1.2 mm O.D., 0.94 mm I.D.

CaCl2·2H2O

CAS9 buffer, 10x

﻿CAS9-NLS protein  

Cell culture dishes, 10cm

Dumont #5 - Fine Forceps

Electroporator

Fast Green FCF
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Fast Green FCF Solution, 5x

Flaming/Brown Micropipette Puller 

﻿Holtfreter’s solution 400% (wt/vol) 

KCl

MgSO4·7H2O

Microloader pipette tips

Micromanipulator 

NaCl

Pneumatic PicoPump

Ring Forceps

Stereomicroscope

Tris base

Tris-buffered saline, 10x

Tweezers w/Variable Gap 2 Round Platinum Plate Electrode, 

10mm diameter



Company Catalog Number

Sigma-Aldrich A9539

Sigma-Aldrich E1501-100G
Mix 500 ml of 10× TBS, 500 ml of 400% (wt/vol) 

Holtfreter’s solution and 30 ml of 10% (wt/vol) 

benzocaine stock solution. Fill up the volume to 10 L 

with dH2O. ﻿The solution can be stored at room 

temperature for up to 6 months.
Mix 50 g of benzocaine in 500 ml of 100% (vol/vol) 

ethanol. The solution can be stored at room 

temperature for up to 12 months.

Stutter Instrument BF120-94-8

Merck ﻿102382

Mix 200 mM HEPES and 1.5 M KCl in RNase-free water. 

Adjust pH to 7.5. Filter sterilize, aliquot and store at 

−20 °C for up to 24 months

PNA Bio CP03

Falcon 351029

Fine Scientific Instruments 11254-20

Nepa Gene NEPA21

BEX
Pulse Generator CUY21EDIT 

II

Sigma-Aldrich F7252-5G



Dissolve 12.5 mg of Fast Green FCF powder in 10 mL of 

1× PBS.

Stutter Instrument P-97

﻿Dissolve 11.125 g of MgSO4·7H2O, 5.36 g of CaCl2·2H2O, 

158.4 g of NaCl and 2.875 g of KCl in 10 L of dH2O. The solution 

can be stored at room temperature for up to 6 months.

Merck ﻿104936

Merck ﻿105886

Eppendorf 5242956003

Narishige MN-153 

Merck ﻿106404

World Precision Instruments SYS-PV830

Fine Scientific Instruments 11103-09

Olympus SZX10 

Sigma-Aldrich ﻿T6066

﻿Dissolve 24.2 g of Tris base and 90 g of NaCl in 990 ml 

of dH2O. Adjust pH to 8.0 by adding 10 ml of 37% 

(vol/vol) HCl. The solution can be stored at room 

temperature for up to 6 months.

Nepa Gene ﻿CUY650P10
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 
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ARTICLE AND VIDEO LICENSE AGREEMENT 
 

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051. 

4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 





Dear Dr. Bajaj, 
 
Thank you very much the constructive comments from you and the reviewers.  
We have addressed all the issues raised, please find the changes described 
below and also marked in blue in the revised manuscript, as well as the 
updated figures and tables in the submission system. We look forward to any 
further feedback and the shooting of the video! 
 
Best regards, 
 
Ji-Feng Fei 
 

____________________________________ 
 
Editorial comments: 

Changes to be made by the Author(s): 
1. Please take this opportunity to thoroughly proofread the manuscript to 
ensure that there are no spelling or grammar issues. The JoVE editor will not 
copy-edit your manuscript and any errors in the submitted revision may be 
present in the published version. 
Done 

2. Please define all abbreviations during the first-time use. 
Done 
3. Please rephrase the Short Abstract/Summary to clearly describe the 
protocol and its applications in complete sentences between 10-50 words: 
“We present here a protocol to …” 
We have rephrased the summary. 
4. Please rephrase the Long Abstract to more clearly state the goal of the 
protocol in 100-300 words. 
Abstract has been expanded slightly to improve clarity. 
5. Please remove all commercial language from your manuscript and use 
generic terms instead. All commercial products should be sufficiently 
referenced in the Table of Materials and Reagents. 
For example: NEPA electroporator, FAST green FCF, etc. 
Done. We have retained the use of Fast green FCF since it is not a commercial 
name and is widely used in other articles. 
6. Please adjust the numbering of the Protocol to follow the JoVE Instructions 
for Authors. For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 
if necessary. 
We have modified the protocol to conform to this format. 
7. Please convert centrifuge speeds to centrifugal force (x g) instead of 
revolutions per minute (rpm). 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal letter-
wl3jf2.docx
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Our protocol has no centrifugation steps. 

8. Please revise the protocol text to avoid the use of any personal pronouns in 
the protocol (e.g., "we", "you", "our" etc.). 
Done 

9. Please remove the embedded Table from the manuscript. All tables should 
be uploaded separately to your Editorial Manager account in the form of 
an .xls or .xlsx file. Each table must be accompanied by a title and a description 
after the Representative Results of the manuscript text. 
The table has been removed and the information is rewritten as text (line 
107-109). 
10. Please ensure that all text in the protocol section is written in the 
imperative tense as if telling someone how to do the technique (e.g., “Do this,” 
“Ensure that,” etc.). The actions should be described in the imperative tense in 
complete sentences wherever possible. Avoid usage of phrases such as “could 
be,” “should be,” and “would be” throughout the Protocol. Any text that cannot 
be written in the imperative tense may be added as a “Note.” However, notes 
should be concise and used sparingly. Please include all safety procedures and 
use of hoods, etc. 
We have modified the entire protocol to conform to this standard. 
11. The Protocol should contain only action items that direct the reader to do 
something. 
We have modified the protocol to adhere to this. 
12. Please add more details to your protocol steps. Please ensure you answer 
the “how” question, i.e., how is the step performed? 
Done 

13. Line 98: the note mentions many literatures but cites only one. 
Missing references have been added. 
14. Step 2: Please provide volume and concentrations all the solutions used. 
Done 

15. Step 3 and 5: Please write in complete sentences using imperative tense 
throughout. 
We have modified the protocol to adhere to this. 
16. The Protocol should be made up almost entirely of discrete steps without 
large paragraphs of text between sections. Please simplify the Protocol so that 
individual steps contain only 2-3 actions per step. 
We have modified the protocol to adhere to this. 
17. There is a 10-page limit for the Protocol, but there is a 2.75-page limit for 
filmable content. Please highlight 2.75 pages or less of the Protocol (including 
headings and spacing) that identifies the essential steps of the protocol for the 
video, i.e., the steps that should be visualized to tell the most cohesive story of 
the Protocol. The highlighted steps should form a cohesive narrative with a 
logical flow from one highlighted step to the next. 



Our whole protocol is within 2.75 pages, and we would like to film it all. 
18. Please obtain explicit copyright permission to reuse any figures from a 
previous publication. Explicit permission can be expressed in the form of a 
letter from the editor or a link to the editorial policy that allows re-prints. 
Please upload this information as a .doc or .docx file to your Editorial Manager 
account. The Figure must be cited appropriately in the Figure Legend, i.e. 
“This figure has been modified from [citation].” 
We have obtained and uploaded the relevant permissions to use the figures. 
19. As we are a methods journal, please revise the Discussion to explicitly 
cover the following in detail in 3-6 paragraphs with citations: 
a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 

d) The significance with respect to existing methods 

e) Any future applications of the technique 
The Discussion has been made into 6 paragraphs,in which we have include all 
the above mentioned points. 
20. Please expand the journal titles in the reference section. 
Done 

21. Figures: Please include a scale bar for all the figures panels having images 
from a microscope. 
The missing scale bars have been added. 
22. Please alphabetically sort the materials table. 
Done 
 
Reviewers' comments: 
 

Please note that novelty is not a requirement for publication and reviewer 
comments questioning the novelty of the article can be disregarded. 
 

Please note that the reviewers raised some significant concerns regarding 
your method and your manuscript. Please revise the manuscript to thoroughly 
address these concerns. Additionally, please describe the changes that have 
been made or provide explanations if the comment is not addressed in a 
rebuttal letter. We may send the revised manuscript and the rebuttal letter 
back to peer review. 
 

Reviewer #1: 
 

Manuscript Summary: 
The methods articule by Lou, Wang and colleagues thoroughly describes a 
very timely and straightforward approach to efficiently knock-out genes in the 
ependymal cells of the axolotl spinal cord. Ependymal cells are the main 
drivers of spinal cord regeneration in the axolotl and, even though their 



mammalian counterparts seem to also retain neural stem cell potential, they 
fail to resolve spinal cord injuries. As the authors point out, having the tools to 
investigate what makes axolotl ependymal cells unique is thus of great 
importance. This protocol nicely complements a protocol and a research 
paper (PMID: 25241743) previously published by the authors (PMID: 
30429597) - and it will do more so when accompanied by a video! I have no 
doubts this paper will become a reference in every axolotl lab, and beyond. 
The authors have also done a good job gathering relevant references from the 
literature. I much recommend publication in JoVE (and I am looking forward 
to watch the video!), but will appreciate if the authors could address my 
minor comments below. 
Thank you very much for the positive comments. 
 

Major Concerns: 
None. 
 

Minor Concerns: 
1) Figure 2 shows the effect of SOX2 knock-out 15 days post-electroporation. 
But, could the authors comment on how fast does the knock-out occur? 
Animals grow in size and the waiting time until the gene is effectively knocked 
out might be important for researchers interested, for example, in imaging 
ependymal cells live. 
Thank you for raising this point. To address this issue, we have isolated spinal 
cord tissue from the CAS9-gRNA electroporated region within 24 hours of 
electroporation, extracted the genomic DNA and determined the genomic 
modification efficiency at the gRNA targeted loci via genotyping PCR. From 
this we observed a 60-70% genomic editing rate. This is likely an 
underestimation of gene editing efficiency, as this piece of dissected spinal 
cord includes non-electroporated cells, as well as neurons which will not 
receive CAS9-gRNA complexes due to lack of apical contact to the central 
canal. The fast acting is likely due to the CAS9 protein-gRNA RNP being able to 
induce cutting immediately upon entry into the cell. However, the 
disappearance of the protein coded by the targeted genomic loci varies with 
regards to factors such as protein decay rate. In the case of GFP, we can still 
observe the presence of GFP protein for many days post CAS9-gRNA 
electroporation. We have added this to the discussion (line 212-215, 273-
275). 
 

2) Have the authors considered including their gene knock-in strategy in this 
protocol? 
Thank you for your suggestion. We have previously published another 
protocol paper which describes detailed axolotl knock-in strategies (Fei et al., 
2018). According to the policy of that journal, it is not allowed to publish again 
the knock-in protocol, even at the video format. Therefore we have instead 



referred the readers to this article instead. We have added this point in the 
discussion (line 275-278). 
 

3) Legend Figure 2. The difference in the percentage of SOX2 cells between 
control and CAS9-Sox2gRNA are striking, and very clear! But please write in 
the figure legend which statistical test was used to calculate the p-value, it is 
good practice. 
Student’s t-test was used, and this has been added to the figure legend (line 
247). 
 

Reviewer #2: 
 

Manuscript Summary: 
The manuscript describes a method to inject gRNAs complexed with cas9 
protein into the spinal cord of a salamander, the axolotl 
 

Major Concerns: 
 

This method has previously been published as NPJ Regen. Methods paper in 
2016, the figure showing knockdown of Sox2 where published in Stem cell 
Reports paper in 2014 but the figure shown here is not referenced as being 
taken from that paper in 2014. The figure for showing how the 
electroporation is set up is taken from a book chapter but is again not 
credited. 
Thank you for your valuable comment. In the current protocol, figure 2 is 
taken from the 2016 paper in NPJ Regenerative Medicine, which describes a 
temporal and spatial controlled target gene knockout approach via 
electroporating CAS9 protein-gRNA complexes. The method published in the 
2014 Stem Cell Reports paper is different from the current protocol, and 
describes the global knockout/knockdown of the Sox2 gene in entire animals 
via injection of Cas9 mRNA and gRNA into single stage fertilized eggs. We have 
credited the above-mentioned book chapter, which shows how the 
electroporation is set up in the legend of figure 1 in the revised manuscript 
(line 241). 
 

A crucial part of carrying out knockout experiments is actually showing that 
the gene is knocked out, the protocol should give clear detailed information 
on how to carry out this part of the analysis. 
Thank you very much for your great suggestion, we have expanded the 
protocol to describe this crucial step (line 202-215). 
 

Reviewer #3: 
 

Manuscript Summary: 



This is a nice paper describing methodology for local gene perturbation of 
mature tissues. I have only minor comments listed below 
Thank you very much for your positive comments. 
 

Major Concerns: 
 

Minor Concerns: 
 

Protocol section 1.2. Give reference to commercial source 
We have provided the reference in the Table of Materials. 
Protocol section 2.2. One could add that the distance between electrodes 
affects the efficiency 
This has been elaborated more in the discussion (line 326-328). 
Protocol section 3.1 Give reference for NEPA 
We have provided the reference in the Table of Materials. We also included 
another equivalent electroporator from the company BEX in the Table of 
Materials. 
Protocol section 4.1 Give reference for capillaries and puller 
We have provided the reference in the Table of Materials. 
Protocol section 4.3. Give reference for FCF solution 
We have provided the reference in the Table of Materials. 
Protocol section 4.4. An image showing this would be great 
Thank you for this point. A panel has been added to show this (Fig 1B). 
Protocol section 5.1 Which model of the pump is used? 
We have provided the reference in the Table of Materials. 
Protocol section 6.4. An image showing this would be great 
Thank you very much for your valuable suggestion. Two panels have been 
added to show this (Fig 1C and D). 
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