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SUMMARY:  25 
Here, we provide a method for analyzing the behavior of growing axons in 3D matrices, mimicking 26 
their natural development. 27 
 28 
ABSTRACT:  29 
This protocol uses natural type I collagen to generate three-dimensional (3-D) hydrogel for 30 
monitoring and analyzing the axonal growth. The protocol is centered on culturing small pieces 31 
of embryonic or early postnatal rodent brains inside a 3-D hydrogel formed by the rat tail tendon-32 
derived type I collagen with specific porosity. Tissue pieces are cultured inside the hydrogel as 33 
specific brain fragments or genetically-modified cell aggregates to produce and secrete 34 
molecules suitable for creating a gradient inside the porous matrix. The steps of this protocol are 35 
simple and reproducible but include critical steps to be considered carefully during its 36 
development. Moreover, the behavior of growing axons can be monitored and analyzed directly 37 
using a phase-contrast microscope or mono/multiphoton fluorescence microscope after fixation 38 
by immunocytochemical methods. 39 
 40 
INTRODUCTION:  41 
Neuronal axons, ending in axonal growth cones, migrate long distances through the extracellular 42 
matrix (ECM) of the embryo over specific pathways to reach their appropriate targets. The 43 
growth cone is the distal portion of the axon and it is specialized to sense the physical and 44 
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molecular environment of the cell1,2. From a molecular point of view, growth cones are guided 45 
by at least four different molecular mechanisms: contact attraction, chemoattraction, contact 46 
repulsion, and chemorepulsion triggered by different axonal guidance cues3-6. Contact-mediated 47 
processes can be partially monitored in two-dimensional (2D) cultures on micro-patterned 48 
substrates (e.g., with stripes7,8 or spots9 containing the molecules). However, axons can navigate 49 
to their target in a non-diffusive manner by sensing several attractive and repulsive molecules 50 
from guidepost cells in the environment4,5,10. Here, we describe an easy method of 3-D culture 51 
to check whether a secreted molecule induces chemorepulsive or chemoattractive effects on 52 
developing axons. 53 
 54 
The earliest studies aimed to determine the effects of axon guidance cues used explant cultures 55 
in three-dimensional (3-D) matrices to generate gradients simulating in vivo conditions11,12. This 56 
approach, together with in vivo experiments, allowed for the identification of four major families 57 
of guidance cues: Netrins, Slits, Semaphorins, and Ephrins4-6. These molecular cues and other 58 
factors13 are integrated by the growing axons, triggering the dynamics of adhesion complexes 59 
and transducing mechanical forces via the cytoskeleton14-16. To generate molecular gradients in 60 
3-D cultures for axonal navigation, pioneering researchers used plasma clot substrates17, which 61 
was also used for organotypic slice preparations18. However, in 1958, a new protocol to generate 62 
3-D collagen hydrogels was reported for studying with Maximow´s devices19, a culture platform, 63 
used in several studies suitable for microscopic observations20. Another pioneer study reported 64 
collagen gel as a tool to embed human fibroblasts for studying the differentiation of fibroblasts 65 
into myofibroblasts in wound healing processes21. In parallel, Lumsden and Davies applied 66 
collagen from the bovine dermis to analyze the putative effect of nerve growth factor (NGF) on 67 
the guiding of sensory nerve fibers22. With the development of new culture platforms (e.g., multi-68 
well plates) by different companies and laboratories, collagen cultures were adapted to these 69 
new devices6,23-26. In parallel, an extract of ECM material derived from the Engelbreth-Holm-70 
Swarm tumor cell line was made commercially available to expand these studies27.  71 
 72 
Recently, several protocols have been developed to generate molecular gradients with putative 73 
roles in axon guidance using 3-D hydrogels (e.g., collagen, fibrin, etc.)28. Alternatively, the 74 
candidate molecule can be immobilized at different concentration in a porous matrix (e.g., NGF29) 75 
or generated by culturing in a small region of the 3-D hydrogel cell aggregates secreting the 76 
molecule to generate a radial gradient4,23-26. The last possibility will be explained in this protocol. 77 
 78 
The procedure presented here is an easy, fast and highly reproducible method based on the 79 
analysis of axonal growth in 3-D hydrogel cultures of the embryonic mouse brain. In comparison 80 
with other methods, the protocol is well suited for non-trained researchers and can be fully 81 
developed after a short training (1-2 weeks). In this protocol, we first isolate collagen from adult 82 
rat tails to further generate 3-D matrices in which genetically-modified cell aggregates are 83 
cultured in front of the embryonic neuronal tissue. These cell aggregates form radial chemical 84 
gradients of a candidate molecule which elicits a response for the growing axons. Finally, the 85 
evaluation of the effects of the molecule on growing axons can easily be performed using a phase 86 
contrast microscopy or, alternatively, immunocytochemical methods. 87 
 88 
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PROTOCOL:  89 
 90 
All animal experiments were performed under the guidelines and protocols of the Ethical 91 
Committee for Animal Experimentation (CEEA) of the University of Barcelona, and the protocol 92 
for the use of rodents in this study was reviewed and approved by the CEEA of the University of 93 
Barcelona (CEEA approval #276/16 and 141/15).   94 
 95 
1. Purification of rat tail collagen  96 
 97 
1.1 Collect adult Sprague-Dawley rat tails (8-9 weeks old) after sacrificing the animal following 98 
ethical guidelines and rinse in 95% ethanol. Place 2-4 tails on ice (4 °C) and keep them covered 99 
with ice during the process.   100 
 101 
1.2 To obtain tail tendons, fix the tail at the most caudal vertebrae of the tail using a hemostat 102 
and compress the tail with a second hemostat positioned around 5-7 mm from the first. Break 103 
the tail by twisting it sharply with both hemostats. To do this, fold/unfold the vertebrae several 104 
times until it breaks.  105 

 106 
1.3 Pull the vertebrae slowly with the hemostat to detach the tendons from their sheath as it 107 
comes out. At this moment, cut tendons with small scissors. Keep these tendon pieces in a sterile 108 
100 mm Petri dish on ice. 109 

 110 
1.4  Repeat the clamping and sliding for the rest of the tails until the tendons are totally 111 
extracted. 112 

 113 
1.5  Repeat steps 1.2-1.4 for all the obtained tails. 114 
 115 
1.6 Observe the tendons under a microscope. Discard blood vessels by cutting with small scissors 116 
and holding with straight fine forceps to improve the tendon’s purity and rinse the tendons 3 117 
times with ultrapure water. 118 
 119 
1.7 Collect 3-4 g of wet tendons. Dissolve the tendons in 150 mL of 3% glacial acetic acid at 4 °C 120 
in a 200-250 mL glass conical flask for 24-36 h, under gentle stirring.  121 
 122 
1.8 Centrifuge at 20,000 x g for 1 h. In parallel, prepare the dialysis tubing membrane by cutting 123 
a piece of around 10-15 cm in length and boil it in ultrapure water containing 1 mM 124 
ethylenediaminetetraacetic acid (EDTA) for 15 min. Thereafter, gently rinse the dialysis 125 
membrane thoroughly with ultrapure water. 126 
 127 
1.9 After centrifugation, collect the supernatant in the dialysis tubing membrane by decantation. 128 
The pellet contains acidic insoluble material (non-collagenous proteins) and the supernatant 129 
contains soluble collagen proteins. 130 
 131 
1.10 Dialyze the supernatant against 2 L of sterile 0.1x Minimum Essential Medium Eagle (MEM), 132 



  

Page 4 of 13 
 

pH 4.0 in a 2-5 L glass beaker. Dialyze for 3 days. Change 0.1x MEM solution at least twice a day 133 
checking the pH at every change before using. If pH has turned basic, modify it with a few drops 134 
of 0.1 M acetic acid until pH is 4.0. 135 
 136 
1.11 After dialysis, add antibiotics (1.5 mL of penicillin/streptomycin (Pen-Strep)) to the dialyzed 137 
collagen solution. Make 5 mL aliquots of the collagen stock solution and store at 4 °C.  138 

 139 
NOTE: From this point, all handling procedures must be performed under sterile conditions in a 140 
laminar flow hood. 141 

 142 
1.12 Proceed with the gelation test of the prepared collagen stock solution following the next 143 
steps.  144 
 145 
1.12.1 Since the stock collagen is usually too concentrated, prepare 3 working dilutions (75%, 146 
50%, and 25% collagen solution) by diluting the stock in 0.1x MEM, pH 4.0. The final volume 147 
recommended for each working dilution is 5 mL. In each condition, check the protein 148 
concentration using a protein colorimetric assay. 149 
 150 
1.12.2 Place several empty 1.5 mL conical centrifuge tubes (one for each working dilution), 10x 151 
MEM tubes, 7.5% sodium bicarbonate solution and different working dilutions of collagen on ice. 152 
Wait until these are cooled. 153 
 154 
1.12.3 Add 40-50 µL of 10x MEM to a cold (4 °C) centrifuge tube. Next, mix it gently with 7-8 μL 155 
of sodium bicarbonate solution. 156 
 157 
1.12.4 Add 310-330 μL of one of the different collagen dilutions to this tube and mix it gently 158 
with the pipette avoiding any bubble formation. Keep the collagen-MEM-sodium bicarbonate 159 
mixture on ice (4 °C) for at least 5 min. 160 
 161 
1.12.5 Pipette 10-25 μL of the mixture into a 35 mm Petri dish. 162 
 163 
1.12.6 Place the Petri dish in the CO2 incubator set at 37 °C until the gelation of the hydrogel (± 164 
15-20 min) is observed.  165 
 166 
1.12.7 Repeat steps 1.12.3-1.12.6 for the remaining collagen dilutions in different Petri dishes. 167 

 168 
1.12.8 Select the collagen working dilution that renders the best results.  169 

 170 
NOTE: The best gelled hydrogel should have a uniform translucent texture, grey color and should 171 
not be lumpy or stringy. In our experience, a dilution of 3:1 (Collagen: 0.1x MEM) generates the 172 
best experimental results.  173 
 174 
2. Preparation of cell (COS1) aggregates genetically-modified to secrete a candidate molecule 175 
in 3-D collagen hydrogels 176 
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 177 
2.1. Plate 2 x 106 COS1 cells into a 35 mm Petri dishes and incubate with complete culture 178 
medium composed of 100 mL of D-MEM containing 10% (vol/vol) heat-inactivated fetal bovine 179 
serum, 0.5% (wt/vol) glutamine and 1% (wt/vol) Pen/Strep in a cell culture incubator, in order to 180 
reach 70-80% confluency overnight. Prepare one Petri dish for each transfection procedure. 181 
  182 
2.2. The following day transfect COS1 cells with the DNA encoding the candidate molecule 183 
(Netrin-1 or Sema3E) using liposome-based transfection method following the manufacturer’s 184 
instructions.  185 
 186 
2.2.1 To do this, mix 250 µL of serum-free medium and DNA (1-2 μg per condition) to a 1.5 mL 187 
centrifuge tube (DNA tube) and mix. Incubate at room temperature (RT) for 5 min. Prepare a 188 
second tube (liposomal tube) by adding 240 µL of the serum-free medium and 10 µL of the 189 
liposomal transfection reagent. Incubate at RT for 5 min.  190 
 191 
2.2.2 After incubation, add the content of the DNA-tube to the liposomal tube and mix gently. 192 
Now incubate at RT for 15 min. Replace the medium on the cultured cells with 1.5 mL of the 193 
serum-free medium and add the DNA-liposomes mixture to the Petri dish slowly dropwise. 194 
Incubate for 3 h in the CO2 cell culture incubator.  195 
 196 
2.3. After 3 h of transfection incubation, replace the medium with the complete culture medium 197 
and incubate overnight in the incubator.  198 
 199 
2.4. Next day, rinse the cells with 0.1 M Dulbecco’s phosphate buffered saline (D-PBS), treat 200 
cultures with Trypsin-EDTA (800 µL per each dish for 15 min in the CO2 incubator) and collect 201 
detached cells with 15 mL of complete culture medium.  202 

 203 
2.5. Centrifuge the cells at 4 °C at 130 x g for 5 min. After centrifugation, remove media and 204 
preserve the pellet containing COS1 cells on ice. 205 
 206 
2.6. Repeat steps 1.12.3-1.12.6 to prepare the collagen working mixture. 207 
 208 
2.7. Add 150-200 μL of the collagen dilution to the pellet of the transfected cells and mix gently 209 
by pipetting up and down and spread 45-50 µL of this mixture onto a Petri dish (60 mm diameter) 210 
to form a uniform band of collagen-cells of around 1-1.5 cm in length. Place the dish in the 211 
incubator at 37 °C (5% CO2) until the gelation (± 15-20 min) is observed.  212 
 213 
2.8. Prepare a second strip containing control cells (mock transfection) in a second culture dish 214 
and add 3-4 mL of warmed (37 °C) COS1 complete culture medium to each dish containing the 215 
collagen-cells strips and keep them in the CO2 cell culture incubator. Thereafter, cut the collagen-216 
cells strips to generate small pieces (400 to 500 µm in length) using a fine scalpel or a tissue 217 
chopper. 218 
 219 
2.9. Transfer all the sections from the same transfection condition to a Petri dish containing 3-220 
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3.5 mL of neuronal culture media (NCM). Again, keep them in the CO2 cell culture incubator. 221 
 222 

NOTE: Neuronal culture medium consists of Neurobasal medium containing 1-5% (vol/vol) heat-223 
inactivated horse serum, 2 mM glutamine, 0.5% (wt/vol) glucose, 1% (wt/vol) Pen-Strep solution 224 
and 0.044% (wt/vol) NaHCO3. Ensure that the pH is between 7.2-7.3. 225 
 226 
3. Generation of embryonic explant for culture 227 
 228 
3.1. Sterilize the surgical tools (scissors, scalpel blade handle, straight and curved forceps) by 229 
autoclaving following routine sterilization guidelines. In parallel prepare 500 mL of Hank’s 230 
balanced salt solution-glucose buffer and 4-5 Petri dishes (100 mm diameter) containing 10 mL 231 
of HBSS-G. Place these plates on ice (4 °C).  232 
 233 
3.2. Sacrifice the pregnant female rat (embryonic day 16.5) outside the sterile area, following the 234 
approved ethical procedures. Cut the embryo horns with scissors from the abdominal cavity and 235 
place it into a large Petri dish containing cold HBSS-G. 236 
 237 
3.3. Place the dish in the laminar flow hood and extract the embryos with straight forceps. Place 238 
them into a new dish containing cold HBSS-G. Next, remove the skin of the embryo using small 239 
forceps and carefully dissect the brain using the curved and straight forceps. Place them into a 240 
dish containing cold HBSS-G.  241 
 242 
3.4. Under a dissecting microscope, cut the brain in half along the midline to separate both the 243 
hemispheres with the scalpel or fine scissors and remove meninges and blood vessels from the 244 
brain pieces with fine forceps.  245 
 246 
3.5. Dissect the brain’s region of interest with a fine scalpel (e.g., CA region of the hippocampus). 247 
Repeat steps 3.3-3.5 with the rest of the embryos. Do not delay the dissection for more than 2 h 248 
to preserve the tissue quality. 249 
 250 
3.6. Clean all parts of the tissue chopper with 100% ethanol (especially the 251 
polytetrafluoroethylene (PTFE) cutting plate and the razor blade). Keep the tissue chopper in the 252 
laminar flux hood under UV illumination for 15 min. 253 
 254 
3.7. Transfer each tissue piece (e.g., hippocampus) to the cutting plate of the tissue chopper. For 255 
hippocampus, place it perpendicular to the razor blade and obtain tissue sections of 450-500 µm 256 
in thickness.  257 
 258 
3.8 Prepare several 35 mm Petri dishes with 3-4 mL of complete NCM and transfer tissue pieces 259 
from the tissue chopper plate to the Petri dishes. Many dishes may be needed as regions of 260 
interest are dissected. 261 
 262 
3.9 Finish the tissue dissection in the complete NCM using fine tungsten needles. Check the 263 
quality of the obtained slices under the dissecting microscope. Ensure that the layers are clearly 264 
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identifiable in the darkfield optics. Discard damaged slices. Keep these explants in complete NCM 265 
medium in the CO2 incubator. 266 
 267 
4. Preparation of 3-D co-cultures in collagen hydrogels 268 
   269 
4.1 Place several sterile 4-well culture plates in the laminar flow hood and prepare a collagen 270 
working mixture as previously indicated in steps 1.10-1.13.  271 
 272 
4.3 Place 15-20 μL of the hydrogel mixture into the bottom of a well to produce a circular collagen 273 
base. Repeat this step for the rest of the wells. Do not prepare more than five plates at the same 274 
time to avoid excessive liquid evaporation from the hydrogel base. 275 
 276 
4.5 Keep the dishes in the incubator until the complete gelation (± 15-20 min) is observed and 277 
take the plates out of the incubator only when the gelation is completed. Check the quality of 278 
the gelled collagen.  279 
 280 
4.7 Transfer a small piece of COS1 cell aggregate with a pipette. Place it onto the hydrogel base 281 
and place a tissue piece on the same base with a pipette close to the piece of cells aggregate at 282 
one explant-size.  283 
 284 
4.9 Prepare a new working collagen mixture on ice as in steps 1.10-1.13.  285 
 286 
4.10 Gently pipette 15-20 μL of this new mixture and cover the explant and cell aggregate. A 287 
sandwich-like hydrogel culture will be observed. At this moment, re-orientate the explant with a 288 
fine tungsten needle (do not touch the COS1 cell aggregate!), so it faces the cell aggregate at ± 289 
500-600 μm.  290 
 291 
4.12 Return the plate to the incubator until the gelation is observed (± 10-15 min), and 0.5 mL of 292 
complete NCM supplemented with 2% B27 supplement and keep cultures for 36 to 48 h in the 293 
incubator (37 °C, 5% CO2).  294 
 295 
5. Fixation of explant-cell aggregate co-cultures and immunocytochemical procedure 296 
 297 
5.1 After 36-48 h of incubation, remove the medium and rinse with 0.1 M phosphate buffered 298 
saline (PBS), pH 7.3. Thereafter, fix the cultures for 1 h with 4% paraformaldehyde in 0.1 M 299 
phosphate buffer (PB), pH 7.3, at 4 °C. 300 
 301 
5.2 Remove the fixative and gently rinse the cultures 3-4 times (10-15 min each) in 0.1 M PB, pH 302 
7.3.  303 
 304 
5.3 Detach the hydrogel sandwich from the bottom of the well with spatula or forceps. Transfer 305 
the collagen block with a fine paintbrush to a 6-well culture plate containing 0.1 M PBS with 0.5% 306 
non-ionic detergent.  307 
 308 
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5.4 Incubate free-floating hydrogels in the blocking solution (10% serum, 0.5% non-ionic 309 
surfactant, and 0.2% gelatin in 0.1 M PBS) for 2-3 h at RT with gentle agitation. 310 
 311 
5.5 Rinse 3 times (10-15 min each) with 0.1 M PBS containing 0.5% non-ionic surfactant.  312 
 313 
5.6 Incubate with primary antibody diluted in PBS containing 5% serum, 0.5% non-ionic 314 
surfactant, 0.2% gelatin, and 0.02% sodium azide. Incubate with the primary antibody for 36-48 315 
h at 4 °C on a shaker.  316 
 317 
NOTE: Usually an antibody against class III β-tubulin (α-TUJ-1) (diluted 1:2000) is used to define 318 
axonal growth in 3-D hydrogel cultures.  319 
 320 
5.7 After incubation, rinse as in step 5.5.  321 
 322 
5.8 Incubate with secondary antibody for 4 h at RT (or 6-7 h at 4 °C) on a shaker diluted in 5% 323 
serum, 0.5% non-ionic surfactant, and 0.2% gelatin. A horse anti-mouse biotinylated antibody 324 
(diluted 1:200) is used in this experiment. 325 
 326 
5.9 Rinse cultures as in 5.5. 327 
 328 
5.10 Incubate the cultures for 2 days at 4 °C with avidin-biotin complex (ABC) solution 1:100 329 
diluted in PBS containing 5% serum, 0.5% non-ionic surfactant, and 0.2% gelatin. Alternatively, 330 
use horseradish peroxidase (HRP)-tagged streptavidin (diluted 1:300-400) in the same buffer. 331 
 332 
5.11 Rinse cultures as described in 5.5. 333 
 334 
5.12 Rinse the cultures several times with 0.1 M Tris-HCl buffer, pH 7.6 for 1 h. 335 
 336 
5.13 Incubate the cultures with 0.03% of 3,3′-Diaminobenzidine tetrahydrochloride (DAB) 337 
solution in 0.1 M Tris-HCl, pH 7.6.  338 
 339 
5.14 Add 5-8 µL of 1% H2O2 and wait 10-15 min. Monitor the development of DAB under a 340 
microscope using a 4-10x objective. 341 
 342 
5.15 Stop the reaction by removing DAB solution with 0.1 M Tris-HCl buffer, pH 7.6.  343 
 344 
5.16 Rinse the cultures in PBS for 30 min (several changes). 345 
 346 
5.17 Mount the hydrogels onto glass slides using aqueous-based mounting media. 347 
 348 
5.18 Analyze the length and distribution of the axons inside the hydrogel using Sholl analysis plug-349 
in or with NeuriteJ plug-in for ImageJ software30. 350 
 351 
REPRESENTATIVE RESULTS:  352 
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Here, we present a widely accessible methodology to study axonal growth in 3-D hydrogel 353 
collagen cultures of embryonic mouse nervous system. To this end, we isolated collagen from 354 
adult rat tails to generate 3-D matrices in which we cultured genetically-modified cell aggregates 355 
expressing Netrin-1 or Sema3E confronted with embryonic neuronal tissue (e.g., CA region of the 356 
hippocampus). These cell aggregates formed a radially distributed gradient of the candidate 357 
molecule inside the collagen matrix. Finally, to evaluate the neuronal response to different 358 
molecules, we labeled the cultures using immunocytochemical methods (e.g., α-TUJ-1) and by 359 
applying a simple and easy quantification method, we obtained enough data to determine the 360 
effect of the putative candidate on axonal behavior.  361 
 362 
In our experiment, when hippocampal axons were confronted with Netrin-1, these axons grew 363 
preferentially towards the source of Netrin-1 which indicates that Netrin-1 acts as a 364 
chemoattractive molecule for these axons (Figure 1B). In contrast, when hippocampal axons 365 
where confronted with Sema3E-secreting cells, most of them grew opposite to the cell aggregate 366 
indicating that Sema3E is a chemorepulsive molecule for them (Figure 1C). In the control 367 
condition (mock transfection), all axons grew radially without any directional preference (Figure 368 
1A). Figure 1D-E are schematic representations of the axonal response and quantification 369 
method. After image acquisition, we drew a line in the middle of the explant which delimited the 370 
proximal (close to cell aggregate) and the distal (opposite to the cell aggregate) quadrants in 371 
order to calculate the proximal/distal ratio (P/D ratio). In control conditions, the axons were 372 
equally distributed in both quadrants (radial outgrowth) which indicated a ratio P/D = 1 (Figure 373 
1D). When explants showed increased number of axons in the proximal quadrant in comparison 374 
to the distal (indicating chemoattraction) the ratio was P/D > 1 (Figure 1E) and when the number 375 
of axons was higher in the distal quadrant than in the proximal one (indicating chemorepulsion) 376 
the ratio was P/D < 1 (Figure 1F). 377 
 378 
In order to achieve excellent results with this technique, we must make sure that collagen 379 
polymerization is homogenous, cell transfection is efficient, and the distance between the tissue 380 
explant and the cell aggregate is appropriate (see Discussion). 381 
 382 
In conclusion, we can confirm that the generation of 3-D collagen-based hydrogels is a useful 383 
technique in order to evaluate axonal growth and behavior responses to candidate guidance 384 
molecules which can be playing essential roles in the axonal migration during nervous system 385 
development. 386 
 387 
FIGURE AND TABLE LEGENDS:  388 
Figure 1. Examples of explants growing in 3-D hydrogels in confrontation experiments and 389 
quantification methods. (A-C) Explants were obtained from the hippocampal region at E14.5, 390 
cultured for 48 h in vitro, and labeled with βIII-tubulin (α-TUJ-1) by immunostaining. Differences 391 
in axonal growth can be observed visually. Please compare (A) with (B-C). (D-E) Schematic 392 
representations of the axonal response and quantification method. Dotted line delimits both the 393 
proximal (P) and the distal (D) quadrant in order to calculate the ratio P/D. Ratio P/D = 1 394 
represents a radial pattern of growth (D); P/D > 1 indicates a chemoattractive response (E), and 395 
P/D < 1 indicates a chemorepulsive effect (F). Abbreviations: CA = CA1-3 hippocampal regions; D 396 



  

Page 10 of 13 
 

= distal quadrant; P = proximal quadrant. Scale bars: A = 200 μm pertains to (B-C). 397 
 398 
DISCUSSION:  399 
The growth of developing axons is mainly invasive and includes ECM degradation and 400 
remodeling. Using the procedure presented here, researchers can obtain a homogenous 3-D 401 
matrix formed by the natural type I collagen in which axons (or cells) can respond to a chemical 402 
gradient secreted by genetically-modified cells as they do in vivo. Different axonal responses to 403 
gradients of attractive or inhibitory cues (protein, lipids, etc.) can be easily compared to specific 404 
control (mock transfected cells). As advantages, we must mention that tendons are easy to 405 
isolate and indeed they can be remnants of animal experimentation. In addition, tendons are 406 
highly collagen I concentrated compared to other tissues such as skin or lung31.  407 
 408 
Although the methodology presented here is simple to perform, there are some steps that need 409 
special attention during the process. Concerning collagen extraction, it is imperative to remove 410 
unwanted blood vessels and skin debris from tail tendons in order to improve collagen purity and 411 
the quality of gelation. Also, it is mandatory to maintain sterile conditions by performing some 412 
steps under a sterile laminar flow hood and sterilizing the surgical tools before use. In addition, 413 
it is important to maintain the appropriate pH and temperature conditions of the solutions. For 414 
instance, if MEM 10x and bicarbonate solutions are not optimal, the collagen matrix will not 415 
polymerize homogeneously, and consequently, the axonal growth and result will be negatively 416 
affected. Moreover, if the collagen stock solution is too concentrated or too diluted, the matrices 417 
will not gel properly. In our experience, the best collagen stock concentration is approximately 418 
5-5.5 mg/mL of protein (quantified by a colorimetric protein assay kit) and we use a 3:1 dilution 419 
(Collagen: 0.1x MEM) to obtain perfect hydrogel matrices. Regarding cell transfection and cell 420 
aggregate formation, it is important to maintain sterile conditions and avoid possible 421 
contamination, for example, purifying plasmid vectors with endotoxin-free plasmid DNA 422 
purification kits is mandatory. Also, we must emphasize that the transfection conditions vary 423 
depending on the cell type, passage number, and the plasmid characteristics. Here, we have 424 
reported the optimal and routine conditions in our hands. Therefore, researchers should test the 425 
recommended concentrations indicated by the manufacturer or adjust them to determine their 426 
own optimal conditions.  427 
 428 
Regarding the problems that may arise with this technique, we must consider that sometimes 429 
the 3-D matrices do not present the expected homogeneous gel-like structure. In this case, it is 430 
important to check the temperature and pH condition of the solutions and discard them in case 431 
it is incorrect. Also, it is recommended to perform a quality control test such as denaturing 432 
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions to validate the purity 433 
of collagen stock preparation. With this approach, pure and undamaged type I collagen shows a 434 
typical migration pattern consisting of 2 monomeric α chains (α1 and α2), 3 dimeric β chains (β11, 435 
β12, variant β11), and 1 trimeric γ chain32,33. If the obtained collagen does not fit this pattern, it 436 
should not be used. Lastly, after immunostaining, axons can appear radially distributed when 437 
confronted with cells secreting a chemorepulsive or chemoattractive molecule. In this situation, 438 
the efficiency of transfection must be checked by performing a dot blotting technique on the 439 
proper co-culture system (if the DNA plasmids are alkaline phosphatase-tagged) or by processing 440 
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the culture media after transfection by western blotting. A limitation to consider is that the 441 
distance between the cell aggregate and tissue explant is crucial. If they are very far apart, we 442 
will not be able to see any clear effect of the secreted molecule on the tissue explant, but if they 443 
are very close to each other, the effect will be too strong to be considered as a good result. From 444 
our experience, the appropriate distance is around one explant-size (400-500 μm) because the 445 
molecular gradient generated by the cell aggregate will extend radially from along 400-500 μm 446 
after 24 h in culture. 447 
 448 
Alternatively, one can use commercial tumor-derived ECM extract instead of rat tail collagen. In 449 
that case, all the procedures must be performed at between 4 and 10 °C, since the gelation of 450 
commercial ECM extract is temperature-dependent. Thus, special care should be taken to ensure 451 
all culture dishes, pipette tips, culture media, and solutions are maintained at 4 °C.  452 
 453 
Finally, although the method presented here is mainly associated with the analysis of neuronal 454 
functions such as axonal growth or neuronal migration, it also becomes a useful technique for 455 
the pharmacological screening, adhesion assays, in vitro fibrillation experiments and tissue 456 
engineering strategies34-36. 457 
 458 
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Name of Material/ Equipment

Material

3,3′-Diaminobenzidine tetrahydrochloride 10 mg tablets (DAB)

Adult Sprague-Dawley rats (8 to 9 weeks old) 

Avidin-biotin-peroxidase complex (ABC)

B27
 
serum-free supplement 50x 

Bicinchoninic acid (BCA) protein assay kit

cDNA plasmid vectors

COS1 cell lines

D-(+)-Glucose

D-(+)-glucose (45% solution in water) for complete Neurobasal medium

D-MEM (Dulbecco's Modified Eagle Medium 1x ) for COS1 culture medium

Dulbecco’s phosphate buffered saline 10x (without Ca2+ and Mg2+) (D-PBS) for cultures

Ethanol 

Ethylenediaminetetraacetic acid dihydrate disodium salt (EDTA)

Fluorescence mounting media (e.g., Fluoromount-G or similar)

Gelatin powder 

Glacial acetic acid (Panreac, cat. no. 211008)

Hank’s balanced salt solution 

Heat-inactivated foetal bovine serum 

Heat-inactivated horse serum 

Hydrogen peroxide (H2O2, 32 to 33% in water)

L-glutamine 200 mM solution (100x) for complete Neurobasal and COS1 medium

Lipofectamine 2000 Reagent

Mice pregnant female (embryonic day 12.5 to 16.5; E12.5-16.5) 

Modified Minimum Essential Medium Eagle (MEM)

Monoclonal antibody against class III β-tubulin (clone TUJ-1)

N-2 supplement 100x 

Neurobasal medium 

Paraformaldehyde

Penicillin/streptomycin solution 100x 

Phosphate buffered saline 10x (PBS) for immunocytochemistry

Secondary antibody: biotinylated horse anti-mouse 

Serum-free medium (Opti-MEM)

Sodium azide 

Sodium bicarbonate solution 7.5% 

Sterile culture grade H2O 

TritonTM X-100 

Trizma base 
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Trypsin-EDTA (Trypsin (0.05% (wt/vol) with EDTA (1x)

Equipment

1 large and 1 small curved scissors for dissection 

1.5-ml conical centrifuge tubes 

15-ml conical centrifuge tubes 

2 haemostats  

2 small straight dissecting scissors

200-ml centrifuge tubes for centrifugation

200-ml sterile glass conical flasks

2-litre glass beaker

4- and 6-well culture plates 

Automatic pipette pumps and disposable 10 ml and 25 ml filter-containing sterile plastic pipettes.

Automatic pipettes, sterile filter tips and current sterile tips 

Bench top microcentrifuge with angle fixed rotor 

Bench top refrigerated centrifuge with swing-bucket rotor (with 1.5, 15 and 50 ml tube adaptors)

Cell culture incubator at 37 ºC, 5% CO2 and 95% air

Dialysis tubing cellulose membrane

Dialysis tubing closures 

Disposable glass pipettes

Dissecting microscope with dark field optics 

High-speed refrigerated Beckman Coulter centrifuge or similar with angle fixed rotor

Laminar flow hood

Large 100-mm, 60-mm and small 35-mm Ø cell culture dishes 

Magnetic stirrer and magnetic spin bars

McIlwain tissue chopper

One pair of fine straight forceps and one pair of curved forceps 

Razor blades for the tissue chopper

Scalpels (number 15 and 11)

Two pairs of fine spatulas for transferring collagen and tissue pieces



Company Catalog Number

Sigma D5905

Criffa-Credo, Lyon, France

Vector Labs PK-4000

Invitrogen 17504-044

Pierce 23225

ATTC CRL-1570

Sigma 16325

Sigma G8769

Invitrogen 41966-029

Invitrogen 14200

merck 108543

Sigma E5134

Electron Microscopy Sciences (EMS) 17984-25

Sigma G1890

Panreac 211008

Invitrogen 24020083

Invitrogen 10108-165

Invitrogen 26050-088

Sigma 316989

Invitrogen 25030-024

Invitrogen 11668-019

Criffa-Credo, Lyon, France

Invitrogen 11012-044

Biolegend 801201

Invitrogen 17502-048

Invitrogen 21103049

Merck 1,040,051,000

Invitrogen 15140-22

Invitrogen AM9624

Vector Labs BA-2000

Invitrogen 11058-021

Panreac 162712

Invitrogen 25080-094

Sigma W3500

Sigma X100

Sigma T1503



Invitrogen 25300-054

Fine tools Instruments or similar

Eppendorf or similar

Corning or similar

Fine tools Instruments or similar

Fine tools Instruments or similar

Nalgene or similar

Nunc 176740 and 140675

Gilson, Brand, Eppendorf or similar 

Gilson, Eppendorf or similar

Eppendorf, Beckman Coulter or similar

Eppendorf, Beckman Coulter or similar

Sigma D9402

Sigma Z37101-7

Olympus SZ51 or similar 

High-speed refrigerated Beckman Coulter centrifuge or similar with angle fixed rotor

Nunc  150679 , 150288 and 150318, respectively

IKA or similar

Mickle Laboratory Engineering

Fine tools Instruments or similar

Fine tools Instruments or similar
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