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Abstract

Organotypic cultures are multicellular in vitro models that preserve both cytoarchitecture and cell
interactions that form the tissue, providing a closer approximation to in vivo models in comparison with
dissociated cell cultures. Previous studies in our lab proposed a method of dorsal root ganglia \(DRG)
and spinal cord slice \(SC) organotypic 3D cultures to study motor and sensory axonal regeneration.
Although these models are useful to study how different factors and substrates affect axonal growth,
manual sample analysis can be inaccurate, tiresome and high time-consuming. Therefore, we have
developed a computer-aided method, using the Neurite-J plug-in, to analyze the neurite outgrowth in
organotypic cultures, that can also be applied to other types of explants. This program, implemented as a
plug-in for ImagedJ software, markedly reduces the time needed in the manual analysis, improves the
accuracy and increases the amount of information obtained from each sample. Therefore, these
organotypic 3D cultures and the computed aired method are a powerful and useful tool to obtain
valuable data of neurite growth in different conditions. The objective of the present work is to provide the
protocol of our DRG and SC slice cultures, from the animal to the image analysis, that will allow studying
neurite outgrowth in a reliable in vitro model. See figure in Figures section.

Introduction

Organotypic cultures are multicellular in vitro models that preserve both cytoarchitecture and cell
interactions that form the tissue, providing a closer approximation to in vivo models in comparison with
dissociated cell cultures. Previous studies in our lab proposed a method for dorsal root ganglia \(DRG)
and spinal cord slice \(SC) organotypic 3D cultures to study motor and sensory axonal regeneration \
(Allodi et al., 2011). Although these models are useful to study how different factors and substrates
affect axonal growth, manual sample analysis can be inaccurate, tiresome and highly time-consuming.
Therefore, we have developed a computer-aided method, using the Neurite-J plug-in, to analyze the
neurite outgrowth in those organotypic cultures \(Torres-Espin et al., 2014), which can also be applied to
other types of explants. This program, implemented as a plug-in for ImageJ software, markedly reduces
the time needed in the manual analysis, improves the accuracy and increases the amount of information
obtained from each sample. Therefore, the organotypic 3D cultures and the computed aided method
constitute a powerful and useful tool to obtain valuable data of neurite growth under different conditions
\(Allodi et al., 2011, 2013, 2014; Daud et al., 2012; Farrell et al., 2012; Auer et al., 2013; Forostyak et al.,
2013; Jin et al,, 2013; Parsons 2013; Riggio et al., 2013; Torres-Espin et al., 2013, 2014, Gerardo-Nava et
al., 2014; Schizas et al., 2014a,b; Assuncao-Silva et al., 2015; Chitsaz et al., 2015; Geuna et al., 2015;
Kraus et al., 2015; Modol et al., 2015; Park et al., 2015; Parra et al., 2015; Phatak et al., 2015; Tong et al.,
2015; Gonzalez-Perez et al., 2016; Santos et al., 2016). The objective of the present work is to provide the
protocol of our DRG and SC slice cultures, from the animal to the image analysis, that will allow studying
neurite outgrowth in reliable in vitro models. **Advantages, limitations and adaptations:** In vitro single
cell systems are typically used to study axonal regeneration, but loss of the tissue structure may limit the
biological significance of the results. Organotypic cultures are a useful system that allows studying
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whole organs and tissues under in vitro controlled conditions, increasing the in vivo approximation of the
results. Moreover, maintenance of tissue structure and cell to cell interaction make organotypic cultures a
powerful approach in neuroscience allowing the investigator to study cells in their appropriate
environment. However, these culture models have the difficulty of reliable quantification of axonal
outgrowth, thus Neurite-J was developed to overcome this drawback. Hand-operated application of the
modified Sholl method implies that the researcher manually selects the outline of the organotypic body in
a freehand manner, expands the selection to a selected distance, then quantifies the number of
intersections \(sometimes in order of hundreds), expands again the shape and repeats the procedure
again and again until the longest neurite is found and measured. This may take several minutes for every
single picture, limiting the amount of cultures that can be analyzed in a reasonable time. Moreover,
manual counting is subject to variability introduced by the researcher. Automation of the process allows
markedly decreasing the analysis time, and improving the reliability of the measurements. The presented
computer-aided analysis makes feasible the application of Sholl methods to organotypic cultures
images, making the analysis faster, more powerful and reproducible than by simple measures.

Reagents

-Ice - Gey's balanced salt solution \(Sigma) - Glucose solution 30mg/ml \(Sigma) - Poly-d-lysine \(PDL,
Sigma) - Rat tail type | collagen \(BD Biosciences) - Neurobasal medium \(Gibco) - 10X basal Eagle's
medium \(Gibco) - 50X B27 supplement \(Gibco) - 100X Glutamine \(200 mM, Sigma) - 100X
Penicillin/Streptomicin \(Sigma) - 4% paraformaldehyde in phosphate buffer saline \(PBS) - Tris buffer \
(TB) - Tris buffer saline \(TBS) - TBS-0,1% Tween 20 \(TBS-L) - TBS-0,3% Triton X100 \(TBS-T) - Citrate
buffer - Methanol - Ethanol - Antibodies - Specific antibody serum: for example if the secondary antibody
is made in goat, use the normal goat serum for antibody incubation. - Mowiol mounting medium \(10% of
Mowiol in glycerol supplemented with 0.6% of DABCO and DAPI) - 7.5% sodium bicarbonate solution \
(Gibco) - Neurotrophic factors \(NF) - BSA \(or HSA) - Sterile distilled H20 \(H20d) - Milli-Q filtered H20 \
(Millipore) - Sodium Azide

Equipment

- Cell culture room - Incubator - Inverted microscope - Epifluorescence microscope with digital camera -
Cabin - Dissection microscope in the cabin - Automatic tissue chopper \(Mcllwain) and disposable blades
- Tissue Chopper nylon sheets - Automatic pipette set - Automatic pipette tips \(sterile) - Pipettes - Wet
bath - Round coverslips \(sterile) - 30mm Petri dishes \(Iwaki) - 24-well plates \(Iwaki) - Syringes and in-
line sterile filters \(0.45 pm, Sterilin) - Orbital shaker in the incubator - Dissection tools: syringes \(1ml),
G27 needles, scissors, Dumont #5 forceps, microspoon, blade. - Computer with ImageJ and NeuriteJ plug-
in installed

Procedure
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**Neurotrophic factors preparation:** It is recommended to reconstitute the lyophilized neurotrophic
factor \(NF) in sterile milli-Q H20 not less than 100ug/ml, which can then be further diluted. Lyophilized
neurotrophic factors, although stable at room temperature for 3 weeks, should be stored desiccated
below -18°C. Upon reconstitution solutions should be stored at 4°C between 2-7 days and for future use
below -18°C. For long term storage it is recommended to add a carrier protein \(0.1% BSA or HSA in milli-
Q H20 filtered in the culture room). Prevent freeze-thaw cycles. The 100ug/ml solution of NF will be
further diluted to have a working solution. For example, we usually prepare dilutions \(1:20) to get a
5pg/ml working solution. Then, 1pl of this solution is added to the matrix \(0.5ml volume) to obtain a
final concentration of NF of 10ng/ml. **Matrix preparation \(for 500ul):** Materials : 450yl rat tail
collagen 50pl 10X basal Eagle's medium 2pl 7.5% sodium bicarbonate solution Mix 50ul of 10x medium
with the bicarbonate solution, then, if working with NFs, add Tl of NF stock solution \(at 5ug/ml, final
concentration: 10ng/ml, see above), and at the end add the collagen \(keep in ice to avoid gelification).
Mix well and make a fast spining in a small spining centrifuge. 30ul of the matrix are added on
polilysinated round coverslips placed in 24 dish-wells \(for DRG) or in small petri dishes \(for SC slices, 3
coverslipes per dish). Keep at least two hours in the incubator to allow proper gelification. Coating the
coverslips with PDL before adding the collagen drop improves the adhesion of the 3D matrix. **Slice
preparation and culture:** Rats of postnatal day 7 are anesthetized by hypothermia and decapitated. The
spinal cord \(lumbar segments) and DRG \(low thoracic and lumbar) are dissected over a cold plate,
placed in cold Gey’s balanced salt solution enriched with glucose \(final concentration 6mg/ml), and
cleaned from blood and meningeal debris. The samples are transferred to a fresh cold Gey’s-glucose
solution. Spinal cords are then cut with a Mcllwain Tissue Chopper into 350um thick slices. Collect and
maintain the slices in ice-cold Gey’s solution. Transfer the tissue explants \(both spinal cord slices and
DRG) on the collagen droplets \(30ul each) previously prepared in petri dishes or 24 well plate and kept at
37°C. Use a microspoon to transfer the samples. Embed each tissue explants with another 30pl drop of
collagen \(maintain the collagen solution in ice during the process to avoid gelification). Transfer the
dishes into the incubator \(5% C0O2, 37°C) until the matrix is gelled, that takes approximately 40 min. Add
Neurobasal complete warm medium \(500ul in 24 well plates and 1.5ml in the petri dish). Incubate the
cultures on the orbital shaker inside the incubator. **Immunostaining of slices:** 1. Fix cultures with 4%
PFA, pH 7.4 for %2 hour at room temperature in the dishes. 2. Wash with TBSL 20 minutes at room
temperature in a shaker x 2. 3. Remove the slices from the culture dish and put them in a 24 wells box \(if
they are still attached to the round coverslips put each single slice in a well using forceps, if they are
detached put a maximum of two slices per well using a small brush). 4. Put citrate buffer pH 6.1 in a
glass tube and heat it in a microwave untill boiling. 5. Pour citrate buffer on the wells and leave the slices
for at least 1 hour at room temperature. 6. Wash with TBSL 5 minutes at room temperature in a shaker. 7.
Incubate in Methanol 50% \(in H20d) x 10 min. 8. Incubate in Methanol 70% \(in H20d) x 20 min. 9.
Incubate in Methanol 100% \(in H20d) x 20 min. 10. Wash with TBSL 20 min x 2 in a shaker. 11. Incubate
with primary antibody for 48 hours at 4°C in TBS containing 0.3% Triton X100 and specific serum \(1.5%).
Remember to use the specific serum from the host of the secondary antibody. 12. Wash with TBSL Th x 3
in a shaker. 13. Incubate with secondary antibody overnight at 4°C in TBS with 0.3% Triton X100 and
specific serum \(the same as in step 11). Remember to filter the secondary antibody with a syringe and
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in-line sterile filter \(0.45 pm, Sterilin). Add biotin after the filtration; do not filter the biotin solution. 14.
Wash with TBSL 1h x 2 in a shaker. 15. Wash with TBS 1h in a shaker. 16. Wash with TB 1h in a shaker.
17. Make dehydratation directly in the wells if the slices are still attached to the round coverslips or mount
the slices on a gelatine coated coverslip and let them dry at 35/40°C on a heating plate. 18. Incubate in
ETOH 70% x 1 min. 19. Incubate in ETOH 96% x 1 min. 20. Incubate in ETOH 96% x 1 min. 21. Incubate in
ETOH 100% x 1 min. 22. Incubate in ETOH 100% x 1 min. 23. Dry from the ethanol and cover with Mowiol
containing DAPI \(1:1000). **Imaging and analysis:** The analysis of the axonal/neurite growth in the
cultures is done using the Neurite-J software developed by our group. Neurite-J is an
"Imaged":http://rsbweb.nih.gov/ij/index.html plug-in that works as an adaption of the Sholl method
providing a semi-automatic tool for neurite outgrowth quantification in organotypic cultures. Neurite-J
gives a good description of neurite growth providing counts of neurite number and neurite area at
different distances from the organotypic explant, as well as some measures of the explant. You can
download the plugin and the manual user from "here":http://imagejdocu.tudor.lu/doku.php?
id=plugin:analysis:neurite:start Microphotographs for quantitative analysis are taken using an
epifluorescence microscope with a digital camera \(in our case Olympus BX51 microscope with a DP50
camera). The images are captured with at least a 10X objective to ensure that the resolution is enough to
see all the neurites. Usually, the neurite arbor does not fit into a single image, requiring a mosaic of
multiple pictures to cover the entire field. The culture images are reconstructed and automatically
photomerged using Adobe Photoshop CS4 \(any software allowing the creation of mosaics should work).
Due to the particular features of different microscopes and cameras, we recommend first capturing the
images using different settings and running the analysis to define the optimal conditions. Identifying the
best options for imaging the cultures is essential to obtain the best performance of Neurite-J plug-in.
Conceptually we divided the analysis process in two steps. 1. The first phase is intended for image
enhancement and generation of a measurable image. 2. The second step is the semi-automatic
measurements. The algorithm is incorporated in a frame window to provide a user-friendly interface
allowing the researcher to interact with the plug-in while interventions are requested. The steps to install
and use the plug-in for neurite grow quantification are described in the Neurite-J user
"manual.":http://imagejdocu.tudor.lu/doku.php?id=plugin:analysis:neuritej:start The mathematical
analysis of neurite growth measurements are discussed in Neurite-J: An Image-J plug-in for axonal
analysis in organotypic cultures \(Torres-Espin et al., 2014).

Anticipated Results

Our methods for culturing DRG and spinal cord slices and analyzing axonal growth have been
successfully used to acquire valuable data in different conditions \(see listed references). For example,
with these methods we demonstrated that sensory and motor neurons, from DRG and spinal cord slice
cultures respectively, respond selectively to different neurotrophic factors in vitro. Neurite growth from
DRG sensory neurons is enhanced by GDNF \(glial-derived neurotrophic factor) and NGF \(nerve growth
factor) but not by BDNF \(brain-derived neurotrophic factor) or NT-3 \(neurotrophin-3). On the other hand,
BDNF, GDNF and FGF-2 \(fibroblast growth factor) promoted neuritogenic activity of motor neurons in SC
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slices \(Allodi et al., 2011, 2013; Torres-Espin et al., 2014). Moreover, our cultures provide a tool to study
not only the phenomena but also the underlying mechanisms of neuritogenesis by both sensory and
motor neurons. Thus, we could demonstrate that the specificity of FGF-2 for motor axonal growth is
related to FGF-2 enhancing the interaction between FGFR-1 \(fibroblast growth receptor 1) and PSA-
NCAM \(polysialylated neuronal cell adhesion molecule) \(Allodi et al., 2013). Interestingly, these
organotypic cultures allow not only the study of the effect of free substances added to the culture, but
also of more complex conditions. For instance, the administration and concentration of the neurotrophic
factors \(and potentially other drugs) can be finely controlled using slow release systems, showing
enhanced neuritogenesis with respect to free neurotrophins \(Santos et al., 2016). The culture containing
matrix can also be seeded with pro-regenerating cells. For example, co-culturing spinal cord slices with
mesenchymal stem cells \(Torres-Espin et al., 2013) or Schwann cells \(Allodi et al., 2011, 2014)
demonstrated the potentiality of these cells to influence neurite growth. In addition, it is possible in these
cultures to study the effect of extracellular matrix components by modifying the collagen gel with the
addition of molecules such as laminin or fibronectin, which illustrate the substratum preference of
sensory and motor neurons \(Gonzalez-Perez et al., 2016). Finally, and probably more important, the
results obtained in vitro with our methods demonstrated to have high translation to in vivo studies. Thus,
the enhancement of neurite outgrowth by mesenchymal stem cells in spinal cord slices was transferred
to promote motor axons regeneration in a rat model of ventral root avulsion \(Torres-Espin et al., 2013).
The effect of FGF-2 in motor neuritogenesis was observed in vivo in a sciatic nerve injury model where
transplantation of FGF-2 genetically modified Schwann cells promoted motor neuron regeneration \
(Allodi et al., 2014). The influence of substrate molecules seen in vitro was also observed in vivo when
introducing these matrices in a sciatic nerve repair model \(Gonzalez-Perez et al., 2016). In summry,
organotypic cultures in combination with our analyzing software Neurite-J provide a very useful toolbox
for the investigation of axonal regeneration in vitro, for the screening of molecules and cells that may
enhace regeneration, as a high throughput screening method for potential treatments to be translated to
in vivo models.
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