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run("Bio-Formats Macro Extensions"); 

path = getDirectory("Sélectionnez le dossier contenant les images"); 

list = getFileList(path); 

folder2 = "C:/Users/Lab/Desktop/CtxSp-mosaic";  //Choisir le directoire// 

File.makeDirectory(folder2); 

  if (list.length==0)  { 

    print("No image windows are open"); 

  } 

  else { 

for (i = 0; i < list.length; i++) { 

    run("Bio-Formats Importer", "open=[" + path + list[i] + "] autoscale color_mode=Default 

rois_import=[ROI manager] view=Hyperstack stack_order=XYCZT series_1 series_2 series_3 series_4 

series_5 series_6 series_7 series_8 series_9 series_10 series_11 series_12 series_13 series_14 series_15 

series_16 series_17 series_18 series_19 series_20 series_21 series_22 series_23 series_24 series_25 

series_26 series_27 series_28 series_29 series_30 series_31 series_32 series_33 series_34 series_35 

series_36 series_37 series_38 series_39 series_40 series_41 series_42 series_43 series_44 series_45 

series_46 series_47 series_48 series_49 series_50"); 

n=nImages; 

for(a=0; a<n; a++) { 

//showMessage(list[a]); 

//for (i=1; i<n ; i++) { 

 b=a+1;  

 //showMessage(n); 

//for (i=0; i<list.length; i++) { 

 selectWindow(list[i]+" - Tile #"+b); 

 //selectWindow("C_0703_ctxsp_comp24_tax25-dist_tuj.zvi - Tile #49"); 

  

 saveAs("Tiff", "C:/Users/Lab /Desktop/CtxSp-mosaic/Tile #"+a); //Choisir le directoire// 

 close();  

} 

  run("Grid/Collection stitching", "type=[Grid: snake by rows] order=[Right & Down                ] 

grid_size_x=2 grid_size_y=8 tile_overlap=5 first_file_index_i=0 

directory=[C:/Users/Lab_Nothias/Desktop/CtxSp-mosaic] file_names=[Tile #{i}.tif] 

output_textfile_name=TileConfiguration.txt fusion_method=[Linear Blending] 

regression_threshold=0.30 max/avg_displacement_threshold=2.50 

absolute_displacement_threshold=3.50 computation_parameters=[Save memory (but be slower)] 

image_output=[Fuse and display]"); 

//showMessage(path); 

    saveAs("Tiff",path + list[i]); 

   // showMessage("message"); 

    if (isOpen("Log")) { 

        selectWindow("Log"); 

        run("Close"); 

    } 

    run("Close All"); 

}}  

 if (isOpen("Log")) { 

        selectWindow("Log"); 

        run("Close"); 

    } 

  //File.delete(folder2) ; 

//waitForUser; 

// Fermer les images ouvertes 
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Introduction 

 

A lesion in the central nervous system (CNS) disrupt axons and lead to irreversible dysfunction. 

Axonal regeneration following injury remains a formidable challenge in neuroscience, 

necessitating a deeper understanding of cellular mechanisms that govern this intricate process. 

The ability of neurons to repair and restore axonal connections is crucial for functional recovery 

after spinal cord injuries (SCI) and other traumatic insults to the nervous system. It is now well 

accepted that neurons fail to regenerate their axons due to loss of neuron-intrinsic growth 

capacity and the presence of inhibitory molecules in the environment (Anderson et al., 2018; 

Sofroniew, 2018). Recent investigation has been made to achieve robust CNS axons 

regeneration for the development of effective therapeutic strategies, including genetic 

manipulation, cell-based therapies and wound healing matrices (Chedly et al., 2017; Liu et al., 

2010; Schwab et al., 2006). However, the biological mechanisms of axonal regeneration are 

still not fully elucidated. 

 

Among the various factors influencing axonal regeneration, mitochondrial function plays a 

pivotal role due to its energy-demanding nature (Conde and Cáceres, 2009). Dysregulation of 

mitochondrial dynamics, including disruptions in transport and morphology, has been 

implicated in compromised neuronal recovery post-injury (McEwen et al., 2011; Szelechowski 

et al., 2014). In parallel in the mature neuron, microtubule (MT) dynamics regulate key 

processes in the cytoarchitecture and regulation of the intracellular trafficking (Fletcher and 

Mullins, 2010). This dynamic is made possible by regulation of microtubule states and function, 

which are impacted by a variety of posttranslational modification (PTM) (Gadadhar et al., 2017; 

Magiera et al., 2018). Specifically, acetylation, is known to be associated with a more stable 

network found in old and long microtubule; while Tyrosination, is associated with unstable 

dynamic microtubules found in young and shorter microtubule (Hanson et al., 2018; Yuyu Song 

and Brady, 2015). In addition, the distribution of these modifications rely on the location within 

the cell and maturity. In mature neurons, acetylated tubulin is predominant in the axon, while 

tyrosinated tubulin is more important in the distal growth cone. 

It has been reported that a traumatic injury lead to perturbation in the microtubule network. 

Following injury stabilize the network and the conversion in the distal axon of locally stable 

MT into more dynamic is important for the formation of an active growth cone and axon 

regeneration (Bradke et al., 2012; Hellal et al., 2011). These events require high energy 



 

 

 

consumption which can be provided by mitochondria. Mitochondria are dynamic organelles 

whose traffic is especially important in neurons whose axons extend over considerable distance 

(Patrón and Zinsmaier, 2016; Zhou et al., 2016; Lin et Sheng, 2015). Nevertheless, in injured 

axons we found mitochondrial dysfunction with depolarized mitochondria that express docking 

protein (Chen and Sheng, 2013; Patrón and Zinsmaier, 2016). Mitochondria undergoes 

microtubule-based axonal transport, mediated by molecular motors such as dynein and kinesin 

(Melkov and Abdu, 2018; Smith and Gallo, 2018), the relationship between Microtubule and 

Mitochondria could be a key element in the axon fate after injury. But it is still unclear how 

microtubule states impact the mitochondrial functioning after injury. We hypothesized that 

targeting modifications of MT, would affect MT dynamic and mitochondrial transport to 

facilitate axonal regeneration.  

 

Recent studies have underscored the critical interplay between microtubule dynamics and 

mitochondrial transport in axonal regeneration. Microtubules (MTs) serve as tracks for 

intracellular transport, and their stability is tightly regulated by post-translational modifications 

such as acetylation and tyrosination (Hammond et al., 2010; Rovini et al., 2011). Enhanced 

acetylation of MTs has been shown to facilitate the recruitment of molecular motors necessary 

for efficient mitochondrial trafficking along axons (Dompierre et al., 2007). Conversely, 

destabilization of MTs can impede organelle transport, thereby hindering neuronal repair 

processes  (Cho et al., 2013). In this context, the use of pharmacological agents targeting MT 

dynamics and mitochondrial function has emerged as a promising therapeutic strategy for 

promoting axonal regeneration. Compounds like Paclitaxel and TSA (Trichostatin A) have been 

investigated for their ability to stabilize MTs and enhance mitochondrial motility, respectively 

(Bollag et al., 1995; Rivieccio et al., 2009). However, the precise mechanisms underlying their 

effects on neuronal recovery remain incompletely understood. 

 

Spinal cord injury (SCI) resulting in the interruption of cortical axons connecting the spinal 

cord, the cortico-spinal tract is specifically affected and show poor regeneration capacity 

(Courtine and Sofroniew, 2019; Geoffroy et al., 2015). However, regeneration in CNS neurons 

has been mostly studied in axons of cultured neurons in condition that did not recapitulate 

physical properties of spinal cord injury and without considering neuronal networks. Assessing 

regeneration in equivalent conditions remains a challenging task, critical for the development 

of new therapeutics. In parallel, in vitro conventional model is not well suited and need spatial 



 

 

 

organization, as it is not possible to decipher sub-cellular compartments. Therefore, there is a 

strong need to develop new model of CNS injury.  

 

This paper aims to elucidate the intricate relationship between microtubule states, 

mitochondrial dynamics, and axonal regeneration. We present findings from in vitro studies 

using a novel microfluidic device to simulate mechanical axonal injuries and investigate the 

therapeutic potential of pharmacological interventions targeting MT acetylation and 

mitochondrial transport. By examining the effects of TSA, Tubacin, Paclitaxel, Epothilone, and 

Parthenolid on MT stability and mitochondrial transport in cortical-spinal neuronal network, 

we provide insights into their role in enhancing neuronal repair mechanisms. We report that 

although stabilize microtubules network did not correlates with changes in tubulin acetylation, 

and overstabilization tend to be neurotoxic. Increased acetylation correlates with increased 

stabilization, that is necessary in the axon shaft, but not in distal axons extremities, to stimulates 

mitochondrial transport and axonal regeneration. 

  



 

 

 

Materials and method 

 

Microfluidic device production  

To fabricate the microfluidic chips, standard photolithography process was used, based on 

previous work (Lassus et al., 2018). Briefly, microfluidic silicon wafers were generated through 

the spin coating of photosensitive resist SU8-2002, then baked at 65 °C for 30 s and at 95 °C 

for 2 min, followed by exposure to UV light through a mask for photopolymerization of the 

resist. The resulting silicon wafers encode 3 microfluidic chips, each composed of two cell 

culture macro chambers, connected to an inlet and outlet reservoir. Silicon wafers (or epoxy 

replicated molds) were used to produce the cell culture PolyDiMethylSiloxane (PDMS, Sylgard 

184) chips.  

A mixture of PDMS elastomer and curing agent in a 10:1 ratio were degassed under vacuum to 

remove air bubbles. To create a PDMS layer with a thickness of 450µm, a portion of the 

resulting preparation was poured onto the polyester resin replicate and reticulated at 70 °C for 

42 minutes, followed by the placement of a N42 neodymium magnet with a 3 mm diameter 

above the distal chamber. The resin replicate was then filled with the remaining PDMS 

preparation and reticulated for 2 hours at 70°C. The elastomeric polymer print was then 

detached and the magnet removed with a biopsy punch of 3 mm, as along with the 2 reservoirs 

of 4 mm diameter for each macro-channel. The resulting PDMS device was then cleaned with 

adhesive tape, as a glass coverslip of 60 mm diameter with isopropanol. Both device and 

coverslip were treated in an air plasma generator for 4 minutes (97% power, 300 mTor, 0.6mBar 

in O2, Diener Electronic), before bonding. To irreversibly seal the device, the chips were 

incubated at 70°C for 5 minutes, and hydrophilicity of the glass and the PDMS was maintained 

by adding distilled water to the reservoirs. Assembled chips were then sterilized under UV light 

for 30 minutes and coated with poly D-lysine (10 µg/ml, Sigma P7280) overnight. Devices 

were washed with PBS 1X (Life Technology), before coating with laminin (2.5-5µg/mL, Sigma 

L2020) for 2 hours and washed again with PBS 1X (Life Technology). The devices were then 

filled with Neurobasal medium (Life Technology) before cell seeding.  

 

Primary neuronal cultures 

All experiments using mice were performed in accordance to the French and European 

Community Council Directive of September 22 (2010/63/UE). Pregnant Swiss females (Janvier 



 

 

 

lab, France) were euthanized after sedation with isoflurane and decerebration. Cortices and 

spinal cord were micro-dissected from E14 embryos in cold HBSS (Life Technologies). 

Cortical cultures were performed as described by Deleglise et al., 2013, and spinal cultures 

following the procedures described in  Beaudet et al., 2015. Briefly, dissected structures were 

digested with papain (>3U/mg, Sigma 76220) in DMEM, then incubated in FBS to inactivate 

papain (100U/mL, heath inactivated, GE Healthcare). Structures were  mechanically 

dissociated with a glass pipette in medium containing-DNAse type IV (20 U/mL, Sigma 

D5025). Motoneurons were enriched using 12,4% Optiprep gradient density (60% iodixanol, 

Sigma D1556) diluted in tricine buffer and centrifuge at 2600 rpm for 20 minutes. After several 

rinses in DMEM-Glutamax medium (Life Technology) for cortical cells and L15 medium (Life 

Technology) for spinal cord cells, the cells were resuspended in DMEM. Approximately 80 000 

cortical cells were seeded in the somatic (proximal) compartment and 60 000 spinal cells in the 

distal compartment, then incubated for 15 minutes at 37°C to allow adhesion. The cell culture 

medium was then added equally to the six reservoirs.  

Cortical medium was composed of Neurobasal (Life Technology) supplemented with 1% 

Penicillin/Streptomycin (Life Technology), 1% L-Glutamine (Life Technology), 2% B27 

(Gibco) and 10% FBS (Life Technology). Spinal medium was composed of a mix of 50% DH 

complete medium (DMEM glutamax 1% Penicillin/Streptomycin - F12 Hams, 3 : 1 ratio) and 

50% Neurobasal (Life Technology), supplemented with 2% B27, 10% FBS, GDNF (10ng/mL, 

Sigma G1777), BDNF (10ng/mL, Sigma SRP3014), CNTF (25ng/mL, Sigma C3710), NT3 

(10ng/mL, Sigma SRP3128), Insulin (2,5µg/mL, Sigma 91077C) and hydrocortisone 

(0,2µg/mL, Sigma H6909). After 3 days in vitro (DIV), medium was replaced without FBS. 

The spinal medium was then changed every 3 days and cultures were kept for 9 DIV, at 37°C 

and 5% CO2, before the compression injury. 

To discriminate cortical axons from spinal neurites in the spinal compartment, AAV10 infection 

was performed at DIV 3 in the cortical compartment to express GFP protein under the actin 

promoter (pssAAV-CBA-GFP-WPRE;  109 viral genomes / 80.000 cells). At DIV 6, medium 

containing the virus was removed and fresh medium was added. 

 

Mechanical injury and pharmacological treatment 

To perform an injury on the spinal compartment, a 0.11kg pull neodymium N42 magnet of 2 

mm diameter and 1 mm thickness was placed at DIV9 in the hole above the distal chamber, 

with an identical magnet positioned below the glass coverslip. A slight pressure was applied to 



 

 

 

ensure chamber deformation. After 30 seconds, magnets were removed, the distal compartment 

was washed once in PBS1X (Life Technology), and replaced with Neurobasal-B27 without 

trophic factors, with or without the following drugs : Paclitaxel 2.5nM or 25nM (Sigma T1912), 

Epothilone D 100nM, 10nM or 0.1nM (MedChemExpress KOS862), Nocodazole 300nM, 

Tubacin 10µM or 50µM (Sigma SML0065), Trichostatin A 50nM or 300nM (Sigma T8552), 

Parthenolid 5nM (Sigma P0667). We also assess the effect of Nocodazole 300nM (Sigma 

M1404), applied 30 minutes before fixation. For some experiments, drugs were added in the 

proximal/cortical compartment in Neurobasal-B27 medium. Treatments remained until the 

fixation. 

 

Non-ratiometric calcium analysis 

After 9 DIV, cortical and spinal chambers were rinsed once with loading buffer (NaCl 116mM, 

KCl 5.4mM, MgCl2 0.8mM, CaCl2 1.8 mM, HCO3 25mM, NH2PO4 1.3mM, Glucose 5.5mM, 

Hepes 12mM, Glycine 0.01mM in sterile water), and then incubated with loading buffer 

containing 2µM fluo4AM calcium probe (Invitrogen) and 20µM Pluronic acid for 25 min at 

37°C. To perform the calcium imaging, cells were then incubated with BrainPhys Imaging 

Optimized medium (Stemcell technologies) without red phenol and recorded at room 

temperature using Zeiss 200M inverted microscope with Hamamatsu orca fusion camera. 600 

frames per culture were acquired every 250 milliseconds. Calcium traces analysis of each 

compartment independently was performed using CALIMA software. The oscillation of the 

corrected fluorescent intensity of individual cells, ΔF/F0, was averaged and plotted using 

MatLab. The number of peak activity was considered for calculation of the frequency activity. 

In some experiments, 50µM bicuculine (Tocris) + 2.5mM 4AP (Tocris) were added during the 

acquisition in the cortical compartment. 

 

Mitochondria Live imaging 

Mitochondria were analyzed with the MitoTracker orange CMTMRos (100nM, Thermofisher 

M7510), in Neurobasal-B27 medium. The dye was incubated in the distal chamber for 30 

minutes at 37°C, in cultures with cortical-expressing GFP neurons. The medium of the entire 

chip was then renewed with Neurobasal red phenol free B27 and HEPES (0.01M, Gibco). 

Before live imaging, a snapshot of the GFP-labelled cortical axons was taken to further 

correlated with the mitochondria location. 



 

 

 

Time-lapse movies were acquired using a confocal ZEISS LSM 980 inverted microscope with 

Airyscan 2 module, equipped with a temperature and gaz-controlled chamber at 37°C, 5% CO2, 

and a 63X oil-objective. Images were captured every 3 seconds over 2 minutes. Kymograph-

based motility analysis was performed with ImageJ plugin KymoAnalyzer V1.01, as previously 

described (Neumann et al. 2017), after image deconvolution.  

 

Immunocytochemistry, image acquisition and quantification 

At Div 9 for controls and selected time post-injury (Div 9 + 24h, 48h and 96h), neurons were 

fixed in 4% paraformaldehyde (PFA) with 4% sucrose for 10 minutes at room temperature by 

removing the medium and adding the fixing solution in each microfluidic chambers inlets. Cells 

were then washed twice with PBS for 5 min and permeabilized for 30 min with 0.2% Triton X-

100- 1% BSA-PBS. Primary antibodies were then added and incubated at 4°C overnight in 

BSA10%-PBS. The following primary antibodies were used: b3-tubulin (Tuj1 1/1000, Covance 

MMS-435P) ; MAP-2 (1/500, Sigma M9942) ; GFAP (1/2000, Agilent Z0334) ; Synaptophysin 

(1/200, Sigma S5768) ; VGLUT2 (1/500, Synaptic system 135404) ; PSD95 (1/1000, Abcam 

ab2723) ; GAD67 (1/1000, Millipore MAB5406) ; CTIP2 (1/500, Abcam ab18465) ; 

ChAT (1/200, Chemicon AB144P) ; Acetylated Tubulin (1/2000, Sigma 6793) ; Tyrosinated 

Tubulin (1/2000, Sigma 9028) ; Alpha-Tubulin (1/2000, Sigma T6074) ; TOM20 (1/500, 

Proteintech 11802-1-AP) ; GFP (1/1000, Abcam ab13970) ; Mitofusin 1+2 (1/1000, Abcam 

57602) ; Drp1 (1/1000, Sigma) ; H3K27 (1/500,Invitrogen MA5-24671) ; Doublecortin (DCX 

1/1500, Milipore Ab2253) ; Nestin (1/500, Sigma N5413). After two rinses with PBS for 5 

minutes, neurons were incubated with the corresponding secondary antibodies (AlexaFluor 

488, 555 or 647 at 1/1000, Invitrogen) and DAPI (0.5µg/mL, Euromedex 1050) for 2 hours at 

room temperature in 10% BSA-PBS. The microfluidic chips were then rinsed once and 

maintained with PBS at 4°C.  

Mosaic images were acquired with a ZEISS Axiovert 200M inverted microscope with 

AxioCam Mrm, followed by stitching processing with ImageJ. For pre-/post- synaptic vesicles 

and mitochondrial elements (mitofusin, Drp and TOM20) localized on GFP-positive axons, 

images were acquired in the distal compartment with a confocal ZEISS LSM 980 inverted 

microscope and a Airyscan 2 module, controlled with Zen 3.3 software. At least 3 individual 

experiments were performed for each quantification, with ImageJ software.  

To quantify axon regeneration, the injury area was delineated after the injury (note that this area 

remained constant along time post-injury). After thresholding, the number of b3-tubulin pixels 



 

 

 

was quantified and normalized to the number of b3-tubulin pixels on same area in the control 

chip and expressed as a percentage of regrowth area. 

To quantify tubulin posttranslational modifications, at least 3 individual regenerating axons 

(100µm long) per experiment were imaged. After the background subtraction, the integrated 

density of acetylated or tyrosinated tubulin was ratioed against the alpha-tubulin. 

Quantification of Mfn1/2 and Drp1 number on GFP-positive regenerating axons was performed 

after deconvolution and thresholding, followed by an automatic analyzed particles plugging 

under ImageJ. Using the same procedure, we also quantify the mitochondrial viability via the 

number of active mitochondria (labelled with the mitochondrial probe CMTMRos) among the 

total number of mitochondria TOM20 positive. 

 

Statistical analysis 

Statistics were conducted using GraphPad Prism 9, with a probability of type I error (α) = 0.05. 

Results are presented as mean +/- standard error of the mean. Each test is mentioned in the 

legend.  

 

Data Availability statement 

All information necessary to evaluate the findings of the paper are included in the manuscript. 

Additional relevant data can be provided from the authors upon reasonable request. 

  



 

 

 

  



 

 

 

Results 

 

In vitro reconstruction and characterization of a mouse cortico-

spinal network on a microfluidic device 

We have reconstructed in vitro a cortico-spinal network from E14 mouse fetuses in a PDMS 

multi-dimensional microfluidic culture platform (Fig. 1). Cortical and spinal neurons were 

seeded on the proximal and distal compartment, respectively. Cortical neurons extend their 

axons through microgrooves, whose entrance is facilitated by the large openings, fasciculate 

and grow in bundles, guided by the channel’s walls. After 8 days in vitro, the distal/spinal 

compartment is massively invaded by cortical axons, where they de-fasciculate and branch. Our 

design is a fully oriented device, as previously demonstrated (Courte et al, 2023), since no 

spinal axons are able to reach the cortical/proximal chamber. Characterization of our network 

is performed at DIV 9. Neuronal soma are well compartmentalized in their respective chamber, 

as revealed with MAP2 immunostaining (Fig. 1A), while only axons (tuj1-positive) are able to 

grow through the grooves and reach the distal/spinal compartment (Fig. 1A, 2B). GFAP-

positive astrocytes are also observed in both compartments (Fig. 1A), but no microglial cells 

are detected (data not shown). Characterization of the neuronal population reveals that 20% of 

cortical cells are CTIP2 positive neurons, a marker of cortical layer 5 pyramidal neurons 

(forming the cortico-spinal tract in vivo) and 46 % of spinal cells are ChAT positive neurons, a 

specific marker for spinal motor neurons (Fig. 1B-C). GAD67-positive (GABAergic) and 

Vglut2-positive (Glutamatergic) neurons are detected in both compartment :  among cortical 

neurons, the distribution of both population is 15% and 45%, and similarly among spinal 

neurons, this distribution is 18% and 35%, respectively (Fig. 1C). 

 

To attest the cortico-spinal connectivity within in the spinal/distal compartment, indicative of a 

network maturity, we performed a double immunofluorescence of synaptophysin (presynaptic 

marker) and PSD 95 (post-synaptic resident protein), together with a GFP labelling of cortical 

axons. Cortical neurons were transduced in the proximal compartment at DIV3, with an AAV10 

expressing GFP (Fig. S1A). Confocal analysis clearly shows a PSD95 punctate juxtaposition 

on synaptophysin-GFP positive neurons (Fig. 1D). To further confirm cortico-spinal 

connectivity, we also performed a non-ratiometric calcium imaging with fluo-4AM probe. We 

have previously reported that cortical neurons progressively show spontaneous slow calcium 



 

 

 

oscillation, reminiscent of intrinsic cortical connectivity. In contrast, when connected, fibers 

acquire spontaneous slow calcium oscillation in synchrony (Peyrin et al., 2011). We thus carried 

out calcium analysis at 9 DIV. When co-cultured, activity between cortical and spinal neurons 

is synchronized and  rhythmic, with a frequency of 0.05Hz (Fig. 1E-F), whereas no spontaneous 

oscillation of spinal neurons is observed when cortical innervation is not provided (data not 

shown). The connection was further evidenced by stimulating cortical/proximal compartment 

with bicuculline, leading to accelerated spinal rhythmicity, and reaching a frequency of 0.10Hz 

(Fig. 1E-F). Thus, the calcium oscillation in the cortical population is transferred to the spinal 

population, confirming that our cortico-spinal network is connected and mature by 9 DIV. 

 

Traumatic injury in vitro in a microfluidic device to study axonal 

regeneration  

In order to study axonal regeneration following a traumatic injury in vitro, we have adapted our 

previously developed multi-dimensional microfluidic device, with a PDMS reduction of the 

thickness at the injury location to 450µm, in the distal compartment. This adaptation allows a 

mechanical and localized compressive injury with two neodymium magnets of 0,11kg pull, 

placed on both side (top and bottom) of the chips (Fig. 2A). Attraction of the magnets leads to 

a compression of the PDMS bellow and thus a crush of the underlying cells. The central channel 

is used to buffer the medium’s retrograde flux induced by the deformation of the device, 

restraining the injury in one compartment with no impact on the other. To mimic mechanical 

trauma of a spinal cord, the injury is performed on the distal/spinal compartment beyond the 

micro-channels, thus on cortical axons connecting spinal cells (Fig. 2B). The compression leads 

to a total and reproducible injury of one-quarter of total surface in the distal/spinal compartment 

(0.8mm²), and remains invariant at all time post-injury analyzed. Immediately after the injury, 

the lesion site is completely devoid of axons and the border is delimited by debris (Fig. 2C). 24 

hours after the injury, beta3-tubulin positive axons regenerate into the lesion site, occupying an 

average of 10% of the area, and reaching 61% at 96h post-injury (Fig. 2C, D). Regenerative 

axons originate from the cortical (distal) and spinal (local) compartment. Thus, our model 

enables us to study post-traumatic regeneration.  

 

Interestingly, some spares cells are detected in the injury site immediately after the lesion (Fig. 

S2A). At 24h post-injury, half of them acquire a MAP2 neuronal identity and there number 

increase with time. At 96h, they maintain an immature state as they also express the 



 

 

 

intermediate filament Nestin and the microtubule-associated protein Doublecortin (Fig. S2C), 

a marker of migratory neuroblast. Thus, our system maintains a certain degree of immaturity, 

since new neuroblasts are able to migrate into the injury.    

 

Network connectivity analysis show an impairment at all time post-injury analyzed (Fig. 3). 

Immediately after the injury, cortical and spinal cells are desynchronized, with no rhythmic 

activity (not shown). From 24 hours post-lesion, cortical compartment regains a rhythmicity 

but unstable, with increasing frequency that appears significantly higher at 96h post-injury 

(0.08Hz) (Fig. 3B). The spinal compartment shows unstable rhythmicity, and remains 

completely desynchronized from cortical projections at all time points (video supp). However, 

our analysis does not allow us to determine if a change in rhythmicity concerns spared neurons 

or those who have regenerate. Nevertheless, the massive axonal regeneration observed 96h 

post-injury (Fig. 2C, D) is not correlated with a restored connectivity.  

 

We wanted to better decipher early mechanisms involved of axonal initiation of regeneration, 

within the first 24 hours. Therefore, we have analyzed the motility of healthy mitochondria. In 

intact axons, 80% of total mitochondria are healthy (not shown), of which 58% are motile (Fig. 

4B). For these motile mitochondria, 37% move anterogradely and 21% retrogradely (Fig. 4C). 

Three hours after the injury, only 27% of mitochondria are still motile (not shown). Twenty-

four hours post-injury, 62% mitochondria are still healthy (not shown) and 44% of them are 

motile (Fig. 4B), which is statistically decreased from control/not injured axons. No statistical 

differences in the directionality is observed when compared to control/intact axons (Fig. 4C). 

Interestingly, using specific markers of mitochondria fusion (mitofusin) and fission (Drp), we 

demonstrate a reversed phenomenon : in control/intact cortical axons, mitochondria show more 

fusion than fission and at 24h post-lesion, this ratio reverses.  

 

Pharmacological modulation of microtubules on their stability, 

axonal regeneration and mitochondrial dynamics after injury 

According to the literature, microtubules are key players in post-injury axon fate. Thus, using 

a pharmacological approach, we wanted to determine how microtubules stability can influence 

axon regeneration. Paclitaxel, a stabilizing agent that bind the beta-tubulin has been shown to 

promote axon extension at low dose (Liu et al., 2023). However, in our device, immediate 

application of 2.5nM of paclitaxel on the distal/spinal compartment has no effect on axonal 



 

 

 

regeneration, 24 hours after the injury (Fig. 5). Moreover, with 25nM (Gornstein and Schwarz, 

2017; Yang et al., 2009), axonal regeneration is completely abolished, as well as neuronal soma 

detection in the injury site (Fig. S2B). No effect is observed when the drug is applied in the 

proximal/cortical compartment (Fig. S3A). We also tested a less neurotoxic stabilizer drug, 

Epothilone D (Bollag et al., 1995). Although the precise mechanism is not known, Epothilone 

D prevents regenerating axons from nocodazole-depolymerizing effect (Fig. 6), confirming its 

capacity to stabilize microtubules. When Epothilone D is added at 0,1nM, 20% of the lesion 

site is filled with regenerative axons (Fig. 5), 24 hours after the injury, which is significantly 

increased from untreated (lesion) condition. As for paclitaxel, no effect on axonal regeneration 

is observed when the drug is added on the proximal/cortical compartment (Fig. S3). At higher 

doses as reported in (Mariana Brizuela et al., 2015), axonal regeneration is inhibited (Fig. 5).  

 

Alpha-tubulin acetylation occurs on the MT polymer and it is commonly associated with stable 

MT. Inhibition of deacetylation with HDAC inhibitors is known to indirectly increase MT 

acetylation. When tubacin (a specific HDAC6 inhibitor) is added to the distal/spinal 

compartment, axon regeneration into the lesioned compartment is comparable to the untreated 

condition (Fig. 5), whereas TSA (trichostatin A, a non-specific inhibitor affecting class I/II of 

HDAC) significantly increases axonal regeneration (Fig. 5). Interestingly, application of TSA 

on the proximal compartment also increases axonal regeneration (Fig. S3A). Tubacin and TSA 

are able to increase global acetylated-tubulin in the lesion site (Fig. 7A), with no effect on the 

global level of tyrosinated-tubulin (Fig. 7B). By analyzing their distribution along the axons, 

from the border of the lesion toward the growth cone, we clearly show that tubacin increases 

tubulin acetylation on the distal part of the axon, i.e. the grown cone, while TSA increases 

tubulin acetylation levels along the axon shaft, but not in the growth cone (Fig. 7CD). 

Moreover, TSA is also able to prevent nocodazole-depolymerization (Fig. 6), but not tubacin 

(data not shown). Altogether, these data clearly demonstrate that axonal regeneration can be 

enhanced by stabilizing the axon shaft, with the growth cone devoided of acetylated-tubulin. 

We also tested parthenolid, a carboxypeptidase inhibitor known to inhibit tubulin 

detyrosination. Parthenolid addition in the distal compartment increases tubulin-tyrosination of 

the growth cone when compared to not-treated axons (Fig 7E), but it application doesn’t modify 

the global tyrosinated-tubulin level in the injury site (Fig. 7B). Analysis of the global level of 

tubulin post-translational modifications with paclitaxel shows a significant reduction of  

tyrosination but no change in acetylation, while no effect of epothilone D is detected (Fig 7AB).    



 

 

 

Cinetic analysis of the effect of TSA reveals a time-dependent increase in axonal regeneration, 

with the lesion site being filled to 76% with tuj1-positive axons at 96h post injury, while only 

51% in lesion only (Fig. S3B). Despite an increase and stabilization of cortical rhythmicity 

from 48h post lesion (Fig. 3A, B), TSA treatment do not lead to a connectivity restoration.  

 

Interestingly, TSA also modify mitochondrial transport. When applied in the distal/spinal 

compartment, TSA leads to a reestablishment of mitochondria motility, 24 hours after the injury 

(Fig. 4A, B), while tubacin and epothilone D have no effect. Moreover, TSA also restores 

mitochondria fusion and fission (Fig 4D), as observed in control/not injured axons.  
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Figure 1. Establishment and characterization of an oriented and functional mouse cortico-spinal 

network on microfluidic device, at DIV9. (A) Triple immunofluorescence of a cortico-spinal network, 

on a microfluidic chip, for MAP2 (green), beta-III tubulin (red) and GFAP (blue), showing cortico-

spinal axons seeded in the proximal chamber (left) crossing the central channel to reach the distal 

chamber (right) containing spinal neurons. (B) Double immunofluorescence of CTIP2 (layer 5 cortical 

neurons, green) and ChAT (acetylcholine transferase in spinal motor neuron, red), with DAPI staining 

(blue). (C) Quantification represented by a violin plot distribution of CTIP2 neurons (in the cortical 

compartment) and ChAT neurons (in the spinal compartment), as well as GAD67-positive and 

VGLUT2-positive neurons in the both compartments, reported on the total DAPI staining. (D) Confocal 

double immunofluorescence in the spinal compartment of synaptophysin (pre-synaptic, blue) and 

PSD95 (post-synaptic, red) staining on GFP-positive cortical axons, revealing synaptic contacts between 

cortical axons and spinal neurons. (E) Left : Representative calcium layouts of cortical neurons (blue) 

connected to spinal neurons (orange), after 9 days of culture, showing synchronous and rhythmic activity 

between neurons of the two compartments. Right : Effect of bicuculline treatment on cortical neurons 

on the rhythmic activity of both cortical and spinal neurons. (F) Quantification of the discharge 

frequency of spinal neurons in the presence (CtxSp) or absence (Sp) of cortical fibers and after 

bicuculline injection. Data are presented as mean ± SEM. n = 3 individual experiments per group; 

**p<0.01; ***p<0.001. One-way ANOVA analysis followed by the Dunnett post-hoc test. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Development of a new microfluidic device for local mechanical injury by compression. 

(A) Cross-sectional schema of the microfluidic device. For the injury, two neodymium magnets are 

positioned above and below the distal chamber (right), which contains the axons of the cortical neurons 

seeded in the proximal chamber (left, green), as well as spinal neurons (red). The compression applied 

causes a distal compartment deformation, crushing the cells below. (B) Top schematic view of the 

microfluidic device, with cortical neurons (left, green) connecting to spinal neurons (right, red) in the 

distal compartment where the magnet is located (black hole). Red box: immunostaining of beta-III 

tubulin of cortico-spinal fibers in the distal compartment after 9DIV. (C) Time-course immunostaining 

and (D) quantification of beta-III tubulin staining at the lesion site immediately after compression (0h), 

at 24h, 48h, and 96h post-lesion. The compression results in the destruction of axons at the lesion site, 

delineated by debris. Beta-III tubulin positive axons progressively regenerate, filling the lesion site. Data 

are presented as mean ± SEM. n= 4-5 individual experiments per group; ns = not significant; *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. One-way ANOVA analysis followed by the Tukey post-hoc 

test. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Calcium activity after compressive injury (A) Representative calcium traces analysis, 

marked by Fluo-4, in cortical (blue) and spinal (orange) neuronal populations at 24h, 48h, and 96h 

following injury. Without treatment (top) and with trichostatin A treatment (bottom). (B) Quantification 

of the discharge frequency of cortical neurons after injury, in treated or untreated conditions. The lesion 

leads to an interruption in synchronization between cortical and spinal neurons. Over time, cortical 

population develop random frequencies that increase post-lesion, without influencing spinal neurons 

which remain desynchronized. Trichostatin A causes a faster increase and stabilization of cortical 

frequencies, however, it does not restore connectivity. Data are presented as mean ± SEM. n = 3 

individual experiments per group; *p<0.05; **p<0.01. Two-way ANOVA analysis followed by the 

Tukey post-hoc test. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 4. Mitochondrial transport after compressive injury. (A) Representative kymograph of 

mitochondria motility under control conditions, 24h after the lesion, and in TSA treated lesion, captured 

by live imaging. Consecutive line scans of the axon were arrayed top to bottom so that the y-axis of the 

kymograph represents the time and the x axis the position of the object studied. Stationary objects 

therefore appear as vertical lines and motile ones as diagonals. (B) Quantification of mitochondria 

motility related to total healthy mitochondria in control/non injured axons or in regenerating axons 24h 

after the injury, treated or not with TSA, tubacin, epothilone D, or parthenolid. Only TSA restores 

mitochondrial motility after the lesion. Note that parthenolid treatment effect on mitochondria motility 

is not statistically different from control and 24h post-injury-axons. (C) Directionality of motile 

mitochondria in different conditions, related to total healthy mitochondria. (D) Quantification of 

mitochondria fusion (Mfn1/2, left) and fission (Drp, right) along the axons, in the control/non injured 

axons, 24h after the injury treated or not with TSA. Note that in regenerating axons, the ratio 

fusion/fission is reversed compare to non-injured axons and TSA restores the ratio. Data are presented 

as mean ± SEM. n= 3-6 individual experiments per group; ns = not significant; *p<0.05; **p<0.01; 

***p<0.001. One-way ANOVA analysis followed by the Tukey post-hoc test.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Microtubules targeting drugs effect on axonal regeneration. Immunostaining and 

quantification of beta-III tubulin at the lesion site, 24 hours after the compression, without treatment 

(lesion) and after adding paclitaxel, epothilone, tubacin, TSA, or parthenolid in the distal compartment. 

Data are presented as mean ± SEM. n= 3-11 individual experiments per group; ***p<0.001; 

****p<0.0001. One-way ANOVA analysis followed by the Dunnett post-hoc test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Stabilizing effect of epothilone and TSA on axon regeneration toward nocodazole-

depolymerizing drug. Immunostaining and quantification of beta-III tubulin positive axons at the lesion 

site after treatment with nocodazole alone or in combination with epothilone or TSA. Microtubule 

depolymerization by nocodazole is prevented by treating axons with TSA or epothilone Data are 

presented as mean ± SEM. n= 3 individual experiments per group; *p<0.05. One-way ANOVA analysis 

followed by the Dunnett post-hoc test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Pharmacological post-translational tubulin modifications in regenerating axons. (A, B) 

Quantification of acetylated tubulin (A) and tyrosinated tubulin (B) within the lesion site. (C) 

Immunostaining of acetylated tubulin along regenerating axon shaft, 24h after the lesion or after TSA 

or tubacin treatment. Color codes indicate pixel intensity, from 0 least intense to 255 most intense. (D, 

E) Quantification along axon shaft of acetylated or tyrosinated tubulin fluorescence intensity related to 

total alpha tubulin, 24 hours after the lesion, or after treatment with tubacin, TSA, or parthenolid. Note 

that TSA increases tubulin acetylation along the axon shaft but not in the growth cone, whereas tubacin 

increases tubulin acetylation in the more distal part of the axon, and parthenolid increases tubulin 

tyrosination in the distal extremity of axons. Data are presented as mean ± SEM. n= 3-7 individual 

experiments per group; *p<0.05; ***p<0.001. One-way ANOVA analysis for (A, B) and two-way 

ANOVA analysis for (D, E) followed by the Dunnett post-hoc test.   

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1.  Cortical GFP infection. Double immunofluorescence for GFP (green) of 

infected cortical neurons, and Beta III-tubulin (red) of the entire network. The merge (right) shows the 

invasion of cortical fibers into the distal chamber cohabiting with non-transfected spinal cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2. Cell migration after injury. (A) Quantification of the number of neuronal 

(MAP2+/DAPI) and non-neural (MAP2-/DAPI) cells invaded the lesion site after injury. (B) 

Quantification of the number of neuronal (MAP2+/DAPI) and non-neural (MAP2-/DAPI) cells invaded 

the lesion site 24h after injury in treated conditions (C) Immunostaining of MAP2 (green), Doublecortin 

(red) and Nestin (blue) of cells within the lesion site 96h post injury. Data are presented as mean ± SEM. 

n= 3-4 individual experiments per group; * **p<0.01; ***p<0.001. Two-way ANOVA analysis 

followed by the Dunnett post-hoc test. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3. Effect of TSA treatment on regeneration. (A) Percentage of axon regrowth 

within the lesion site, 24h after compression, in non-treated (lesion) or treated neurons. Drugs were 

applied on the cortical (proximal) chamber. Note that when TSA is applied on cortical soma, axonal 

regeneration is enhanced. (B) Quantification of axonal regeneration up to 96h post-lesion, with 

Trichostatin A treatment. Data are presented as mean ± SEM. n= 3-8 individual experiments per group; 

*p<0.05; **p<0.01. One-way ANOVA analysis followed by the Dunnett post-hoc test (A) and unpaired 

t-test for (B). 

  



 

 

 

Discussion 

 

The observation of the results presented in this study partly relies on the relevance of the model 

used. The corticospinal tract (CST) is particularly affected by spinal cord injuries, making its 

study essential for understanding the pathophysiology of this trauma. 

 

Using E14 embryonic mouse neurons allows us to obtain the cells of interest that form the CST 

from the same embryo, namely the layer 5 cortical pyramidal neurons (CTIP2+) and the spinal 

motor neurons (ChAT+) onto which they project (Arlotta et al., 2005; Ballout et al., 2016; 

Hevner, 2007; Molyneaux et al., 2007). The other cell populations, including the presence of 

interneurons found in each compartment (GAD67+ neurons, VGLUT+ neurons, non-neuronal 

GFAP+ cells) are consistent with those observed in corticospinal projections in vivo (Côté et 

al., 2018; Gu et al., 2017; Hughes and Todd, 2020; Markram et al., 2004; Paixão et al., 2019; 

Pedroni and Ampatzis, 2019; Takuma et al., 2002), as well as with the general organization of 

the corticospinal tract in vivo in mice (Gu et al., 2017; Paixão et al., 2019; Ueno et al., 2018). 

Our system allowed for the reconstruction of a simplified, unidirectional corticospinal network 

in which postsynaptic neurons are functionally connected to cortical fibers. 

 

Our results highlight several advances and challenges in reproducing a network of neurons and 

applying mechanical injuries. Our novel method using magnets to locally crush the microfluidic 

chip represents a tool not only for studies on spinal cord injuries but also for other pathologies 

characterized by axotomy. For our study, the injury was performed on the distal chamber, at 

the exit of the micro-channels, containing both cortical axons connected to spinal cells. 

Observations at the injury site suggest axonal rearrangement, with axonal regeneration 

beginning as early as 24 hours post-injury and continuing up to 96 hours, compared to the 

control. The GFP transduction of cortical neurons highlights the presence of regenerating 

cortical axons at the injury site. Concurrently, the injury is associated with impaired network 

connectivity and mitochondrial dysfunction, replicating the perturbations induced by a spinal 

cord injury in vivo (Biyao Wang et al., 2021). 

 

This model is therefore relevant for addressing cellular and molecular phenomena such as 

microtubule dynamics related to mitochondrial transport after an injury. During development 

and growth, microtubules play a crucial role in maintaining cellular architecture and 



 

 

 

intracellular trafficking. These functions are enabled by a constantly evolving network, 

described as dynamic instability, where the axonal shaft remains stable while the axonal tip, 

containing the growth cone, must be dynamic to navigate the environment and reach its target 

(Lowery and Vactor, 2009). Following an injury, previous studies have reported that stabilizing 

microtubules could help restore the network and promote axonal regeneration (Blanquie and 

Bradke, 2018; Bradke et al., 2012; Hellal et al., 2011; Ruschel et al., 2015). We therefore 

impacted the MT network to observe the post-injury response. 

 

We first studied the effect of Paclitaxel, a molecule that stabilizes the MT cytoskeleton, on 

axonal regeneration. Recently, Paclitaxel has been successfully used in vivo to promote axonal 

extension by stabilizing microtubule assembly (Liu et al., 2023). After a spinal cord injury, 

damaged axons quickly form a growth cone at the distal end, and tubulin stability decreases, 

hindering axonal regeneration. Liu et al. reversed this process by adding Paclitaxel, thereby 

increasing axonal regeneration. They examined the effects of low-dose Paclitaxel on neural 

stem cell (NSC) differentiation in vitro and functional recovery in vivo in injured rats. Their 

results show that low-dose Paclitaxel promotes NSC differentiation into neurons and 

significantly extends axons in vitro. In vivo, Paclitaxel promoted β III-tubulin expression in 

injured areas and improved motor recovery after spinal cord injury. While low-dose Paclitaxel 

is considered safe for clinical use, it is important to note that higher doses can lead to 

undesirable side effects such as peripheral neuropathies, a neurotoxic and hyper-stabilizing 

effect on the microtubule network (Gornstein and Schwarz, 2017; Klein and Lehmann, 2021). 

In our model, applied immediately after injury in the distal compartment, Paclitaxel has a 

negative effect on axonal regeneration. This agent may act by stabilizing microtubules directly 

at the distal axonal end, preventing their depolymerization (Klein and Lehmann, 2021), thereby 

making axonal regrowth impossible: the growth cone is unable to properly extend with hyper-

stable microtubules. 

 

However, Paclitaxel does not solely affect microtubule stabilization. According to Rovini et al., 

2011, Paclitaxel administration disrupts intracellular trafficking by reducing retrograde 

mitochondrial velocity in peripheral nerves and blocking mitochondrial transport in dorsal root 

ganglion neurons, both anterogradely and retrogradely. This suggests that microtubule 

stabilization plays a key role in organelle transport. Rovini et al. primarily studied the 

hypothesis that post-translational modifications of tubulin influence the interaction between 

molecular motors and microtubules. Depolymerized and acetylated microtubules would favor 



 

 

 

the binding of the molecular motor protein kinesin-1, responsible for anterograde transport of 

mitochondria along axons. These findings are controversial, as research has shown that 

Paclitaxel on tumor cells and peripheral nerves can compromise intracellular trafficking by 

preventing kinesin-1 translocation in polarized neurons, thereby increasing global levels of 

tubulin acetylation, depolymerization, and polyglutamylation (Hammond et al., 2010). This 

suggests that over-stabilization compromises intracellular trafficking, although some 

stabilization is necessary for mitochondrial transport. 

 

These results align with trends observed in the literature and underscore the importance of 

microtubule stabilization in intracellular transport, while demonstrating that over-stabilization 

of microtubules by Paclitaxel is not beneficial for axonal regeneration. Other studies using 

Epothilone, a structurally analogous and less toxic derivative of Paclitaxel, indicate that 

microtubule stabilization enhances regeneration (Bollag et al., 1995; M. Brizuela et al., 2015; 

Ruschel et al., 2015). Epothilone B has already been studied to improve locomotor function 

after spinal cord injury, but adverse effects have been reported. Therefore, we selected 

Epothilone D (Ruschel et al., 2015). Compared to Paclitaxel, Epothilone D improves 

regeneration after injury according to our observations, reinforcing the idea that network 

stabilization is necessary but over-stabilization is not. 

 

Since tubulin acetylation is commonly associated with stable microtubules and tyrosination 

with dynamic microtubules, we tested agents specifically affecting these modifications. In 

particular, we used HDAC inhibitors known for their effects on axonal regeneration (Cho et al., 

2013; Cho and Cavalli, 2014; Gaub et al., 2010; Rivieccio et al., 2009). We found that specific 

inhibition of HDAC6 by tubacin does not affect regeneration, while inhibition of multiple 

HDAC classes by TSA significantly increases axonal regeneration. 

 

To explore the potential link between acetylation, microtubule stabilization, and axonal 

regeneration, our samples were marked for acetylated tubulin, tyrosinated tubulin, and alpha-

tubulin. Quantification revealed that neither Paclitaxel nor Epothilone affects acetylation levels. 

This result suggests that tubulin acetylation could be a cause rather than a consequence of 

stabilization. At the axonal level, tubacin increases acetylation at the distal end, while TSA 

increases acetylation levels in the axonal body without affecting tyrosination levels. It is 

interesting to note that Epothilone and TSA, but not tubacin, protect against nocodazole-

induced depolymerization, supporting the association between tubulin stability and acetylation. 



 

 

 

However, stabilization of the axonal end alone is not sufficient to protect against destabilization. 

Taken together, these results suggest a complex post-translational regulation of the 

cytoskeleton, where tubulin acetylation induces microtubule stabilization, beneficial for axonal 

regeneration after injury. 

 

However, it is important to consider that these effects result from stabilizing the microtubule 

network while maintaining a developmental and growth pattern, where the distal end must 

remain dynamic to reform a growth cone and navigate the environment (Chen and Rolls, 2012; 

Yuyu Song and Brady, 2015). To validate this hypothesis, we used parthenolid, responsible for 

tubulin depolymerization (Diekmann and Fischer, 2016; Gobrecht et al., 2016). After 24 hours 

of treatment, we observed an increase in tubulin tyrosination at the distal end, without impacting 

acetylation levels. We did not observe changes in regeneration but an increase in branching was 

noted. These results support the association between tubulin dynamics and tyrosination, and 

that a balance between stability and dynamism is necessary for axonal regeneration. 

 

Axonal regeneration is a highly energy-demanding process (Conde and Cáceres, 2009), making 

mitochondrial function particularly crucial (McEwen et al., 2011; Szelechowski et al., 2014). 

Following injury, studies report disruptions in membrane potential, ROS production, SNPH 

anchoring protein expression, decreased motility, and increased fission (Brooks, 2007; Han et 

al., 2016; Lassus et al., 2016; Magnifico, 2013; Steketee et al., 2012; Biyao Wang et al., 2021; 

Bing Zhou et al., 2016). However, it is described in the conditioned injury paradigm that 

regenerating axons restore vesicular trafficking. Moreover, in CNS neurons, axonal 

regeneration is characterized by a high rate of mitochondrial transport (Cartoni et al., 2017; Mar 

et al., 2014). This transport relies on microtubules and increased MT acetylation facilitates 

recruitment of molecular motors necessary for mitochondrial transport, such as kinesins 

(Dompierre et al., 2007; Hammond et al., 2010; Reed et al., 2006; Rovini et al., 2011). 

In line with these studies, we observed that TSA restores mitochondrial motility, while Tubacin, 

Epothilone, and Parthenolid do not affect this transport. This suggests that microtubule 

stabilization is necessary for organelle trafficking and that mitochondrial motility is enhanced 

by tubulin acetylation along axons. We also observe restoration of fusion and fission processes. 

These results suggest that TSA enhances mitochondrial dynamic towards critical areas to 

compensate for the energy deficit required for regeneration. 

 



 

 

 

Our results using Tubacin do not align with previous observations showing that HDAC6 

inhibition is beneficial for axonal regeneration through interaction with mitochondria (Chen et 

al., 2010; Rivieccio et al., 2009). Inhibition of this HDAC induces acetylation of dynein 

molecular motors, necessary for transport (English and Barton, 2021). However, our specific 

HDAC6 inhibition results show no changes in mitochondrial dynamics or regeneration. Thus, 

other class I HDACs: 1, 2, 3, 8 (for which TSA has a higher affinity (Fleiss et al., 2012)), are 

likely involved. Indeed, on fibroblasts, 100 nM of TSA is insufficient to inhibit HDAC6 and 

induce acetylation (Matsuyama, 2002; Ptacek et al., 2023). Finally, it is noteworthy that 

Tubacin has reduced bioavailability compared to TSA. These results are supported by studies 

indicating that on lymphocytes, Tubacin does not affect MT stabilization (Haggarty et al., 

2003). 

It is not excluded that the observed effect by TSA results from other interactions, since this 

molecule targets multiple HDAC classes, including nuclear and mitochondrial targets 

(Haggarty et al., 2003; Shukla and Tekwani, 2020). Indeed, injury disrupts membranes, causing 

calcium release which, through retrograde signaling, activates PKC. This activation 

subsequently allows translocation of nuclear histones, such as HDAC5. This histone is 

specifically expressed post-injury and transported to the injury site, leading to increased 

deacetylation (Chen and Rolls, 2012; Tang, 2014). Chen and Rolls, 2012 conclude that 

moderate microtubule stabilization would enable regeneration. This coincides with our results, 

suggesting that inhibition of this HDAC could increase acetylation in axons and promote 

regeneration. The observed TSA effect is therefore likely due to its action on different HDACs, 

either directly at the cytoplasmic level or indirectly through retrograde signal transport at the 

nuclear level. This also explains our results when applying TSA on cortical neuron cell bodies, 

which produce similar beneficial effects on axonal regeneration at the injury site. Moreover, 

numerous literature works present epigenetic effects of TSA, notably through activation of 

RAGs in response to H3 acetylation on K9 and K14 residues (Delcuve et al., 2012; Gupta et 

al., 2023; Koriyama et al., 2014; Shin and Cho, 2017; Weng et al., 2016; Wood et al., 2018; 

Zhao et al., 2021). Although our results do not demonstrate changes in H3K27 acetylation, this 

does not exclude acetylation on other residues. 

 

Considering the beneficial effect of TSA treatment on axonal regeneration also found at 48 and 

96 hours post-injury, we wondered if this regeneration could also restore network connectivity. 

The addition of TSA could show potentiation of cortical neuron response more rapidly, with a 

more stable frequency closer to controls at 48 hours post-injury, compared to untreated injuries 



 

 

 

where frequencies still vary up to 96 hours post-injury. These results are consistent with 

findings showing increased calcium flux during network stabilization with Paclitaxel (Mironov 

et al., 2005). However, no synchronization is found. It is important to consider that the calcium 

signals observed globally in the chambers reflect several calcium signatures (injured and non-

injured neurons, interneurons, glial cells...), difficult to individualize in non-ratiometric 

imaging. Concurrently, axonal regeneration alone does not imply reconnection of axons with 

their initial targets (Squair et al., 2023). 

 

In summary, in this study, we have developed a new, simple, and reproducible in vitro 

microfluidic device for performing mechanical lesions by compression in a synaptically 

functional cortico-spinal neuron network, to replicate CST bundles and mimic spinal cord 

injuries in vitro. This device addresses the spatial organization shortcomings of conventional in 

vitro cultures and offers a valuable tool to study mechanisms of axonal regeneration and 

degeneration and to develop new therapeutic approaches for spinal cord injuries, as well as 

other axonal injury pathologies such as traumatic brain injuries (TBI). The described results 

indicate significant discoveries regarding MT status and its relationship with mitochondrial 

dynamics in axonal regeneration. We demonstrate that acetylation induces MT network 

stabilization and supports mitochondrial for axonal regeneration. These findings highlight the 

potential of certain molecules to promote neural regeneration and repair after injury, providing 

promising avenues for the development of regenerative therapies. 
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Résumé 

Une lésion traumatique du système nerveux central (SNC) induit des mécanismes cellulaires et 

moléculaires conduisant à des dysfonctions irréversibles. En plus d'un environnement post-lésionnel non 

propice à la régénération axonale, le stress mécanique rend les neurones vulnérables. Au niveau 

moléculaire, la dégénérescence axonale est associée à des dommages mitochondriaux et une chute 

d'énergie, à une déstabilisation du cytosquelette notamment des microtubules (MT) et finalement à la 

dégradation de l'axone. Il est montré que la stabilisation des MT ou le repositionnement des 

mitochondries, via le réseau de microtubules, stimule la croissance des axones en comblant les déficits 

énergétiques. Ainsi, les mitochondries et les MT sont essentiels pour déterminer le devenir de l'axone, 

ce qui souligne l'importance de comprendre leur dynamique et leur régulation. Cependant, les 

mécanismes précis de l’interaction entre les mitochondries et les microtubules dans les axones post-

lésionnels ne sont pas encore totalement élucidés. L'objectif de cette étude est de développer un modèle 

in vitro pour reproduire des réseaux simplifiés du SNC et effectuer un trauma mécanique afin de 

déchiffrer les processus de repousse axonale, en évaluant la dynamique des microtubules et des 

mitochondries et son influence sur le devenir des axones. Nous nous sommes particulièrement intéressés 

au faisceau corticospinal (CST), dont les axones possèdent une faible capacité de régénération. Nous 

avons reproduit in vitro un faisceau orienté et fonctionnellement connecté assimilable au CST, dans un 

nouveau système microfluidique. Ce dispositif permet l'application d'une lésion mécanique par 

compression, suivie d'une régénération axonale. En utilisant une approche pharmacologique pour 

moduler la stabilité des microtubules, la dynamique des mitochondries est analysée, ainsi que le devenir 

des axones après la lésion. Nos résultats révèlent qu'une acétylation accrue des microtubules dans l'axe 

des axones en régénération est associée à des MT stabilisés, qui restaurent la motilité des mitochondries, 

favorisant ainsi les mécanismes de régénération. Ces résultats soulignent le potentiel des médicaments 

ciblant les MT dans le développement de stratégies thérapeutiques.  

Mots clés : réseau in vitro ; microfluidique ; faisceau cortico-spinal ; lésion mécanique ; modification 

des microtubules ; dynamique mitochondriale ; régénération axonale. 

 

Abstract 

A traumatic lesion in the central nervous system (CNS) induces cellular and molecular mechanisms 

leading to irreversible dysfunctions. In addition to a non-permissive post-injury environment, 

mechanical stress also rends neurons vulnerable. At molecular level, axonal degeneration is associated 

with mitochondrial damage and energy drop, cytoskeletal destabilization, particularly microtubules 

(MT), and finally axonal degradation. It has been shown that stabilizing MTs or mitochondria 

repositioning via the microtubule network, stimulates axon growth and branching by rescuing energy 

deficits. Thereby, mitochondria and MT are essential in determining the axon fate, highlighting the 

importance of understanding their dynamics and regulation. However, the precise mechanism 

underlying the connection between mitochondria and microtubules in post-injured axons are not well 

elucidated. The objective of this study is to develop a simple in vitro model to reproduce CNS networks 

and apply mechanical trauma to decipher the processes of axonal regrowth by evaluating the dynamics 

of microtubules and mitochondria and their influence on axonal fate. We particularly focused on the 

corticospinal tract connecting to spinal cord neurons, whose axons have a low regenerative capacity 

after a spinal cord injury. We have successfully developed an in vitro set-up of an oriented and 

functionally connected corticospinal network, within microfluidic system. This device allow the 

application of mechanical injury by compression, followed by axonal regeneration. Using a 

pharmacological approach to modulate MT stability, we analyzed mitochondrial dynamic and axon fate 

after injury. Our findings reveal that enhanced MT acetylation in regenerating axon shaft is associated 

with stabilized MTs, that restore mitochondrial motility thereby promoting neuronal repair mechanisms. 

These results underscore the potential of MT-targeting drugs in developing therapeutic strategies after 

injury. 

Keywords: in vitro network; microfluidic; corticospinal tract; mechanical injury; Microtubule 

modification; Mitochondrial dynamic; axonal regeneration 
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