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Alterations of the axonal morphology are key signatures of traumatic brain injury (TBI). Although the 
pathobiology of axonal injury has been extensively investigated, the vulnerability of the axonal 
microcompartment over the soma was still misunderstood. We hypothesized that the soma and the axon of 
neurons display opposite mechanical behaviors, rendering the axon more sensitive to a mechanical stress. To test 
this hypothesis, we used a microcontact printing method to control the growth of cortical neuron in a bipolar 
morphology and the viscoelastic properties of soma and axon microcompartments were measured with magnetic 
tweezers. Creep experiments showed that neuronal microcompartments exhibit distinct mechanical behaviors: 
the soma is softer and characterized by an elastic-like behavior, while the neurite is stiffer and viscous-like. By 
altering cytoskeletal filaments with pharmacological agents, we determined the origin of the 
compartmentalization of mechanical behaviors within cortical neurons. The nucleus determines the elastic and 
stress stiffening behavior of the soma, while the sliding of neurofilaments determines the viscous-like state of the 
neurite. In addition, our results revealed that at the contrary of the soma, the neurite can sense its mechanical 
environment and becomes softer and more viscous on soft surfaces, showing that, as for the mechanical 
behavior, the mechanosensitivity is localized to the neuronal microcompartments. Our findings shed light on the 
importance of the regionalization of neuronal properties to their microcompartments in response to a 
mechanical insult. Future works will need to investigate the relationship between the mechanical differences of 
neuronal microcompartments and their functions.  In this context, we suggest to consider microprinted 
neuronal networks as an efficient tool for investigating the effect of the propagation of injury forces on the 
behavior of neuronal circuits. 
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Inertial loading of neurons initiates a cascade of events 
leading to traumatic brain injuries (TBI) [1, 2]. One of the 
most important features of TBI is the morphological 
alteration of a specific microcompartment of the neurons, i.e. 
the axon [3-5], which translates into diffuse axonal injury 
(DAI), a hallmark of TBI [6, 7]. Following the mechanical 

insult, the cable morphology of the axon becomes unstable 
and its diameter increases at various sites to form growing 
swellings that ultimately lead to the axonal degeneration and 
in some cases to the neuronal death [8, 9]. Extensive work has 
shown that axonal degeneration is a consequence of the 
deterioration of the axonal cytoskeleton [10, 11]. For instance, 
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microtubules (MTs), which are typically bundled in healthy 
axons, appear disrupted at the beading sites in injured axons 
[12]. In addition, mitochondria are accumulated at the swelling 
sites, in contrast to healthy axons for which mitochondria are 
homogeneously distributed along the length of the axon [13]. 
Since mitochondria and other organelles are transported via 
molecular motors (dyneins and kinesins) [14] using MTs as 
tracks, organelles are accumulated at the site of microtubules 
breakage and participate to the increase of the axonal 
swellings. Neurofilaments (NFs) are on average 10 time 
more abundants than MTs in the axon [15] and previous 
reports highlighted their role in establishing the axonal 
diameter [16, 17]. It has been shown that following a head 
injury, NFs get compacted in the axon [18], leading to a local 
decrease of the axonal diameter that slows down or 
completely impairs axonal transport upstream [19]. Damage to 
the cytoskeletal filaments of the axon is central to the 
pathogenesis of DAI [20]. It has been proposed that 
cytoskeleton damage is due to pathological Ca++ entry 
following stress-induced mechanoporation[21]. Recently, 
several studies have shown that transmembrane integrins, 
which establish a physical link between neuronal 
cytoskeleton to the extracellular matrix (ECM) [22], are 
important contributors to DAI by propagating mechanical 
forces through the cytoskeleton [23-25] without membrane 
poration. While morphological and biological damages seem 
to be compartmentalized to the axon, less attention has been 

paid to the soma. Few studies reported soma shrinkage with 
pyknotic nuclei [26] (i.e. condensation of chromatin leading to 
a shrunken nucleus) and damaged DNA [27, 28]. However, 
these alterations are delayed compared to the axonal 
damages, suggesting that they may be associated with a 
secondary injury related to axonal swellings. 

The initial source of pathogenesis associated with TBI is 
the disruption of the axonal cytoskeleton [5]. The most 
striking feature of neuronal injury is the localization of 
damage to the axonal microcompartment. However, the 
question of the mechanical vulnerability of the axon over the 
soma remained misunderstood. We addressed this issue by 
combining microcontact printing and magnetic tweezers to 
apply local stresses on paramagnetic beads bound to 
individual microcompartments of bipolar cortical neurons 
and measured the creep response [29]. Our results indicate that 
the axon is characterized by a pronounced viscous state, 
while the soma behaves like an elastic solid (Fig. 1). The 
compartmentalization of the neuronal mechanical properties 
sheds light on the mechanical vulnerability of the axon. 
During a mechanical insult, the axon will dissipate most of 
the deformation energy due to its more pronounced viscous 
state, which translates into cytoskeletal breakage. Oppositely, 
the elastic properties of the soma allow a reversible 
deformation.  

To get a deeper understanding of the role of cytoskeletal 

Figure 1. Role of cytoskeletal components in the rheological behavior of neuronal 
microcompartments. Schematic representation of the role of each cytoskeletal components in the 
rheological behavior of both neuronal microcompartments (soma vs axon) in response to a 
mechanical injury. The mean values of the persistence length (Lp) are given for lamina, chromatin, 
neurofilaments, actin filaments and microtubules. 
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filaments in the mechanical response of neuronal 
microcompartments (Fig. 1), we selectively disrupted actin 
microfilaments, MTs and NFs with specific pharmacological 
agents.  

Our results showed that actin does not play a significant 
role in the viscoelastic behavior of the axon, while MTs 
contribute to the elastic part and NFs to the viscous part. 
These data were supported by the abundance of NFs 
compared to MTs in the axon (approximately 10:1 ratio) [16]. 
Based on the individual role of each cytoskeletal filaments in 
the rheological response, we suggested that the viscous like 
behavior of the axon can be due to the sliding of NFs during 
a mechanical insult. This sliding movement irreversibly 
destabilizes the NFs organization and is the initial event 
leading to focal swellings. These findings are in agreement 
with previous reports showing that NFs are responsible for 
the axon diameter and showing compaction of NFs due to the 
mechanical insult [18]. Additionally, our data indicate that the 
nucleus is the main contributor to the mechanical behavior of 
the soma microcompartment. These results were supported 
by confocal imaging showing that the nucleus occupies most 
of the soma’s volume and that the DNA was compacted in 
response to a mechanical load on the soma. Interestingly, 
DNA compaction is responsible for the stress-stiffening of 
the soma, as we observed previously in endothelial cells [30, 

31]. Based on these observations, we propose that the 
elastic-like behavior of the soma coupled to stress-stiffening 
properties protect the nucleus and the genetic information of 
the neuron during a mechanical insult. 

Accumulating evidence suggests that neurons can be 
exposed to a wide range of matrix rigidities [32] that may 
affect the behavior of their microcompartments [33]. Several 
reports have shown that neurons can adapt their 
physiological properties through sensing their mechanical 

environment [34-36]. In addition, recent reports showed that 
local tissue stiffness can be altered during injury-related 
processes, such as gliar scar [37], changes in intracranial 
pressure[38] or local inflammation [39]. To explore the effects 
of cell matrix changes on the mechanical response of 
neuronal microcompartments, we cultured single cortical 
neurons on soft (3.5 kPa) and stiff (500 kPa) substrates [40] 
and measured the creep response of their individual 
microcompartments. Our findings show that the mechanical 
properties of the soma did not change with the substrate 
stiffness, while the axon was softer and exhibited a more 
pronounced viscous behavior on soft substrates. The 
consistency in soma’s mechanical properties over a wide 
range of substrate stiffnesses is related to our interpretation 
of the role of the nucleus in the mechanical properties of the 
cell body. On the contrary, the axonal microcompartment can 
sense the rigidity of its local environment and adapts its 
mechanical response. The more pronounced viscous state of 
the axon on soft substrates suggests that this 
microcompartment is more vulnerable to mechanical insult in 
soft environments. Taken together, these findings show that 
the mechanosensitivity of neurons is regionalized to soma 
and neurite microcompartments. 

The next major breakthrough would be to relate the 
differences of mechanical properties of both neuronal 
microcompartments to their functional activity. Indeed, cell 
bodies are accumulated in grey matter, which is a major 
component of the central nervous system (CNS). In contrary, 
white matter is composed of long-range myelinated axon 
tracts and contains relatively very few cell bodies. In this 
context, we consider that one of the most reliable techniques 
to control the location of soma and neurite 
microcompartments within a defined neuronal network [41] is 
the micropatterning method (Fig. 2A).  

Figure 2. Formation of in vitro neuronal networks. (A) Schematic representation of the microcontact printing 
method on soft hydroxy-PAAm hydrogels (39) that leads to well-defined laminin micropatterns (in red) that can be 
used for (B) creating neuronal networks of controlled architectures (tubulin staining). The scale bar is 150 µm. 
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Protein micropatterns allow the formation of mature and 
stable neuronal networks of controlled architectures (Fig. 
2B). These neuronal networks are obtained in our laboratory 
by confining cell bodies and axonal extensions of ~30,000 
cortical neurons to a predefined pattern of 1×1cm2. We have 
shown that the global architecture could be maintained for 
several weeks in vitro. By immobilizing cell bodies and 
axons in defined positions and by imposing their interactions 
with their neighbors, we will be able to monitor the 
individual activity of neuronal microcompartments with 
calcium imaging in response to a mechanical load but also to 
decipher the propagation pathway of injury forces within 
neuronal networks. This original strategy would lead to a 
better understanding of the structure-function relationship in 
neurons, which may help to improve our current 
understanding of the pathological consequences of head 
traumas on neuronal circuits. 

References 

1. Farkas O, Povlishock JT. Cellular and subcellular change evoked 
by diffuse traumatic brain injury: a complex web of change 
extending far beyond focal damage. Prog Brain Res 2007; 
161:43-59. 

2. Blennow K, Hardy J, Zetterberg H. The neuropathology and 
neurobiology of traumatic brain injury. Neuron 2012; 76:886-899. 

3. Smith DH, Meany DF. Axonal damage in traumatic brain injury. 
The Neuroscientist 2000; 6:483-495. 

4. Medana IM, Esiri MM. Axonal damage: a key predictor of 
outcome in human CNS diseases. Brain 2003; 126:515-530. 

5. Johnson VE, Stewart W, Smith DH. Axonal pathology in 
traumatic brain injury. Exp Neurol 2013; 246:35-43. 

6. Povlishock JT. Traumatically induced axonal injury: pathogenesis 
and pathobiological implications. Brain Pathol 1992; 2:1-12. 

7. Laplaca MC, Prado GR. Neural mechanobiology and neuronal 
vulnerability to traumatic loading. J Biomech 2010; 43:71-78. 

8. Raghupathi R. Cell death mechanisms following traumatic brain 
injury. Brain Pathol 2004; 14:215-222. 

9. Meythaler JM, Peduzzi JD, Eleftheriou E, Novack TA. Current 
concepts: diffuse axonal injury-associated traumatic brain injury. 
Arch Phys Med Rehabil 2001; 82:1461-1471. 

10. Jafari SS, Maxwell WL, Neilson M, Graham DI. Axonal 
cytoskeletal changes after non-disruptive axonal injury. J 
Neurocytol 1997; 26:207-221. 

11. Saatman KE, Bareyre FM, Grady MS, McIntosh TK. Acute 
cytoskeletal alterations and cell death induced by experimental 
brain injury are attenuated by magnesium treatment and 
exacerbated by magnesium deficiency. J Neuropathol Exp Neurol 
2001; 60:183-194. 

12. Devrim Killinc GG, Kenneth A. Barbee. Mechanically-induced 
membrane poration causes axonal beading and localized 
cytoskeletal damage. Experimental neurology 2008; 212:422-430. 

13. Lifshitz J, Sullivan PG, Hovda DA, Wieloch T, McIntosh TK. 
Mitochondrial damage and dysfunction in traumatic brain injury. 

Mitochondrion 2004; 4:705-713. 

14. Hirokawa N, Niwa S, Tanaka Y. Molecular motors in neurons: 
transport mechanisms and roles in brain function, development, 
and disease. Neuron 2010; 68:610-638. 

15. Zhu Q, Lindenbaum M, Levavasseur F, Jacomy H, Julien JP. 
Disruption of the NF-H gene increases axonal microtubule content 
and velocity of neurofilament transport: relief of axonopathy 
resulting from the toxin beta,beta'-iminodipropionitrile. J Cell Biol 
1998; 143:183-193. 

16. Xu Z, Marszalek JR, Lee MK, Wong PC, Folmer J, Crawford TO, 
et al. Subunit composition of neurofilaments specifies axonal 
diameter. J Cell Biol 1996; 133:1061-1069. 

17. Beck R, Deek J, Jones JB, Safinya CR. Gel-expanded to 
gel-condensed transition in neurofilament networks revealed by 
direct force measurements. Nat Mater 2010; 9:40-46. 

18. Marmarou CR, Walker SA, Davis CL, Povlishock JT. Quantitative 
analysis of the relationship between intra- axonal neurofilament 
compaction and impaired axonal transport following diffuse 
traumatic brain injury. J Neurotrauma 2005; 22:1066-1080. 

19. Marszalek JR, Williamson TL, Lee MK, Xu Z, Hoffman PN, 
Becher MW, et al. Neurofilament subunit NF-H modulates axonal 
diameter by selectively slowing neurofilament transport. J Cell 
Biol 1996; 135:711-724. 

20. Mahmood A, Wu H, Qu C, Mahmood S, Xiong Y, Kaplan DL, et 
al. Suppression of neurocan and enhancement of axonal density in 
rats after treatment of traumatic brain injury with scaffolds 
impregnated with bone marrow stromal cells. J Neurosurg 2014; 
120:1147-1455. 

21. Killinc D, Gallo G, Barbee KA. Mechanically-induced membrane 
poration causes axonal beading and localized cytoskeletal damage. 
Experimental neurology 2008; 212:422-430. 

22. Maniotis AJ, Chen CS, Ingber DE. Demonstration of mechanical 
connections between integrins, cytoskeletal filaments, and 
nucleoplasm that stabilize nuclear structure. Proc Natl Acad Sci U 
S A 1997; 94:849-854. 

23. Hemphill MA, Dabiri BE, Gabriele S, Kerscher L, Franck C, Goss 
JA, et al. A possible role for integrin signaling in diffuse axonal 
injury. PLoS One 2011; 6:e22899. 

24. Dabiri BE, Lee H, Parker KK. A potential role for integrin 
signaling in mechanoelectrical feedback. Prog Biophys Mol Biol 
2012; 110:196-203. 

25. Hemphill MA, Dauth S, Yu CJ, Dabiri BE, Parker KK. Traumatic 
brain injury and the neuronal microenvironment: a potential role 
for neuropathological mechanotransduction. Neuron 2015; 
85:1177-1192. 

26. Gallyas F, Zoltay G, Balas I. An immediate light microscopic 
response of neuronal somata, dendrites and axons to contusing 
concussive head injury in the rat. Acta Neuropathol 1992; 
83:394-401. 

27. Clark RSB, Chen M, Kochanek PM, Watkins SC, Jin KL, 
Draviam R, et al. Detection of single- and double-strand DNA 
breaks after traumatic brain injury in rats: comparison of in situ 
labeling techniques using DNA polymerase I, the Klenow 
fragment of DNA polymerase I, and terminal deoxynucleotidyl 
transferase. J Neurotrauma 2001; 18:675-689. 

28. Zhang X, Chen J, Graham SH, Du L, Kochanek PM, Draviam R, 



Neuroscience Communications 2015; 1: e1003. doi: 10.14800/nc.1003; © 2015 by Thomas Grevesse, et al. 
http://www.smartscitech.com/index.php/nc 

 

Page 5 of 5 
 

et al. Intranuclear localization of apoptosis-inducing factor (AIF) 
and large scale DNA fragmentation after traumatic brain injury in 
rats and in neuronal cultures exposed to peroxynitrite. J 
Neurochem 2002; 82:181-191. 

29. Grevesse T, Dabiri BE, Parker KK, Gabriele S. Opposite 
rheological properties of neuronal microcompartments predict 
axonal vulnerability in brain injury. Sci Rep 2015; 5:9475. 

30. Versaevel M, Grevesse T, Gabriele S. Spatial coordination 
between cell and nuclear shape within micropatterned endothelial 
cells. Nat Commun 2012; 3:671. 

31. Versaevel M, Braquenier JB, Riaz M, Grevesse T, Lantoine J, 
Gabriele S. Super-resolution microscopy reveals LINC complex 
recruitment at nuclear indentation sites. Sci Rep 2014; 4:7362. 

32. Christ AF, Franze K, Gautier H, Moshayedi P, Fawcett J, Franklin 
RJ, et al. Mechanical difference between white and gray matter in 
the rat cerebellum measured by scanning force microscopy. J 
Biomech 2010; 43:2986-2992. 

33. Betz T, Koch D, Lu YB, Franze K, Kas JA. Growth cones as soft 
and weak force generators. Proc Natl Acad Sci U S A 2011; 
108:13420-13425. 

34. Leach JB, Brown XQ, Jacot JG, Dimilla PA, Wong JY. Neurite 
outgrowth and branching of PC12 cells on very soft substrates 
sharply decreases below a threshold of substrate rigidity. J Neural 
Eng 2007; 4:26-34. 

35. Lin YW, Cheng CM, Leduc PR, Chen CC. Understanding sensory 
nerve mechanotransduction through localized elastomeric matrix 
control. PLoS One 2009; 4:e4293. 

36. Franze K, Janmey PA, Guck J. Mechanics in neuronal 
development and repair. Annu Rev Biomed Eng 2013; 
15:227-251. 

37. Corr DT, Gallant-Behm CL, Shrive NG, Hart DA. Biomechanical 
behavior of scar tissue and uninjured skin in a porcine model. 
Wound Repair Regen 2009; 17:250-259. 

38. Chesnut RM, Temkin N, Carney N, Dikmen S, Rondina C, Videtta 
W, et al. A trial of intracranial-pressure monitoring in traumatic 
brain injury. N Engl J Med 2012; 367:2471-2481. 

39. Riek K, Millward JM, Hamann I, Mueller S, Pfueller CF, Paul F, 
et al. Magnetic resonance elastography reveals altered brain 
viscoelasticity in experimental autoimmune encephalomyelitis. 
Neuroimage Clin 2012; 1:81-90. 

40. Grevesse T, Versaevel M, Circelli G, Desprez S, Gabriele S. A 
simple route to functionalize polyacrylamide hydrogels for the 
independent tuning of mechanotransduction cues. Lab Chip 2013; 
13:777-780. 

41. Tang-Schomer MD, Davies P, Graziano D, Thurber AE, Kaplan 
DL. Neural circuits with long-distance axon tracts for determining 
functional connectivity. J Neurosci Methods 2014; 222:82-90. 


	Thomas Grevesse, Joséphine Lantoine, Geoffrey Delhaye, Sylvain Gabriele

