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Abstract. Peripheral nerve injury in vivo promotes a regenerative growth in vitro characterized by an improved neurite
regrowth. Knowledge of the conditioning injury effects on both morphology and mechanical properties of live sensory
neurons could be instrumental to understand the cellular and molecular mechanisms leading to this regenerative
growth. In the present study, we use differential interference contrast microscopy, fluorescence microscopy, and
atomic force microscopy (AFM) to show that conditioned axotomy, induced by sciatic nerve injury, does not increase
somatic size of sensory neurons from adult mice lumbar dorsal root ganglia but promotes the appearance of longer and
larger neurites and growth cones. AFM on live neurons is also employed to investigate changes in morphology and
membrane mechanical properties of somas of conditioned neurons following sciatic nerve injury. Mechanical analysis
of the soma allows distinguishing neurons having a regenerative growth from control ones, although they show similar

shapes and sizes. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1JBO.18.10.106014]
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1 Introduction

Neurons have an intrinsic growth capacity during the embryonic
stage, which is repressed upon the adult transition to allow
proper synaptic development. However, after axotomy, neurons
switch again from a transmission state to a growth state, with
changes in the expression of genes that encode for transcription
factors,'™ which in turn regulate the expression of genes
involved in cell survival and neurite outgrowth (for reviews
see Refs. 4 and 5). This switch is essential in the capacity
of neurons to regenerate; therefore, the neuronal reaction is
stronger after peripheral than central injuries, in which regener-
ation is poor and limited.°

The increased intrinsic growth capacity of injured peripheral
neurons is manifested experimentally by the conditioning lesion
paradigm.” Axotomy of a peripheral neuron previous to the test
lesion, primes the neuron, switches it on to a regenerative state,
and, thus, it will regenerate faster after receiving the second
injury. Since the effect may require time for gene transcription,
the conditioning lesion is effective if applied from 2 to 14 days
before the test lesion.'*

In neuronal cell bodies, axotomy-triggered morphological
changes have been referred to as chromatolysis.*® Acute reac-
tions are quite similar in both regeneration-competent neurons
(such as peripheral nervous system neurons) and regeneration-
incompetent neurons (such as central nervous system neurons),
and these include dispersal of the Nissl substance, displacement
of the nucleus to the cell’s periphery, swelling of the cell body,
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and loss or retraction of synaptic terminals. The extent of these
changes depends on the distance of the injury site to the cell
body and the number of remaining axonal collaterals.

Several studies have shown that sciatic nerve injury induced
the loss of some dorsal root ganglia (DRG) neurons (as much as
15 to 30% in lumbar ganglia L4-L6 of the rat), which is the
result of being deprived of their target-derived neutrophic
growth factor.'’ This was observed in our previous work'! in
which we have shown that sciatic nerve axotomy induced the
disappearance of large-sized somatic diameters (45 to 60 ym).

Elasticity is a determining parameter of membrane mechani-
cal properties and provides important information about the
health and function of the cell. Interestingly, it has been
shown that membrane tension influences growth cone dynam-
ics.* The use of atomic force microscopy (AFM) to image living
biological materials in their native environment with molecular
or submolecular resolution is developing with great interest to the
biological and medical communities.” In the area of neuroscience,
the application of AFM to neurons has been limited'? and has
concentrated on internal organelles'>!'* or nanoscale features of
the surface, including gap junctions, ionic channels, and focal
adhesion points.'> Others have used AFM technology to image
neurons in the fixed state.'® However, the overall architecture
of living neurons at high resolution has not been thoroughly
evaluated with this technology until the first report in this series.'”

In this manuscript, we present a differential interference
contrast (DIC) microscopy, fluorescence microscopy, and AFM
study of the morphology and the membrane mechanical proper-
ties of sensory neuron somas from adult mice DRG following
left sciatic nerve injury. Our results reveal that conditioned
axotomy, induced by prior in vivo sciatic nerve injury, does
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not increase somatic size but promotes the appearance of longer
and larger neurites, which was previously observed.'® AFM on
live neurons is also employed to investigate changes in mem-
brane mechanical properties of somas of conditioned neurons.
Our work presents a comprehensive mechanical analysis of both
control and injured neuron cell bodies and reveals slightly softer
conditioned somas than control ones, displaying a lesser range
of stiffness variation. This augmentation of body cell elasticity
suggests a change in the ratio and the inner structure of the main
structural proteins.

2 Material and Methods

2.1 Animal Surgery and Cell Culture

Care and use of adult female Swiss mice (6 to 8 weeks old
CERIJ, Le Genest St. Isle, France) conformed to institutional
policies and guidelines, and was approved by the local ethics
committee. Sciatic nerve section was performed under isoflur-
ane anesthesia.!® To optimize the number of conditioned neu-
rons, mice were kept alive for 4 to 5 days following surgery.!”
Neuronal cultures were established from either control or con-
ditioned lumbar L4-L5 DRG, as previously described.'"!®
For better neuron adhesion during AFM manipulations, plastic
Petri dish covers were coated with collagen and laminin before
neuronal culture, as explained elsewhere.'!

2.2 Contrast Microscopy

A DIC system mounted on a Nikon TE2000-E inverted micro-
scope equipped with a 40x objective and a thermostatted sample
holder was used for neuron imaging under AFM. Phase contrast
images of neurons were recorded with an LD A-Plan 20X
objective.

2.3 Fluorescence Microscopy

For immunocytochemistry, neuronal cultures were fixed in par-
aformaldehyde and processed as previously described.!! The
primary antibodies used were mouse anti-#1lI-tubulin (1/500;
Sigma) and rabbit anti-actin (1:50; Sigma). Secondary antibody
incubations were performed with Alexa Fluor-594 or Alexa
Fluor-488 conjugated secondary antibodies (Molecular Probes
1:1000). Images were collected with a PL-Apochromat 20 X /
0.8 objective on an upright Zeiss microscope equipped with an
AxioCam MRm CCD camera (Zeiss, Le Pecq, France). Axio
Vision (Zeiss) was used for image acquisition and analysis.

2.4 Atomic Force Microscopy

The AFM experimental system used for both cell imaging and
force mapping was the Asylum MFP-3D coupled to the
Molecular Force Probe 3D controller (Asylum Research, Santa
Barbara, California) and mounted on an inverted Olympus
microscope. Ultrasoft silicon nitride cantilevers (MLCT-
AUHW, Veeco and BL-RC150VB, Olympus) were used. AFM
topographic images were obtained in contact mode in a bathing
solution'! at an average temperature of 30°C. Neurons were
imaged with a pixel resolution of 512 pixels at a line rate of
0.6 Hz. During scanning, both trace and retrace images were
recorded and compared for accuracy. Force-volume maps
were acquired with a tip loading speed of 6 um/s, meaning
a piezo-extension rate of 3 Hz to minimize hydrodynamic
and viscoelastic artifacts?®?! and with a maximum loading
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force of ~1 nN. Young’s modulus (E) was calculated for each
force, according to a modified Hertz model,?? as described else-
where.!! AFM measurements were never exceeding 2 h.

2.5 Statistical Analysis

All data are expressed as the mean = standard error of the mean
(s.e.m.). The nonparametric Mann-Whitney test was used for
comparison between groups. A p value <0.001 was considered
as highly significant (Graphpad Prism 5, Graphpad Software
Inc., La Jolla, California).

3 Results and Discussion

Both DIC and fluorescence images show that control neurons
display an arborizing neurite growth characterized by numerous
branching [Figs. 1(b) and 1(d)], whereas conditioned axotom-
ized sensory neurons presented an elongated neurite growth
characterized by significantly less branching, longer and thicker
neurites [Figs. 1(a) and 1(c)].

In order to evidence structural differences between condi-
tioned and control somas, we used immunocytochemistry to
localize actin (anti-actin antibody) and neuronal microtubules
(anti-p1II-tubulin). Figure 2 depicts tubulin, actin, and merged
images that show preferential tubulin localization to cell periph-
ery for both cell bodies. Furthermore, actin is hardly visible in
conditioned neurons [Fig. 2(a)] as compared with a clear spread-
ing of actin in control neurons [Fig. 2(b)]. These results suggest
a modification in the ratio and the inner framework of the main
structural proteins, namely actin and tubulin.

The cell body morphology of live neurons was further
studied using AFM. Typical AFM topography and deflection
images, taken in contact mode, and the corresponding 3D
reconstruction of somas from conditioned and control sensory
neurons are shown in Fig. 3. Scan line profiles of the soma
cross-sections and several neurite height profiles are gathered
in Fig. 4. Conditioned soma maximal height is 3.21 um,
while the maximal height of the control one is 1.71 um, for

Fig. 1 Differential interference contrast and fluorescence microscopy
immunostaining with anti-glll-tubulin images of mice dorsal root gan-
glion sensory neurons: (a) and (c) conditioned neurons and (b) and
(d) control neurons at one day in vitro (1DIV) (Scale bars 30 um).

October 2013 « Vol. 18(10)
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these particular cells; nevertheless we did not observe axotomy-
induced soma height changes in general. Contrariwise, height
and width values of neurites from conditioned neurons (ranging
from 200 to 700 nm and 440 nm to 1.50 um, respectively)
are larger than the height and width of neurites from control neu-
rons (ranging from 125 to 170 nm and 700 nm to 1.05 pm,

Fig. 3 Atomic force microscopy (AFM) images in contact mode. [(A)
and (B)] Three-dimensional reconstructions of topography images of
conditioned and control somas [(C) and (D)], respectively, scale bars
8 um. Conditioned somas are characterized by significantly less branch-
ing and the appearance of large neurites. The scan line profiles of the
soma cross-sections (black lines) and six neurite height profiles [(a) to (f)]
are gathered in Fig. 4. [(E) and (F)] AFM deflection images of the same
conditioned and control somas revealing cell membrane and neurites.
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Fig. 2 Immunostaining of glll-tubulin and actin in somas from control and axotomized sensory neurons. (a) Images of double immunostaining with
anti-plll-tubulin and anti-actin antibodies in a conditioned sensory neuron at 1DIV. Images show preferential tubulin localization at cell periphery.
Note the appearance of a rather large neurite. (b) Images of double immunostaining with anti-glll-tubulin (Tub, green) and anti-actin antibodies
(Actin, red) in control sensory neuron at 1DIV. Images also show tubulin localization in the cell periphery and a much higher density of actin within
the cell body. (Scale bars 10 um, x63).

respectively). These results confirm that axotomy does not sig-
nificantly increase somatic size,'! but yields to the generation of
much thicker neurites.

To follow the effects of conditioning injury on the nanome-
chanical properties of the live sensory neurons, we recorded
AFM force-volume images. Force curves were measured on
the soma region to investigate the membrane elasticity of the
cell that is related mainly to the intrinsic properties of the
cell membrane and underlying cytoskeleton structures: actin fil-
aments and microtubules. For both types of neurons, force-vol-
ume images, constructed from force curves collected at each
point in a two-dimensional scan, were acquired in relative trig-
gering mode. Typical images are gathered in Fig. 5. Force-vol-
ume scanning areas are indicated by boxes on the optical
micrographs [Figs. 5(a) and 5(b)]. Figures 5(c) and 5(d) re-
present the height of the contact point maps recorded during
the force-volume measurement of conditioned and control
neurons, roughly exposing their morphology and shape.
Corresponding adhesion maps are shown in panels (e) and
(f). The geometry of the somas observed on the adhesion
maps is in agreement with the topography of the cells as
seen on the height of the contact point maps. Adhesion maps
reveal a reduced tip-cell adhesion in the nucleus area, while
the cytoskeleton and the collagen-coated substrate display
higher adhesion. A comparison between the AFM Young’s
modulus maps of conditioned and control neurons is shown
in Figs. 5(g) and 5(h). Map of injury conditioned soma
shows a rather homogeneous stiffness distribution in contrast
with the control soma map, and, importantly, Young’s modulus
maps reveal a softer conditioned soma than the control one. The
corresponding Young’s modulus histograms are presented in
Fig. 6. Interestingly, conditioned somas and control ones exhibit
different trends. Conditioned somas display a narrow, spiked
peak with little spread and followed by a tail, whereas control
somas display an asymmetric broad peak. Distributions were
best fitted with two Gaussians (E; and E,), suggesting the
co-existence of two different elasticity populations that could
be correlated to the main structural proteins inner framework.
Statistical analysis proved that both components E; and E,
were significantly smaller for conditioned neurons (average
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Fig. 4 Height profiles [(A) to (F)] of the cross-sections (a) to (f) indicated in Figs. 3(C) and 3(D). Neurites from injury conditioned neurons are significantly
thicker than neurites from control ones. Their height and width range from 200 to 700 nm and 440 nm to 1.50 um, respectively. Height and width of
neurites from control neurons range from 125 to 170 nm and 700 nm to 1.05 um, respectively. [(G) and (H)] Height profiles along the fast scanned lines
shown in Figs. 3(C) and 3(D). The measured injury conditioned soma height (up to 3.21 um) is slightly higher than the control one (1.71 um).

Young’s moduli of 104 and 153 Pa, respectively) compared to
control ones (average Young’s moduli of 192 and 237 Pa,
respectively), p < 0.001.

Young’s modulus value of living cells as a whole varies in a
wide range of 30 to 140 kPa. In particular, concerning neuron
soma studies, Young’s modulus values of 30 to 500 Pa have
been reported for rat cortical neurons.**> Meanwhile,
Young’s modulus in the range of 200 to 2000 Pa and 650 to
1590 Pa have been revealed for mouse P19-derived neurons®
and guinea pig retinal neurons,”® respectively. Significantly
higher values have also been reported for chick DRG neurons
in the range of 1 to 8 kPa (Ref. 25) and 10 to 140 kPa (Ref. 27).
Young’s modulus variation within this range can be expected
due to the heterogeneity of mechanical properties of cells, as
when the AFM tip contacts the cell membrane, it is unknown
if the underlying structure consists of the cytoskeleton, organ-
elles, vacuoles, etc. Interestingly, our Young’s modulus values
for mouse DRG are significantly lower than those presented by
Mustata et al.,”” where live DRG neurons measured by individ-
ual force curves were reported to yield elastic modulus values
averaging ~60 kPa. Elastic modulus mapping of living DRGs,
however, has yielded averages of ~1 kPa, with individual points
on DRG somas ranging between 0.1 and 8 kPa.? It is always
delicate to compare Young’s modulus values from different
studies as this parameter can be influenced by a number of
experimental factors such as sample temperature,’* mice age,”®
stiffness of the substrate as well as cell interaction with growth
factors (i.e., laminin),25 and finally, timescale, magnitude, and
loading rates of the externally applied forces,?® to name just
a few. Therefore, one of the aims of our study was the compari-
son of membrane mechanical properties between somas of
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conditioned neurons following sciatic nerve injury and control
somas under the same experimental conditions.

In addition, our results reveal an increase of the soma elas-
ticity (lower Young’s modulus) after axotomy. Previous studies
on different cellular structural components have revealed that
most of them display a much higher mechanical stiffness
than the one presented by the cell as a whole. For instance, sin-
gle actin filament rigidity is ~2.6 GPa (Ref. 29), while a single
microtubule has a Young’s modulus ranging from 10 MPa to
1 GPa.* This difference in rigidity between actin and tubulin
could account for the increase in stiffness of the control
somas that display a wide spreading of actin within the whole
cell body, according to our immunocytochemistry results
[Fig. 2(b)].

Indeed, the conditioning nerve lesion studies of Woolf
and colleagues®'? showed that peripheral axotomy, but not
central axotomy, generates an enhanced axonal growth state.
Presumably, this is attributable to the induction of neuronal
regeneration-associated genes (RAGs) by peripheral axotomy.
In general, RAGs are also highly expressed during nervous sys-
tem development, suggesting that regeneration recapitulates
development. The majority of the identified RAGs encode pro-
teins in one of several categories: cytoskeletal proteins such
as tubulin and actin, neurotransmitter metabolizing enzymes,
neuropeptides, cytokines, neurotrophins, and neurotrophin
receptors. In particular, the changes in cytoskeletal protein
expression support the notion that developmental processes
are being recruited.!

Moreover, the observed increase in elasticity of conditioned
neurons may also be related to signals from the injury site that
arrive to the soma and switch the neuron to a pro-regenerative
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Fig. 5 AFM force-volume maps of cell bodies. [(a) and (b)] Optical
micrographs of conditioned and control somas, respectively. Boxes
depict cell body regions studied by AFM. [(c) and (d)] Corresponding
height of the contact point recorded during the force-volume mea-
surement, for 44 x 44 and 30 x 30 points, respectively. [(e) and (f)]
Corresponding adhesion maps. For both cell types, the tip-cell adhesion
displayed by the nucleus area is smaller than the adhesion revealed by
the cytoskeleton. [(g) and (h)] Young’s modulus maps of the conditioned
and control somas revealing a softer conditioned soma compared to the
control one. Associated Young’s modulus histograms of (g) and (h) are
presented in Figs. 6(a) and 6(b), respectively. (Scale bars 4 um).

state, activating a set of transcription factors. At the lesion site,
entrance of extracellular sodium and calcium to the injured axo-
plasm triggers action potentials that will be the first signals to
warn the soma of the axonal injury and will provoke chromat-
olytic changes in the cell body** mediated by rapid elevation of
intracellular calcium and cyclic adenosine monophosphate.
Secretion of active molecules in regenerating sensory neurons
is a cellular mechanism that could be related to the increase
in intracellular Cl~ that we previously reported.'® Such increase
in the internal CI~ concentration not only promotes exit of
anions and related membrane depolarization, but also induces
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Fig. 6 Young’s modulus-E histograms of (a) an injury conditioned soma
and (b) control soma. Histograms were best fitted with two Gaussians.
Mean values (E; and E,) are also indicated. E; and E, suggest the co-
existence of two different elasticity populations that could be related to
the inner framework of the main structural proteins. Both Young's
modulus mean values [(c) and (d)] are smaller in conditioned somas
compared with the control ones (***p < 0.001).

cell osmotic tension. On the other hand, the injury also disrupts
the retrograde transport flow of signals from normal innervated
targets, providing negative signals that inform the soma of the
disconnection. Therefore, the reconnection has to be linked to
recovery of the lost signals to allow proper synaptic
development.!

4 Conclusion

To the best of our knowledge, this study is the first that inves-
tigated the effects of conditioning injury on the mechanical
properties of sensory neurons membrane. Our DIC microscopy
and fluorescence microscopy results show a reduction in the
spreading structure in conditioned neurons, together with the
increase of neurite thickness. This could be related to an
increased volume necessary for fast elongation of neurites.
Moreover, we demonstrate by means of AFM that the regener-
ative mode of growth is characterized by a decrease of cell body
elasticity. Correlation with our immunocytochemistry results
suggests a clear relation between the structural protein content
of the cell body and its rheological behavior. The high actin con-
tent observed in control somas imparts mechanical strength to
the cells. The observed stiffness of the somas in this case is cer-
tainly related to the main role of the actin network in a cell,
namely providing a framework to support the plasma membrane
and define a cell’s shape. Contrary to the conditioned somas,
where actin is much less present in favor of Slll-tubulin, cell
bodies are considerably softer. We might speculate on the
role of the microtubules on the rapid neurites outgrowth in con-
ditioned neurons. Microtubules, being highly dynamic struc-
tures and exhibiting repeated growth and depolymerization
cycles, can rapidly undergo restructuring into various functional
network architectures as for example the radial microtubule
network that controls directional migration and growth of cells.
The observed cellular volume variations might be also due to
increased intracellular Cl~ influence on membrane tension,
which in turn regulates neurite growth. This may be a conse-
quence of injury chemical and electrical signals switching the
soma to a pro-regenerative state.
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