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Characterizing precisely the microstructure of axons, their density, size and myelination is

of interest for the neuroscientific community, for example to help maximize the outcome

of studies on white matter (WM) pathologies of the spinal cord (SC). The existence of a

comprehensive and structured database of axonal measurements in healthy and disease

models could help the validation of results obtained by different researchers. The purpose

of this article is to provide such a database of healthy SC WM, to discuss the potential

sources of variability and to suggest avenues for robust and accurate quantification

of axon morphometry based on novel acquisition and processing techniques. The

article is organized in three sections. The first section reviews morphometric results

across species according to range of densities and counts of myelinated axons, axon

diameter and myelin thickness, and characteristics of unmyelinated axons in different

regions. The second section discusses the sources of variability across studies, such as

age, sex, spinal pathways, spinal levels, statistical power and terminology in regard to

tracts and protocols. The third section presents new techniques and perspectives that

could benefit histology studies. For example, coherent anti-stokes Raman spectroscopy

(CARS) imaging can provide sub-micrometric resolution without the need for fixation and

staining, while slide scanners and stitching algorithms can provide full cross-sectional

area of SC. In combination with these acquisition techniques, automatic segmentation

algorithms for delineating axons and myelin sheath can help provide large-scale statistics

on axon morphometry.
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INTRODUCTION

Pathologies affecting the spinal cord (SC) could have diverse origins, from vascular diseases, cancer
and trauma to neurodegenerative diseases such as multiple sclerosis. In many instances, there
is limited knowledge about the actual pathophysiology of the disease, about the succession of
neurotoxic events following a trauma (secondary injuries, Tator and Fehlings, 1991; Park et al.,
2004), or even the precise vascularization depending on the tract. These issues make it difficult to
assess accurately the extent of spinal damage.

SC research is commonly conducted in animal models to improve our understanding of a given
pathology, its etiology and evolution, and to develop new therapies (Nout et al., 2012). Mice and
rats, despite differences in the structural organization of the SC compared to humans, are one of
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FIGURE 3 | Image of a cross-section of a mouse spinal cord based on coherent anti-stokes Raman spectroscopy, which is tuned to exhibit signal from myelin sheath.

Axial axons appear in red, while lateral fibers and some vessels appear in green. Zoomed panels focus on the dorsal (top right) and ventral white matter (bottom

right) and in the ascending reticulospinal/fasciculus proprius region (middle right). Courtesy of Erik Bélanger, Sophie Laffray and Daniel Côté.

tuned at different wavelengths, Spectral Confocal Reflectance
microscopy (SCoRe) can be specific to myelin, making the
application of this technique easier on animals other than rodents
(Schain et al., 2014).

Slide Scanner and Stitching Algorithms
Imaging large sections of a sample, such as a complete SC
transection, has become possible through the use of a motorized
stage combined with an algorithm that stitches together small
field-of-view images acquired at high resolution. These large-
scale images can then be observed and analyzed on a virtual slide
viewer (Weinstein et al., 2009; Pantanowitz et al., 2011).

Alternatively, whole-slide scanners provide a high-speed
standardized acquisition with predefined parameters, with the
ability to image up to 200 slides in one night, in bright field or
with fluorescence, at 20 or 40× (Weinstein et al., 2009; Nederlof
et al., 2011; Pantanowitz et al., 2011; Ameisen et al., 2012; Laurent
et al., 2013; Gallas et al., 2014). A recent example of the use
of whole-slide scanners is the BigBrain: a whole human brain
scanned at 20µm resolution (Amunts et al., 2013).

Automatic Segmentation
Automated analysis has become important for large-scale
morphometric studies, as manual identification of axons is long,
tedious and subject to user bias (More et al., 2011). Several
algorithms exist for axon and myelin segmentation (Romero

et al., 2000; More et al., 2011; Bégin et al., 2014; Mesbah et al.,
2016; Zaimi et al., 2016, 2017). Following segmentation of axon
and myelin, metrics such as distribution of axon diameter, mean
myelin thickness or myelin volume fraction can be more readily
computed (Bégin et al., 2014).

The use of axon segmentation software has shown
encouraging results in terms of sensitivity and accuracy,
especially when compared to manual identification (Reynaud
et al., 2012; Isaacs et al., 2014). For example, Bégin et al. (2014)
segmented 60% of the complete section of a mouse SC in
4 h, counting a total of 32,000 axons. More et al. (2011) have
identified 84.3% of axons in a whole SEM slice of peripheral nerve
(4 ms/axon) and were able to measure myelin sheath thickness
and axon diameter. Figure 4 illustrates a semi-automatic
segmentation on SC tissue.

A fully automatic approach with perfect accuracy is, however,
difficult to achieve. For example, algorithms can sometimes fail to
discriminate fibers that are too packed, or to distinguish between
neuronal fibers and other tissue components such as blood
vessels. Hence, manual intervention is often required (More et al.,
2011; Bégin et al., 2014; Isaacs et al., 2014; Zaimi et al., 2016).
Machine learning methods (e.g., deep learning algorithm), could
potentially be trained to overcome these issues and avoid human
intervention (Cireşan et al., 2013; Zaimi et al., 2017).

In addition to the segmentation issues, the metrics extracted
are potentially affected by the quality of the image. The
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FIGURE 4 | Example of a whole slice of a human SC at L5 level, imaged with electron microscopy. The middle panel focuses in the ventral region, and the right panel

shows an overlay of myelin segmentation, color-coded for axon diameter (red: small, white/yellow: big). Segmentation was performed using AxonSeg (https://github.

com/neuropoly/axonseg).

inherent point spread function of the imaging system, a bad
focus, or an inhomogeneous contrast/illumination (e.g., due to
inhomogeneous staining) can lead to over- or under-estimated
morphological values (e.g., myelin thickness, myelin volume).
An additional challenge is thus to use an imaging system that is
highly stable on the entire slice.

CONCLUDING REMARKS

In view of the existing literature, complete cartography of the SC
WM microstructure is still difficult to achieve. The conventional
procedures for histology of the central nervous system are
invasive (cutting, staining) and face a constant trade-off between
resolution and field-of-view. Quantitative descriptions of WM
axons are mostly concerned the corticospinal or the pyramidal
tracts. Results, however, are highly variable across studies, which
could be attributed to differences in protocols, terminology,
precise location of the region of interest and user bias.
With the recent development of high-resolution, dye-free, in
depth, whole slide imaging systems, combined with stitching
and fully-automated segmentation algorithms, reproducible and
comprehensive measures of axon morphometry in the spinal
cord can be obtained. These new techniques can help pave the
way toward large-scale imaging and characterization of WM
microstructure across species.

AUTHOR CONTRIBUTIONS

BP conducted the literature review on axon andmyelin and wrote
the article. AS conducted the review on the suggested protocol
and wrote the article. TD conducted the review on the novel
perspectives and wrote the article. NS, SR, and JC-A wrote and
reviewed the article.

FUNDING

Study funded by the Canada Research Chair in Quantitative
Magnetic Resonance Imaging (JC-A), the Canadian Institute of
Health Research [CIHR FDN-143263], the Canada Foundation
for Innovation [32454], the Fonds de Recherche du Québec -
Santé [28826], the Fonds de Recherche du Québec - Nature
et Technologies [2015-PR-182754], the Natural Sciences and
Engineering Research Council of Canada [435897-2013], the
IVADO grant program and the Quebec BioImaging Network.

ACKNOWLEDGMENTS

The authors thank Dr. Daniel Côté and Dr. Erik Bélanger for
providing their CARS images, Dr. Nadine Blumer for proof-
reading the manuscript and members of the NeuroPoly Lab for
fruitful discussions.

REFERENCES

Altman, J., and Bayer, S. A. (2001). Development of the Human Spinal Cord:

An Interpretation Based on Experimental Studies in Animals. New York, NY:

Oxford University Press.

Ameisen, D., Le Naour, G., and Daniel, C. (2012). Technologie des lames virtuelles.

Med. Sci. 28, 977–982. doi: 10.1051/medsci/20122811017

Amunts, K., Lepage, C., Borgeat, L., Mohlberg, H., Dickscheid, T., Rousseau, M. E.,

et al. (2013). BigBrain: an ultrahigh-resolution 3d human brain model. Science

340:1472. doi: 10.1126/science.1235381

Arbuthnott, E. R., Ballard, K. J., Boyd, I. A., and Kalu, K. U. (1980). Quantitative

study of the non-circularity of myelinated peripheral nerve fibres in the cat. J.

Physiol. 308, 99–123. doi: 10.1113/jphysiol.1980.sp013464

Assaf, Y., Blumenfeld-Katzir, T., Yovel, Y., and Basser, P. J. (2008).

Axcaliber: a method for measuring axon diameter distribution from

diffusion MRI. Magn. Reson. Med. 59, 1347–1354. doi: 10.1002/mrm.

21577

Bajaj, A., Laplante, N. E., Cotero, V. E., Fish, K. M., Bjerke, R. M., Siclovan, T.,

et al. (2013). Identification of the protein target of myelin-binding ligands by

immunohistochemistry and biochemical analyses. J. Histochem. Cytochem. 61,

19–30. doi: 10.1369/0022155412467353

Bancroft, J. D., and Gamble, M. (2002). Theory and Practice of Histological

Techniques. London: Churchill Livingstone.

Barazany, D., Basser, P. J., and Assaf, Y. (2009). In vivo measurement of axon

diameter distribution in the corpus callosum of rat brain. Brain 132, 1210–1220.

doi: 10.1093/brain/awp042

Frontiers in Neuroanatomy | www.frontiersin.org 15 December 2017 | Volume 11 | Article 129

https://github.com/neuropoly/axonseg
https://github.com/neuropoly/axonseg
https://doi.org/10.1051/medsci/20122811017
https://doi.org/10.1126/science.1235381
https://doi.org/10.1113/jphysiol.1980.sp013464
https://doi.org/10.1002/mrm.21577
https://doi.org/10.1369/0022155412467353
https://doi.org/10.1093/brain/awp042
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


Saliani et al. Axon and Myelin Morphology in Spinal Cord

Bart, J. C. J. (2006). Plastics Additives: Advanced Industrial Analysis. Amsterdam:

IOS Press.

Bear, M. F., Connors, B. W., and Paradiso, M. A. (2007). Neuroscience.

Philadelphia, PA: Lippincott Williams and Wilkins.

Bégin, S., Dupont-Therrien, O., Bélanger, E., Daradich, A., Laffray, S., De Koninck,

Y., et al. (2014). Automated method for the segmentation and morphometry

of nerve fibers in large-scale CARS images of spinal cord tissue. Biomed. Opt.

Express 5, 4145–4161. doi: 10.1364/BOE.5.004145

Bélanger, E., Bégin, S., Laffray, S., De Koninck, Y., Vallée, R., and Côté,

D. (2009). Quantitative myelin imaging with coherent anti-Stokes Raman

scattering microscopy: alleviating the excitation polarization dependence

with circularly polarized laser beams. Opt. Express 17, 18419–18432.

doi: 10.1364/OE.17.018419

Bélanger, E., Henry, F. P., Vallée, R., Randolph, M. A., Kochevar, I. E.,

Winograd, J. M., et al. (2011). In vivo evaluation of demyelination and

remyelination in a nerve crush injury model. Biomed. Opt. Express 2,

2698–2708. doi: 10.1364/BOE.2.002698

Ben Arous, J., Binding, J., Léger, J.-F., Casado, M., Topilko, P., Gigan, S., et al.

(2011). Single myelin fiber imaging in living rodents without labeling by

deep optical coherence microscopy. J. Biomed. Opt. 16, 116012–1160129.

doi: 10.1117/1.3650770

Biedenbach, M. A., De Vito, J. L., and Brown, A. C. (1986). Pyramidal tract of the

cat: axon size andmorphology. Exp. Brain Res. 61, 303–310. doi: 10.1007/BF002

39520

Bozzola, J. J., and Russel, D. L. (1992). Electron Microscopy: Principles and

Techniques for Biologists. Sudbury, ON: Jones and Bartlett Publishers.

Bradshaw, R. A., and Stahl, P. D. (2015). Encyclopedia of Cell Biology. San Diego,

CA: Elsevier Science.

Brancroft, J. D. (2008). Theory and Practive of Histological Techniques.

Philadelphia, PA: Elsevier Heatl Science.

Breedlove, S. M., and Arnold, A. P. (1980). Hormone accumulation in a sexually

dimorphic motor nucleus of the rat spinal cord. Science 210, 564–566.

doi: 10.1126/science.7423210

Brodal, P. (2004). The Central Nervous System: Structure and Function. New York,

NY: Oxford University Press.

Brodal, P. (2010). The Central Nervous System. New York, NY: Oxford University

Press.

Brösamle, C., and Schwab, M. (2000). Ipsilateral, ventral corticospinal tract of the

adult rat: ultrastructure, myelination and synaptic connections. J. Neurocytol.

29, 449–507. doi: 10.1023/A:1007297712821

Brown, L. T. Jr. (1971). Projections and termination of the corticospinal tract in

rodents. Exp. Brain Res. 13, 432–450.

Bruce-Gregorios, J. (2006). Histopathologic Techniques. Quezon City: Goodwill

Trading Co., Inc.

Cerghet, M., Skoff, R. P., Bessert, D., Zhang, Z., Mullins, C., and Ghandour, M.

S. (2006). Proliferation and death of oligodendrocytes and myelin proteins are

differentially regulated in male and female rodents. J. Neurosci. 26, 1439–1447.

doi: 10.1523/JNEUROSCI.2219-05.2006

Chang, L. W., and Slikker, W. (1995). Neurotoxicology: Approaches and Methods.

San Diego: Elsevier Science.

Chen, J. T., Easley, K., Schneider, C., Nakamura, K., Kidd, G. J., Chang,

A., et al. (2013). Clinically feasible MTR is sensitive to cortical

demyelination in MS. Neurology 80, 246–252. doi: 10.1212/WNL.0b013e31827

deb99

Chung, K., and Coggeshall, R. E. (1983). Numbers of axons in lateral and

ventral funiculi of rat sacral spinal cord. J. Comp. Neurol. 214, 72–78.

doi: 10.1002/cne.902140107

Chung, K., Langford, L. A., Applebaum, A. E., and Coggeshall, R. E. (1979).

Primary afferent fibers in the tract of Lissauer in the rat. J. Comp. Neurol. 184,

587–598. doi: 10.1002/cne.901840310

Chung, K., Sharma, J., and Coggeshall, R. E. (1985). Numbers of myelinated and

unmyelinated axons in the dorsal, lateral, and ventral funiculi of the white

matter if the S2 segment of cat spinal cord. J. Comp. Neurol. 234, 117–121.

doi: 10.1002/cne.902340109
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