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Abstract
Traditional histopathologic evaluation of peripheral nerve employs bright�eld microscopy with diffraction
limited resolution of ~ 250 nm. Though electron microscopy yields nanoscale resolution of the nervous
system, it is resource-intensive and incompatible with life. Super-resolution microscopy (SRM) comprises
a set of imaging techniques permitting unprecedented resolution of �uorescent objects using visible light.
The advent of SRM has transformed biomedical science in establishing non-toxic means for
investigation of nanoscale cellular structures. Herein, sciatic nerve sections from GFP-variant expressing
mice, and regenerating human nerve from cross-facial autografts labelled with a myelin-speci�c
�uorescent dye were imaged by super-resolution radial �uctuation microscopy, stimulated emission
depletion microscopy, and structured illumination microscopy. Super-resolution imaging of axial
cryosections of murine sciatic nerves demonstrated robust visualization of myelinated and unmyelinated
axons. Super-resolution imaging of axial cryosections of human cross-facial nerve grafts demonstrated
enhanced resolution of small-calibre thinly-myelinated regenerating motor axons. The utility of SRM in
imaging of mammalian cranial and peripheral nerves is demonstrated. The increase in contrast and
structural clarity achievable with super-resolution techniques enables visualization of unmyelinated
axons, regenerating axons, cytoskeleton ultrastructure, and neuronal appendages using light
microscopes.

Introduction
Light microscopy is widely employed for histopathology. Conventional contrast and �uorescence
techniques to enhance resolution in light microscopy are diffraction limited to ~ 250 nm, precluding
visualization of nanoscale structures. Though electron microscopy (EM) yields subcellular resolution, it is
resource-intensive, often cost-prohibitive, and incompatible with life. Super-resolved �uorescence
microscopy (SRM) is an emerging �eld wherein the diffraction limit of light is circumvented to achieve
unprecedented resolution in light microscopy.

The ability to obtain nanoscale resolution of living tissues has made SRM invaluable across disciplines.
Super-resolution microscopy comprises several techniques for resolution enhancement in optical
microscopy. Patterned light illumination approaches include stimulated emission depletion (STED)
microscopy [1, 2] and structured illumination microscopy (SIM) [3]. Localization-based techniques include
photoactivated localization microscopy [4] and stochastic optical reconstruction microscopy [5]. Super-
resolution radial �uctuations (SRRF) microscopy is an analytical approach that extracts super-resolution
information from conventional �uorescence microscopy by exploiting temporal �uctuation of
�uorescence intensities across a sequence of images [6], [7]. Recently, arti�cial intelligence algorithms
have been employed for image enhancement through denoising, resolution enhancement, [8] and image
segmentation [9].

Super-resolution microscopy has expanded knowledge in the �eld of neurobiology, including improved
understanding of neural synapse structure and response to external stimuli. For example, use of
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stochastic optical reconstruction microscopy [10] resulted in the discovery that actin, spectrin, and
associated proteins form a periodic structure in the cytoskeleton of axons, and allowed visualization of
the molecular architecture of synapses in the brain [11]. STED microscopy allowed live-cell imaging of
dendritic spines and quanti�cation of morphological parameters, such as the neck width and the
curvature of the heads of spines [12], and has permitted novel in vitro and in vivo visualization of key
murine central nervous system structures [13].

Heretofore, use of SRM in neuroscience has focused on investigation of the central nervous system.
Though one recent study utilized STED microscopy to reveal the ultrastructural anatomy of the nodes of
Ranvier within peripheral nerve [14], SRM techniques remain underexploited in the �eld of peripheral and
cranial nerve regeneration. Quantitative analysis of mammalian nerves is challenging with use of
conventional light microscopy owing to the small caliber of regenerating axons [15]. Though EM remains
the gold standard for nanoscale evaluation of human pathology sections including peripheral nerve [16],
super-resolution light microscopy approaches are increasingly being employed. For example, SRM has
been employed to visualize ultrastructural details of placental tissue [17]. Herein, we employ several SRM
techniques to reveal nanoscale features of rodent peripheral nerve and regeneration human cranial nerve
samples, and compare results against images acquired by conventional wide�eld, confocal �uorescence,
and transmission electron microscopy (EM).

Methods
Cell culture

Murine motor neurons (NSC-34) were �xed in 4% paraformaldehyde (PFA), stained for F-actin using
AF488-phalloidin using the manufacturer’s protocol (A12379; ThermoFisher Scienti�c, Eugene, OR) [18],
and stained for nuclei using DAPI. Primary rat-derived Schwann cells isolated from neonatal Fisher rats
[19] were �xed in 4% phosphate-buffered paraformaldehyde (PFA), transfected with lentiviral mCherry
protein, and stained for nuclei using DAPI. Cells were plated on 18-mm #1.5 coverslips and mounted on
glass slides (Superfrost Plus, Fisher Scienti�c, Pittsburgh, PA) using refractive index-matching media
(Mount Liquid Antifade, Abberior GmbH, Göttingen, Germany).

Animal tissue processing

All animal work was performed in accordance with institutional animal care and use committee
protocols, and approved by the Massachusetts Eye and Ear Institutional Animal Care and Use Committee.
Sciatic nerves from wild-type C57BL/6J mice were serially �xed in 2.5% glutaraldehyde and 2% osmium
tetroxide solutions prior to resin embedding, ultramicrotome sectioning, and toluidine blue
counterstaining for transmission electron microscopy (TEM) and light microscopy imaging as previously
described [20]. Sciatic nerves were harvested from male and female adult Sox10-Venus (15–20 g) mice
[21]. Sox10 is a transcription factor highly speci�c to oligodendrocytes and SCs of the peripheral nervous
system. Sox10-Venus mice express high levels of Venus �uorescence in Schwann cell nuclei and cytosol.
Nerves from Sox10-Venus mice were �xed by immersion in 2% PFA, followed by overnight cryoprotection
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in sucrose solution, cryosectioning at 1 µm for wide�eld microscopy, and stained with a myelin-speci�c
�uorescent dyes (FluoroMyelin Red®, F34652 or FluoroMyelin Green®, F34651 Invitrogen, Carlsbad,
Calif.) as previously described [22].

Human tissue processing

Written informed consent was obtained from patients with Massachusetts Eye and Ear Institutional
Review Board approval and tissue processing methods performed in accordance with associated
guidelines and regulations. Sural nerve autograft samples shuttling regenerating facial nerve motor
axons across the face were obtained fresh from patients undergoing two-stage cross-facial smile
reanimation [23]. Regenerating nerve specimens measuring roughly 3 mm in length were immediately
�xed by immersion in 2% PFA, followed by overnight cryoprotection in sucrose solution, cryosectioning at
2 µm, and staining with a myelin-speci�c dye (FluoroMyelin Green®, F34651 Invitrogen, Carlsbad, CA).

Bright�eld/Wide�eld Microscopy

Samples were imaged using an upright microscope (Axio Imager A.2; Carl Zeiss, Oberkochen, Germany),
with a 40×/1.3 oil-immersion objective lens (EC Plan-Neo�uar; Carl Zeiss), with transmitted light
(bright�eld color) and epi�uorescence light (monochromatic) collected using cooled charge-coupled
device cameras (Axiocam 503 color and monochrome; Carl Zeiss). Fluorescence was excited using a
broadband light-emitting diode source (X-Cite 120 LED; Excelitas Technologies Corp., Waltham, MA), and
a mercury lamp for bright�eld illumination. Green �uorescence labelled samples were imaged using a
GFP �lter, while red �uorescence labelled samples were imaged using a TxRed �lter. Images were
acquired using ZEN 2Blue software (Carl Zeiss).

Electron Microscopy

Sections were imaged using a transmission electron microscope (FEI Morgagni 268, Eindhoven,
Netherlands) and images captured with a digital CCD camera (2K, Advanced Microscopy Techniques,
Woburn, MA).

SRRF Microscopy

For image acquisition, 100 frames acquired near the Nyquist sampling rate of the aforementioned
wide�eld microscope were collected with a 100X oil-immersion objective lens (EC Plan-NEOFLUAR, Carl
Zeiss, Jena, Germany) to generate individual SRRF frames. Images were acquired using a real-time SRRF-
Stream enabled iXon Life 888 EMCCD camera (Andor Technology Ltd, Belfast, Northern Ireland), and
aforementioned mono CCD camera using an open-source SRRF post-processing algorithm (NanoJ-SRRF
[6]) in open-source image analysis software (ImageJ/Fiji [24]).

SIM Microscopy
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Wide�eld and SIM images were acquired using the ONI Nanoimager system (Oxford NanoImaging,
Oxford, UK) using a 100X 1.41NA oil-immersion objective lens (PlanApo, Olympus, Tokyo, Japan).
Excitation lasers at 488 nm and 561 nm were used for �uorescence excitation, with signal collected using
respective FITC and TRITC �lters via a dual-color channel sCMOS camera with an exposure time of 30 ms
per frame.

Confocal/STED Microscopy 

Confocal and super-resolution images were obtained on a STED microscope (Leica SP8X STED, Leica
Instrument) using a 592 nm depletion beam. Nerve sections from Sox10-Venus mice were excited using a
488 nm laser, and �uorescence collected with a hybrid detector using a spectral range of 500–550 nm.
For STED microscopy, a HCX PL APO CS 100×1.4 numerical aperture oil objective (Leica Microsystems,
Mannheim, Germany) was employed, with a scan speed of 400 Hz, 2048 pixels per line, time-gated
detection of 1 ns, and 16-line averaging.

Resolution estimation

Resolution improvement was calculated using the Fourier ring correlation (FRC) [25]. The FRC approach
estimates image resolution by transforming two independent images from spatial to frequency domain,
and measuring the effective cutoff frequency.

Image segmentation 

Myelinated axons were segmented and quanti�ed from digitized images using commercial machine
learning software (Aivia v8.5, DRVision Technologies LLC, Bellevue, WA) as previously described [9].

Results
Images of murine-derived neuronal cultures using SRRF microscopy are shown (Fig. 1A, B). Super-
resolution imaging of primary Schwann cell cultures demonstrated markedly enhanced resolution of the
actin cytoskeletal network (Fig. 1C, D). A three-to-fourfold improvement in resolution was obtained in
comparison to wide�eld �uorescence microscopy (~ 60 nm vs. ~200 nm resolution).

Bright�eld imaging of sciatic nerve sections from wild-type mice provided insu�cient resolution of
unmyelinated axons as compared to images obtained using EM (Fig. 2A-B). In contrast, SRM imaging of
axial cryosections of sciatic nerve sections from Sox10-Venus mice demonstrated robust visualization of
unmyelinated axons (Fig. 2C, D). To highlight concurrent visualization of myelin, Sox10-Venus sciatic
nerve sections were labelled with a myelin-speci�c �uorescent dye (Fig. 2C-D and Fig. 3A-B). The
perineurium – a connective tissue sheath encircling individual nerve fascicles – was visualized as a
lamellar structure using bright�eld imaging (Fig. 2E). EM and SRM imaging enabled resolution of
individual lamellae of the perineurial sheath (Fig. 2B, 2D, and 2E).
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SIM imaging enable enhanced visualization of myelinated and non-myelinated axons in Sox10-Venus
sciatic nerve, without blurring typical of wide�eld �uorescence imaging (Fig. 3A-B). Use of STED
microscopy yielded results similar to post-processing algorithmic SRM techniques (Fig. 3C-D). SRRF
imaging of regenerating human nerves demonstrated enhancement of effective resolution (Fig. 4). The
inset of Fig. 4 (zoom) compares imaging and subsequent segmentation of regenerating axons using
wide�eld �uorescent microscopy and SRRF; owing to improved resolution, axon counts obtained using
SRRF microscopy demonstrated higher accuracy with limited algorithm training. Segmentation
computation time was notable prolonged for SRRF images as compared to wide�eld images due to the
higher pixel count typical of SRM images. In contrast to training using wide�eld images, minimal training
was necessary for accurate segmentation of regenerating �bers on SRRF images. Segmentation of small
calibre regenerating axons having a diameters less than the diffraction limit of light is not possible using
conventional light microscopy in the absence of SRM techniques.

Discussion
This short report explores the potential of SRM to improve qualitative and quantitative assessment of the
peripheral nervous system. Resolving nanoscale structures in histopathologic samples using light
microscopy is challenging owing to their complexity, heterogeneity, and thickness. This is the �rst report
on the use of SRM to evaluate regenerating human nerve. Thinly myelinated regenerating nerve �bres
poorly resolved with wide�eld microscopy were found readily distinguishable using SRM techniques.
Notably, such �bres were labelled using a rapid and nontoxic �uorescent dye readily applied to frozen or
�xed nerve sections [22]. These myelin-speci�c dyes were found to be compatible with SRRF and SIM
SRM techniques. Further, these dyes were found to adequately stain the perineurium, allowing resolution
of its lamellar structure [26]. Prior quanti�cation of regenerating human facial nerve axons in cross-facial
nerve grafts has necessitated use of EM [27]. Herein is demonstrated the potential to obtain accurate
quanti�cation of the number of regenerating axons within human nerve sections using a rapid frozen
section approach with SRM light microscopy techniques and AI-based segmentation. Such capability
carries potential to inform intra-operative surgical decision-making in cranial and peripheral nerve transfer
and repair procedures [22].

Traditional neural histomorphometry is focused on quanti�cation of myelinated axon parameters.
Visualization and quanti�cation of unmyelinated and thinly-myelinated axons using light microscopy
carries potential to expand knowledge discovery in the �eld of peripheral nerve regeneration [9, 22].
Herein, unmyelinated nerve �bers in transgenic mice were readily resolved using analytical and purely
optical-based SRM techniques. The analytical-based SRRF approach is a cost-effective solution based on
open-source software [24] to upgrade a conventional wide�eld microscope for SRM capability. However,
post-processing SRM approaches such as SRRF are limited by artefact generation. In contrast, optical-
based SRM approaches such as STED microscopy avoid artefacts, but their widespread use is limited
owing to complexity and cost. We anticipate SRM will become indispensable in nerve histology for
visualization and quanti�cation of subcellular structures below the diffraction limit of visible light.
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Herein, resolution of thinly-myelinated regenerating axons in human nerve grafts was demonstrated using
rapid frozen-section techniques. Future work will systematically compare histomorphometric assessment
of regenerating peripheral nerve using rapid SRM �uorescent-labelling techniques versus conventional
resin-embedding approaches. Jacobs et al. demonstrated a majority of regenerating �bres in human
cross-facial nerve grafts are unmyelinated, suggesting these axons carry potential to become myelinated
following target neurotisation [28]. Future work will seek to resolve promyelinated and unmyelinated
axons on rapid frozen sections by means of SRM techniques paired with adaptive illumination of
�uorescent-labelled axonal membranes. Though resource-intensive resin-embedding has been heretofore
thought necessary for preservation of the structural integrity of nanoscale unmyelinated �bers during
sectioning [29], herein and in recent work [30] we have demonstrated that rapid cryosectioning is suitable
for imaging of unmyelinated �bers by light microscopy.

Declarations
Acknowledgments

Research reported in this publication was supported in part by the National Institute of Neurological
Disorders and Stroke of the National Institutes of Health under award number R01NS071067 and by a
generous donation from the Berthiaume Family. The content is solely the responsibility of the authors
and does not necessarily represent the o�cial views of the National Institutes of Health or the Berthiaume
Family. The authors would like to thank Mike & Linnea (Oxford NanoImaging) for assistance with use of
ONI Nanoimager microscope.

Ethical Approval

The use of human nerve samples in this work were obtained among consenting patients undergoing
facial reanimation procedures with Massachusetts Eye and Ear Internal Review Board approval. Murine
sciatic nerves were harvested after humane euthanasia in accordance with Massachusetts Eye and Ear
Institutional Animal Care and Use Committee approval. The study was carried out in compliance with the
ARRIVE guidelines.

Author Contributions

I.C.H and N.J. conceived the idea and designed the experiments. S.M. prepared the biological samples.
I.C.H. and S.M. performed the experiments. I.C.H, S.M. and N.J. analysed the data. I.C.H, S.M. and N.J.
wrote the manuscript. All authors read and approved the �nal manuscript. 

Con�ict of interest

The authors declare no Con�ict of interest.

Data Availability Statement



Page 8/13

The data that support the �ndings of this study are available from the corresponding author upon
reasonable request.

References
1. Hell, S. W. & Wichmann, J. Breaking the diffraction resolution limit by stimulated emission:

stimulated-emission-depletion �uorescence microscopy. Opt Lett.19 (11), 780–782 (1994).

2. Klar, T. A. & Hell, S. W. Subdiffraction resolution in far-�eld �uorescence microscopy. Optics letters.24
(14), 954–956 (1999).

3. Gustafsson, M. G. Surpassing the lateral resolution limit by a factor of two using structured
illumination microscopy. Journal of microscopy.198 (2), 82–87 (2000).

4. Betzig, E. et al. Imaging intracellular �uorescent proteins at nanometer resolution. Science.313
(5793), 1642–1645 (2006).

5. Rust, M. J., Bates, M. & Zhuang, X. Sub-diffraction-limit imaging by stochastic optical reconstruction
microscopy (STORM). Nature methods.3 (10), 793–796 (2006).

�. Gustafsson, N. et al. Fast live-cell conventional �uorophore nanoscopy with ImageJ through super-
resolution radial �uctuations. Nature communications.7 (1), 1–9 (2016).

7. Culley, S. et al. SRRF: Universal live-cell super-resolution microscopy. The international journal of
biochemistry & cell biology.101, 74–79 (2018).

�. Zhang, Y. et al. Image super-resolution using very deep residual channel attention networks. in
Proceedings of the European Conference on Computer Vision (ECCV). 2018.

9. Coto Hernández, I. et al. Label-free histomorphometry of peripheral nerve by stimulated Raman
spectroscopy. Muscle & Nerve, 2020.

10. Xu, K., Zhong, G. & Zhuang, X. Actin, spectrin, and associated proteins form a periodic cytoskeletal
structure in axons. Science.339 (6118), 452–456 (2013).

11. Dani, A. et al. Superresolution imaging of chemical synapses in the brain. Neuron.68 (5), 843–856
(2010).

12. Nägerl, U. V. et al. Live-cell imaging of dendritic spines by STED microscopy. Proceedings of the
National Academy of Sciences, 2008. 105(48): p. 18982–18987.

13. Berning, S. et al. Nanoscopy in a living mouse brain. Science.335 (6068), 551 (2012).

14. D’Este, E. et al. Ultrastructural anatomy of nodes of Ranvier in the peripheral nervous system as
revealed by STED microscopy. Proceedings of the National Academy of Sciences, 2017. 114(2): p.
E191-E199.

15. Ronchi, G. et al. New insights on the standardization of peripheral nerve regeneration quantitative
analysis. Neural Regeneration Research.10 (5), 707 (2015).

1�. ERLANDSON, R. A. Role of electron microscopy in modern diagnostic surgical pathology.Modern
Surgical Pathology, 2009: p.71.



Page 9/13

17. Villedgas-Hernandez, L. E. et al. Visualizing ultrastructural details of placental tissue with super-
resolution structured illumination microscopy.bioRxiv, 2020.

1�. Baddeley, D. et al. 4D super-resolution microscopy with conventional �uorophores and single
wavelength excitation in optically thick cells and tissues. PloS one.6 (5), 20645 (2011).

19. Brockes, J., Fields, K. & Raff, M. Studies on cultured rat Schwann cells. I. Establishment of puri�ed
populations from cultures of peripheral nerve. Brain research.165 (1), 105–118 (1979).

20. George, P. M. et al. Three-dimensional conductive constructs for nerve regeneration. Journal of
Biomedical Materials Research Part A: An O�cial Journal of The Society for Biomaterials, The
Japanese Society for Biomaterials, and The Australian Society for Biomaterials and the Korean
Society for Biomaterials, 2009. 91(2): p.519–527.

21. Shibata, S. et al. Sox10-Venus mice: a new tool for real-time labeling of neural crest lineage cells and
oligodendrocytes. Molecular brain.3 (1), 31 (2010).

22. Wang, W. et al. A rapid protocol for intraoperative assessment of peripheral nerve myelinated axon
count and its application to cross-facial nerve grafting. Plastic and reconstructive surgery.143 (3),
771 (2019).

23. O'Brien, B. M., Franklin, J. D. & Morrison, W. A. Cross-facial nerve grafts and microneurovascular free
muscle transfer for long established facial palsy. British Journal of Plastic Surgery.33 (2), 202–215
(1980).

24. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nature methods.9 (7),
676–682 (2012).

25. Tortarolo, G. et al. Evaluating image resolution in stimulated emission depletion microscopy. Optica.5
(1), 32–35 (2018).

2�. Fressinaud, C., Rigaud, M. & Vallat, J. Fatty acid composition of endoneurium and perineurium from
adult rat sciatic nerve. Journal of neurochemistry.46 (5), 1549–1554 (1986).

27. Jacobs, J. M., Laing, J. & Harrison, D. Regeneration through a long nerve graft used in the correction
of facial palsy: A qualitative and quantitative study. Brain.119 (1), 271–279 (1996).

2�. Jacobs, J. M., Laing, J. H. & Harrison, D. H. Regeneration through a long nerve graft used in the
correction of facial palsy. A qualitative and quantitative study. Brain.119 (Pt 1), 271–279 (1996).

29. Deprez, M. et al. A new combined bodian-luxol technique for staining unmyelinated axons in
semithin, resin-embedded peripheral nerves: a comparison with electron microscopy. Acta
Neuropathol.98 (4), 323–329 (1999).

30. Mohan, S. et al. Stain-Free Resolution of Unmyelinated Axons in Transgenic Mice Using Fluorescence
Microscopy. J Neuropathol Exp Neurol.78 (12), 1178–1180 (2019).

Figures



Page 10/13

Figure 1

Super-resolution imaging of murine nerve cells in culture (A-B) The actin network in cultured murine NSC-
34 motor neurons as imaged with wide�eld and SRRF SRM. (C-D) Murine Schwann cells transfected with
lentiviral mCherry and counterstained with DAPI as imaged with wide�eld and SRRF SRM using a
conventional wide�eld microscope. Scale bar: 1 μm. Pixel sizes: 39 nm. Scale bar 15 μm.
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Figure 2

Imaging of murine peripheral nerve using light, electron and super-resolution microscopy. Wildtype murine
sciatic nerve post-�xed with osmium tetroxide and counterstained with toluidine blue, and imaged using
bright�eld (A) and transmission electron (B) microscopy. Marked examples of myelinated �bers (m),
unmyelinated �bers (UN, arrow), and perineurium (P, arrow heads) in the images. (C, D) Sox10-Venus
sciatic nerve (expressing a GFP variant within Schwann cell cytoplasm) cross-section stained with
FluoroMyelin Green® and imaged using wide�eld �uorescence microscopy with resolution enhancement
via post hoc SRRF processing. (E) Line pro�le demonstrating resolution of seven individual layers of the
perineurium using SRRF imaging; layers cannot be resolved with wide�eld imaging. Scale bar 10 μm.
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Figure 3

Super-resolution imaging of murine sciatic nerve cross-sections. (A-B) Composite image of Sox10-Venus
sciatic nerve stained with FluoroMyelin Red® and imaged using wide�eld �uorescence and SIM
microscopy show resolution enhancement of unmyelinated �bers. (C-D) Unstained Sox10-Venus sciatic
nerve axial section imaged using confocal and STED microscopy. Marked examples of unmyelinated
�bers (UN, arrow) in the images. Scale bar 10 μm.
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Figure 4

Super-resolution imaging of regenerating human nerve labelled with a myelin-speci�c dye. The tip of a
cross-facial nerve autograft was harvested at time of functional muscle transfer, frozen sectioned at 2
µm, and stained with FluoroMyelin Green®. Resolution enhancement using SRRF imaging is
demonstrated in comparison to wide�eld �uorescence imaging. Magni�ed views of the boxed area in
wide�eld and SRRF images, with resulting segmentation using machine learning based software.
Excitation/Emission: GFP �lter; Pixel sizes: 45.4 nm; Field of view: 88 μm; Scale bar 10 μm.


