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Abstract

Introduction—Peripheral nerves are often exposed to mechanical stress leading to compression 

neuropathies. The pathophysiology underlying nerve dysfunction by chronic compression is 

largely unknown.

Methods—We analyzed molecular organization and fine structures at and near nodes of Ranvier 

in a compression neuropathy model in which a silastic tube was placed around the mouse sciatic 

nerve.

Results—Immunofluorescence study showed that clusters of cell adhesion complex forming 

paranodal axoglial junctions were dispersed with frequent overlap with juxtaparanodal 

components. These paranodal changes occurred without internodal myelin damage. The 

distribution and pattern of paranodal disruption suggests that these changes are the direct result of 

mechanical stress. Electron microscopy confirmed loss of paranodal axoglial junctions.

Discussion—Our data show that chronic nerve compression disrupts paranodal junctions and 

axonal domains required for proper peripheral nerve function. These results provide important 

clues toward better understanding of the pathophysiology underlying nerve dysfunction in 

compression neuropathies.
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INTRODUCTION

Peripheral nerves are often exposed to mechanical stress leading to various forms of 

compression neuropathies with symptoms such as weakness, altered sensation, or pain. 
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Carpal tunnel syndrome due to focal compression of the median nerve at the wrist is the 

most common compression neuropathy.1 It produces focal slowing of median motor and 

sensory conduction velocities.2 Median nerves in patients with mild or moderate carpal 

tunnel syndrome also have a greater sensitivity in response to focal nerve compression at the 

wrist, suggesting impaired axonal function in compressed nerves.3 Morphological studies of 

human patients have revealed locally damaged myelin structures or demyelination followed 

by remyelination at the sites of compression.4–6 However, the underlying pathophysiology 

of nerve conduction failure and altered axonal excitability in compressed nerves is not fully 

understood.

Myelinated nerve fibers are composed of highly polarized structures that enable rapid and 

efficient nerve conduction (Fig. 1A).7 Nodes of Ranvier, short gaps between 2 adjacent 

myelin segments, are the functional excitable domains along myelinated axons. High 

densities of voltage-gated Na+ channels clustered at these unmyelinated nodal gaps are 

responsible for action potential generation, whereas the majority of the axon is insulated by 

myelin sheaths, which facilitates internodal conduction. At paranodes flanking each side of a 

node, myelinating Schwann cells and the axon form junctions that play key roles for node 

assembly.8 Paranodal junctions also contribute to assembly of high density clustering of the 

molecular complex that includes voltage-gated K+ (Kv) channels at the the domains next to 

paranodes called juxtaparanodes.9–11 Studies of the disruption of nodal molecular 

organization and structures after nervous system disease or injury have provided profound 

insights into the pathophysiology of these disorders.12 A skin biopsy from an area 

innervated by the median nerve in patients with carpal tunnel syndrome displayed elongated 

nodes that may be an adaptive phenomenon of nerve well beyond the focal compression 

site.13 However, nodal changes at the site of nerve compression have not been well 

studied,14 despite the fact that some studies have shown that the cellular events related to 

mechanical forces alter nodal and paranodal structures.15,16 In this study, we analyzed the 

molecular organization and fine structure of nodes of Ranvier at the site of compression in a 

mouse chronic nerve compression (CNC) model.17

MATERIALS AND METHODS

Mice

Female C57BL/6 mice (Envigo, Indianapolis, IN) were used for the CNC model at age 6 

weeks as described elsewhere.17 In brief, under general anesthesia with 2% isoflurane 

(Vedco, St. Joseph, MO), a silastic tube (inner diameter of 0.51 mm and length of 3 mm) 

(Cole-Palmer, Vernon Hills, IL) was placed around the left sciatic nerve in the middle of the 

thigh. The right sciatic nerve was isolated using the same technique without placement of 

tubing to serve as a sham control. For post-operative analgesia, buprenorphine (0.1 mg/kg; 

Reckitt Benckiser Pharmaceuticals, Richmond, VA) was given subcutaneously immediately 

after surgery. Carprofen (5 mg/kg; Putney, Portland, ME) was also given subcutaneously 

immediately after surgery and 24 hours later. Mice were housed in the Laboratory Animal 

Resources at Wright State University at 22°C under standard 12 hour light/12 hour dark 

conditions with ad libitum access to water and standard chow. All animal procedures were 
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approved by the Institutional Animal Care and Use Committee at Wright State University 

(protocol number: AUP1001).

Motor nerve conduction study

Conduction in motor nerve fibers connected to the plantar muscles was examined under 

general anesthesia with 2% isoflurane inhalation at different time points after surgery: 3 days 

(n=6), 1 week (n=6), and 12 weeks (n=8). Body temperature at the thigh was monitored and 

kept between 34 and 35°C by use of a heating pad. To stimulate the nerve, needle electrodes 

were inserted close to the sciatic nerve and its tibial branch at 3 levels: ankle, knee, and 

sciatic notch. At each level, an electrode close to the nerve acted as the cathode, and a 

remote subcutaneous electrode as the anode. Recording from the plantar muscles was 

through needle electrodes; one was placed transversely over the muscle bellies in the sole of 

the foot and the other was inserted subcutaneously at a distance. Supramaximal stimulations 

were used, and the evoked compound muscle action potentials (CMAPs) were recorded with 

a PowerLab signal acquisition set-up (ADInstruments, Colorado Springs, CO). Amplitude 

was measured between base line and negative peak of CMAPs, and duration was measured 

between onset and final return to the baseline. Motor nerve conduction velocity was 

measured between the knee and the sciatic notch.

Immunofluorescence

Tissues were prepared for immunohistochemistry at 1 week (n=3), 2 weeks (n=5), 4 weeks 

(n=3), and 12 weeks (n=4) after surgery. Sciatic nerves were rapidly dissected and 

immediately fixed in ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 

7.2) for 30 min. After fixation, nerves were cryoprotected with 20% sucrose in 0.1 M PB 

overnight at 4°C. The nerves were then frozen in Tissue Freezing Medium (Electron 

Microscopy Sciences, Hatfield, PA). Sections were then cut (16 μm) by cryostat (HM550, 

Thermo Fisher Scientific, Waltham, MA), placed in 0.1 M PB, spread on gelatin-coated 

coverslips, and allowed to air dry. For teased fiber preparations, sciatic nerves were 

transferred in 0.1 M PB (pH 7.4) after fixation. The nerves were teased apart gently and 

spread on gelatin-coated coverslips, and air-dried. After permeabilization in 0.1 M PB, pH 

7.4 containing 0.3% Triton X-100 and 10% goat serum (PBTGS), samples were incubated 

overnight at 4°C with primary antibodies diluted to appropriate concentrations in PBTGS. 

Samples were then thoroughly rinsed in PBTGS, followed by application of fluorescently 

labeled secondary antibodies (1:1000 in PBTGS) for 1 hr at room temperature. Finally, 

labeled samples were rinsed consecutively in PBTGS, 0.1 M PB, and 0.05 M PB for 10 min 

each. The samples were then air-dried and mounted on slides with a mounting medium 

(KPL, Gaithersburg, MD). Images were captured with a fluorescence microscope (Axio 

Observer Z1 with Apotome 2 fitted with Axiocam Mrm CCD camera) (Carl Zeiss, 

Thornwood, NY). Image analyses were performed using ZEN software from Carl Zeiss. The 

following primary antibodies were used: mouse monoclonal antibodies against βII spectrin 

(BD Biosciences, San Jose, CA), ankyrinG (N106/36, UC Davis/NIH NeuroMab Facility, 

Davis, CA), Kv1.2 (K14/16, NeuroMab), rabbit antibodies against contactin-associated 

protein (Caspr), βIV spectrin (kindly provided by Dr. Matthew N. Rasband, Baylor College 

of Medicine, Houston, TX), gliomedin (kindly privided by Dr. Elior Peles, Weizmann 

Institute of Science, Rehovot, Israel), dystrophin-related protein 2 (DRP2) (kindly provided 
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by Dr. Peter J. Brophy, Centre for Neuroscience Research, University of Edinburgh, 

Edinburgh, UK); chicken antibodies to neurofascin (NF) (R&D Systems, Minneapolis, MN). 

Secondary antibodies were from Jackson ImmunoResearch Laboratories (West Grove, PA).

Morphological analyses

Tissues were prepared for light microscopy and electron microscopy at 2 weeks after surgery 

(n=4). Mice were deeply anesthetized by intraperitoneal injection of Euthasol® solution 

(pentobarbital sodium and phenytoin sodium, Virbac, Fort Worth, TX). Mice were then 

transcardially perfused with 0.1 M Millonig buffer containing 4% paraformaldehyde and 5% 

glutaraldehyde, pH 7.4. Following 2 weeks of post-fixation in the same fixative, sciatic 

nerves were harvested and thoroughly rinsed in 0.1 M cacodylate buffer. The nerves were 

postfixed in 2% osmium tetroxide solution in 0.1 M cacodylate buffer, pH 7.4, for 1 hr. After 

washing in 0.1 M cacodylate buffer, nerves were dehydrated through a graded ethanol series 

and embedded in low-viscosity resin. Cross-sections of 1 μm were cut and stained with 

toluidine blue. Images were captured with a microscope (Axio Observer Z1, Carl Zeiss). The 

light microscopy was performed in the Microscopy Core Facilities at Wright State 

University. Supplies and chemicals were from Electron Microscopy Sciences. Sciatic nerve 

samples for transmission electron microscopy (TEM) were prepared as described 

elsewhere.18 Briefly, nerves were embedded in PolyBed 812 resin (PolySciences, 

Warrington, PA), and 90 nm sections were stained with uranyl acetate and lead citrate. 

Ultrathin sections were imaged using a JEOL JEM 1230 transmission electron microscope 

(JEOL, Peabody, MA) equipped with a Gatan Orius SC 1000 CCD camera (Gatan Inc., 

Pleasanton, CA).

Statistical analyses

Mann-Whitney test was used for comparison of control and nerve compression groups. 

Differences were considered significant at P<0.05. In some graphs, data are shown in box-

and-whisker plot: median, a line across the box; 25th and 75th percentiles, lower and upper 

box edges, respectively; minimum and maximum, the values below and above the box, 

respectively.

RESULTS

Nerve conduction slowing at the compressed mouse sciatic nerves

To analyze changes in nodal molecular architecture due to nerve compression, we utilized a 

mouse model established by Gupta et al.17 We confirmed their results as follows. Motor 

nerve conduction velocity across the compressed site (knee-sciatic notch segment) was 

comparable to that in sham control nerves 3 days after compression [median=40.1 m/s in 

control and 34.3 m/s in compressed nerves (n=6), P=0.26, Supplementary Figure]. 

Significant nerve conduction slowing was observed at 1 week [median=37.1 m/s in control 

and 29.3 m/s in compressed nerves (n=6), P<0.01] and 12 weeks [median=46.7 m/s in 

control and 33.7 m/s in compressed nerves (n=8), p<0.01]. No significant difference was 

seen in CMAP amplitudes after knee stimulation [median=13.8 mV in control and 14.0 mV 

in compressed nerves at 1 week (n=6), P=0.87; 15.5 mV in control and 15.9 mV in 

compressed nerves at 12 weeks (n=8), P=0.83], suggesting little or no axonal degeneration. 
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Light microscopy of cross-sections at the knee segment (distal to the compressed site; at the 

level of knee stimulation) showed few degenerating fibers near the surface of the nerves 

(Supplementary Figure). One mouse had a small cluster of ~10 degenerating fibers, but 

overall frequency of degeneration was very low: 0.69% (14 degenerating fibers/2040 

myelinated axons); 0.11% (2/1829); or 0.14% (2/1401) (3 mice at 2 weeks were analyzed). 

Therefore, this mouse CNC model induced nerve conduction slowing at the compressed site 

of the mouse sciatic nerve with minimal degeneration of myelinated axons as described 

previously.17

Disrupted molecular organization at paranodes and juxtaparanodes in the compressed 
nerves

To examine the molecular organization of nodes, paranodes, and juxtaparanodes, we next 

performed immunofluorescence. The most striking abnormality in the compressed nerves 

was the presence of altered clusters of paranodal molecules. Paranodal axoglial junctions 

consist of a heterotrimeric cell adhesion complex composed of the glial 155 kDa isoform of 

NF (NF155) and an axonal complex of contactin and Caspr.19 These paranodal junctions 

have been proposed to serve as a diffusion barrier that excludes juxtaparanodal proteins 

including voltage-gated K+ channels such as Kv1.2.9–11 The clusters of NF155 and Caspr 

were often split, and the border between the paranode and juxtaparanodal Kv1.2 cluster was 

moved away from the node (Fig. 1C). In most cases, the paranodal area close to the 

juxtaparanode was affected, whereas paranodal clusters next to the node remained intact. In 

some affected paranodes, the NF155 and Caspr clusters were dispersed with apparent 

reduction of signal intensity (Fig. 1D,E). Measurement of Caspr cluster length revealed 

significant elongation of the affected paranodes (Fig. 1F). In addition, we occasionally found 

enlargement of axons at the affected paranodes or juxtaparanodes as shown in Fig. 1E: 18 of 

106 (17.0%) affected paranodes show apparent increase of Caspr and/or Kv1.2 cluster width 

(data were collected from 5 mice at 2 weeks after compression).

We then asked whether the border between the paranode and juxtaparanode was disrupted 

due to nerve compression. Despite disruption of NF155 and Caspr clusters, juxtaparanodal 

Kv1.2 was excluded from the paranodal area in some cases (Fig. 1C). Occasionally, 

juxtaparanodal Kv1.2 mislocalized to the paranodal area with dispersed and elongated 

NF155 and Caspr staining (Fig. 1D), indicating that the function of paranodes as a molecular 

barrier was lost. Especially at later time points (4 and 12 weeks), we often observed 

remarkably dispersed NF155 and Caspr clusters with overlapping disorganized Kv1.2 

staining in the compressed nerves (Fig. 1G,H). The frequency of loss of paranode/

juxtaparanode border per disrupted paranodes was significantly higher at 12 weeks 

(median=78.4%, 4 mice) compared to that at 2 weeks (median=56.3%, 5 mice, P<0.05). 

These findings demonstrate that chronic compression of peripheral nerves disrupts paranodal 

axon-glial junctions. Disrupted paranodal junctions may still restrict the mobility of 

juxtaparanodal components during the early stage of compression injury, but their function 

as a molecular barrier is lost at the advanced stage.

Otani et al. Page 5

Muscle Nerve. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Disruption of nodal clusters in the compressed nerves

In addition to their function to exclude juxtaparanodal components, paranodal axoglial 

junctions are proposed to act as a barrier to restrict the mobility of nodal proteins, thereby 

contributing to the assembly of nodes of Ranvier.8,20 Therefore, we next examined whether 

nodal clusters were disrupted due to peripheral nerve compression. The cell adhesion 

molecule186-kDa isoform of NF (NF186) is highly enriched at nodal axolemma,21 and 

plays a key role in nodal assembly and maintenance.22,23 Despite the paranodal disruption 

demonstrated by altered NF155 and Caspr staining, nodal clusters were mostly preserved 

(Fig. 1C–E,G). However, we occasionaly found disorganized nodal clusters which were 

always associated with remarkably disrupted paranodes (Fig. 2B). Nodal disruption was 

relatively rare: at 1 week from compression, among 65 nodes with disrupted NF, Caspr, or 

Kv1.2 clusters, only 4 (6.2%) nodes were disrupted (data were collected from 3 mice). 

Similarly, the frequency of nodal disruption was: 11 of 93 (11.8%) at 2 weeks (5 mice); 4 of 

67 (6.0%) at 4 weeks (3 mice); and 13 of 148 (8.8%) at 12 weeks (4 mice).

In addition to the paranodal junctions, glial contact mediated by nodal extracellular matrix 

protein such as gliomedin plays a key role in peripheral nerve node assembly and 

maintenance.8,24,25 At the affected nodes in the compressed nerves, we found the clusters of 

gliomedin were disrupted but partially overlapped with altered clusters of NF and ankyrinG 

(Fig. 2D). Ankyrin G is a scaffolding protein that binds with both NF186 and Na+ channels 

at the nodal axons.26 In contrast, at the nodes associated with mildly disrupted paranodes, 

gliomedin clusters were preserved (Fig. 2E). Similarly, the clusters of βIV spectrin that link 

the Na+ channel-NF186-ankyrinG complex to the actin cytoskeleton at nodal axons27 were 

also altered at the affected nodes (Fig. 2G). Thus, node of Ranvier damage in the 

compressed nerves was associated with disruption of all mechanisms that ensure nodal 

protein complex assembly and maintenance.

Next, we examined the evidence of early nodal clustering in remyelinating axons. Nodal 

proteins are associated with the edges of myelinating Schwann cells in nerves during 

remyelination,28 a characteristic finding called a heminode. Heminodes were observed in the 

compressed nerves (Fig. 2H), but were rare at all time points. At 1 week from compression, 

among 65 nodes with disrupted NF, Caspr, or Kv1.2 clusters, only 1 (1.5%) showed 

heminodal NF clusters (data were collected from 3 mice). Similarly, the frequency of 

heminodes was: 2 of 93 (2.2%) at 2 weeks (5 mice); 1 of 67 (1.5%) at 4 weeks (3 mice); and 

2 of 148 (1.4%) at 12 weeks (4 mice). These findings show that chronic mechanical stress 

causes sustained disruption followed by re-formation of nodes of Ranvier, although they are 

relatively rare.

Paranodal disruption occurs without internodal myelin damage

Peripheral nerve compression results in thinner myelin, shortened internodal length, and 

disorganized Schwann cell architecture on the myelin outer surface.17 On the outer surface 

of internodal myelin, longitudinal and transverse bands of Schwann cell cytoplasm are 

formed (Fig. 3A).29,30 These structures permit Schwann cells to lengthen in response to 

axonal growth to ensure rapid nerve impulse transmission.29 We confirmed the results 

described in the previous study:17 Schwann cell cytoplasmic bands were disorganized, and 
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immunostaining of DRP2 was reduced in some myelin sheaths in the compressed nerves at 2 

weeks after surgery (Fig. 3B). Molecular organization of nodes and paranodes is disrupted 

during acute demyelination in the peripheral nervous system.31 To determine whether the 

paranodal and nodal disruption described above (Fig. 1,2) is secondary to myelin sheath 

damage, we immunostained teased nerve fibers with myelin and nodal markers. The signal 

intensity and characteristic cobble stone-like pattern of DRP2 immunostaining was 

preserved in 35 of 47 (74.5%) myelin sheaths associated with disorganized NF155 and 

Kv1.2 staining (Fig. 3C) (data were collected from 3 mice at 2 weeks).

We also examined axoglial interactions in internodal segments. In normal peripheral nerves, 

juxtaparanodal proteins such as Kv1.2 are concentrated throughout the internodes in a 

double strand that flanks paranodal junction components axonal Caspr and Schwann cell 

NF155, and apposes the inner mesaxon of the myelin sheath (Fig. 3D).32,33 In the 

compressed nerves at 2 weeks, this characteristic spiral strand shape of immunostaining 

mostly disappeared at the area of disorganized NF155, Caspr, and Kv1.2 staining, but was 

still preserved in the internode (Fig. 2E,3E), suggesting that axoglial interactions remain 

intact except for the paranodal area. We observed a spiral strand shape of Caspr and Kv1.2 

immunostaining in 78 of 80 (97.5%) internodal segments near juxtaparanodes in control 

nerves; 79 of 80 (98.8%) segments associated with intact paranodes in the compressed 

nerves; and 56 of 63 (88.9%) segments associated with disrupted paranodes in the 

compressed nerves (data were collected from 4 mice at 2 weeks). These findings 

demonstrate that the nerve compression can disrupt paranodes without damage to internodal 

myelin sheaths.

Distribution of paranodal and nodal alterations in the compressed nerves

The paranodal and nodal alterations described above (Fig. 1–3) showed characteristic 

distribution in the compressed nerves. These abnormalities were not uniformly present but 

were highly concentrated at the regions near both edges of the compressed site (Fig. 4A). 

The striking feature of the paranodal disruption was its laterality. More than 70% showed 

disrupted paranodes on the side further from the center of compressed site (lateral side) 

whereas the other side remained intact (80.5% at 2 weeks and 71.4% at 12 weeks; Fig. 

4A,B). Disrupted paranodes were rarely seen in the middle of the compressed site: 16 of 346 

(4.6%) nodes were associated with disrupted Caspr and Kv1.2 clusters at 2 weeks (data were 

collected from 4 mice). In contrast, the area near the edge of the tube had a much higher 

frequency of disrupted paranodes and nodes (Fig. 4C; median=20.3%, 4 mice). The nodal/

paranodal disruption tended to increase at 12 weeks (Fig. 4C; median=50.4%, 4 mice), 

although the difference did not reach statistical significance. These results suggest that the 

paranodal and nodal alterations are more likely to be the direct result of mechanical stress 

caused by the tubing placed around the nerves.

Disruption of paranodal fine structures

To further examine the disrupted paranodal structures, we performed TEM using 

longitudinal sections of sciatic nerves at 2 weeks (4 mice). The most striking feature in the 

compressed nerves was the loss of paranodal axoglial junctions. Paranodal junctions are 

characterized by intercellular transverse bands, regularly arrayed densities between the 
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axolemma and lateral loops of myelin (Fig. 5A,B).9–11,34,35 We found that the transverse 

bands were lost in some paranodal lateral loops (predominantly in inner loops close to the 

juxtaparanodes) in the compressed nerves (Fig. 5E,G). We also found remote paranodal 

lateral loops located away from nodes (Fig. 5C,J, arrows). These paranodal changes 

correspond well to the reduced and elongated NF155 and Caspr staining shown in Fig. 

1C,D. We also found focal enlargement of axons with abnormal accumulation of 

mitochondria at the affected paranodal or juxtaparanodal area (Fig. 5F,H,I), suggesting 

impaired axonal transport. This abnormal mitochondrial accumulation is consistent with the 

axon swelling demonstrated by Caspr and/or Kv1.2 staining in immunofluorescence (Fig. 

1E). These paranodal changes were often associated with preserved myelin lamellae (Fig. 

5C,D,F), further supporting the observation that paranodal disruption occurred without 

internodal myelin damage (Fig. 3). We also confirmed asymmetrical paranodal disruption 

described in Fig. 4. The paranode on the right in Fig. 5J has thin myelin which tapers 

towards the node. Similar to the previous observation in guinea-pig nerve compression,36 

several myelin loops were observed remote from the node (Fig. 5J, inset, arrows). These 

ectopic lateral loops can be a deformity caused by mechanical stress, presumably leading to 

thinner compact myelin near the disrupted paranode.36 We also found thin myelin sheaths, 

consistent with demyelination followed by remyelination (data not shown). Finally, we 

observed no axonal degeneration, consistent with preserved CMAP amplitudes and few 

degenerating fibers observed in light microscopy (Supplementary Figure). These 

ultrastructural analyses provide further evidence that axoglial interactions at paranodes are 

disrupted by chronic peripheral nerve compression.

DISCUSSION

Using the disease model of compression neuropathies, we show that chronic mechanical 

stress to the peripheral nerves disrupts paranodal axoglial junctions. These paranodal 

changes lead to disruption of functional domains, nodes of Ranvier, and juxtaparanodes, 

which are required for rapid and efficient propagation of action potentials along the 

myelinated axons.

Paranodal axoglial junctions are formed by a heterotrimeric cell adhesion complex 

consisting of the glial NF155 and an axonal complex of contactin and Caspr.19 In the 

compressed nerves, this paranodal cell adhesion complex was remarkably dispersed and was 

often associated with mislocalization of juxtaparanodal Kv1.2 to the paranodal area (Fig. 1). 

This was further confirmed by loss of paranodal transverse bands by TEM (Fig. 5). These 

changes in the compressed nerves are consistent with previous observations that showed the 

roles of this cell adhesion complex in formation and maintenance of paranodal axoglial 

junctions and juxtaparanodal components. Mutant mice lacking Caspr,9 contactin,10 or 

NF15511 show: i) loss of a paranodal Caspr-contactin-NF155 complex; ii) mislocalization of 

juxtaparanodal components to the paranodal region immediately adjacent to nodes; iii) loss 

of transverse bands; and iv) nerve conduction slowing in sciatic nerves. Ablation of NF155 

in adult myelinating glia revealed gradual loss of paranodal axoglial junctions and 

mislocalization of Kv channels toward nodal region in sciatic nerves.11

Otani et al. Page 8

Muscle Nerve. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This paranodal cell adhesion complex also contributes to axonal integrity. In mutant mice 

lacking Caspr37 or NF155,11 axonal swellings accompanied by cytoskeletal disorganization 

and accumulation of cell organelles were frequently formed within or in close proximity to 

the paranodal region in cerebellar Pukinje axons. Similarly, at and near the affected 

paranodes in compressed nerves, we occasionally found abnormal axon swellings in 

immunofluorescence (Fig. 1E) and focal axon enlargement with abnormal accumulation of 

mitochondria on TEM (Fig. 5FH,I), consistent with impaired axonal transport. Importantly, 

these paranodal changes during nerve compression were mostly associated with myelin 

sheaths with intact internodal structures (Fig. 3) or preserved compact myelin (Fig. 5), 

suggesting that the paranodes are particularly vulnerable to mechanical stress.

Compared to the juxtaparanodal disorganization, nodal disruptions were rarely seen in the 

compressed nerves (Fig. 2). This is presumably due to preserved paranodal junctions 

immediately next to the nodes, whereas dispersed NF155 and Caspr clusters or loss of 

paranodal transverse bands were frequently seen at the area near juxtaparanodes (Fig. 1,5). 

Furthermore, multiple redundant mechanisms ensure node assembly, including restriction of 

nodal proteins by paranodal junctions, clustering of NF186 by glia-derived molecules in the 

extracellular matrix surrounding nodes, and stabilization of nodal proteins by axonal 

cytoskeletal scaffolds.38 Indeed, even with complete loss of paranodal junctions, nodes are 

still formed.9–11 However, double mutant mice with loss of Caspr and gliomedin showed 

altered or reduced nodal Na+ channel clusters and nerve conduction slowing in sciatic 

nerves.8 In the compressed nerves, nodes of Ranvier were disrupted when the paranodal 

clusters immediately next to nodes were reduced, and gliomedin and βIV spectrin clusters 

were concurrently disrupted.

What are the functional consequences of these paranodal alterations in the compressed 

nerves? Mutant mice with complete loss of paranodal junctions show remarkable nerve 

conduction slowing.9–11 Compared to these mutant mice, paranodal changes in compressed 

nerves remain partial (Fig. 1,5). However, a mathematical model showed that even subtle 

retraction and partial detachment of paranodal myelin slows nerve conduction velocity.39 

Thus, it is conceivable that the disruption of paranodal junctions shown in this study causes 

nerve conduction slowing. Furthermore, alteration of juxtaparanodal Kv channels may affect 

axonal excitability. For example, in patients with amyotrophic lateral sclerosis, loss of 

juxtaparanodal Kv1.2 may underlie abnormally increased excitability of motor axons, 

thereby generating fasciculations.40 Reduction of Kv1.2 clustering at juxtaparanodes 

contributes to peripheral nerve hyperexcitability in mouse model of type 2 diabetes 

mellitus.41 Although the functional consequence of remarkably dispersed juxtaparanodal Kv 

channels towards internodes (Fig. 1G) is unclear, these changes may contribute to increased 

sensitivity of axons in response to focal nerve compression at the wrist in patients with mild 

or moderate carpal tunnel syndrome.3 Thus, altered molecular organization at and near 

nodes described in this study provides important clues to better understand the 

pathophysiology underlying nerve dysfunction in compression neuropathies.

A previous report of the same mouse CNC model17 showed shortened internodal length and 

thinner myelin sheaths, both of which cause decreased conduction velocity.29,42 Internodal 

length remained shortened throughout the 12-week time course.17 The authors proposed that 
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the continued presence of mechanical stimuli results in equilibrium between the opposing 

processes of demyelination and remyelination.17 Consistent with this idea, we observed both 

disrupted nodal clusters (Fig 2B,D,G) and node re-formation (heminode, Fig 2H) throughout 

the 12-week time course. These nodal changes were rare, presumably due to relatively mild 

but continuous mechanical stress in this model. In addition, these nodal changes are 

observed during a limited period in the process of demyelination followed by remyelination. 

Disrupted paranodes tended to be more frequent at 12 weeks compared to 2 weeks (Fig 4C). 

In contrast, cytoplasmic bands on the outer surface of myelinating Schwann cells were 

disrupted at 2 weeks (as shown in Fig 3B), but were reconstituted by 12 weeks.17 These 

myelin and nodal changes all contribute to the observed plateau of nerve conduction slowing 

in this CNC model (Supplementary Figure).17

Our results further confirmed previous morphological studies in compression neuropathies. 

In chronic median nerve compression in the guinea pig, the characteristic early change 

preceding demyelination consisted of a polarized distortion of the myelin sheaths, which 

became bulbous at 1 paranode and tapered at the other.36,43 These changes were observed at 

sites both proximal and distal to the entrapment but with reversed polarity. For example, at 

the site distal to the entrapment, the bulbous paranodes were seen on the distal side of the 

myelin sheaths, and the tapered paranodes were proximal. Therefore, nodes of Ranvier are 

associated with bulbous paranodes on the side close to the entrapment site, and the tapered 

paranodes are on the other side.36 This is consistent with our results of asymmetrical 

paranodal disruption (Fig. 4A,B); more than 70% showed preserved paranodal junctions on 

the side close to the center of the compression site (medial side), while the other side (lateral 

side) had dispersed and elongated Caspr and Kv1.2 clusters (tapered paranodes in TEM). 

Similar changes in paranodal myelin were observed in the sub-clinical entrapment of median 

nerves at the wrist and ulnar nerves at the elbow from human subjects4 and an ulnar nerve at 

the elbow from a patient with ulnar neuropathy.5 This characteristic pattern and distribution 

of paranodal disruption is considered to be due to mechanical factors caused by repetitive to 

and fro sliding of nerve trunks at the site of compression,14,36 although ischemic factors44 

may have additional roles for vulnerability of paranodal junctions. Thus, our results further 

demonstrate that this mouse CNC model17 recapitulates pathological features of human 

compression neuropathies and thereby provides a suitable tool for further research into the 

pathophysiology of compression neuropathies.

The paranodal and nodal disruption we have described should be mostly due to Schwann 

cell changes but not from the axonal side, because there is very little axonal degeneration 

(Supplementary Figure).17 Myelinating Schwann cells have been considered to be the 

primary mediators of the disease process in compression neuropathies.45 Current knowledge 

of Schwann cell responses to mechanical stress is limited. For example, an in vitro study 

suggests that the integrin signaling pathway mediates Schwann cell changes underlying 

compression neuropathies.46 Downregulation of desert hedgehog, a signaling molecule 

produced by Schwann cells that regulates myelination, is involved in the pathogenesis of 

demyelination in compression neuropathies.47 Our results demonstrate disruption of distinct 

domains along myelinated axons required for nerve conduction and provide more insight 

into the pathophysiology underlying nerve conduction failure in compression neuropathies. 

However, the molecular and cellular mechanisms of disruption, regeneration, or remodeling 

Otani et al. Page 10

Muscle Nerve. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of myelin sheaths and nodes of Ranvier in compression neuropathies remain unknown. 

Further studies of Schwann cell pathophysiology focusing on these structures and domains 

in myelinated axons are required to better understand the mechanisms of compression 

neuropathies and to determine therapeutic targets for novel nerve-specific approaches to 

improve treatment outcomes in patients with compression neuropathies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by Veterans Affairs Merit Grant (5IO1BX002565 to J.L.D.) and the National Institutes of 
Health (NIH)-National Institute of Neurological Disorders and Stroke Center Core Grant 5P30 NS047463. The 
authors thank Hanna M. Gabriel (Microscopy Core Facilities, Wright State University) for technical assiscance, and 
Dr. Mark M. Rich (Wright State University) for critical reading. The authors declare no competing financial 
interests.

Abbreviations

Caspr contactin-associated protein

CMAP compound muscle action potential

CNC chronic nerve compression

DRP2 dystrophin-related protein 2

Kv voltage-gated K+ channel

NF neurofascin

PB phosphate buffer

PBTGS phosphate buffer containing Triton X-100 and goat serum

TEM transmission electron microscopy
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FIGURE 1. 
Disrupted molecular organization at paranodes and juxtaparanodes. (A) Polarized domains 

along myelinated axons. (B–E) Sections of control (B) or compressed nerves (CNC, 2 

weeks) (C–E) immunostained for neurofascin (NF) in blue (strong staining of NF186 at 

nodal axolemma and weak staining of NF155 at paranodal glia), Caspr in green, and Kv1.2 

in red. (C) Disrupted paranode (right side of the node) but no Kv1.2 mislocalization. Note 

thin NF155 and Caspr staining at the paranode/juxtaparanode border (arrowhead). (D) 
Disrupted paranode (right side of the node) with overlaping Kv1.2. Arrowhead indicates the 

edge of paranodal clusters. (E) Disrupted paranode with enlarged axon (asterisk). (F) Length 

of Caspr staining (n=16, control; n=17, CNC at 2 weeks, from 4 mice). (G) Disrupted 

paranode (right side of the node) with remarkably dispersed NF155 and Caspr clusters and 

disorganized Kv1.2 staining in the compressed nerve at 12 weeks. (H) Frequency of 

disrupted paranode/juxtaparanode border (as depicted in D and G) per altered paranodes. 

Data were collected from 3 mice at 1 week, 5 mice at 2 weeks, 3 mice at 4 weeks, and 4 

mice at 12 weeks. Mean and standard deviation (error bars) are shown. Scale bars = 10 μm 

(B–E,G).
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FIGURE 2. 
Disrupted molecular organization at nodes. (A,B) Sections of control (A) or compressed 

nerves (CNC, 2 weeks) (B) are immunostained as indicated. (B) Neurofascin (NF) and 

Caspr staining on the right side of the nodes are remarkably reduced and dispersed. 

Arrowheads indicate disrupted clusters of NF. (C,D) Sections of control (C) or compressed 

nerves (2 weeks) (D) are immunostained for gliomedin (Gldn) in green, ankyrinG (AnkG) in 

red, and NF in blue. (D) Gliomedin and NF are partially co-localized with disorganized 

nodal ankyrinG clusters (arrowheads). (E) Section of compressed nerve (2 weeks) is 

immunostained for gliomedin in green and NF in red. The paranode on the right side of the 

node is disrupted (asterisk), whereas the gliomedin cluster is preserved (arrowhead). Arrow 

indicates NF155 enriched at inner mesaxon of the myelin. (F,G) Sections of control (F) or 

compressed nerves (2 weeks) (G) are immunostained for βIV spectrin (βIV) in green, and 

NF in red. (G) Clusters of both βIV spectrin and NF are disorganized. (H) Section of 

compressed nerve (2 weeks) is immunostained for NF in red and Caspr in green. 

Arrowheads indicate heminodal NF clusters that are present very close. Scale bars = 10 μm 

(A–H).
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FIGURE 3. 
Paranodal disruption can occur without myelin damage in internodes. (A,B) Teased fibers of 

control (A) or compressed nerves (CNC, 2 weeks) (B) are immunostained for dystrophin-

related protein 2 (DRP2) (green) and βII spectrin (red). (B) DRP2 immunostaining is 

remarkably reduced, and βII spectrin staining is diffusely present. (C) Teased fiber of 

compressed nerve (2 weeks) is immunostained for DRP2 (green), NF (blue), and Kv1.2 

(red). Arrowhead indicates node of Ranvier. Top panel shows DRP2 staining focused on the 

outer surface of myelin sheath. Middle and bottom panels are focused on the axon. NF 

staining is dispersed and elongated at the paranode on the right side of the node with partial 

overlap of Kv1.2 staining (bracket). Note the characteristic cobble stone-like pattern of 

DRP2 staining is preserved. (D,E) Sections of control (D) or compressed nerves (2 weeks) 

(E) are immunostained for Caspr (green), NF (blue), and Kv1.2 (red). Arrows indicate 

Kv1.2 enriched at the axolemma where it apposes the inner mesaxon of the myelin sheath. 

(E) Kv1.2 staining in internode is preserved (arrow), whereas paranode is remarkably 

elongated and disorganized with Kv1.2 mislocalization (bracket). Arrowhead indicates node 

of Ranvier. Scale bars = 10 μm (A–E).
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FIGURE 4. 
Distribution of paranodal disruption in compressed nerves. (A) Altered paranodes or nodes 

were frequently observed in the area near both edges of compressed site and in a short 

segment outside of the tubing (shaded areas). Representative images of Caspr 

immunostaining in the compressed nerve (2 weeks) are shown. Paranode on lateral side (far 

from the center of compressed site) is more frequently disrupted (asterisks) than the medial 

side (close to the center of compressed site). Arrowheads indicate nodes. (B) Laterality of 

paranodal disruption. One NF cluster with Caspr and Kv1.2 staining on both sides is counted 

as 1 node. At both 2 weeks (4 mice) and 12 weeks (4 mice), nodes with disrupted paranodes 

on lateral sides are predominant. Mean and standard deviation (error bars in the boxes) are 

shown. (C) Frequency of paranodal and nodal disruption at the area where the abnormalities 

are most abundant (shaded area in panel A). One NF cluster with Caspr and Kv1.2 staining 

on both sides is counted as 1 node. Node is considered to be altered when 1 or more of these 

clusters were disrupted. Data were obtained from 4 mice at 2 weeks and 4 mice at 12 weeks.
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FIGURE 5. 
Disrupted paranodal fine structures. TEM images of longitudinal sections of compressed 

nerves (2 weeks). (A) Normal paranode. (B) Enlarged image of the designated area in panel 

A (bracket) showing transverse bands (arrowheads). (C) Paranode in compressed nerve. 

Arrow indicates remote lateral loop. (D) Enlarged image of the boxed area in panel C. 

Myelin lamellae and lateral loops are preserved. (E) Enlarged image of lateral loops at the 

designated area in panel D (bracket). Transverse bands (arrowheads) are absent in two lateral 

loops (asterisks). (F) Paranode in compressed nerve. Arrow indicates enlarged axon with 

abnormal mitochondria accumulation. (G) Enlarged image of lateral loops in the designated 

area of panel F (bracket). Transverse bands (arrowheads) are absent in 6 innermost lateral 

loops (asterisks). (H) Focal axon enlargement in compressed nerve (bracket). (I) Enlarged 

image of the boxed area in panel H. Abnormal mitochondria accumulation. (J) Myelinated 

axon in compressed nerve. Paranode on the right side of the node is remarkably 

disorganized. Inset is an enlarged image of designated area (bracket) showing remote lateral 

loops (arrows). Myelin sheath on the right side is thinner than the left side. NR indicates 

location of node of Ranvier (A,C,F,H,J). Scale bars = 1 μm (A,C,F,H,I,J).
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