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1. Introduction 

Peripheral nerve axons of mammals have been demonstrated to contain ribosomes (Court et 

al., 2008, 2011, Kun et al. 2007, Li et al. 2005a and 2005b, Sotelo et al. 1999), as well as specific 

mRNAs that have been shown to concentrate in specific peripheral axonal domains (Koenig & 

Martin 1996, Koenig et al., 2000, Sotelo-Silveira et al., 2006, 2008), the so called Periaxoplasmic-

Ribosomal-Plaques (PARPs). Two possible origins have been proposed to supply mRNAs and 

ribosomes to axons and PARPs: a) from neuronal body axonal transport, or b) Schwann cell to 

axon trans-cellular transfer (Court et al. 2008, 2011, Sotelo-Silveira et al. 2006, Sotelo et al., to be 

published elsewhere). We showed that Schwann cell provide newly synthesized RNA 

(Bromouridine -BrU- labeled RNA) to the axon by a transcellular transfer process. This newly 

synthesized RNA was provided by Schwann cell nucleus and transported to the axon 

throughout Schmidt-Lanterman Incisures, and/or Nodes of Ranvier using the actin network, 

using molecular motors such as Myosin-Va. This was found in normal regenerating nerves 

disconnected from their neuronal body of origin, meaning that the only possible origin of this 

axonal RNA is the Schwann cell (to be published elsewhere).  

The transfer of mRNAs and ribosomes from Schwann cell to the axon in normal or 

regenerating nerve fibers we found, make us think about which role it may play in 

neurodegenerative diseases. Mice models of Charcot-Marie-Tooth (CMT, Trembler-J mouse, 

Patel 1992, Suter 1992), as well as human nerve samples of CMT patients, were analyzed in 
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order to study the metabolic characteristics of this Schwann cell-axon relationship may have 

to the pathogenesis of this important human illness.  

CMT is the most frequent genetic peripheral neuropathy (1/2500 prevalence, Berciano & 
Combarros, 2003, Inherited Peripheral Neuropathies Mutation Database: 
www.molgen.ua.ac.be/cmtmutations). This chronic progressive illness has two possible 
origins: axonal, CMT-II (neurofilament, KIF 1B or Rab7 protein mutations, among others), or 
Schwann cell, CMT-I (PMP-22, Conexin 32, P0 protein mutations, among others, 
Mersiyanova et al, 2000, Pérez-Ollé et al, 2002, Verhoeven et al, 2003, Zhao et al, 2001). 
Regardless the initial alteration, all CMT end in a functional axonopathy, which emphasize 
the importance of Schwann cell-axon relationship in the context of the gene expression of 
both cells. This local supply of transcripts may be altered in CMT, probably causing the final 
pathologic phenotype. 

The histological analysis of CMT (I or II) patients’ nerves showed the conventional myelin or 
axonal typical alterations (onion bulbs, axonal ovoids, internode shortening, fiber diameter 
variations, paranodal remyelination, etc.), plus a marked increase of axonal sprouting 
(myelinopathies). Molecular composition of CMT1 human patients, normal rats, PMP-22 
mutant mice nerves, as well as mice organotypic dorsal root ganglia culture, was 
characterized here. More and more, mutant animals, transgenic animals, transfected cell 
culture, or cell culture obtained from any of these animal types are used to unravel the 
pathogenesis of important human diseases. The present paper contribute to the 
understanding of human Charcot-Marie-Tooth syndrome, because as we will describe 
below we found abnormal distribution of mutant PMP-22 transcript and protein, but also an 
irregular accumulation of ribosomes on altered Schwann cells and axons.  

2. Schwann cell organization. Characterization of normal human and rat 
Schmidt Lanterman Incisures (SLI) 

Whole mount of normal teased human and rat peripheral nerve fibers preparation let us know 

the normal interrelation between glia cell and axons in PNS. Teased fibers of Human Sural 

nerves and rat Sciatic nerves, (immunostained by floating), permitted to characterize the 

molecular expression of both nerve cells, Schwann cell and neuron (axonal domain). 

Internodal non-compact myelin mainly represented by Schmidt Lanterman Incisures (SLI) has 

been clearly characterized in this type of whole mount. Confocal single stacks show the SLI 

immunoreactivity with antibodies against tubulin, vimentin, Myelin Associated Glycoprotein 

(MAG) and ribosomes, in human sural nerve teased fibers (arrows in Figure 1, A green, B, C 

and F, respectively). Ribosomes are present in Schwann cell cytoplasm, Nodes of Ranvier and 

SLI (Figure 1, F). Nucleic acids have been also found in SLI of human fibers, identified by a 

fluorescent specific probe (Yoyo-1) as can be seen in Figure 1 D. Central axonal area in human 

longitudinal fiber appear strongly stained with anti-Neurofilament-200kDa (Figure 1, E,). 

Vimentin seems most evident in external Schwann cell and SLI cytoplasm (Figure 1, C). 

Filamentous actin, recognized by Phalloidin coupled to Alexa 546, shows a moderate signal in 

Schwann cell cytoplasm and axoplasm, and a more vigorous signal in SLI (Figure 1, A red). A 

similar signal pattern has been seen in rat sciatic teased fibers (Figure 1, J, K, L). A three 

dimensional reconstruction of confocal stacks series from a whole mount single fiber (rat), 

immunostained with anti-ribosomal antibody, let as to identify the spiral funnel-like path of 
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SLI. The whole reconstruction was 90º rotated to show the SLI image (Figure 1, M), enreached 

in ribosomes. The same SLI path image is outlined in Figure 1, N. The fine structure of 

myelinated sural human fibers show a well organized SLI (Figure 1 H, clear arrow). The 

compact myelin (Figure 1 H, white asterisk), surround the non compact myelin of SLI (Figure 

1, H clear arrow). The external SLI domain is characterized by a well structured autotypical 

adherents type junction (Figure 1, H asterisk). Near this region, it can be seen the external 

mesaxón (Figure 1, H, black arrow). The external Schwann cell cytoplasm (Figure 1, H, eSc) 

appear clear, with evident cytoskeleton. Boxed area in H is enlarged in I. Close to the axolema, 

Schwann cell cytoplasm among the non compact myelin membranes of the SLI (Figure 1, I, 

asterisk), show the presence of a Multivesicular Body (Figure 1, I arrow). Near this region, the 

compact myelin, appear devoid of cytoplasm. Internodal regions constitute the largest domain 

of contact between the glial cell and axon. However, the molecular characterization of 

internodal transcellular interactions is barely known. Non-compact myelin is found in 

paranodal regions and Schmidt-Lanterman Incisures, which traverse diagonally compact 

myelin. It is postulated that, under normal conditions, the presence of cytoplasm in SLI would 

ensure protein turnover and vesicular trafficking (lysosomes, vesicles of endoplasmic 

reticulum) for the homeostasis of essential myelin and cell domains distant within the glial cell 

itself. These glial “shortcut” have been largely described in literature. The internodes SLI’s 

number varies, depending on the species, axonal diameter and physiological conditions (Cajal, 

1928, Ghabriel, et al., 1979a and b, 1980a and b, 1981, 1987; Hiscoe, 1947; MacKenzie et al., 1984; 

Robertson, 1958,). In the present work SLI have been characterized throughout the molecular 

expression of cytoskeleton components (actin, tubulin, vimentin) and adhesion molecules 

(MAG), showing that the SLI cytoplasm have well organized “roads” devoted to traffic. The 

presence of multi-vesicular bodies at the SLI have been seen in the past (Hall &Williams, 1970) 

as has been also described here, revealing an active vesicular metabolism in the cytoplasm of 

non compact internodal myelin. The expression of nucleic acid especially ribosomal RNA, 

indicate that SLI and Nodes of Ranvier have local traffic of translational machinery. Why 

ribosomes could be transported to these domains? One of the possible answer is the local 

synthesis of glial and myelin proteins. However, we noted other possible roles related to axon-

glia homeostasis and axonal maintenance (Court et al., 2008; Kun et al., 2007, Sotelo-Silveira et 

al., 2006), which could be altered in pathological conditions. Some of our more recent results 

contribute to this hypothesis. Indeed, we found a SLI local expression of heavy neurofilament 

subunit mRNA and his final product, the corresponding protein, in normal and pathological 

conditions (manuscript en redaction). However it is important to highlight that trans-cellular 

traffic between Schwann cell and axon especially through SLI implies vesicular transport 

system inside SLI and a trans-endocytosis mechanism between both nerve cells. That would 

mean a different set of adhesion and signaling molecules in each part of this process, where 

MAG seems to be one of the candidates molecules involved. MAG expression is specific to 

myelin-forming cells in the early process of myelination. One of its functions is to promote 

initial interactions in the process of fastening the first layer of myelin around axons (inner 

mesaxon), and further development of myelin. But the level expression of MAG is relatively 

high, suggesting other possible roles. Among them, a particularly important role for MAG is 

the receptor binding axonal ligand (protein-ganglioside complex), which could activate intra-

axonal signal transduction cascades necessary for the maintenance and survival of myelinated 

axons (Quarles, 2007). 
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Fig. 1. Molecular characterization of normal Schmidt Lanterman Incisures (SLI) and Nodes 
of Ranvier (NR), in human and rat peripheral fibers. 

Human SLI have been studied by immuno-confocal microscopy (A-G) and conventional 
electron microscopy (H and I). Human sural teased fibers were immunostained and observed 
by confocal microscopy. Single confocal planes show SLI (arrows) enriched in Myelin 
Associated Glycoprotein (A, green), Actin (A, red), Tubulin (B) Vimentin (C) and nucleic acid 
(D, Yoyo-1) and a few NR. Among them, the ribosomes (F, green) are present in Schwann cell 
cytoplasm (asterisk), in Nodes of Ranvier (F, n) and SLI (arrows). Central axonal domain 
appear strongly stained with anti-Neurofilament -200 kDa (E in red, arrow), merged image is 
shown in G showing how ribosomes are entering to the axon throughout NR (demonstraded 
by Z stacks analysis, not shown here) and SLI. Actin (K, in red), nucleic acids (J, YoYo-1, in 
green) and ribosomes (L in red) are also present in SLI of rat sciatic teased fibers. Three 
dimensional reconstruction of panel L, in which Z-stacks series was rotated 90º to show the SLI 
funnel spiral path image in M, enriched in ribosomes. The SLI path is outlined, in the same 
image, in N (ax, axoplasm; m, myelin). TEM, the ultrastructure of semi-longitudinal section of 
human sural fiber reveal a well organized SLI (H, clear arrow). In H, black asterisk shows the 
external part of SLI adherens junction, black arrow indicates the external mesaxon and white 
asterisk indicate compact myelin. The external Schwann cell cytoplasm (H, eSc) and the extra 
cellular matrix (H, ECM) are also indicated. Boxed area in H is enlarged in I. The presence of 
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Schwann cell cytoplasm among the non compact myelin membranes of the SLI (I, asterisk) 
might be observed, meanwhile it is completely absent in adjacent compact myelin. A 
Multivesicular Body (MVB) is present in the SLI cytoplasm (I, arrow). Bar in H represents 
400nm, bar in I represents 100nm. 

3. Schwann cell and axonal ribosomes have been identified in normal rat 
sciatic nerve fibers. Post-embedding immuno-gold staining  

Normal rat sciatic nerve fibers have been explored to highlight the distribution of 
translational machinery, based on ribosomal recognition. An expected pattern of Schwann 
cell ribosomes (internal positive control) has been found by indirect postembedding 
immunogold staining (Figure 2, B), where it is possible to recognize immunocomplex in 
Schwann cell cytoplasm (Figure 2, B, box 8) and in myelinic region (Figure 2, B, boxes 8 and 
9). Immunocomplex, recognized by gold particles are also present in the axoplasmic 
domains (Figure 2, A and B, box 10). Axoplasmic immunogold complexes (Figure 2, A, box 
1) have a diverse distribution involving mitochondria (Figure 2, A, M) and their proximity 
(Figure 2, A, box 6). The immunocomplex seems to be associated to the cytoskeleton (Figure 
2, A, boxes 2, 4 and 6), or in a multivesicular like-body (Figure 2, A, box 5). Axoplasmic 
polysomes not associated to cytoskeleton, has been found linked to immunogold particles 
(Figure 2, A, box 3). The samples were not osmificated previously to LRW inclusion, but 
exposed to osmium vapor, after immunostaining. Because that, the membranes are poorly 
countersained in LRW. The ultrathin sections were incubated with uranyl acetate and lead 
citrate as usual in Transmission Electron Microscocopy (TEM).The uranyl solution recognize 
the amino and phosphate groups of proteins and nucleic acid, while lead citrate is osmium-
enhancing and bind to hydroxyl groups (also including phosphate groups). The absence of 
osmium staining before the inclusion, also result in a weak lead salt counterstaining. The 
Nano-gold particles have 15 nm in diameter.  

TEM experimental evidences have demonstrated the presence of ribosomes in normal 
peripheral axons in different species including invertebrates (Kun et al., 1998 and 2007; Koenig 
and Martin, 1996; Zelena, 1972a, 1972b and 1970; Martin et al., 1989; Sotelo et al, 1999;). Axonal 
translational machinery could play an important role in structural and physiological 
maintenance, especially considering renewal and turn-over of proteins. Considering the 
Schwann cell as a positive internal control (as well as mitochondria, since the polyclonal 
antibody recognized also prokaryotic ribosomes), comparing their ribosome immunoreactions, 
axonal ribosomes appear associated to cytoskeleton in free polysomes-like complex. We have 
proposed that the axoplasmic ribosomes could have two possibles origins: the neuronal cell 
body and the neighbor Schwann cell (Kun et al. 2007; Sotelo-Silveira et al., 2006,). Peripheral 
normal axons run unusual long distances in cellular scale. However, its unusual geometry 
does not affect the homogeneity of the axoplasm. Cajal (1928), proposed that Wallerian 
degeneration was somehow in equilibrium with axon regeneration, and now we know that the 
axon is a dynamic steady state. Meanwhile, in hereditary peripheral neurodegenerative 
diseases (CMT, the most frequent peripheral human neuropathy), there is a chronic condition 
where the “normal” equilibrium is never reached. In addition, the chronic condition makes the 
displacement of the equilibrium always worst, because cellular repair mechanisms are 
insufficient to reverse the illness progress. In those conditions, the repair mechanisms are 
permanently activated. The resultant neuro-pathological phenotype, as occur with the normal 
phenotype, emerges from the integration of both Schwann cell and the axons (Aguayo et al, 
1977; Salzer et al., 2008; Suter and Scherer, 2003,). 
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Fig. 2. TEM, normal rat sciatic nerve, postembedding ribosome immuno-gold staining. 

Ultrathin transversal sections of rat sciatic nerve included in LRW hydrophilic resin was 
immunostained using a specific polyclonal antibody against ribosomes (raised in rabbit Kun 
et al. 2007), recognized in time by a goat-antirabbit gold conjugated antibody. It can be 
observed in A the presence of single or grouped axoplasmic immunocomplex, recognized 
by gold particles. The immunocomplex are framed in different boxes (boxes 1, 2, 3, 4, 5 and 
6), some close to mitochondria (box 6) and within it (M, mitochondria), associated to the 
cytoskeleton (boxes 2, 4, 5 and 6), or in a Multivesicular like-Body (box 5). The polysomes 
domain are clearly decorated by immunogold particles (box 3).The boxed areas in A are 
enlarged in numbered boxes on the right hand (1 to 6). Different transversal fiber domains 
show immunogold staining (B, box 7, 8, 9 and 10). The material was included without 
conventional posfixation or staining in block (osmium tetroxide, uranil acetate). After 
imunostaining, the ultrathin sections were exposed to osmium vapors (to specially 
emphasize the membrane structure) and counterstained with uranyl acetate and lead citrate 
as usually used in TEM. The bar in A and B represent 100nm, each gold particle has 15nm in 
diameter. AX, axoplasm; M, mitochondria; m, myelin; SCc, Schwann cell cytoplasm. 

4. Schwann cells’ ribosomes are involved in axonal sprouting of human  
CMT-1 sural nerve fibers. Axonal sprouting is promoted by myelin 
compaction decrease 

The presence of ribosomes has been used to recognize the Schwann cell citoplasmic 
domains in CMT-1 human patient whole mount of sural nerve teased fibers, 
immunostained by floating. A longitudinal confocal tridimensional reconstruction of one 
of that fibers is showed in Figure 3, A and B (original image is showed in A, but specific 
cellular domains have been outlined in B). Delaminated myelin (dM) let the Schwann cell 
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cytoplasm (Figure 3, B, SCc) expand among their de-compacted layers, that appears 
strongly stained with ribosomes (Figure 3 A and B, red signal). Some of the ribosomal 
signals are also present at the axoplamic region (Figure 3B, merged yellow, asterisks) in 
the main axon (Figure 3 B, mAx) and in the origin of the new-born axon-sprout 1 (Figure 
3B, oS1). Next to the main axon, a bulk of ribosomes also surround axonal sprouting path 
(Figure 3B, R). The axonal domains are identified by phosphorylated neurofilament 
protein (NF-P) signal (Figure 3, green). An inhomogeneous arrangement of NF-P signal 
distribution (characteristic of this pathology) is showed in the main axon (Figure 3B, mAx) 
and in the lateral sprout axons 1 and parallel axon sprout 2 and 3 (Figure 3 B, S1, S2 and 
S3). A similar pattern of expression is showed in other single human CMT-1 sural teased 
fiber showed in Figure 3 C, D and E. A most homogeneous distribution of NF-P signal is 
observed in that fiber. The main axon and their sprouting, NF-P signaled (Figure 3 C, 
green), also expand among the delaminated myelin, highly decorated by ribosomes 
(Figure 3 D, red signal). It is a longitudinal image of a conventional “onion bulb” typical 
diagnosis image, with specific molecule expression. 

 

Fig. 3. Ribosomes and Phosphorylated Neurofilaments in Human CMT-1 sural teassed fiber. 

A. The original image is shown in A, while the specific cellular domains and components 

have been outlined and indicated in B. The image show a longitudinal single teased fiber 

from a human CMT1 sural nerve (confocal tridimensional reconstruction). The main axon 

(mAx) shows an inhomogeneous distribution of phosphorylated neurofilaments (green) and 

a lateral axoplasmic sprouting (S1) originated from the main axon (oS1). The delaminated 

myelin (dM) allows the Schwann cell cytoplasm (SCc) to expand among their membranes 

strongly inmunostained by the ribosomal antibody (red). The presence of ribosomes are also 

evident at the axoplasmic level (asterisks, merged color) in the main axoplasm and in the 

new-born axoplasm (sprouting, S1). A big conglomerate of ribosomes (R) appears close to 

the main axoplasm and it is crossed by the (S1). Sproutings running in parallel to the main 

axon can be also seen in the same image (S2, S3). A human teased sural fiber from other 
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CMT1 patient is showed in C, D and E. The axoplasm is also identified by the 

phosphorylated neurofilament (green, C) and the Schwann cell cytoplasm by the ribosomes 

(red, D). The image shows a longitudinal “onion bulb”-like organization (E, merged image). 

Also are evident the thin sprouts originated from the main axon, passing throughout the 

layers of delaminated myelin.  

Alteration in PMP-22 represent 70% of myelinopathy (Young et al., 2003), in demyelinating 

human peripheral fibers, we observed axonal sprouting consequently with the lack of 

inhibitory effect of myelin and normal Schwann cell (Shen et al., 1998; De Bellard et al., 

1996). This axonal growing is in close relation with structural and functional changes, as 

observed among myelin disassembly, axonal sprouting. Trembler-J mice (Tr-J) develop a 

neurodegenerative phenotype that is validated as an animal model of CMT1A (Devaux and 

Scherer, 2005; Sereda and Nave, 2006; Sidman et al, 1979). Gene mapping indicates that the 

primary defect is a mutation resulting in a leucine (16) to proline substitution in PMP-22 

(Suter et al, 1992). The same amino acid substitution was found in a human family who 

suffered CMT1A (Valentijn et al, 1992). This substitution prevents normal protein folding, 

insertion into the membrane and normal myelination. Heterozygous mice (Trj/+) show a 

spastic paralysis and generalized tremor. While homozygous mice (TrJ/TrJ), show more 

severe peripheral myelin deficiency, causing death before weaning (Henry et al, 1983; Henry 

and Sidman, 1983; Suter et al, 1992). The main changes affecting the SNP, begins to be 

evident from post-natal day 20 (P20), showing a characteristic body tremor and the 

impossibility of abduction and extension of the hind legs (from P11), as we recently 

described (Rosso et al, 2010). Typically the mutation is confirmed by individual genotyping 

of mice (mainly by PCR-RFLP; Notterpek et al, 1997; Fortun et al, 2005; Khajavi et al, 2007, 

Rosso et al, 2010). 

5. Schwann cell express a mutate pmp22 gen in CMT-1A animal model 
(Trembler mouse). Peripheral Myelin Protein-22 in vitro distribution is altered 
in Trembler J mice 

The PMP-22 is a myelin protein whose mutation is characteristic of CMT1A human 

peripheral illness. Trembler J mice is an animal model to study CMT1A caused by pmp22 

mutation. The Schwann cell expression of pmp22 (green) has been observed in normal 

(Figure 4, WT, A and B) and heterozygous (Figure 4, TrJ, D and E) organotypic culture of 

embryonic dorsal root ganglion (DRG). The wild type (WT, +/+) Schwann cell pmp22 RNA 

is observed at cytoplasm and in perinuclear domains, excluding the nucleoplasm, that 

appear mostly empty of ISH signal (Figure 4, asterisk in A and B). The opposite is observed 

in Trembler J heterozygous (HZ, TrJ/+) DRG, where the pmp22 expression is mostly 

concentrated into nuclear and perinuclear domains (Figure 4, asterisk in D and E). When the 

PMP-22 expression was analyzed in adult sciatic nerves, the immunocytochemical signal 

also appears concentrated in the nucleoplasm of HZ teased fibers (Figure 4F, green, 

asterisk). The adult WT teased sciatic fibers showed a cytoplasmic and perinuclear 

distribution, excluding the nucleoplasm (Figure 4C). Axoplasmic and Schwann cell domains 

are also counter stained with anti NF-68 antibody (blue signal) and Phalloidin-Alexa 546 

(red signal) in Figure 4, C and F. In TrJ/+ mice the whole expression of pmp22 is 

concentrated at Schwann cell nuclei region (Figure 4D, 4E and 4F). 
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Fig. 4. Peripheral pmp22 expression. The expression of peripheral myelin proteín 22 gene 
might be observed in normal (WT, +/+, A and B) and heterozygous (HZ TrJ/+, D and E) 
cultured E13 DRGs. In normal genotype (+/+), the Schwann cell transcript distribution 
show a peri-nuclear cytoplasmic arrangement, remaining the nucleoplasm almost empty of 
In Situ Hybridization (ISH) signal (asterisk in A and B); meanwhile in the Schwann cell from 
mutants (TrJ/+), the whole nuclear domain appear filled of pmp22 ISH signal (asterisk in D 
and E). B and E are different regions at higher magnification. C and F show 
immunocytochemical recognition of proteins: PMP-22 (green), Actin (red) and 
Neurofilament 68kDa subunit (blue) in WT +/+ (C) and HZ TrJ/+ (F) in teased sciatic nerve 
fibers from adult mice. As we showed for pmp22 transcript the mutant HZ TrJ/+ Schwann 
cell nuclei not only contain the RNA, but the product of its translation PMP-22 protein (F, 
green). The opposite occurs in WT (A, B and C). 
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In myelinating Schwann cells from adult Trembler-J mice, PMP-22 protein accumulates in 
cytoplasmic aggregates, ER-Golgi compartments and is associated with other proteins in 
endosomes and lysosomes suggesting high levels of protein degradation (Suter and Snipes, 
1995a, 1995b). In normal Schwann cells, ~80% of the newly-synthesized PMP-22 is degraded 
within 30 min by the proteasome, likely due to inefficient folding (Notterpek et al 1999a; 
Ryan et al., 2002). The proteasome is a multi-catalytic complex involved in a variety of 
cellular processes, including the degradation of short-lived proteins (Goldberg, 2003). PMP-
22 is a short-live molecule, that form aggregates when the proteasome is inhibited or the 
protein is mutated (Fortun et al., 2007). It is conceivable that the amount of PMP-22 targeted 
for degradation is increased in the gene duplication and point mutations disease, which 
could overwhelm the proteasome and lead to the accumulation of miss-folded proteins 
along the secretory pathway. Removal of pre-existing PMP-22 aggregates is assisted by 
autophagy, and chaperones/autopaghy induction can suppress accumulation of PMP-22 
aggregates. The expression of pmp22, observed in WT (+/+) DRG cultures, occurs from early 
stages of culture, showing a discrete distribution in any glia cytoplasm, including 
perinuclear region, correlating strongly with PMP-22 expression (data not shown). Adjacent 
axons show the presence of phosphorylated neurofilament, typically with discontinuous 
distribution (data not shown). However, in HZ (TrJ/+) DRGs, the pmp22 distribution is 
concentrated almost exclusively in glial nuclear and perinuclear regions, being absent from 
the glial myelin domains along the axon. In adults TrJ/+ fibers the nuclear and perinuclear 
PMP-22 expression confirm a pattern of mutated pmp22 expression conserved from early 
myelination to adult stage. PMP-22 signals are granular and form a bulk of molecules, 
similars to those described as aggresomes. It has been described that aggresome formation is 
accompanied by redistribution of cytoskeleton components. Intermediate filaments, play 
key role forming a condense cage surrounding a pericentriolar aggregated and 
ubiquitinated proteins. A growing number of disease-associated proteins have been found 
to accumulate in aggresomes, including peripheral myelin protein 22 (PMP-22) (Notterpek 
et al., 1999; Ryan et al., 2002), huntingtin (Waelter et al., 2001), parkin, and alpha-synuclein 
(Junn et al., 2002). However, the presence of pmp22 transcript and PMP-22 protein signals in 
nuclear domains during myelinogenesis and in TrJ/+ adult fibers, respectively (Fig. 4), 
suggest other type of alterations. Would they be, a) an altered post-transcriptional 
regulation, and/or b) an altered motor protein link, potentially involved in pathogenesis 
and illness consolidation. 

6. Experimental procedures 

6.1 Animal care and maintenance 

Rattus norvegicus (Sprague Dawley) were obtained from the IIBCE colony. TremblerJ (B6. 
D2-Pmp22 <Tr-j>/J, Jackson Laboratory, USA) mice colony was started in 2008 (CSIC Grant-
Universidad de la República 2005-2009). These mice carries a spontaneous mutation in 
Peripheral Myelin Protein-22 (PMP-22). All mice are recorded, numbered and genotyped 
following the method previously described (Rosso et al, 2010). Harems are formed after 
determining the stage of the female estral cycle. Pregnancy starts is determined by the 
examination of vaginal exudates and controlled by weekly weight of females. The colony, 
have now 100 animals, living in isolated cages, stored in isolated rooms.  

All animals are maintained under controlled temperature and light cycle. Water and food 
are supplied ad libitum. The animal housing conditions are in agreement with the National 
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Committee for Animal Care and Maintenance (CHEA-Universidad de la República-
Uruguay, www.chea.udelar.edu.uy)  

6.2 Trembler J mice genotyping 

Genomic DNA was extracted using a phenol–chloroform based method. DNA concentration 

was determined by spectrophotometry. PCR was performed on 200ng of DNA using 

specific primers (forward: 5’-GTTCCAAAGGCAAAAGATGTTC-3’; reverse: 5’- 

AACAATAAT CCCAAACCACACTTC-3’) that flanked the mutation site. PCR products 

were digested with BfaI (Fermentas) for 2h at 37 ◦C and separated by 6% polyacrylamide gel 

electrophoresis (PAGE). The digestion products were stained with AgNO3. The BfaI 

digestion of the amplified fragment from the wild-type allele produced two fragments of 

221 and 500 basepairs (bp).The TrJ mutation results in a loss of the BfaI site. Consequently, 

the amplified fragment obtained using the TrJ allele as template was visualized as a single 

band of 721bp.  

6.3 DRGs organotypic culture 

Thirteen day mice embryos (E-13) were euthanized and Dorsal Root Ganglia were collected 

for organotypic culture in appropriated media (Neurobasal (Invitrogen) complemented by 

0,20 ml/ml B27, 0,01g/ml Nerve Growth Factor (NGF) and 2mM glutamax). The culture 

was done at 37ºC under 5% CO2 controlled atmosphere. The cultured medium was changed 

every 48 hours. At 16 days of dorsal root ganglia culture, the culture media was 

complemented with 50g/ml Ascorbic Acid, to promote in vitro myelination. 

6.4 Fixation 

Rats and mice were euthanized under pentobarbital anesthesia following the Uruguayan 

Committee for Ethical Animal Experimentation (CHEA in Spanish). Rats were euthanized 

by intracardiac perfusion of fixative (4% paraformaldehyde (PFA) for confocal microscopy 

and 0.25% glutaraldehyde was added for Electron Microscopy (EM) in PHEM (25mM 

HEPES, 10 mM EGTA, 60 mM PIPES, 2mM MgCl2 , adjusted to pH 7,2- 7,6, with KOH ) 

after heparinization. Sciatic nerves were excised immediately after perfusion (cut in 2-mm 

pieces), pre-immersed in the same fixative solution for 2 hr, then washed in PHEM for 2 hr 

(gentle stirring), changing solution every 10 min. Mice sciatic nerves were excized and fixed 

by immersion in 3% PFA in PHEM, 30 minutes, at 4ºC. The samples were then washed 6X5 

minutes with gentle stirring. Cultured ganglia were fixed by 10 min immersion in 2% PFA 

in PHEM. Throughly washed in PHEM 1 hour (6 X 10 min). The samples followed different 

pre-treatement before in situ molecular studies. 

6.5 Human samples 

Clinically diagnosed patients with a family history of polyneuropathy, presenting a chronic 

sensory-motor polyneuropathy were included in the present study. Electrophysiological 

studies were performed to confirm the nature of the demyelinating neuropathy prior to 

their inclusion. Alcoholics, diabetics, exposed to toxic or neurotoxic drugs and/or bearers of 
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systemic diseases patients were specifically excluded. Electrophysiological studies were: 

nerve conduction velocity analysis, electromyogram and quantification of motor units. 

Patients meeting the inclusion criteria have been informed of the study and samples were 

taken only after they signed an Informed Consent to participate in the CSIC I+D (2005-2009) 

Project (Grant from Universidad de la República, Uruguay). Human control was obtained 

from Human whole donors from the “Instituto Nacional de Donantes y Trasplantes de 

células, Tejidos y Organos (INDT)”. Briefly, a portion of each sural nerve biopsy from 

human CMT patient, used for histopathological diagnosis was fixed in 3% PFA diluted in 

PHEM, 30 minutes at 4ºC with stirring. Fixative was washed with PHEM (6X10 minutes). 

When it was possible, the epineuria was removed to facilitate the ulterior treatments.  

6.6 Electron Microscopy 

Nerves pieces were processed for postembedding immunostaining. (Bozzola & Russel, 1998; 

Vazquez Nin, 2001). Briefly, nerve pieces were dehydrated increasing concentration of 

alcohol, until pure alcohol. Thereafter were embedded in hydrophilic resine LR-white 

(LRW) by increasing its concentration. When they were in pure LRW (overnight at room 

temperature), the blocks were polymerized, under anhydrous conditions, in two steps: 24 hs 

at 45ºC and 24 hours at 60ºC. Ultrathin sections (60-100 nm) were obtained by 

ultramicrotomy and collected in nickel grids, without film. Indirect immunostaining was 

followed. The grids were placed exposing the ultrathin section to different series of drops on 

Parafilm extended layer. The general processes are described under “Immunostaining”. After 

that, sections were exposed to Osmium Tetroxide vapours and counterstained with Uranyl 

Acetate and Lead Citrate as usual in Transmission Electron Microscopy (TEM).  

7. Immunocytochemistry 

7.1 Pre treatment 

7.1.1 Collagen digestion 

Epineuria from intact nerve mice were dissected and the extracellular matrix was 

unstructured by collagenase digestion with Collagenase XII (Sigma), 0.3mg/ml dissolved in 

PHEM without EGTA (25mM HEPES, 60 mM PIPES, MgCl2, pH 7,2- 7,6) with 5mM CaCl2 

final concentration, 1 hour, at 37ºC. The enzymatic activity was stopped by cold washing in 

buffer PHEM (3X10 minutes).  

7.1.2 Teasing 

After collagenase digestion, rat and mouse sciatic nerves were placed on a cold slide and 
were mechanically teased under stereoscopic microscope using blunt needles to prevent 
fibers tearing. Further treatments were performed over floating fibers. 

7.1.3 Resin relaxing 

Ultrathin LRW sections were incubated 10 minutes in sodium periodate 0.56M in water at 
room temperature (RT) to relaxing the resin and washed thereafter with PHEM (6X5 
minutes), to remove resins. 
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7.1.4 Permeabilization 

The permeabilization must be a single event that will balance the benefit of increased 
accessibility of intracellular epitopes for immunocytochemistry or ISH with the hindrance 
of the consequent deterioration of the structure to be recognized. Cell membranes were 
permeabilized once with Triton X-100 0.1% in PHEM, at variable times (10 minutes for cell 
cultures to 30 minutes for whole fibers and LRW ultrathin sections), stirring at RT. Excess 
detergent was removed by successive washes in buffer PHEM (3x5 minutes). In the 
procedures that follows no detergent was used. No detergent was used in human 
samples. 

7.1.5 Aldehyde blocking 

To reduce background from aldehydes and ketones free groups (generated by fixative or 

belonging to the cellular structure) they were blocked by incubation with sodium 

borohydride 0.1% in water for 10 minutes (in cell cultures) or 20 minutes (in intact nerve), at 

RT. The remains of borohydride are eliminated by repeated washings with buffer PHEM at 

RT and gentle stirring. 

7.1.6 Unspecific antigen blocking 

In indirect immunostaining, nonspecific antigen reactions were blocked using 5% normal 
serum from the animal species in which the anti antibody was raised, dissolved in 
incubation buffer (IB, 0.150 mM glycine, 0.1% Bovine Serum Albumin in PHEM), 30 minutes 
at 37°C. After that, the tissue or cells were immediately incubated with the specific  
antibody. 

7.1.7 Immunostaining 

After pre-treatment, the procedure was done basically as described by Kun et al (2007) and 
Sotelo et al. (1999), with some modifications. The sections were incubated 1 h at 37ºC with 
the specific antibodies in IB (see above) in a wet chamber. Washed 3X5 min, at 37ºC with IB 
and incubated over 45 minutres at 37ºC with the anti-antibodies. Fluorophores 
photobleaching was avoided maintaining the slices in dark. The non binding antibodies 
were eliminated by washing with IB (3X5 min) at 37ºC and PHEM (3X5 minutes) at RT. 
Slides for confocal microscopy were mounted with Prolong Gold Antifade (Invitrogen). The 
ultrathin sections were counter-stained as described in “Electron Microscopy Section”. 

7.1.8 Specific antibodies and fluorescent probes 

The specific antibodies used in the present work, were: polyclonal anti-Ribosomes antibody 
(Kun et al, 2007) work dilution 1:500, monoclonal anti phosphorylated Neurofilament 
(Stemberger) work dilution 1:2500; monoclonal anti-Neurofilament-200 (phosphorylated 
and non phosphorylated) from Sigma, working dilution 1:800. Human anti-P ribosomal 
protein (Immunovision) working dilution 1:100, polyclonal anti-Myelin Associated 
Glycoprotein S/L (MAG, Chemicon) working dilution 1:150; monoclonal anti-Vimentin 
(Sigma) working dilution 1:400; Alexa-546 Phaloidin (Invitrogen) working dilution 1:40. 
YoYo-1 (Invitrogen) 1:1000; DAPI (Sigma) working dilution 1:1000. 
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7.1.9 Secondary-antibodies 

The anti-antibodies used in the present work were: Goat anti-Mouse Alexa 488 (A11029, 

Invitrogen), working dilution 1:2000, Goat anti Rabbit Alexa 546 (A11030, Invitrogen), 

working dilution 1:2000, Goat anti-Mouse CY5 (Chemicon) working dilution 1:800; Goat 

anti-Rabbit 15nm gold conjugated (Aurion) working dilution 1:80. 

7.2 In situ hybridization 

The cDNA encoding mouse pmp-22 mRNA region (425-538) was cloned in the PST-19 

plasmid. The plasmid was linearized with HindIII or EcoRI and used as template by in vitro 

transcription reactions. Single-stranded RNA probes were transcribed using SP6 or T7 RNA 

polymerase according to manufacturer’s instructions and labeled with digoxigenin-UTP 

(Roche). The samples were first permeabilized as indicated in “Permeabilization Section”. 

The endogenous peroxidase was blocked with 0.03% H2O2 diluted in PHEM during 1 hour 

at RT, changing the solution every 15 minutes to refresh the offer of hydrogen peroxide. The 

samples were then washed with PHEM (3X5 min). The pre-hybridization condition was 

performed to avoid unspecific probe binding. The prehybridization and hybridization was 

done in the same condition: incubation with hybridization solution (10% dextran sulfate, 

0.1mg/ml tRNA, 0.5mg/ml salmon sperm DNA, 50% formamide, 4XSSC) during two hours 

at 50ºC without probes (prehybridization) or with sense/antisense probes. Immediately 

before hybridization, digoxigenin labeled transcripts were denatured 3 min at 95ºC and fast 

returning to 4ºC thereafter; 5 min to denature the RNA, avoiding the RNA folding. The non 

hybridized RNA probes were eliminated by repeated washing with decreasing saline 

concentration (stringency increase), until 0,25X SSC. After that, the hybrid was fixed with 

fresh prepared 2% PFA in PHEM and gently washed with PHEM (3X5minutes). The hybrid 

was recognized by sheep anti-digoxigenin antibody conjugated to peroxidase. The 

immunocomplex were developed by the Tyramide labelling kit (Roche) giving a fluorescent 

complex (in 520 nm). General methods were adapted and applied to our conditions (Morel, 

et al. 2001 Sambrook & Russell, 2001). After that, immunostaining was applied as described 

in “Immunostaining”. 

8. Conclusions 

1. Schmidt-Lanterman Incisures and Nodes of Ranvier are pathways for ribosomes and 

RNAs to be related to axonal function. 

2. CMT human patients’ nerves showed inhomogeneous neurofilament arrangements in 

axons. Myelin is delaminated. Big groups of ribosomes are present near the irregular 

newborn axonal sprouting. Ribosomes have been found also in axoplasm.  

3. The presence of pmp22 transcript and PMP-22 protein signals in nuclear domains 

during myelinogenesis and in TrJ/+ adult fibers described here (Fig. 4), suggest other 

type of alterations. They would be, a) altered post-transcriptional regulation? and/or b) 

altered motor protein link, both potentially involved in pathogenesis and illness 

consolidation. 
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