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Abstract

Multiple signals are involved in the regulation of developmental myelination by Schwann cells 

and in the maintenance of a normal myelin homeostasis throughout adult life, preserving the 

integrity of the axons in the PNS. Recent studies suggest that Mek/ERK1/2-MAPK and PI3K/Akt/

mTOR intracellular signaling pathways play important, often overlapping roles in the regulation 

of myelination in the PNS. In addition, hyperactivation of these signaling pathways in Schwann 

cells leads to a late onset of various pathological changes in the sciatic nerves. However, it remains 

poorly understood whether these pathways function independently or sequentially or converge 

using a common mechanism to facilitate Schwann cell differentiation and myelin growth during 

development and in causing pathological changes in the adult animals. To address these questions, 

we analyzed multiple genetically modified mice using simultaneous loss- and constitutive gain­

of-function approaches. We found that during development, the Mek/ERK1/2-MAPK pathway 

plays a primary role in Schwann cell differentiation, distinct from mTOR. However, during 

active myelination, ERK1/2 is dependent on mTOR signaling to drive the growth of the myelin 

sheath and regulate its thickness. Finally, our data suggest that peripheral nerve pathology 

during adulthood caused by hyperactivation of Mek/ERK1/2-MAPK or PI3K is likely to be 

independent or dependent on mTOR-signaling in different contexts. Thus, this study highlights the 

complexities in the roles played by two major intracellular signaling pathways in Schwann cells 

that affect their differentiation, myelination, and later PNS pathology and predicts that potential 

therapeutic modulation of these pathways in PNS neuropathies could be a complex process.
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1 | INTRODUCTION

Proper formation and maintenance of myelin and Remak bundles by myelinating and non­

myelinating Schwann cells, respectively, are critically important for peripheral nerve fibers 

to perform their essential motor and sensory functions, including efficient nerve conduction, 

providing trophic support to axons, and maintaining overall homeostasis in the PNS (Salzer, 

2015; Wilson et al., 2020). It is expected that multiple extracellular and intracellular 

regulatory mechanisms must be involved in orchestrating these complex processes, since 

several human hereditary peripheral neuropathies are associated with dysregulation of 

Schwann cell functions (Scherer & Wrabetz, 2008; Suter & Scherer, 2003). Therefore, 

a better understanding of the regulatory mechanisms that govern normal Schwann cell 

functions and those underlying their dysfunction would contribute in the long run to identify 

potential therapeutic targets for ameliorating the pathology in human neuropathies.

One of the primary extracellular signals that control almost every aspect of PNS myelination 

is axonal NRG1III (Michailov et al., 2004; Taveggia et al., 2005), which activates Schwann 

cell ErbB-receptors, leading to intracellular signal transduction, primarily by the classical 

phosphatidylinositol-4,5-bisphosphate-3-kinase (PI3K) and the mitogen-activated protein­

kinase (MAPK) pathways, both of which have been implicated as essential for proper 

PNS myelination (Figlia et al., 2017a; Newbern & Birchmeier, 2010). Briefly, enhanced 

myelin growth and increased myelin thickness in the PNS are common features found 

in several mouse mutants with sustained hyperactivation of PI3K/Akt/mTOR pathways, 

which is attributed to mTORC1, a major downstream signaling complex comprising the 

mTOR core kinase, Raptor, and several other adaptor molecules (Beirowski et al., 2017; 

Domènech-Estévez et al., 2016; Figlia et al., 2017b; Goebbels et al., 2010). Conversely, 

thin myelin sheaths were observed in mice with Schwann cell-specific ablation of mTOR 

or Raptor (Norrmén et al., 2014; Sherman et al., 2012). Similarly, Schwann cell-specific 

constitutive activation of Mek1, upstream of ERK1/2 (extracellular-signal-regulated kinase-1 

and −2), primary mediators of the MAPK pathway (Rubinfeld & Seger, 2005), enhanced 

myelin growth, increasing myelin thickness, and conversely, ablation of Erk1/2 led to 

hypomyelination in mutant mice (Ishii et al., 2013; Newbern et al., 2011; Sheean et 

al., 2014). Collectively, these studies argue for a beneficial role of both these pathways 

in developmental myelination. Paradoxically, sustained hyperactivation of either of these 

two pathways in Schwann cells can also be detrimental in adulthood, as late onset of 

pathological changes, including abnormal myelin structures, was observed in sciatic nerves 

of mutant mice, similar to the pathology seen in certain human hereditary peripheral 

neuropathies (Beirowski et al., 2017; Domènech-Estévez et al., 2016; Figlia et al., 2017b; 

Goebbels et al., 2012; Ishii et al., 2016).

Therefore, given the similarities in the outcomes of their perturbation, an important question 

that emerges is whether these two pathways work as independent parallel pathways or 

whether there are molecular overlaps in their downstream signaling. Secondly, since these 

two pathways are also known to regulate CNS myelination (Bercury et al., 2014; Gonsalvez 

et al., 2016; Ishii et al., 2019; Ishii et al., 2012; Lebrun-Julien et al., 2014; Wahl et al., 2014), 

another open question is whether they signal differently, affecting myelination in a Schwann 
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cell- and/or oligodendrocyte-specific manner, or whether the signaling mechanisms are 

conserved between CNS and PNS.

To address these questions, we generated and analyzed a series of genetically modified 

mice and examined the roles of these two pathways in Schwann cells. Our loss-of-function 

data suggest a primary role of ERK1/2 in Schwann cell differentiation, in contrast to a 

primary role of mTOR in oligodendrocyte differentiation, as shown previously. However, 

ERK1/2 is dependent on mTOR signaling for regulating myelin thickness in the PNS, 

similar to that reported in the CNS. Finally, our data suggest that both mTOR-dependent 

and mTOR-independent mechanisms are likely to act downstream of hyperactivated Mek/

ERK1/2-MAPK and PI3K in a context-dependent manner, to cause peripheral nerve 

pathology during adulthood. Thus, Mek/ERK1/2-MAPK and the PI3K/Akt/mTOR signaling 

in Schwann cells play both independent and cooperative roles in PNS myelination and in the 

neuropathology of peripheral nerves caused by their dysregulation.

2 | MATERIAL AND METHODS

2.1 | Mouse lines

We generated mouse lines CnpCre/+;ERK1−/−;ERK2flox/flox and CnpCre/+;mTORflox/flox 

referred to here as CnpCre;ERK1/2-dKO and CnpCre; mTOR-KO where ERK1/2 or 

mTOR is specifically ablated in CnpCre expressing Schwann cells (2ʹ,3ʹ-cyclic nucleotide 

3ʹ-phosphohydrolase; (Gravel et al., 1998; Lappe-Siefke et al., 2003)). This was done by 

appropriate mating of ERK1−/−;ERK2flox/flox or mTORflox/flox line (Jackson Laboratory, 

Jackson Labs: Stock#:011009; (Risson et al., 2009)) with the CnpCre/+ (Lappe-Siefke et 

al., 2003) mice. Furthermore, to simultaneously elevate ERK1/2 activity in mTOR-deficient 

Schwann cell, we generated transgenic mouse lines CnpCre/+; mTORflox/flox;Rosa26Sto 
pFlMek1DD (referred to here as CnpCre;mTOR-KO;MekDD) by mating the mTORflox/flox 

mice with our heterozygous CnpCre/+;Rosa26StopFlMek1DD (CnpCre;Mek1DD) mice 

described previously (Ishii et al., 2013; Ishii et al., 2016; Srinivasan et al., 2009) to produce 

progeny where Cre-mediated excision of floxed STOP cassette leads to the expression of 

constitutively active Mek1 transgene (Mek1DD) and simultaneous loss of mTOR gene.

For some experiments, we also generated mice in which mTOR was conditionally ablated in 

PLP-expressing mature Schwann cells upon intraperitoneal injection of Tamoxifen (Tm) to 

adult mice. These mice were developed by appropriate mating of PlpCreERT;mTORflox/flox 

mice (proteolipid protein; Jackson Laboratory; (Doerflinger et al., 2003; Leone et al., 2003)) 

with either homozygous Rosa26StopFl-Mek1DD line (Mek1DD/Mek1DD) or Rosa26StopFl­

P110* line (PikDD/PikDD) ((Srinivasan et al., 2009); Jackson Laboratory, Stock#:012343), 

to produce Tm-inducible PlpCreERT;mTORflox/flox;Rosa26StopFl-Mek1DD (referred to as 

PlpCreERT;mTOR-KO;MekDD) and PlpCreERT;mTORflox/flox; Rosa26StopFl-P110* lines 

(referred to as PlpCreERT;mTOR-KO;PikDD). Mice heterozygous for mTOR (mTORflox/+) 

were produced in the same litter and referred to as CnpCre;mTOR-het;MekDD and 

PlpCreERT;mTOR-het;PikDD. In these mice, Cre-mediated excision of floxed STOP cassette 

leads to the expression of constitutively active P110*-transgene which is a mutant form of 

P110α (Pik3ca; the catalytic subunit of PI3K) that was made constitutively active by the 

addition of the p85 iSH2 domain (region between the two Src homology two domains of 
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p85 that is required for the enzymatic activity of p110) to the p110 N-terminus. For all 

the lines of transgenic mice generated, littermates lacking Cre are referred to as “controls,” 

facilitating comparison among the genotypes. The genetic background of all the mouse lines 

used in this study was C57BL/6. Genotyping of different lines of mice was performed by 

PCR analysis using the appropriate primers as described previously (Ishii et al., 2012). Both 

male and female mice were used for the study.

2.2 | Electron microscopy

Transgenic and littermate control mice of both sexes were perfused with 4% 

paraformaldehyde, 2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 (Electron 

Microscopy Sciences, Hatfield, PA). Sciatic nerves of mice were postfixed in 1% OsO4. 

Samples were dehydrated through graded ethanol, stained en bloc with uranyl acetate, 

and embedded in Poly/Bed812 resin (Polysciences Inc., Warrington, PA). Semithin (1 

μm) sections were stained with toluidine blue. Ultrathin (0.1 μm) sections from matching 

areas of experimental and control tissue blocks were cut and visualized using an electron 

microscope (JEOL1200CX) at 80 kV. Digitized images (magnification 1000×) were used to 

determine the g-ratios of randomly selected myelinated axons. Approximately 50–100 axons 

were measured per genotype. Statistical analysis was performed on average g-ratios of all 

axons using ANOVA. For comparison of control and mutant mice, note that higher g-ratios 

indicate thinner myelin sheath.

2.3 | Immunohistochemistry

As described previously (Furusho et al., 2012; Ishii et al., 2012), sciatic nerves from 

control and mutant mice of both sexes, perfused with PBS or 4% paraformaldehyde/PBS, 

were subjected to overnight post-fixation in 4% paraformaldehyde/PBS, and then another 

overnight in 20% sucrose/PBS. Frozen transverse and longitudinal sections (10 μm) of 

sciatic nerve were cut. Specimen were rehydrated and blocked (1 h) in PBS, 10% NGS, 

0.3% TritonX100 and incubated overnight (4°C) in myelin protein zero (MPZ, 1:1000, 

Dr. Bruce Trapp, Cleveland Clinic) and Neurofilament M (Nf-m; 1:200, Millipore, MA). 

Prior to immunolabeling Krox-20 (1/200; Dr. Dies Meijer, The University of Edinburgh) 

and Oct-6 (1/200; Dr. Dies Meijer, The University of Edinburgh) sciatic nerve sections 

were subjected to antigen retrieval by 5 min of incubation at 95°C in citrate buffer, pH 

6.0 followed by washes with PBS (3 times, 10 min). After washing the primary antibodies, 

the specimens were incubated in secondary antibodies conjugated to Alexa 488 (1:500; 

Molecular Probes, CA) and Cy3 (1:500; Jackson Immuno-Research, PA), and nuclei were 

counter-stained with Hoechst blue dye 33,342 (1 μg/ml; Sigma, MO).

2.4 | In situ hybridization

Transverse sections of the sciatic nerve from mice of both sexes were prepared as above, 

and in situ hybridization (ISH) was performed as previously described (Furusho et al., 2012; 

Furusho et al., 2011; Ishii et al., 2012), using riboprobes specific for MBP mRNA (Dr. M. 

Qiu, Hangzhou Normal University, China). Briefly, after incubation in 1 μg/ml proteinase K 

at 37°C for 30 min, sections were hybridized over night at 65 °C with digoxigenin-labeled 

antisense cRNA probe, and washed in 50% formamide, 2× SSC, and 1% SDS at 65°C for 

2–3 h, followed by rinses in 2× SSC and 0.2× SSC at room temperature, and 0.1× SSC at 60 
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°C. After blocking in 1% Tween20 and 1% normal goat serum (1 h), sections were incubated 

(overnight) in alkaline phosphatase-conjugated anti-digoxigenin antibody (1:5000; Roche 

Diagnostics, Penzberg, Germany). The color was developed with 4-nitroblue tetrazolium 

chloride and 5-bromo-4-chloro-3-indolylphosphate.

2.5 | Immunoblotting

Immunoblotting was performed as described previously (Fortin et al., 2005). Briefly, 

equal amounts of total proteins from lysates of sciatic nerves from mice of both sexes 

were loaded onto SDS-PAGE, transferred to PVDF membranes, and immunolabeled for 

MPZ (1:10,000; Dr. Bruce Trapp), Krox20 (1:1000; Dr. Dies Meijer), Oct 6 (1:1000; Dr. 

Dies Meijer), phospho-Erk1/2 (1:10,000, Cell Signaling Technology), phospho-mTOR2448 

(1:1000, Cell Signaling Technology) phospho-p70S6KT389 (Thermo Fisher Scientific, Inc., 

MA), phospho-S6RPS235,S236 (1:1000, Cell Signaling Technology) and GAPDH (1:60,000; 

Biodesign International, Saco, ME) or β-actin (1:400,000, Sigma Aldrich, MO) as a loading 

control. Quantification of the bands was done by Image-J software. Statistical analysis was 

done by one-way ANOVA test.

2.6 | Giemsa staining for mast cells

Giemsa stock solution in glycerol (50%) and methanol (50%) was diluted in PBS. 

Longitudinal sections of sciatic nerves were incubated in the diluted solution (0.1% Giemsa/

2.5% glycerol/2.5% methanol/PBS) for 10 min at room temperature. After a 5–10 min wash 

in PBS, the sections were differentiated in 0.25% acetic acid.

2.7 | Teased fibers preparation

Teased fibers were prepared from sciatic nerves dissected from gluteraldehyde perfused 

animals according to the procedure described by Viader et al. (Viader et al., 2011) with 

slight modifications. Specifically, sciatic nerves were washed with 0.1 M cacodylate buffer 

and then incubated in 1% osmiumtetroxide and 1.5% potassium ferricyanide in 0.1 M 

cacodylate buffer for 1 h, followed by washes in PBS and incubation in 33%, 66%, and 

100% glycerol/PBS for 6 h each. Nerves were then treated with 0.6% Sudan black dissolved 

in 70% ethanol at room temperature for 30 min, rinsed with 70% ethanol and water, and 

then placed back in 100% glycerol. Finally, nerves were teased in 100% glycerol and cover 

slipped for imaging. For phospho-ERK1/2 immunolabeling, unfixed nerves are teased into 

single individual fibers and arranged onto slides. Fibers were subjected to antigen retrieval 

by incubation in citrate buffer (pH 6.0, 5 min, 95°C). After three washes in PBS (10 min 

each), the slides were blocked in 10% NGS for 1 h and incubated overnight at 4°C in 

anti-phospho-ERK1/2 (1:400; Cell Signaling Technology), which was diluted in 10% NGS/

0.3% Triton X-100. The ABC system (Vector Laboratories) and DAB (Sigma) were used to 

develop the color.
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3 | RESULTS

3.1 | Differentiation of Schwann cell precursors is differentially affected by conditional 
ablation of ERK1/2 or mTOR

In the PNS, CNP is first expressed embryonically by Schwann cell precursors that give 

rise to both myelinating and non-myelinating Schwann cells (Gravel et al., 1998; Jessen 

& Mirsky, 2005). We utilized CnpCre to conditionally ablate ERK2 or mTOR from 

Schwann cell precursors to compare in parallel the effects of their loss on Schwann cell 

differentiation. Specifically, ERK1−/−;ERK2flox/flox mice (Fan et al., 2009) were bred with 

CnpCre+/− mice (Lappe-Siefke et al., 2003) to generate CnpCre+/−; ERK1−/−;ERK2flox/flox 

mice (referred to here as CnpCre;ERK1/2-dKO). Similarly, mTORflox/flox mice (Jackson 

Labs) were bred with CnpCre+/− mice to generate CnpCre+/−;mTORflox/flox mice (referred 

to here as CnpCre;mTOR-KO). Littermate mice with no Cre were used as controls. 

Mice heterozygous for mTOR (CnpCre;mTOR-het), showed no phenotype and were 

indistinguishable from control.

We first examined the ultrastructure of sciatic nerves by electron microscopy (EM) analysis 

(Figure 1(a)) and found that in the CnpCre; ERK1/2-dKO mice, the majority of axons 

remained unmyelinated, even at P30. In contrast, in the CnpCre;mTOR-KO, the majority 

of axons were wrapped by compact myelin sheaths. Consistent with previous reports, the 

myelin in our CnpCre;mTOR-KO mice appeared thinner than control (Sherman et al., 2012). 

A similar phenotype was reported when Raptor, major component of mTORC1, was ablated 

using DhhCre line (Norrmén et al., 2014). Quantification of the numbers of myelinated 

and unmyelinated axons confirmed these observations and showed a statistically significant 

reduction in the percentage of axons that were myelinated in the CnpCre;ERK1/2-dKO 
compared to control and CnpCre;mTOR-KO mice (Figure 1(b)) [% of myelinated axons 

and p-values: Control (100%) vs. CnpCre;ERK1/2-dKO (17.4%): p = 8.0 ×10−6; Control 

(100%) vs. CnpCre;mTOR-KO (98.7%): p = .37]. Higher magnification EM images of 

CnpCre;Erk1/2-dKO sciatic nerves showed that Schwann cells were arrested at different 

stages of their maturation–that is, as immature Schwann cells engulfing numerous unsorted 

axons and as promyelinating Schwann cells that had undergone sorting and had established a 

one-to-one ratio with axons but failed to make compact myelin sheaths (Figure 1(c)).

We next asked whether the expression of major myelin proteins and transcription factors is 

affected differently in the sciatic nerves of ERK1/2 dKO compared to mTOR-KO mice. But 

we first performed immunoblot analysis for p-Erk1/2 and pan-mTOR and confirmed that 

as expected p-Erk1/2 expression was indeed downregulated in the CnpCre;Erk1/2-dKO and 

pan-mTOR in the CnpCre;mTOR-KO mice compared to their respective controls (Figure 

2(a)). We next examined the sciatic nerves from CnpCre;ERK1/2-dKO and CnpCre;mTOR­
KO mice by immunolabeling, in situ hybridization, and western blotting for the expression 

of major myelin proteins, myelin protein zero (MPZ) and myelin basic protein (MBP), 

and key transcription factors, Krox-20 (marker of myelinating Schwann cells) and Oct-6 

(marker of promyelinating Schwann cells), which normally are reciprocally up- and 

down-regulated, respectively, at the onset of myelination. Consistent with the arrest of 

differentiation observed in the CnpCre; ERK1/2-dKO mice by ultrastructural analysis, we 
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found that compared to control, these mice showed a highly significant reduction in the 

levels of MPZ protein and MBP mRNA (Figure 2(b,c)). Furthermore, as expected at P30, 

control sciatic nerves showed a low expression of Oct-6 and high expression of Krox-20 

in Schwann cells (Figure 2(b)). However, in ERK1/2-deficient Schwann cells, Krox-20 

failed to be upregulated, and Oct-6 continued its expression, even at P30. In contrast, 

CnpCre;mTOR-KO mice showed only a partial reduction in MPZ protein and MBP mRNA 

signals, consistent with the observed hypomyelination of axons in these mice. Interestingly, 

the signal intensity of Krox-20 protein was found to be considerably increased in these 

mutants compared to controls, as was reported previously in Raptor KO mice (Figlia et al., 

2017b). Oct-6 expression was retained in some mTOR-deficient Schwann cells, presumably 

due to a transient delay in the onset of myelination, as was reported previously in Raptor 

KO mice (Norrmén et al., 2014) (Figure 2(b)). Quantification of MPZ, Krox-20, and Oct-6 

protein levels by immunoblot analysis of sciatic nerves confirmed the statistically significant 

changes in the levels of these proteins in mutant mice, as was indicated by immunolabeling 

of sciatic nerve sections (Figure 2(d)).

We conclude that the ablation of ERK1/2 in Schwann cells leads to a highly significant 

downregulation of major myelin gene/protein and the key transcription factor Krox-20, 

required for onset of PNS myelination, correlating with arrest of Schwann cell 

differentiation and myelination. In contrast, mice lacking mTOR in Schwann cells were able 

to myelinate axons but with thinner myelin sheath than control, indicating that the absence 

of ERK1/2 affects Schwann cell differentiation in a different and more dramatic manner than 

the absence of mTOR.

3.2 | Sustained elevation of Mek/ERK1/2 activity in Schwann cells failed to rescue the 
deficits in myelin thickness caused by the loss of mTOR

Previous gain- and loss-of-function genetic studies have suggested that both the Mek/

ERK1/2-MAPK and the PI3K/Akt/mTOR signaling pathways are involved in regulating 

the thickness of PNS myelin (Beirowski et al., 2017; Cotter et al., 2010; Domènech-Estévez 

et al., 2016; Figlia et al., 2017b; Goebbels et al., 2010; Ishii et al., 2013; Norrmén et al., 

2014; Sheean et al., 2014; Sherman et al., 2012). However, it was unclear whether these 

two major signaling pathways play independent parallel roles in vivo or cooperate with each 

other using a common downstream mechanism to regulate myelin thickness. To address 

this question, we asked whether sustained elevation of ERK1/2 activity (by constitutive 

activation of Mek1) in mTOR-deficient Schwann cells could rescue the deficits in myelin 

thickness observed in the CnpCre; mTOR-KO mice (Sherman et al., 2012). We therefore 

generated and analyzed a transgenic mouse line (referred to as CnpCre;mTOR-KO;MekDD) 

where mTOR was deleted (mTOR-KO) and simultaneously Mek1 was constitutively 

activated (MekDD) specifically in Cnp-expressing Schwann cells and compared it to the 

CnpCre;mTOR-KO mice (Figure 3(a)).

Ultrastructural examination of sciatic nerves and quantification of myelin thickness by 

g-ratio analysis showed that consistent with previous reports (Sherman et al., 2012), the 

majority of the axons in the sciatic nerves of the CnpCre;mTOR-KO mice were myelinated 

by myelin sheaths that were thinner than control even at P30 (Figure 3(a)). Importantly, 
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we found that sustained over-activation of ERK1/2 could not abrogate this defect, and 

the myelin sheaths, wrapping similar diameter axons, remained thinner than control in the 

CnpCre;mTOR-KO;MekDD mice similar to that in the CnpCre;mTOR-KO mice (Figure 3 

(a)) [average g-ratios and p-values: Control (0.66) vs. CnpCre;mTOR-KO (0.75): p = 1.1 

×10−12 vs. CnpCre;mTOR-KO;MekDD (0.74): p = 2.4X10−9].

Moreover, we have shown previously that sustained overactivation of Mek/ERK1/2 

in Schwann cells led to the formation of significantly thicker myelin sheaths in the 

CnpCre;MekDD mice compared to controls (Ishii et al., 2013; Sheean et al., 2014). 

We first confirmed these findings and once again showed the formation of significantly 

thicker myelin sheaths compared to controls, in CnpCre;MekDD mice (Figure 3(a)). This 

Mek/ERK1/2-driven increase in myelin thickness was completely abrogated when mTOR 

was simultaneously ablated in these mice (CnpCre; mTOR-KO;MekDD). Quantification of 

myelin thickness by g-ratio analysis confirmed that compared to control, increased myelin 

thickness was observed in the CnpCre;MekDD mice but not in the CnpCre;mTOR-KO; 

MekDD mice (Figure 3(a)) [average g-ratios and p-values: Control (0.66) vs. MekDD (0.51): 

p = .2×10−24 vs. CnpCre;mTOR-KO;MekDD (0.74): p = 2.4X10−9]. These data together 

indicate a role of mTOR signaling in the ERK1/2-mediated increase of myelin thickness 

during PNS myelination.

Furthermore, as we have shown above (Figure 1(a,b)), in the CnpCre;Erk1/2-dKO mice, 

80% of axons remained unmyelinated, even at P30 (last time point studies due to lethality 

beyond this). We found that the remaining 20% of axons of similar diameter appeared 

to be wrapped by thinner-than-normal myelin sheaths. We quantified myelin thickness of 

these myelinated axons by g-ratio analysis and found that similar to CnpCre;mTOR-KO, the 

myelin sheath was significantly thinner than control in these mice [average g-ratios and p­

values: Control (0.82) vs. CnpCre;Erk1/2-dKO (0.90), p = .1 ×10−20 vs. CnpCre;mTOR-KO 
(0.87)] (Figure 3(b)). These loss- and gain-of-function studies together indicate that ERK1/2 

is needed not only for differentiation of Schwann but also for the growth of the myelin 

sheath in the PNS.

Taken together, we conclude that the deficits in myelin growth caused by the loss of mTOR 

during developmental myelination in the PNS could not be abrogated by simultaneous 

elevation of ERK1/2 activity. Conversely, the increase of myelin thickness caused by the 

hyperactivation of ERK1/2 was abrogated when mTOR was simultaneously ablated in 

Schwann cell precursors, together suggesting that ERK1/2-mediated regulation of myelin 

thickness is dependent on mTOR signaling in the PNS.

3.3 | Ablation of mTOR early during development abrogates pathological changes caused 
by the simultaneous hyperactivation of Mek/ERK1/2 in myelinating and non-myelinating 
Schwann cells

We have previously shown that increasing the level of ERK1/2 in Schwann cell precursors 

leads to a progressive late onset of pathological changes in the sciatic nerves of adult 

and aging mice, which is characterized by abnormal myelin growth and the formation 

of “tomacula-like” structures in the CnpCre;MekDD mice (Ishii et al., 2016). Similar 

abnormalities were reported when Egr2Cre line was used to constitutively express MekDD 
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(Sheean et al., 2014). Here, we asked whether these ERK1/2-mediated pathological 

changes involved mTOR signaling in Schwann cells and therefore could potentially be 

abrogated by simultaneous deletion of mTOR in these mice. To address this question, 

we hyperactivated Mek/ERK1/2 and simultaneously ablated mTOR from Schwann cell 

precursors and analyzed the sciatic nerves of control, CnpCre;MekDD, CnpCre;mTOR­
het;MekDD, and CnpCre;mTOR-KO;MekDD mice at 2–8 months of age (Figure 4(a)). As 

expected, the aberrant myelin structures and increased extracellular spaces were observed in 

the CnpCre;MekDD mice at 2 months of age, which became more pronounced by 6 months. 

Similar pathology was observed in the CnpCre;mTOR-het;MekDD mice compared to 

controls. However, these pathological changes were completely abrogated when both alleles 

of mTOR were deleted in Schwann cells in which Mek/ERK1/2 were also hyperactivated 

(CnpCre;mTOR-KO; MekDD). We also examined teased fiber preparations of sciatic nerves 

stained with Sudan black (Figure 4(b)). Abnormal myelin with focal thickening at the 

paranodes (tomacula) was clearly identified in the CnpCre;MekDD and CnpCre;mTOR­
het;MekDD mice but not in the CnpCre;mTOR-KO;MekDD mice. To quantify the presence 

of pathological structures in the mutant mice we examined semithin cross sections and 

found that about 25%–30% of myelinated axons showed abnormal myelin structures in 

the CnpCre;MekDD and CnpCre;mTOR-het; MekDD mice, whereas the CnpCre;mTOR­
KO;MekDD and control mice did not show these abnormalities (Figure 4(e)).

We next examined the effects of direct hyperactivation of MAPK/ERK1/2 in non­
myelinating Schwann cells that engulf small diameter axons to form structures called Remak 

bundle (Jessen & Mirsky, 2005). Remak bundle disruption and Mek activation have been 

previously reported in mice with Nf1 mutation (Mayes et al., 2011; Wu et al., 2008). 

We found that while sciatic nerve cross-sections from 6–8-month-old control mice showed 

normal Remak bundles, they appeared disrupted and disorganized in the CnpCre; MekDD 

and CnpCre;mTOR-het;MekDD mice. In contrast, CnpCre;mTOR-KO;MekDD mice showed 

normal Remak bundles, indicating complete rescue of the defect by mTOR ablation in these 

mice (Figure 4(c)).

Inflammatory reactions, such as mast cell infiltration plays a role in Schwann cell-mediated 

nerve pathology (Monk et al., 2007). We had previously shown an increase in mast cell 

infiltration in the sciatic nerves of CnpCre;MekDD mice (Ishii et al., 2016). Here we 

examined the affect of mTOR ablation on mast cell infiltration by Giemsa staining of 

longitudinal sections of sciatic nerves (Figure 4(d)). We found that the increased infiltration 

of mast cells was observed not only in the sciatic nerves of the CnpCre;MekDD but also in 

CnpCre; mTOR-het;MekDD mice. However, this increase did not occur when mTOR was 

ablated in the CnpCre;mTOR-KO;MekDD mice. Quantification of the numbers of mast cells 

confirmed these findings and showed that while the numbers of mast cells were significantly 

increased in CnpCre;MekDD sciatic nerves compared to controls, there was no such increase 

in CnpCre;mTOR-KO;MekDD mice (Figure 4(f)).

Finally, in order to get a better understanding of the status of signaling downstream of 

mTOR, in Schwann cell of mice where mTOR was ablated and simultaneously Erk1/2 

was activated during Schwann cell development, we performed immunoblot analysis 

for p-p70S6KT389 and p-S6RPS235,S236, classical mTOR targets, in sciatic nerve protein 
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homogenates from the CnpCre;mTOR-het;MekDD, CnpCre;mTOR-KO, CnpCre;mTOR­
KO;MekDD and control mice (Figure 4(g)). But first we examined the level of p-mTOR2448 

and demonstrated that stimulation of Erk1/2 activity in CnpCre;mTOR-het; MekDD led 

to a significant elevation of p-mTOR2448 in sciatic nerves, similar to that we showed 

previously in the spinal cord of these mice (Furusho et al., 2017). We also demonstrated that 

p-mTOR2448 was dramatically downregulated in both the CnpCre;mTOR-KO and CnpCre; 

mTOR-KO;MekDD mice compared to control and CnpCre;mTOR-het; MekDD, as expected 

(Figure 4(g-i)). Similarly, p-p70S6KT389 and p-S6RPS235,S236 were also downregulated in 

these mice with mTOR ablation (Figure 4(g-ii,iii)).

In order to determine if Erk1/2 activation was affected by mTOR ablation in Schwann 

cells, we examined p-Erk1/2 levels by immunoblotting in sciatic nerve homogenates (Figure 

4(g-iv)). We found that while p-Erk1/2 levels were significantly elevated in CnpCre;mTOR­
KO;MekDD compared to control mice, as expected, this upregulation was abrogated in both 

CnpCre; mTOR-KO and CnpCre;mTOR-KO;MekDD mice where mTOR was ablated.

We conclude that the late onset of sciatic nerve pathology caused by the sustained elevation 

of Mek/ERK1/2 activity was completely abrogated when mTOR was simultaneously deleted 

from Cnp-expressing Schwann cells precursors early during development. Furthermore, 

the downregulation of p-p70S6KT389, p-S6RPS235,S236 and p-Erk1/2 activities correlated 

with the loss of mTOR in the CnpCre;mTOR-KO;MekDD and with the abrogation of the 

pathology in these mice.

3.4 | Mek/ERK1/2-mediated myelin pathology was not abrogated when mTOR was 
simultaneously ablated from myelinating Schwann cells during adulthood

We have previously shown that hyperactivation of Mek/ERK1/2, when induced in 

myelinating Schwann cells during adulthood, leads to a similar late onset of myelin 

pathology as was observed when it was hyperactivated early during development (Ishii 

et al., 2016). We therefore asked whether hyperactivated Mek/ERK1/2 in this scenario 

also uses mTOR activation as a downstream signal to manifest pathological changes. To 

test this, we generated transgenic mice where Mek was constitutively activated (MekDD), 

and simultaneously, mTOR was ablated in the adult mice using tamoxifen-inducible 

PlpCreERT mice (referred to as PlpCreERT;mTOR-KO;MekDD) (Figure 5). We examined 

semithin sections of sciatic nerves from control, PlpCreERT;MekDD and PlpCreERT;mTOR­
KO;MekDD mice injected with Tm at 1 month of age and analyzed at 12 months 

post-injection (MPI). As expected, we found numerous abnormal myelin figures in the 

PlpCreERT;MekDD but not in the controls, as we had shown previously (Ishii et al., 2016). 

Interestingly, the ablation of mTOR was unable to abrogate this myelin pathology and 

the PlpCreERT;MekDD and PlpCreERT;mTOR-KO;MekDD looked very similar (Figure 5(a)). 

Higher-magnification EM images of sciatic nerve cross-sections showed abnormal myelin 

structures in detail, including out-foldings with invaginating recurrent loops that appear as 

concentric rings of myelin, Wallerian-type degeneration with axons in different stages of 

degeneration. And aberrant hypermyelination with axonal compression, which were present 

in both PlpCreERT;MekDD (Figure 5(b-i–iii)) and PlpCreERT;mTOR-KO;MekDD (Figure 

5(b-iv–vi)) mice. This was further confirmed by quantification of these abnormal structures 
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on semithin cross sections of sciatic nerves from control and mutant mice (Figure 5(d)). We 

found a highly significant and similar increase in the percentage of affected axons in the 

PlpCreERT;MekDD and PlpCreERT;mTOR-KO;MekDD mice compared to controls.

Teased sciatic nerve fibers from PlpCreERT;MekDD mice at 12 MPI showed the presence 

of focal thickening of the myelin sheath at the paranodal regions (tomacula). However, this 

myelin pathology could not be abrogated after ablation of mTOR in the PlpCreERT;mTOR­
KO;MekDD mice (Figure 5(c)). Since the myelin pathology appeared to originate from 

paranodes, we examined the expression pattern of activated ERK1/2 by immunolabeling 

teased fiber preparations of control sciatic nerves with anti-phospho-Erk1/2 and found a high 

level of p-Erk1/2 localized at the paranodes (Figure 5(e)).

Lastly, we performed immunoblot analysis for p-mTOR2448, p-p70S6KT389, p­

S6RPS235,S236 and p-Erk1/2 on sciatic nerve homogenates from the PlpCreERT;MekDD, 

PlpCreERT;mTOR-KO;MekDD and control mice to determine how the ablation of mTOR 

and simultaneous activation of Erk1/2 in Schwann cells during adulthood would affect 

their activity (Figure 5(f)). We found that compared to controls, the level of p-mTOR2448 

was significantly elevated in adult sciatic nerves when Erk1/2 activity was elevated in 

PlpCreERT;MekDD mice. Furthermore, as expected, a significant reduction of p-mTOR2448 

was observed in the PlpCreERT;mTOR-KO;MekDD mice compared to PlpCreERT;MekDD 

which demonstrated that mTOR was indeed ablated in the adult sciatic nerves of these mice 

(Figure 5(f-i)). However, in contrast to p-mTOR2448, its downstream targets, p-p70S6KT389 

and p-S6RPS235,S236, were neither elevated nor downregulated in PlpCreERT;MekDD or 

PlpCreERT;mTOR-KO;MekDD mice (Figure 5(f-ii,iii)). As expected, p-Erk1/2 levels were 

significantly elevated in PlpCreERT; MekDD compared to control mice. However, unlike 

CnpCre;mTOR-KO;MekDD the p-Erk1/2 activity remained elevated in the PlpCreERT; 

mTOR;MekDD mice at a level comparable to PlpCreERT;MekDD (Figure 5(f-iv)).

We conclude that the ERK1/2-mediated pathology cannot be abrogated when its 

hyperactivation and simultaneous ablation of mTOR occurs in adult mice. Furthermore, 

p-p70S6KT389 and p-S6RPS235,S236 and p-Erk1/2 activities were not downregulated upon 

mTOR ablation, together indicating that the Mek/ERK1/2-mediated manifestation of sciatic 

nerve pathology becomes mTOR-independent during adulthood.

3.5 | PI3K-mediated pathology was also not abrogated when mTOR was simultaneously 
ablated during adulthood from myelinating and non-myelinating Schwann cells

It has been reported that ablation of PTEN in Schwann cells, which indirectly results in 

hyperactivation of the PI3K pathway, leads to a late onset of abnormal myelin pathology 

in the sciatic nerves of these mice (Goebbels et al., 2012). In this study, we generated and 

analyzed transgenic mice, where hyperactivation of PI3K was induced in Schwann cells 

of adult mice directly by constitutive activation of the Pik3ca (PikDD), which encodes the 

catalytic subunit of PI3K. We found that similar to the PTEN-KO mice, sciatic nerves from 

PlpCreERT;PikDD and PlpCreERT;mTOR-het;PikDD mice showed a late onset of pathological 

changes (Figure 6). Given the similarities in the pathological outcomes observed in 

the PlpCreERT;mTOR-het;PikDD and the PlpCreERT;mTOR-het;MekDD mice, we asked 

whether simultaneous ablation of mTOR induced during adulthood would have an impact 
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on the PI3K-mediated pathology. We therefore generated tamoxifen-inducible conditional 

PlpCreERT;mTOR-KO;PikDD mice and compared them with control and PlpCreERT;mTOR­
het;PikDD for potential sciatic nerve pathology at 5 MPI, following Tm injection at 1 month 

of age (Figure 6). Toluidine blue-stained semithin cross-sections and EM images from 

the PlpCreERT;mTOR-het;PikDD mice showed examples of abnormal myelin overgrowths, 

appearing as darkly stained myelin figures in semithin sections (Figure 6(a)), and in 

high-magnification EM images, as myelin out-foldings with evaginating recurrent loops, 

redundant myelin, constricting and displacing the axon, and multiple evaginating recurrent 

loops that appeared as if one Schwann cell was ensheathing multiple small diameter 

axons (Figure 6(b-i–iii)). Interestingly, ablation of mTOR failed to abrogate these myelin 

abnormalities in the PlpCreERT;mTOR-KO;PikDD mice (Figure 6(a,b-iv–vi)). Furthermore, 

examination of Sudan black-stained teased sciatic nerve fibers from the PlpCreERT;mTOR­
het;PikDD mice showed abnormal myelin structures, which were also not abrogated in 

mice where mTOR was ablated (Figure 6(c)). These observations were confirmed by 

quantification of the abnormal myelin figures in semithin cross sections from sciatic 

nerves of control, PlpCreERT;PikDD and PlpCreERT;mTOR-KO; PikDD mice which showed 

that compared to control there was a statistically significant and similar increase in the 

percentage of affected axons in both the PlpCreERT;PikDD and PlpCreERT;mTOR-KO;PikDD 

mice (Figure 6(d)), indicating that like Mek, PI3K-mediated pathology could not be 

abrogated when mTOR was simultaneously ablated in the adult animals.

Lastly, since Pik3ca could directly activate mTOR in the absence of PI3K activation 

(Sawade et al., 2020), we first wanted to confirm that mTOR was indeed activated in 

these mice. We therefore performed immunoblot analysis for p-mTOR2448 on sciatic 

nerve homogenates from the PlpCreERT;PikDD, PlpCreERT;mTOR-KO;PikDD and control 

mice (Figure 6(e)). As expected, we found that p-mTOR2448 was upregulated in the 

PlpCreERT;PikDD mice compared to controls and that ablation of mTOR abolished this 

increase in the PlpCreERT;mTOR-KO;PikDD mice (Figure 6(e-i)). We next examined the 

status of p70S6K activity and found that p-p70S6KT389 levels were also elevated in the 

PlpCreERT;PikDD mice and that they remained elevated even in the absence of mTOR in 

PlpCreERT;mTOR-KO;PikDD mice (Figure 6(e-ii)).

We next examined the structure of Remak bundles in control and mutant mice. While the 

Remak bundles in the control mice were well formed, we found that they were disrupted 

in the PlpCreERT;mTOR-het;PikDD mice (Figure 7(a)). Ablation of mTOR was unable 

to prevent this disruption of Remak bundles in the PlpCreERT;mTOR-KO;PikDD mice. 

EM images at high magnification showed other abnormalities in the PlpCreERT;mTOR­
het;PikDD mice, which include multiple redundant membranous structures, often appearing 

to nonrandomly hyper-wrap small-diameter axons, and increased accumulation of 

extracellular collagen fibers, often surrounded by abnormal hyper-wrapped membranes 

(Figure 7(b-i–iii)). These abnormalities also did not get abrogated by mTOR ablation in 

the PlpCreERT;mTOR-KO;PikDD mice (Figure 7(b-iv–vi)).

Taken together, we conclude that the ablation of mTOR in Schwann cells during adulthood 

was unable to abrogate any of the pathological changes induced by simultaneous elevation 

of PI3K activity in these cells.
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4 | DISCUSSION

This in vivo study investigated the relative involvement and interaction of the PI3K/Akt/

mTOR and Mek/ERK1/2-MAPK pathways in Schwann cell differentiation, myelin 

formation, and maintenance of normal myelin homeostasis during adulthood, summarized in 

Figure 8. The data suggest that while the two pathways differentially regulate Schwann cell 

differentiation, they work together to enhance myelin thickness, converging at the level of 

mTORC1. Dysregulation of these pathways leads to a late onset of sciatic nerve pathology 

that is likely to utilize both mTOR-dependent and mTOR-independent mechanisms in a 

context-dependent manner.

Loss- and gain-of-function studies have shown that modulating Mek/ERK1/2 or mTOR 

signaling in immature Schwann cells affects their differentiation in different ways. 

Specifically, loss of ERK1/2 led to arrest of Schwann cell differentiation, and as a 

result, the majority of axons remained unmyelinated, even in adult mice ((Newbern et al., 

2011); Figure 1), whereas ablation of mTOR or Raptor did not affect differentiation of 

Schwann cells to the promyelinating state in major ways and all axons became myelinated, 

although after a transient delay ((Norrmén et al., 2014; Sherman et al., 2012); Figure 

1). Paradoxically, transient delay of promyelinating to myelinating transition was also 

observed when mTORC1 was hyperactivated by Schwann cell-specific perinatal deletion 

of TSC1 or PTEN, negative regulators of the PI3K/Akt/mTOR pathway (Beirowski et al., 

2017; Figlia et al., 2017b). In contrast, constitutive hyperactivation of Mek/ERK1/2 in 

immature Schwann cells did not affect their differentiation (Ishii et al., 2013). Furthermore, 

Krox-20, the master transcription factor, was also differentially regulated by ERK1/2 and 

mTOR during Schwann cell differentiation. Specifically, we found that loss of ERK1/2 

decreased Krox-20 expression, consistent with an arrest of Schwann cell differentiation. In 

contrast, loss of Schwann cell-specific Raptor (Figlia et al., 2017b) or mTOR (Figure 2) 

upregulated Krox-20 expression, and conversely, hyperactivation of mTORC1 signaling led 

to its downregulation (Figlia et al., 2017b). Collectively, these studies support the notion 

that Schwann cell differentiation is differentially regulated by the Mek/ERK1/2-MAPK and 

PI3K/Akt/mTOR pathways, with ERK1/2 playing a primary role in the PNS, in contrast 

to CNS, where mTORC1, not ERK1/2 signaling, plays a leading role in oligodendrocyte 

differentiation (Bercury et al., 2014; Gonsalvez et al., 2016; Ishii et al., 2019; Ishii et al., 

2012; Lebrun-Julien et al., 2014; Wahl et al., 2014).

Following Schwann cell differentiation and initiation of myelin wrapping, the radial growth 

of the myelin sheath continues rapidly to match axon caliber to myelin thickness. Gain- 

and loss-of-function studies have shown that both Mek/ERK1/2-MAPK and PI3K/Akt/

mTOR pathways are important regulators of myelin thickness and that modulation of 

these pathways leads to very similar outcomes. Specifically, hyperactivation of mTORC1 

in Schwann cell of transgenic mice by deletion of PTEN or TSC1 or by expression of 

membrane-targeted activated Akt (MyrAkt), an upstream activator of mTORC1, led to 

the formation of thicker-than-normal myelin sheaths (Beirowski et al., 2017; Domènech­

Estévez et al., 2016; Figlia et al., 2017a; Figlia et al., 2017b; Goebbels et al., 2010). 

Similarly, hyperactivation of Mek/ERK1/2 in Schwann cells also resulted in increased 

myelin thickness (Ishii et al., 2013; Sheean et al., 2014). Conversely, ablation of mTOR 
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or Raptor in Schwann cells led to the formation of thinner-than-normal myelin sheaths 

((Norrmén et al., 2014; Sherman et al., 2012); Figure 1). Similarly, here we show that in 

ERK1/2-dKO, the 20% of axons that were myelinated had thin myelin sheaths. Given these 

similarities, the key question that we addressed here was whether Mek/ERK1/2-MAPK 

and PI3K/Akt/mTOR pathways play independent, parallel roles or converge at a common 

downstream target to regulate myelin thickness in the PNS. Since we found that sustained 

elevation of Mek/ERK1/2 activity in Schwann cells failed to rescue the deficit in myelin 

thickness caused by the loss of mTOR and that the increase of myelin thickness driven by 

Mek/ERK1/2 hyperactivation was completely abrogated when mTOR was simultaneously 

ablated, we concluded that the two major signaling pathways work together, converging at 

the level of mTORC1 to regulate myelin thickness in the PNS. It is interesting to note that 

this unique mechanism of regulating myelin growth is highly conserved between the CNS 

and PNS, since we recently showed that ERK1/2 in oligodendrocytes also signal through 

mTOR (Ishii et al., 2019) to regulate myelin thickness.

Although a key role of myelinating Schwann cells is the formation of the myelin sheaths 

of the correct thickness during developmental myelination, it is equally important that 

Schwann cells maintain normal myelin homeostasis throughout life. This is because several 

human hereditary peripheral neuropathies are known to be associated with dysregulation of 

Schwann cell functions, including myelin abnormalities and axonal degeneration. (Scherer 

& Wrabetz, 2008; Suter & Scherer, 2003). Therefore, a better understanding of the 

regulatory mechanisms underlying their dysfunction would contribute in the long run to 

identify potential therapeutic targets for ameliorating the pathology in human neuropathies. 

Hyperactivation of mTORC1 activity is believed to be responsible for these abnormalities, 

since they could be corrected by rapamycin injection to postnatal or adult mice where the 

PI3K/Akt/mTOR pathway was hyperactivated in Schwann cells (Domènech-Estévez et al., 

2016; Goebbels et al., 2012). Interestingly, we observed very similar myelin abnormalities 

in mice with hyperactivation of the Mek/ERK1/2-MAPK pathway in Schwann cells ((Ishii 

et al., 2016), present study). In both cases, myelin pathology appeared to originate from 

paranodal loops, where high levels of both phospho-ERK1/2 (present data) and phospho-Akt 

are preferentially localized (Goebbels et al., 2012). Hyperactivation of PI3K/Akt/mTOR 

or Mek/ERK1/2-MAPK pathways also led to similar Remak bundle pathology, in these 

mutant mice ((Domènech-Estévez et al., 2016; Figlia et al., 2017b; Goebbels et al., 2010); 

present study). Given these similarities, here, we addressed the question of whether the 

neuropathology was caused by independent parallel mechanisms or involved downstream 

convergence of these two pathways, as was seen during development. Our analysis of 

CnpCre;mTOR-KO;MekDD mice clearly showed that when hyperactivation of Mek/ERK1/2 

and simultaneous deletion of mTOR occurred early in development, then mTORC1 targets, 

p-p70S6K and p-S6RP activities were downregulated and the late onset of sciatic nerve 

pathology was abrogated, suggesting that Mek/ERK1/2-induced dysfunction of Schwann 

cells was dependent on downstream mTOR signaling and supporting a model for the 

convergence of the two pathways at the level of mTORC1 in this scenario.

However, when we examined tamoxifen-inducible PlpCreERT; mTOR-KO;MekDD mice, 

where Mek/ERK1/2 was hyperactivated and simultaneously mTOR was conditionally 

ablated in the adult mice after myelination is largely terminated, we were surprised to see 

Ishii et al. Page 14

Glia. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that the Mek/ERK1/2-induced sciatic nerve pathology was not abrogated. Furthermore, in 

a parallel study, we found that in the PlpCreERT;mTOR-KO;PikDD mice, where ablation of 

mTOR and simultaneous hyper-activation of PI3K were induced conditionally in the adult 
mice, the PI3K-mediated sciatic nerve pathology was also not abrogated. In both these cases, 

p-p70S6K and p-S6RP activity was not down-regulated in spite of mTOR ablation. Thus, 

it is plausible that in adult mice, manifestation of pathological changes by hyperactivated 

Mek/ERK1/2 or PI3K could potentially occur by mechanisms independent of mTOR.

Here we have hypothesized that the differences in the observed outcomes are due to 

difference in the timing of mTOR ablation/Mek activation that is, during development versus 

adulthood. An alternate interpretation could be that since Cnp has been reported to be also 

expressed by certain other cell types (Ballestero et al., 1999; Genoud et al., 2002; Heath 

& Hindman, 1986; Tognatta et al., 2017), the observed differences could be due to off 

target effects of CnpCre. Furthermore, since in the CnpCre/+ mice the Cre recombinase is 

knocked-in in one of the Cnp alleles (Lappe-Siefke et al., 2003), the haploinsufficiency for 

Cnp in the mutant mice combined with other gene perturbations (like mTOR and ERK1/2 

perturbation), could reveal a pathological phenotype due to CNPase haploinsufficiency itself 

as was suggested previously (Della-Flora Nunes et al., 2017). However, it is to be noted that 

two other Cre line, DhhCre and Egr2Cre, whose expression begins embryonically similar 

to CnpCre and used widely to recombine in a Schwann cell-specific manner, showed the 

same phenotypes as the CnpCre line with regards to Raptor/mTOR ablation and MekDD 

activation (Ishii et al., 2016; Norrmén et al., 2014; Sheean et al., 2014; Sherman et al., 

2012). Therefore, while not completely ruled out, we believe that the observed phenotypes 

of the mutant mice are unlikely to be meaningfully contributed by the CnpCre line itself but 

are most likely due to the different timing of ablation/stimulation during development versus 

adulthood.

Interestingly, previous studies that used rapamycin, which disrupts mTOR signaling in all 

cell types suggested that mTOR, presumably in Schwann cells, was responsible for some 

but not all of the PNS phenotypes driven by hyperactivation of the PI3K pathway. For 

example, while rapamycin injected for 8 weeks to 3-month-old mice abrogated the myelin 

out-foldings and tomacula phenotypes, no improvement of hyper-wrapping in the Schwann 

cell/Remak bundle units was detected in the rapamycin-treated transgenic mice (Domènech­

Estévez et al., 2016). More recently, overgrowth of myelin observed after ablation of Fbxw7 

in Schwann cells was reported to be due to the hyperactivation of mTOR; however, the 

ensheathment of multiple axons by mutant Schwann cells was found to be independent of 

mTOR signaling (Harty et al., 2019). Thus, evidence from previous studies, together with 

our present findings, supports the hypothesis that abnormal membrane growth in the PNS, 

by hyper-activation of PI3K or Mek/ERK1/2, is likely to utilize both mTOR-dependent and 

mTOR-independent mechanisms.

The identity of these mTOR-independent mechanisms that may operate in Schwann cells 

is currently poorly understood. However, it is known that both Mek/ERK1/2-MAPK and 

PI3K signaling controls numerous cytosolic targets and various transcription factors (Anjum 

& Blenis, 2008). Therefore, it is possible that one or more of these targets may act 

independently of mTOR and significantly influence Schwann cell intracellular signaling. 
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For example, one plausible mTOR-independent mechanism could be the sustained increase 

in Krox-20 expression through Mek-dependent activation of YY1 (He et al., 2010), which 

could lead to increased myelin gene expression and uncontrolled membrane growth. Other 

likely candidates, Rac1 and Jun, previously proposed to perform the mTOR-independent 

roles of PI3K (Domènech-Estévez et al., 2016; Harty et al., 2019), could potentially, 

indirectly or directly, be targeted by the MAPK pathway, as well.

In summary, we show that while the Mek/ERK1/2-MAPK and PI3K/Akt/mTOR pathways 

play very different roles during Schwann cell differentiation, they cooperate with each 

other to regulate myelin thickness during developmental myelination, by using mTOR 

signaling as a common downstream mechanism. Finally, these studies have revealed 

that mTOR-independent, in addition to mTOR-dependent, mechanisms are likely to be 

involved in causing PNS neuropathology observed during adulthood in mice with sustained 

hyperactivation of Mek or PI3K, which mimics neuropathology in certain hereditary human 

neuropathies. Thus, given these complexities the therapeutic modulation of these pathways 

may prove to be a challenging task for ameliorating neuropathology in human neuropathies.
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FIGURE 1. 
Ultrastructure of sciatic nerves show that the majority of axons remains unmyelinated 

in the conditional ERK1/2 dKO mice in contrast to mTOR KO mice and that chwann 

cell differentiation is arrested at different stages of maturation. (a) EM images of 

sciatic nerve cross-sections at postnatal day (P) 30 from control, CnpCre;ERK1/2-dKO, 

and CnpCre;mTOR-KO mice show that the majority of axons are unmyelinated in 

CnpCre;ERK1/2-dKO, whereas in the CnpCre;mTOR-KO mice, all axons are ensheathed 

by myelin sheaths, although they are thinner than controls, as expected. (b) Quantification 

confirms that the percentage of myelinated axons is significantly lower in CnpCre;ERK1/2­
dKO but is comparable to control in the CnpCre;mTOR-KO mice. (c) Higher-magnification 

EM images of CnpCre;ERK1/2-dKO sciatic nerves show examples of Schwann cells 

arrested at different stages of maturation, (i,ii) as immature Schwann cells engulfing 

numerous small size unsorted axons, and (iii) promyelinating Schwann cells that have sorted 

and have established a one-to-one ratio with axons but have failed to make compact myelin 

sheath. Scale bars as indicated. Error bars indicate SEM, **p < .01, N = 3 [Color figure can 

be viewed at wileyonlinelibrary.com]
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FIGURE 2. 
Expression of major myelin proteins and transcription factors is affected differently in 

ERK1/2 dKO compared to mTOR KO mice. (a) Immunoblot analysis and quantification 

for p-Erk1/2 and pan-mTOR levels in total proteins homogenates from sciatic nerves 

at postnatal day 30 (P30) shows a significant reduction of p-Erk1/2 expression in the 

CnpCre;ERK1/2-dKO (i) and of pan-mTOR expression in the CnpCre;mTOR-KO (ii) mice 

compared to their respective controls. GAPDH was used as a loading control. N = 3 for 

each condition. Error bars indicate SEM. **p < .01, Student’s t-test. Immunolabeling (b) 

and in situ hybridization (c) of sciatic nerve sections at P30 from control, CnpCre;ERK1/2­

dKO, and CnpCre;mTOR-KO mice show a dramatic reduction in the signals of myelin 

protein zero (MPZ), Krox-20 proteins, and MBP mRNA and an increase in Oct-6 

protein in Schwann cells of CnpCre;ERK1/2-dKO compared to control mice. In contrast, 

CnpCre;mTOR-KO mice showed only a partial reduction in MPZ protein, MBP mRNA, and 

increase in Oct-6 signals but a strong increase in the intensity of Krox-20 signal compared 

to controls. (d) Immunoblot analysis of total proteins homogenates and quantification of 

the band intensity from sciatic nerve of CnpCre; ERK1/2-dKO, CnpCre;mTOR-KO, and 
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littermate control mice at P30 shows a highly significant reduction in MPZ and Krox-20 

and increase in Oct-6 protein levels in the CnpCre;ERK1/2-dKO compared to control mice. 

In the CnpCre;mTOR-KO mice, there is a reduction in MPZ and a highly significant 

increase in Krox-20 and Oct-6 compared to controls. GAPDH was used as a loading 

control. Nf-m, neurofilament-m. scale bars, as indicated. Error bars indicate SEM. *p < 

.05, **p < .01, one-way ANOVA. N = 3 for each condition [Color figure can be viewed at 

wileyonlinelibrary.com]
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FIGURE 3. 
Sustained elevation of ERK1/2 activity in Schwann cells failed to rescue the deficits in 

myelin thickness in the mTOR KO mice. (a) EM images of sciatic nerve cross-sections 

at low and high magnification show reduced myelin thickness in the CnpCre;mTOR-KO 
compared to control, which was not rescued by ERK1/2 elevation in the CnpCre;mTOR­
KO;MekDD mice, even though its elevation increases myelin thickness in CnpCre;MekDD 

compared to control mice. Quantification of myelin thickness by g-ratio analysis, presented 

as scatter plots relative to axon diameters, indicates that compared to control (black dots), 

both CnpCre;mTOR-KO (blue dots) and CnpCre;mTOR-KO;MekDD (green dots) show 

reduced myelin thickness (higher g-ratios), while CnpCre;MekDD mice (red dots) show 

thicker myelin sheaths compared to controls (lower g-ratios). (b) EM images of sciatic 

nerve cross-sections at low and high magnification at P30 also show that the thickness of 

myelin in the CnpCre; ERK1/2-dKO mice is thinner than in the control, but is similar to 

Ishii et al. Page 23

Glia. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the CnpCre;mTOR-KO mice. Approximately 100 axons from two mice of each genotype 

were analyzed. Scale bar as indicated. Red asterisks in (a), shows axons of similar diameter 

[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4. 
Ablation of mTOR in Schwann cell precursors early during development abrogates 

pathological changes in myelinating and non-myelinating caused by the simultaneous 

hyperactivation of Mek/ERK1/2. (a) Semithin sections of sciatic nerves from control, 

CnpCre;MekDD, CnpCre;mTOR-het;MekDD, and CnpCre;mTOR-KO;MekDD mice at 2 

and 6 months show abnormal myelin figures (examples, red arrowheads) and enlarged 

extracellular space already at 2 months in the CnpCre;MekDD and CnpCre;mTOR­
het;MekDD mice but not in the CnpCre;mTOR-KO;MekDD mice. By 6 months of age, 

abnormal myelin figures and the enlargement of extracellular space are more pronounced 

in both the CnpCre;MekDD and CnpCre;mTOR-het;MekDD mice but are not seen in 

the CnpCre;mTOR-KO;MekDD or control mice. (b) Sudan black staining of teased fiber 

preparation of sciatic nerve shows thickening of myelin at the paranodes (tomacula, red 

arrowheads) in the CnpCre;MekDD and CnpCre;mTOR-het; MekDD mice but not in the 
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control or CnpCre;mTOR-KO;MekDD mice. (c) High-magnification EM images of sciatic 

nerve cross-sections show normal Remak bundles in control, but its structure appears 

disrupted in the CnpCre;MekDD and CnpCre;mTOR-het;MekDD mice. In contrast, CnpCre; 

mTOR-KO;MekDD mice show normal Remak bundles. (d) Longitudinal sections of sciatic 

nerves, stained at 6 months with Giemsa stain (blue) to identify mast cells (arrowheads), 

show increased infiltration in the CnpCre;MekDD and CnpCre;mTOR-het;MekDD but not in 

the CnpCre;mTOR-KO; MekDD mice. (e) Quantification of abnormal myelin/axon structures 

in seminthin sections of sciatic nerves at 6 months show a statistically significant increase in 

the percentage of affected axons in the CnpCre;MekDD and CnpCre;mTOR-het;MekDD mice 

compared with control mice. This increase was completely abrogated in the CnpCre;mTOR­
KO;MekDD mice. 10 fields at 100x per genotype were analyzed from 2 mice per group. 

(f) Quantification of mast cell infiltration in the longitudinal section of sciatic nerves show 

a statistically significant increased at 6 months in the CnpCre;MekDD compared with the 

control mice which was abrogated in the CnpCre;mTOR-KO;MekDD mice. 2–3 fields at 

20x per genotype were analyzed from at least 2–3 mice per group. (g) Immunoblot analysis 

and quantification for p-mTORS2448, p-p70S6K T389, p-S6RPS235,S236 and p-Erk1/2 levels 

in total proteins homogenates from sciatic nerve at 2 months shows a significant increase 

in p-mTORS2448, p-p70S6KT389 and p-Erk1/2 expression in the CnpCre;mTOR-het;MekDD 

compared to control. These increases were abrogated when mTOR was ablated in CnpCre; 

mTOR-KO and CnpCre;mTOR-KO;MekDD mice and these mice showed dramatically 

reduced levels of p-mTORS2448, p-p70S6KT389 p-S6RPS235,S236 and p-Erk1/2 compared 

to controls. GAPDH was used as a loading control. N = 3 for each condition. Error bars 

indicate SEM. *p < .05, **p < .01, one-way ANOVA. Scale bar as indicated. Representative 

images of sciatic nerves are shown [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5. 
Mek/ERK1/2-mediated myelin pathology was not abrogated when mTOR was 

simultaneously ablated during adulthood from myelinating Schwann cells. (a) Semithin 

sections of sciatic nerves from control, PlpCreERT;MekDD, and PlpCreERT;mTOR­
KO;MekDD mice injected with Tm at 1 month of age and analyzed at 12 months post­

injection (MPI) show numerous abnormal myelin figures (red arrowheads) in both the 

PlpCreERT;MekDD and PlpCreERT;mTOR-KO;MekDD mice but not in the controls. (b) EM 

images at higher magnification show examples of abnormal myelin structures, including 

out-foldings with invaginating recurrent loops that appear as concentric rings of myelin 

(i,iv), Wallerian-type degeneration with axons in different stages of degeneration (ii,v), 

and aberrant hyper-myelination with axon compression (iii,vi) in the PlpCreERT; mTOR­
KO;MekDD mice (iv–vi), which is similar to that in PlpCreERT;MekDD mice (i–iii). (c) 

Teased fiber preparation from sciatic nerves stained with Sudan black shows focal myelin 
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thickening at the paranodes forming tomacula-like structures (red arrowheads) in both the 

PlpCreERT;MekDD mice and PlpCreERT;mTOR-KO;MekDD mice but not in the control. (d) 

Quantification of abnormal myelin/axon figures in seminthin sections of sciatic nerves from 

control and mutant mice at 12 MPI show a statistically significant increase in the percentage 

of affected axons in the PlpCreERT; MekDD mice compared with controls which was not 

abrogated in the PlpCreERT;mTOR-KO;MekDD mice. Ten fields at 100x per genotype were 

analyzed from 2 mice per group. (e) Immunolabeling of teased fibers from sciatic nerves 

of 2-month-old control mice show intense staining for phospho-ERK1/2 at the paranodal 

region of the myelinated fibers (arrowheads). Scale bar as indicated. Asterisks, degenerating 

axons. Representative images of sciatic nerves from 2–3 mice per genotype are shown. 

(f) Immunoblot analysis and quantification for (i) p-mTORS2448, (ii) p-p70S6KT389, (iii) 

p-S6RPS235,S236, and (iv) p-Erk1/2 levels in total protein homogenates from sciatic nerve 

at approximately 11 MPI shows a statistically significant increase in p-mTORS2448 and p­

Erk1/2 expression levels in the PlpCreERT;MekDD compared to control mice. While ablation 

of mTOR led to significant decrease of p-mTORS2448 in the PlpCreERT;mTOR-KO;MekDD 

mice compared to PlpCreERT;MekDD, the levels of p-p70S6KT389, p-S6RPS235,S236 and 

p-ERK did not show such decrease. GAPDH was used as a loading control. N = 3 for each 

condition. Error bars indicate SEM. *p < .05, **p < .01, one-way ANOVA [Color figure can 

be viewed at wileyonlinelibrary.com]
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FIGURE 6. 
PI3K-mediated pathology was also not abrogated when mTOR was simultaneously ablated 

during adulthood from myelinating Schwann cells. (a) Semithin sections of sciatic nerves 

from control, PlpCreERT;mTOR-het;PikDD, and PlpCreERT;mTOR-KO;PikDD mice injected 

with Tm at 1 month of age and analyzed at 5 months postinjection (MPI) show numerous 

abnormal myelin figures (red arrowheads) in both the PlpCreERT;mTOR-het;PikDD and 

PlpCreERT;mTOR-KO;PikDD mice but not in the controls. (b) EM images at higher 

magnification show presence of abnormalities in both the PlpCreERT;mTOR-het;PikDD (i–

iii) and PlpCreERT;mTOR-KO;PikDD (iv–vi), which includes (i,iv) myelin out-foldings with 

evaginating recurrent loops, (ii,v) redundant myelin, constricting and displacing the axon, 

and (iii,vi) multiple evaginating recurrent loops that appear as Schwann cell ensheathing 

multiple small-diameter axons. (c) Teased fiber preparation from sciatic nerve shows focal 

myelin thickening with abnormal structures in both the PlpCreERT;mTOR-het;PikDD and 
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PlpCreERT;mTOR-KO;PikDD mice. Scale bar as indicated. Asterisks, axonal abnormalities. 

Representative images of sciatic nerves from 2–3 mice per genotype are shown. (d) 

Quantification of abnormal myelin figures in seminthin sections of sciatic nerves from 

mice at 5 MPI show a statistically significant increase in the percentage of affected 

axons in the PlpCreERT;mTOR-het;PikDD mice compared to control mice which failed 

to be rescue in the PlpCreERT;mTOR-KO;PikDD mice. Ten fields at 100x per genotype 

were analyzed from at least 2–3 mice per group. Error bars indicate SEM. **p < .01, 

one-way ANOVA. (e) Immunoblot analysis and quantification for p-mTORS2448 and p­

p70S6KT389 levels in total protein homogenates from sciatic nerve at 2MPI shows a 

significant increase in p-mTORS2448 and p-p70S6KT389 levels in the PlpCreERT;PikDD mice 

compared to controls. While ablation of mTOR showed reduction trend of p-mTORS2448 

levels in the PlpCreERT;mTOR-KO;PikDD compared to PlpCreERT;PikDD mice, the levels 

of p-p70S6KT389 did not show such a trend. β-Actin was used as a loading control. 

N = 3 for control and PlpCreERT;PikDD and N = 2 for PlpCreERT;mTOR-KO;PikDD. 

Error bars indicate SEM. *p < .05, Student’s t-test [Color figure can be viewed at 

wileyonlinelibrary.com]
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FIGURE 7. 
PI3K-mediated pathology was not abrogated when mTOR was simultaneously ablated 

during adulthood from non-myelinating Schwann cells. (a) High-magnification EM 

images of sciatic nerves from control, PlpCreERT;mTOR-het;PikDD, and PlpCreERT;mTOR­
KO;PikDD mice injected with Tm at 1 month of age and analyzed at 5 months postinjection 

(MPI) show normal Remak bundle in control but a disruption of its structure in both the 

PlpCreERT;mTOR-het;PikDD and PlpCreERT;mTOR-KO;PikDD mice. (b) EM images at high 

magnification show other abnormalities that are present in both PlpCreERT;mTOR-het;PikDD 

(i–iii) and PlpCreERT;mTOR-KO;PikDD (iv–vi) mice, including (i,iv) multiple redundant 

membranous structures nonrandomly hyper-wrapping small-diameter axons, (ii,v) abnormal 

membranous hyper-wrapping of collagen fibrils, and (iii,vi) increased accumulation of 

extracellular collagen fibers. Scale bar as indicated. Representative images of sciatic nerves 

from 2–3 mice per genotype are shown
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FIGURE 8. 
Working model for the role of Mek/ERK1/2-MAPK and PI3K/Akt/mTOR signaling 

pathways in the regulation of Schwann cell differentiation/myelination and in the 

manifestation of pathological changes in sciatic nerves during adulthood. (a) Loss-of­

function studies show that during development, Schwann cell differentiation is primary 

regulated by the Mek/ERK1/2-MAPK pathway, independent of mTOR. However, during 

active myelination, ERK1/2 is dependent on mTOR signaling to drive the growth 

of the myelin sheath and regulate its thickness. (b) Sustained hyperactivation of 

Mek/ERK1/2 in immature Schwann cell precursors (CnpCre;MekDD) leads to a late 

onset of tomacula-like myelin pathology and disruption of Remak bundles. This was 

abrogated when mTOR was simultaneously ablated early during development (CnpCre; 
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mTOR-KO;MekDD). (c) However, this Mek/ERK1/2-mediated pathology could not be 

abrogated when mTOR ablation was simultaneously induced later during adulthood 

(PlpCreERT;mTOR-KO;MekDD). Similarly, pathological changes induced by hyperactivation 

of PI3K (PlpCreERT;mTOR-KO;PikDD) could not be abrogated when mTOR ablation was 

simultaneously induced later during adulthood (PlpCreERT;mTOR-KO;PikDD) [Color figure 

can be viewed at wileyonlinelibrary.com]
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