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Abstract 44 

 45 

We report that the neurotrophin receptor p75 contributes to sensory neuron survival 46 

through the regulation of cholesterol metabolism in Schwann cells. Selective deletion of 47 

p75 in mouse Schwann cells of either sex resulted in a 30% loss of dorsal root ganglia 48 

(DRG) neurons and diminished thermal sensitivity. P75 regulates Schwann cell 49 

cholesterol biosynthesis in response to BDNF, forming a co-receptor complex with 50 

ErbB2 and activating ErbB2-mediated stimulation of SREBP2, a master regulator of 51 

cholesterol synthesis. Schwann cells lacking p75 exhibited decreased activation of 52 

SREBP2 and a reduction in 7-dehydrocholesterol reductase (DHCR7) expression, 53 

resulting in accumulation of the neurotoxic intermediate, 7-dehyrocholesterol in the 54 

sciatic nerve. Restoration of DHCR7 in p75 null Schwann cells in mice significantly 55 

attenuated DRG neuron loss. Together, these results reveal a mechanism by which the 56 

disruption of lipid metabolism in glial cells negatively influences sensory neuron survival, 57 

which has implications for a wide range of peripheral neuropathies. 58 

 59 

 60 

Significance Statement 61 

 62 

Although expressed in Schwann cells, the role of p75 in myelination has remained 63 

unresolved in part due to its dual expression in sensory neurons that Schwann cells 64 

myelinate.  When p75 was deleted selectively among Schwann cells, myelination was 65 

minimally affected, while sensory neuron survival was reduced by 30%.  The phenotype 66 

is mainly due to dysregulation of cholesterol biosynthesis in p75 deficient Schwann 67 

cells, leading to an accumulation of neurotoxic cholesterol precursor, 7-DHC.  68 

Mechanism-wise, we discovered that in response to BDNF, p75 recruits and activates 69 

ErbB2 independently of ErbB3, thereby stimulating the master regulator, SREBP2.  70 

These results together highlight a novel role of p75 in Schwann cells in regulating DRG 71 

neuron survival by orchestrating proper cholesterol metabolism.  72 
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Introduction 73 

During peripheral nervous system development, populations of Schwann cell 74 

precursors, responding to signals from closely associated axons, undergo a highly 75 

coordinated myelination process. The ensuing formation of a lipid rich myelin sheath 
76 

around medium and large caliber axons, allows for the establishment of saltatory 77 

conduction and is instrumental to the expansion and refinement of the peripheral 78 

nervous system (Woodhoo and Sommer, 2008). 79 

It is estimated that the Schwann cell plasma membrane expands 6500-fold 80 

during myelination (Webster, 1971). Consequently, developing Schwann cells undergo 81 

an immense metabolic shift to accommodate the extraordinary magnitude of lipids and 82 

membrane proteins required for myelin generation. The majority of that expansion is 83 

fueled by the autonomous de novo production of lipids, which constitute 70-80% of the 84 

dry weight of myelin, 26% of which is cholesterol (Chrast et al., 2011; Fu et al., 1998; 85 

Saher and Simons, 2010). The underlying mechanisms regulating these massive 86 

alterations in lipid metabolism are, nevertheless, not well understood.  87 

There has recently been a renewed focus on Schwann cell metabolism, however, 88 

as new findings suggest that the disruption or dysregulation of lipid metabolism in 89 

Schwann cells can not only affect myelin formation, but can also directly contribute to  90 

peripheral axon pathology; most commonly through the accumulation of neurotoxic 91 

and/or oxidative stress promoting lipid metabolites within nerves, generated by  92 

disturbed Schwann cells  (Chrast et al., 2011; Freeman et al., 2016; Penno et al., 2010). 93 

The causative link between metabolic disruption in Schwann cells and resulting neuron 94 

degeneration was perhaps most dramatically demonstrated by deletion of the 95 

mitochondrial transcription factor, Tfam, in Schwann cells. Conditional Tfam knockouts 96 

displayed marked sensory neuron degeneration in the adulthood without changes in 97 

Schwann cell viability. The degeneration phenotype was attributed to a shift in lipid 98 

metabolism in Schwann cells, which resulted in accumulation of neurotoxic 99 

acylcarnitines (Viader et al., 2013).  Moreover, aberrant accumulation of Schwann cell 100 

derived neurotoxic lipids has been detected in a range of both of inherited and acquired 101 

neuropathies, including type II diabetes, the most common cause of sensory neuropathy 102 
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(Atkinson et al., 2017; Goncalves et al., 2017; Kramer et al., 2015; Schwartzlow and 103 

Kazamel, 2019). 104 

Here, we report that the neurotrophin receptor p75 is involved in regulating 105 

Schwann cell lipid metabolism during development. Furthermore, selective deletion of 106 

p75 in Schwann cells during embryonic development resulted in a 30% loss of dorsal 107 

root ganglia (DRG) sensory neurons, a loss we attributed to a shift in the equilibrium of 108 

cholesterol biosynthesis in Schwann cells leading to the accumulation of a highly 109 

reactive neurotoxic lipid, 7-dehydrocholesterol (7-DHC). Accordingly, restoring 7-110 

dehydrocholesterol reductase (DHCR7) in Schwann cells lacking p75 was sufficient to 111 

significantly rescue sensory neuron loss. We also found that the mechanism by which 112 

p75 regulates cholesterol biosynthesis involves BDNF-mediated coupling of p75 to the 113 

tyrosine kinase receptor, ErbB2, which then induces cleavage of Sterol Regulatory 114 

Element Binding Protein 2 (SREBP2), the master regulator of cholesterol synthesis 115 

(Horton et al., 2002b). Together, these results highlight a role for p75 in regulating 116 

Schwann cell lipid metabolism during development and lend support to a growing body 117 

of evidence suggesting that alterations in glia metabolism may contribute to the 118 

pathophysiology of peripheral neuropathies.  119 

 120 

 121 

Materials and Methods 122 

Mouse Husbandry and Experimental Design 123 

All experimental designs and procedures involving animals followed the guidelines of 124 

the Institutional Animal Care and Use Committee at Ohio State University and 125 

Vanderbilt University.  Global p75 knockout mice (p75KO, RRID:IMSR_JAX:002213) 126 

have been described previously by Lee et al. (Lee et al., 1992b)  and P75-floxed (p75fl/fl) 127 

mice have been described by Bogenmann et al. (Bogenmann et al., 2011). To 128 

conditionally delete p75 from sensory neurons and Schwann cells, p75fl/fl mice were first 129 

crossed with Dhh-cre (RRID:IMSR_JAX:012929) (Jaegle et al., 2003).  The resulting 130 

Dhh-cre+/-: p75fl/- mice were crossed with Dhh-cre-/-: p75fl/wt mice to obtain the 131 
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experimental Dhh-cre+/-: p75fl/fl (Dhh-p75∆) and the control Dhh-cre+/-: p75wt/wt (Dhh-132 

p75C) mice of either sex.   133 

Antibodies and reagents used in the study 134 

Antibodies actin (SC-32251), tubulin (SC-8035, RRID:AB_628408),  ErbB2 (SC-284), 135 

ErbB3 (SC-285, SC-7390), and PY99 (SC-7020) were from Santa Cruz Biotechnology, 136 

V5 (R960-25), 596-Alexa Fluor Goat anti-Rabbit (A-11012), and 596-Alexa Fluor Goat 137 

anti-Mouse (Cat#A-11031RRID:AB_141369) were from Invitrogen, and SREBP2 138 

(Cat#557037 RRID:AB_396560) from BD Biosciences, Par3 (07-330) from Millipore, 139 

and p75 from Promega (G323A). Additional related reagents include TSA® Plus 140 

Cyanine 3 (Cy3) detection kit (NEL744001KT) from Perkin Elmer, Prolong antifade 141 

reagent with DAPI (P36931) from Life Technologies, and BCA Protein assay kit (23225) 142 

from Pierce. 143 

Reagents such as 7-dehydrocholesterol (30800-5G-F), paraformaldehyde 144 

(P6148), chloroform (270636), fish gelatin (G7765), Triton-X100 (T8787), collagenase 145 

(C5894), collagen type 1A (C3867), Dnase I(D5025), forskolin (F6886), toluidine blue 146 

(89640), ethyl alcohol (SHBJ7192) were from Sigma-Aldrich.  Methanol (A412P), poly-147 

D-lysine (215017525), laminin (354232), xylene (X3F) were from Fisher Scientific.  NGF 148 

was from Alomone (N-100), Trypsin (LS003708) from Worthington, GGF (396-HB) from 149 

R&D Systems, N2 (17502-048) and B27 (17504-044) Supplements and DMEM )11995-150 

065) from Gibco, RNAse inhibitor (N8080119) and TRIzol (15596026) from Invitrogen, 151 

DPX mounting media (13512) from EM Solutions, and Hoechst 33258 (H3569) from 152 

Molecular Probes.  13C-Glucose (CLM-1396-0) was obtained from Cambridge Isotope 153 

Lab.  Additional reagents such as fetal bovine serums were purchased from both 154 
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Hyclone (SH30088.03) and Omega Scientific (FB-01), Costar 96-well culture cluster 155 

(3595) from Costar.  Both TrkB-Fc (688-TK) and control-Fc (110-HG) products were 156 

purchased from R&D Systems.  157 

 RNAscope probes were purchased from ACDbio, which included positive control 158 

probe-Mm-Ppib-C2 (313911-C2), negative control probe DapB (310043), Mm-Ntrk1-C3 159 

(435791-C3), Mm-Ntrk2 (423611), Mm-Ntrk3-C2 (423621-C2), Mm-Ret-C2 (431791-160 

C2).  For the actual assays, Multiplex Fluoresent Reagent Kit v2 (323100) was used. 161 

TaqMan qPCR assay probes for mouse 7-dhcr (Assay number Mm00514571_m1) and 162 

Gapdh (Assay number Mm99999915_g1) were from Integrated DNA Techonologies.  163 

Taqman Fast Advanced Master Mix (4444556) was purchased from Invitrogen, while 164 

High-Capacity cDNA Reverse Transcription Kit (4368814) was from Thermo Fisher.  165 

RNA was isolated using RNeay mini kit (74104) from Qiagen. 166 

To generate the lentivirus expressing DHCR7 gene, pLX304 vector (Addgene 167 

25890) was purchased to generate DHCR7-pLX304 by VectorBuilder 168 

(ccsbBroad304_06097).  Lentiviruses were generated using psPax2 (12260) and 169 

pMD2.G (12259) from Addgene.  NRG1-Type III construct was provided by Doug Falls. 170 

The sequences used to generate retrovirus constructs expressing shRNA against 171 

ErbB2 and ErbB3 in pSIREM-RetroQ-ZsGreen1were AAGTCTCACAGAGATCCTG, 172 

ACCACGTCAAGATTACAGA, and ATCATAGTGGTATCTGTGA for ErbB2 and 173 

TCTGGACTTCCTCATCACC, GAACTTGAATGTCACATCC, and 174 

CCTGACAAGATGGAAGTAGAT for ErbB3.  The sequence for the retrovirus construct 175 

expressing shRNA against p75 and Par3 were described in (Vilar et al., 2009) (Chan et 176 

al., 2006).   177 
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  178 

 179 

 180 

Thermal hyperalgesia Analysis 181 

Thermal hyperalgesia was evaluated using a modified Hargreaves Apparatus from Ugo 182 

Basile using infrared as a heat source at 50oC as we have previously published (Tep et 183 

al., 2013).  Mice at the age of 2-3 months were subjected to the tests. 184 

Dorsal Root Ganglion (DRG) Morphological Analysis 185 

L4-6 DRGs were isolated from adult (P28) and juvenile (P5-7) mice and fixed in 4% 186 

paraformaldehyde (Sigma-Aldrich Cat#P6148) or 10% neutral buffered formalin. Once 187 

imbedded in paraffin, whole DRGs were sectioned at 5 μm using a Leitz 1512 188 

microtome. After deparaffinization and rehydration, sections were stained with toluidine 189 

blue (Sigma-Aldrich Cat#89640, 10 min), rinsed briefly in H20, 95% ETOH, and 100% 190 

ETOH sequentially before mounted with DPX (Electron Microscopy Solutions 191 

Cat#13512). For embryonic DRG analysis, intact lumbar spine sections were processed 192 

to prevent DRG damage during isolation. DRGs were imaged in brightfield on a Nikon 193 

Eclipse Ti scope with DS-Qi2 camera (Nikon) and NIS-Elements 194 

(https://www.microscope.healthcare.nikon.com/products/software/nis-elements) at 20x 195 

magnification by a blinded individual. The first section imaged was randomly selected 196 

from sections 1-12, and subsequently every 12th section was imaged. Images were then 197 

imported into FIJI (https://fiji.sc/) and stitched together to form whole DRG images. To 198 

determine DRG number, every neuron with a defined nuclear profile was counted using 199 

the empirical method as described in (Coggeshall et al., 1984). To determine soma 200 

diameter, each neuron included in the previous counts was outlined manually in FIJI, 201 
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the area in an ROI encompassing the soma was measured, and the diameter was 202 

derived from A=2πr2. 203 

Electron Microscopy 204 

Sciatic nerves were prepared for transmission electron microscopy according to Kim et 205 

al. (2003)(Kim et al., 2003).   Sciatic nerve thin sections were imaged in a randomized 206 

fashion on a Philips/FEI T-12 TEM (Phillips) electron microscope with a side mounted 207 

2k x 2k AMT CCD camera (AMT http://www.amtimaging.com) system at 2700X 208 

magnification. For g-ratio analysis 20 images per sample were randomly selected by a 209 

blinded evaluator and, in FIJI, images were manually thresholded to clarify myelin 210 

profiles. Then, using the ROI selection wand the area of myelinated nerve fiber cross 211 

sections and axons were calculated. The diameters of axons and myelinated fibers 212 

were derived from collected areas (A=2πr2) and the g-ratio (diameter of axon/diameter 213 

the myelinated fiber) was determined. To access Remak bundles, the number of distinct 214 

axons per bundle and the total number of Remak bundles per image were counted 215 

manually by a blinded observer.  216 

RNAScope 217 

L4-6 DRGs were isolated form P28 Dhh-p75∆ and Dhh-p75C mice, fixed in 4% 218 

paraformaldehyde, paraffin embedded, and sectioned at 5 μm. DRG sections with at 219 

least 150 neurons were selected from each sample for analysis, and deparaffinized as 220 

described above. As a control, sections with fewer than 50 neurons were also analyzed 221 

and were found to be consistent in distribution with the larger sections.  Single-molecule 222 

fluorescence in situ hybridization was preformed using a RNAscope® Multiplex 223 

Fluorescent Reagent Kit v2 (ACDbio Cat#323100) and the TSA® Plus Cyanine 3 (Cy3) 224 
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detection kit (Perkin Elmer Cat#NEL744001KT) according to the manufacturer’s 225 

instructions with the following RNA Scopes probes.  Fluorescent images were captured 226 

at 20x (Nikon) and analyzed in FIJI. Neurons were manually counted and ranked as 227 

being high, medium, or low expressing by a blinded observer according to a scale 228 

developed prior to analysis.   229 

Retrovirus generations expressing shRNA sequences 230 

The oligonucleotides containing the shRNA of the individual RNAi sequences were 231 

placed into pSIREN-RetroQ-ZsGreen1 vector (Clontech) using Bam HI and Xba I sites 232 

as directed by the vendor.  Retroviruses were generated following transient transfection 233 

of the shRNA constructs in PlatE cells (Cell Biolabs) and the viral supernatants were 234 

concentrated by centrifugation at 20,000 rpm for 4 hrs at 15oC using SW28 rotor 235 

(Beckman).  The viral pellet was resuspended in small volume of media and frozen at 236 

80oC until use.  For infection of Schwann cells in vitro and in vivo, a combined mixture 237 

of three different RNAi viruses were used for efficient knockdown.   238 

Preparation of neuregulin 1 type III  239 

Neuregulin 1 type III cDNA was transfected into 293T cells and the membranes were 240 

prepared according to (Taveggia et al., 2005), and the membranes were added onto 241 

Schwann cell monolayers as described (Maurel and Salzer, 2000; Taveggia et al., 242 

2005). As a control, the membranes from untransfected 293T cells were prepared in 243 

parallel.  To add the membranes to Schwann cells, 8 g of membrane preparations was 244 

placed onto the cells and spun for 3 min at 3000 rpm.   245 

Lipid Extraction and LC-MS/MS (SRM) Analysis 246 
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Sciatic nerve lipid extraction- Whole sciatic nerves were isolated and immediately frozen 247 

in liquid N2 and stored at -80oC until the day of lipid extraction. Prior to extraction, 248 

nerves were ground to the consistency of a powder on dry ice with a plastic pestle to 249 

increase buffer permeability. Ice-cold NP40 lysis buffer (120 mM NaCl, 50 mM HEPES, 250 

1% Igepal) was added to samples and incubated for 15 minutes before being spun 251 

down at 15000 rpm for 20 min. Total protein content was measured using a BCA assay 252 

(Pierce Cat#23225) and recorded for subsequent normalization. After lysis, lipids were 253 

extracted and derivatized with PTAD as described previously (Genaro-Mattos et al., 254 

2019; Genaro-Mattos et al., 2018) 255 

13C Glucose labeling in mouse Schwann cells -Primary mouse Schwann cells were 256 

cultured as below, plated in 96 well plates, and kept in culture for 7 days prior to 257 

treatment. C13-glucose (Cambridge Isotope Lab Cat#CLM-1396-0) labeled DMEM 258 

media (10 mM 13C6-glucose, 1 mM L-glutamine, 10% delipidated fetal bovine 259 

serum) was then added and changed every 2-3 days for a total of 9 days. Live cells 260 

were then incubated with 40 ng/μL Hoechst 33258 (Molecular Probes Cat#H-3569) for 261 

20 minutes at 37oC and imaged under 10X magnification using ImageExpress XL 262 

(Molecular Devices) with 4 images collected per well. Cell number was determined by 263 

automated nuclear counting on MetaXpress® 4 264 

(https://www.moleculardevices.com/products/cellular-imaging-systems/acquisition-and-265 

analysis-software/metaxpress#gref) for the purpose of normalization. Cells were then 266 

rinsed twice with PBS and lipids were extracted and analyzed as previously described 267 

(Genaro-Mattos et al., 2019). 268 
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Sterol Analysis-Samples were placed in an Acquity UPLC system equipped with ANSI-269 

compliant well plate holder coupled to a Thermo Scientific TSQ Quantum mass 270 

spectrometer equipped with an APCI source. Then 10 μL was injected onto the column 271 

(Phenomenex Luna Omega C18, 1.6 μm, 100 Å, 2.1 mm × 50 mm) with 100% MeOH 272 

(0.1% v/v acetic acid) mobile phase for 1.0 min runtime at a flow rate of 500 μL/min. 273 

Natural sterols were analyzed by selective reaction monitoring (SRM) using the 274 

following transitions: Chol 369 → 369, 7-DHC 560 → 365, desmosterol 592 → 560, 275 

lanosterol 634 → 602, with retention times of 0.7, 0.4, 0.3 and 0.3 min, respectively. 276 

SRMs for the internal standards were set to: d7-Chol 376 → 376, d7-7-DHC 567 → 372, 277 

13C3-desmosterol 595 → 563, 13C3-lanosterol 637 → 605. Final sterol numbers are 278 

reported as nmol/mg of protein. 279 

Acylcarnitine Analysis– The acylcarnitine profile was assessed by LC-MS/MS as 280 

described previously (Brittain et al., 2016). Briefly, samples were spiked with a known 281 

amount of d3-palmitoylcarnitine as the internal standard and the lipid was extracted. 282 

After extraction, acylcarnitines were injected onto the column (Phenomenex Luna 283 

Omega C18, 1.6 μm, 100 Å, 2.1 mm × 100 mm) with 100% acetonitrile (0.1% v/v formic 284 

acid) (solvent B) and water/acetonitrile (90:10 v/v, 0.1% v/v formic acid and 10 mM 285 

ammonium formate) (solvent A) for 5 min runtime at a flow rate of 500 μL/min. Individual 286 

acylcarnitines were analyzed by SRM using transitions of the precursor ion (as M+H) to 287 

the respective product ions with 85 m/z ratio.   288 

Primary Schwann Cell Culture     289 

Rat-Primary rat Schwann cells were isolated from P2-P3 rats according to Chan et al. 290 

(2004) and maintained on collagen coated (1:20 collagen/H20, Sigma-Aldrich  291 
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Cat#C3867D) plates with high glucose DMEM (Gibco Cat#11995-065) with 10% FBS 292 

(Omega Cat#FB-01) and 2 μM Forskolin (Sigma-Aldrich Cat#F6886-10MG) at 37oC, 5% 293 

CO2.   294 

Mouse- Mouse sciatic nerves were harvested from P4-P6 C57/B6J or P75KO mice and 295 

chilled in 1:1 DMEM/PBS on ice. After collection, nerves were digested at 37oC with 296 

0.3% collagenase (Sigma-Aldrich Cat#C5894-50MG) for 15 minutes, after which 0.4% 297 

trypsin (Worthington Cat#LS003708) was added for subsequent 15 minutes. 1ml DMEM 298 

was added to the reaction, and nerves were rinsed twice with PBS before being 299 

manually triturated and plated to the desired density on Poly-d-lysine (Fisher Scientific 300 

Cat# 215017525) coated plates. Cells were maintained in DMEM with 10% FBS 301 

(Hyclone Cat#SH30088.03) and 50 ng/ml GGF (R&D Systems Cat#396-HB) at 37oC, 302 

5% CO2. 303 

Gene Expression Analysis 304 

Primary mouse Schwann cells were lysed after 7 days in culture with 400μl Trizol 305 

(Invitrogen Cat#15596026) and incubated for 5 min at room temperature (RT). 100μl 306 

Chloroform (Sigma-Aldrich Cat#270636) was added and samples were incubated for 2 307 

min RT after mixing.  The solution was spun down for 12000 x g for 15min (Sorvall-ST 308 

16R) and the supernatant was transferred to a new tube with equal volume of 70% 309 

ETOH (Sigma-Aldrich). Total RNA was then isolated with the RNeasy Mini Kit (Qiagen 310 

Cat# 74104) with Qiagen DNase I following manufacturer’s directions. To determine 311 

mRNA levels, 10μl of the total RNA collected was reverse transcribed using the High-312 

Capacity cDNA Reverse Transcription Kit (Thermo Fischer Cat#4368814) following the 313 

manufacturer’s directions. The mRNA levels of dhcr7 and the control Gapdh were 314 
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assessed using TaqMan (IDT) probes, assay numbers Mm00514571_m1 and 315 

Mm99999915_g1, respectively, in conjunction with Taqman Fast Advanced Master Mix 316 

(Invitrogen Cat#4444556) and the Biorad CFX96 apparatus according to the 317 

manufacturer’s protocols.  318 

Primary Neuron Culture 319 

DRGs were isolated from P4-P6 rat pups and chilled in 1:1 DMEM/PBS on ice and 320 

subjected to digestion with 0.08% collagenase (Sigma-Aldrich) and 500 K.U. DNase I 321 

(Sigma-Aldrich Cat #D5025) for 30 minutes at 37oC, which was followed by 10 minute 322 

digestion with 0.01% trypsin (Worthington).  Digestion was quenched with the addition 323 

of 1ml DMEM with 10% FBS (Hyclone) and washed in fresh DMEM before 324 

resuspension in DMEM (10% Hyclone FBS, 25ng/ml NGF, 1% NG2, 2% B27 (Gibco 325 

Cat#17504-044)).  Neurons were then plated on poly-d-lysine and laminin (Fisher 326 

Scientific) coated plates/coverslips.  327 

7-DHC Treatment 328 

Schwann cells- rat Schwann cells were plated at 10,000 per well in 96-well plates. The 329 

next day, they were treated 7-DHC/ETOH (Sigma-Aldrich Cat#30800-5G-F) or ETOH. 330 

The media with 7-DHC was refreshed daily, due to its oxidizable nature, until the end of 331 

the 72 hr treatment period, after which the cells were stained with 40 ng/μL Hoechst 332 

(Molecular Probes) for 10 minutes at 37oC and live imaged at 10X using the Image 333 

Express Micro XL (Molecular Devices). Four images were taken per well, which were 334 

imported into FIJI and Hoechst positive nuclei exhibiting normal morphology were 335 

counted manually by a blinded individual. 336 

Immunofluorescence 337 
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Samples were rinsed in PBS and permeabilized for 10 min with 0.1% Triton-X (Sigma-338 

Aldrich Cat#T8787). They were then blocked with 5% Normal Goat Serum (Gibco Cat# 339 

16210064) for 1hr at RT and placed in primary antibody overnight. Slides were rinsed 340 

three times with PBS and incubated in secondary antibody for 1 hr at RT before being 341 

rinsed three times with PBS and mounted with Prolong anti-fade reagent with DAPI (Life 342 

Technologies Cat#P36931). For paraffin embedded DRGs, 5 μm slide mounted 343 

sections were first deparaffinized and rehydrated as above, then slides were placed in a 344 

pressure cooker for 15 min (GoWise USA) within a copulin jar filled with citrate buffer 345 

antigen retrieval solution (10mM Citric Acid, 0.05% Tween 20, pH 6.0). After cooling to 346 

RT, sections were permeabilized and stained in the same manner as detailed above.  347 

Antibodies used were: Anti-NGFR p75 (RRID:AB_784824), Anti-Neurofilament 348 

(RRID:AB_91201), Anti-activated caspase 3 (Cell Signaling Tech., #9661), Anti-p75 349 

ECD 9650 Serum (Palmada et al., 2002), 596-Alexa Flour Goat anti-Mouse 350 

(RRID:AB_141369), and 647-Alexa Flour Donkey anti-rabbit (RRID:AB_2536183). 351 

Injection of Lentivirus into Neonate Mice  352 

Lentivirus Generation- To generate lentivirus, 293T cells were transfected with 353 

Lipofectamine 2000 (Thermo-Fisher Sci. Cat# 11668030) with an empty pLX304 vector 354 

(Addgene #25890), or a pLX304 vector harboring a DHCR7 construct 355 

(ccsbBroad304_06097 from the CCSB-Broad Lentiviral Expression Collection) and 356 

psPax2 (Addgene # 12260) and pMD2.G (Addgene # 12259) constructs. 48h and 72h 357 

after transfection, virus-containing media was harvested, passed through a 0.45 µm 358 

syringe filter, and combined. To concentrate the virus, the collected media was run 359 
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through 100kDa Amicon® Ultra-15 Centrifugal Filter Units (Millipore-Sigma Cat# 360 

UFC910024) columns following manufacturer’s directions.  361 

Injections- 2-3 μl of concentrated lentivirus solution was injected, using a 6mm 31GG 362 

fixed insulin needle (BD) penetrating through the outer skin, into the distal thigh of post-363 

natal day 0 neonate, Care was taken to target the intermuscular area adjoining the 364 

sciatic nerve, to avoid potential nerve damage. At postnatal day 5, the sciatic nerves 365 

were harvested and stained as described in the following methods for the presence of a 366 

V5 epitope tag to confirm infection. DRGs were extracted and counting as detailed 367 

previously.  368 

Injection of TrkB-Fc and IgG-Fc into Neonate Mice  369 

TrkB-Fc and IgG-Fc were obtained from R&D Systems.  Injection of Fc proteins into P0 370 

mice sciatic nerves were performed as described (Tep et al., 2012).  Briefly, 3 ul of Fc 371 

solutions (1 g/l) was injected using 31G insulin syringe over the sciatic nerve midway 372 

between the knee and hip through the skin.  Five days after the injection, sciatic nerves 373 

were isolated for protein extraction.   374 

Western Blotting 375 

Western blotting was performed as described by Harrington et al. (2002).   376 

Quantification and Statistical Analysis 377 

Quantitative data are presented as mean ± SEM. All experiments were independently 378 

repeated and evaluated at least 3 times by a blinded individual. Prism 6/7 (Graphpad 379 

Software http://www.graphpad.com/scientific-software/prism/) was used to determine 380 

statistical significance between groups using one-way analysis of variance (ANOVA) 381 

with Tukey’s post hoc test (for experiments with more than 2 groups), or Student’s t-test.  382 
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 383 

Results 384 

Selective deletion of p75 in Schwann cells leads to minor effects on myelination. 385 

The neurotrophin receptor, p75, has long been proposed to play a role in 386 

Schwann cell myelination. P75 is highly expressed in Schwann cells both during early 387 

development and after injury, contemporaneous with many known regulators of 388 

myelination(Jessen and Mirsky, 2016; Lemke and Chao, 1988). Additionally, global p75 389 

knockout (p75KO) mice  exhibit a marked hypomyelination phenotype (Cosgaya et al., 390 

2002). Deciphering the role of p75 in Schwann cell myelination has been challenging, 391 

however, mainly due to its expression in DRG sensory neurons, wherein p75 was 392 

identified as a potent regulator of neuronal survival and apoptosis. In fact, decreased 393 

trophic signaling in neurons has been primarily credited as the basis for a ~50% 394 

reduction in dorsal root ganglia (DRG) sensory neurons and pronounced sensory 395 

deficits in p75KO mice (Lee et al., 1994; Lee et al., 1992b; Murray et al., 1999). 396 

To define the role of p75 in Schwann cells, we generated a model featuring 397 

conditional deletion of p75 in Schwann cells by crossing p75fl/fl mice with Desert 398 

Hedgehog-Cre transgenic mice, which express Cre recombinase in the Schwann cell 399 

lineage beginning at embryonic day 12 (E12) (Jaegle et al., 2003).  This resulted in 400 

generation of experimental, Dhh-cre+/-: p75fl/fl (Dhh-p75∆) and control, Dhh-cre+/-: 401 

p75wt/wt (Dhh-p75C) mice (Fig. 1A).   Myelin profiles of the sciatic nerve from Dhh-p75∆ 402 

and Dhh-p75C mice were then analyzed at P0, P5, P15 and P25 using transmission 403 

electron microscopy. To our surprise, none of the models exhibited a gross myelin 404 

deficit at any age, and only a transient and mild hypomyelination was observed in Dhh-405 

p75∆ mice at P15 compared to control (Fig.1B-D). Since p75KO mice show an advanced 406 

hypomyelination phenotype, these results suggest that p75 signaling in both neurons 407 

and Schwann cells must be lost to meaningfully compromise myelin formation.  408 

 409 

Selective deletion of p75 in Schwann cells results in reduced thermal sensitivity 410 

and DRG neuron loss. 411 
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P75KO mice have also been noted to exhibit thermal hypoalgesia, due to a ~50% 412 

loss of sensory neurons during development. The decrease in sensory neurons was 413 

attributed to reduced survival signaling as a result of neurons lacking p75 (Lee et al., 414 

1992a; Stucky and Koltzenburg, 1997; Vaegter et al., 2011).  This interpretation was 415 

also supported by a 2-3 fold decrease in NGF sensitivity of p75KO sensory neurons, 416 

when cultured in isolation without Schwann cells (Lee et al., 1994). We, therefore, 417 

examined whether our model, absent of myelin deficits, display a thermal hypoalgesia 418 

phenotype. In agreement with previous results, P75KO mice exhibited a significantly 419 

delayed response  to thermal stimulation (Lee et al., 1992b). Unexpectedly, however, 420 

Dhh-p75∆ mice also showed significant hypoalgesia (Fig. 2A).  421 

 Because the thermal hypoalgesia previously noted in p75KO mice was attributed 422 

primarily to their reduced sensory neuron number, we next quantified the number of 423 

DRG sensory neurons at P25-28 in our conditional and global knockout models.  We 424 

found that Dhh-p75∆ mice exhibited a surprising loss of sensory neurons, with 30% 425 

fewer DRG neurons compared to control Dhh-p75C (Fig. 2B-C). In comparison, there 426 

was a 50% reduction in the number of sensory neurons in p75KO mice. Given that the 427 

neuronal loss in Dhh-p75∆ mice was already present at P25-28, which is after the 428 

termination of myelination (~P14), we reasoned that the neuronal loss may occur during 429 

active Schwann cell myelination, when metabolic activity is highly up regulated to 430 

accommodate myelination. Indeed, we found a 25% decrease in the number of neurons 431 

already at P5 in Dhh-p75∆ mice compared to the control (Fig. 2D), concurrent with large 432 

scale myelin production (Jessen et al., 2015). Taken together, these data suggest that 433 

p75 loss in developing Schwann cells significantly impacts neuronal survival in the 434 

DRG, and induces hypoalgesia.  435 

 If this is indeed the case, there should be equal number of neurons in p75KO mice 436 

at E17.5, since that is well after normal developmental apoptosis is complete in DRGs 437 

(Farinas et al., 1996; White et al., 1996), but before myelination begins. We found that 438 

there was no deficit in the number of DRG neurons in p75KO mice at E17.5, despite a 439 

50% reduction at P25-28 (Fig. 2E, and F). This result, together with our data from Dhh-440 

p75∆ mice, indicates that the absence of p75 signaling in Schwann cells is a major 441 

contributor to the loss of sensory neurons in p75KO mice.  442 
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 443 

The loss of DRG neurons in Dhh-p75∆ mice is not specific to a particular neuronal 444 

subtype.  445 

Given the large diversity of neuronal subtypes present in DRGs, we next sought 446 

to determine if any specific group of neurons were preferentially affected in Dhh-p75Δ 447 

mice. Because p75 continues to be highly expressed in non-myelinating Remak 448 

Schwann cells throughout adulthood, and these Schwann cells enfold the unmyelinated 449 

c-fibers that respond to thermal stimuli (Murinson and Griffin, 2004), we quantified the 450 

number of axons ensheathed per Remak bundle, but found no differences (Fig. 3A).  451 

Additionally, there were no discernable organizational differences in Remak bundles 452 

(data not shown). As there is a general correlation between the soma size of sensory 453 

neurons and their functional subtypes (de Moraes et al., 2017), we also analyzed the 454 

distribution of soma sizes within the DRGs of Dhh-p75∆ mice, but again found no 455 

significant differences (Fig. 3B), suggesting that there is a general reduction in all types 456 

of DRG neurons in the Dhh-p75Δ mice. This conclusion was further supported when we 457 

analyzed different subtypes of DRG neurons, using RNAscope assays, using subtype-458 

specific markers, namely; TrkA for A nociceptors and peptidergic nociceptors, TrkB for 459 

mechanoreceptors, TrkC for proprioceptors, or Ret for non-peptidergic nociceptors 460 

(Marmigere and Carroll, 2014). Corroborating our previous results, we found no 461 

changes in Dhh-p75∆ DRGs relative to controls (Fig. 3C). It should be noted, these 462 

results are similar to published examinations of p75KO mouse DRGs, where neuron loss 463 

was found to be uniform across all sensory subtypes (Bergmann et al., 1997; Bergmann 464 

et al., 1998; Murray et al., 1999). Together, these data indicate that deletion of p75 in 465 

Schwann cells results in a global reduction in all DRG neurons, regardless of the 466 

subtype and their association with myelinating or Remak Schwann cells. We thus 467 

hypothesize the underlying mechanism of neuronal loss is likely to involve a defect in 468 

Schwann cell function capable of affecting widespread sensory neuron subtypes, rather 469 

than more localized disruption of intercellular signaling affecting only closely associated 470 

neurons. 471 

 472 
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Loss of p75 in Schwann cells results in disrupted cholesterol biosynthesis and 473 

accumulation of 7-DHC 474 

Viader et al. (2013) demonstrated that disruption of fatty acid biosynthesis in 475 

Schwann cells led to a production of toxic acylcarnitines, which induced sensory neuron 476 

degeneration without any effect on Schwann cell viability. We thus asked whether 477 

acylcarnitine levels are similarly increased in Dhh-p75∆ mice.   For this analysis, lipids in 478 

the sciatic nerve from adult p75KO, wild type, Dhh-p75∆ and Dhh-p75C mice were 479 

isolated and acylcarnitines were quantified by liquid chromatography-mass 480 

spectrometry (LC-MS).  We, however, detected no differences in the levels of 481 

acylcarnitine species among the four genotypes (data now shown).  482 

Previous studies have proposed that p75 plays a role in cholesterol metabolism 483 

in several cell types (Dobrowsky et al., 1994; Korade et al., 2007; Pham et al., 2016).  484 

Therefore, we analyzed cholesterol metabolites in sciatic nerves isolated from adult 485 

p75KO, wild type, Dhh-p75∆ and Dhh-p75C mice. Intriguingly, although there was not a 486 

dramatic change between genotypes in the absolute levels of cholesterol or the 487 

cholesterol precursors, 7-dehydrocholesterol (7-DHC), desmosterol or lanosterol (Table 488 

1), there was a significant increase in the ratio of 7-DHC to total cholesterol in both 489 

p75KO and Dhh-p75∆ mice compared to respective controls (Fig. 4A). The accumulation 490 

of 7-DHC is noteworthy because this sterol is highly susceptible to free radical chain 491 

oxidation, producing a variety of oxysterols, including those that exert a toxic effect in 492 

Neuro2a cells and cortical neurons (Korade et al., 2010; Xu et al., 2009; Xu et al., 493 

2012a). Additionally, accumulation of 7-DHC is associated with the neurodegenerative 494 

disease Smith-Lemli-Opitz Syndrome (SLOS) (Porter and Herman, 2011b).  495 

If the increase we see in 7-DHC relative to cholesterol indicates a production of 496 

toxic lipid species sufficient to affect DRG neurons, we should then detect an increase 497 

in its ratio around the time the number of DRG neurons decrease in p75KO mice, that is, 498 

by postnatal day 6. This is also an age when Schwann cells are actively myelinating 499 

axons and lipid biosynthesis is highly up regulated. Indeed, the ratio of 7-DHC to 500 

cholesterol was nearly 3-fold higher at P6 relative to adult in the wild type nerve (Fig. 501 

4A-B). Importantly, the 7-DHC to cholesterol ratio was substantially increased in the P6 502 
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p75KO mice compared to control, reaching 4-fold (Fig. 4B), a finding reflected in a 503 

significant enrichment of absolute levels of 7-DHC and 8-DHC in P6 myelinating nerves 504 

(Table 1). These results suggest that cholesterol biosynthesis is disrupted in the 505 

absence of p75 in Schwann cells, and specifically, biased towards 7-DHC accumulation 506 

over efficient conversion to cholesterol. 507 

The analyses of cholesterol were performed using sciatic nerves, which contain 508 

axons and Schwann cells as well as various other cell types.  Therefore, we repeated 509 

the same cholesterol measurements in isolated Schwann cell cultures.  Mouse 510 

Schwann cells from wild type and p75KO mice were cultured for 7 days in the presence 511 

of delipidated serum to maximize cholesterol production.  The newly synthesized sterols 512 

were then labeled with 13C-glucose supplements for 9 additional days, and analyzed for 513 

sterols by LC-MS. While the amount of total 13C-cholesterol was not significantly 514 

different between Schwann cells from the wild type and p75KO mice (Fig. 4C, Table 2), 515 

the amount of 13C-7-DHC was significantly higher in p75KO Schwann cells compared to 516 

controls (Fig. 4D), as well as the ratio of 7-DHC to cholesterol, which was similar to that 517 

found in the P6 nerve (Fig. 4E).  These results suggest that the increased 7-DHC to 518 

cholesterol ratio observed in sciatic nerve samples is mostly likely due to alterations 519 

specifically in Schwann cells. 520 

 521 

P75 regulates cholesterol biosynthesis through activation of Sterol Regulatory 522 

Element Binding Protein 2 (SREBP2) in response to BDNF  523 

During normal cholesterol biosynthesis, 7-DHC is directly, and exclusively, 524 

converted to cholesterol by 7-dehydrocholesterol reductase (DHCR7). Thus, 7-DHC 525 

accumulation occurs either from reduced DHCR7 function, as seen in Smith-Lemli-Opitz 526 

Syndrome pathology, or downregulation (Porter and Herman, 2011a). It was previously 527 

reported that p75 knockdown resulted in a transcriptional reduction of dhcr7 in Neuro2a 528 

cells (Korade et al., 2007). Correspondingly, we found that dhcr7 transcript levels were 529 

significantly reduced in p75KO Schwann cells relative to the wild type (Fig. 5A). This 530 

result suggests that p75 signaling in Schwann cells is involved in transcriptional 531 
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regulation of the gene encoding DHCR7, a key metabolic enzyme in cholesterol 532 

biosynthesis. The ensuing outcome is aberrant accumulation of its substrate, 7-DHC.   533 

In considering how p75 might regulate expression of DHCR7, we considered the 534 

possible involvement of SREBP2, a master regulator of genes involved in many stages 535 

of cholesterol metabolism (Brown and Goldstein, 1997). Normally, SREBP2 is retained 536 

in the endoplasmic reticulum of cells; however, when cholesterol levels are low inside 537 

the cell, it is transported to the Golgi where it undergoes proteolytic cleavage followed 538 

by translocation to the nucleus (Horton et al., 2002a). We thus asked whether SREBP2 539 

activation is altered in Dhh-p75∆ mice compared to controls at P5.  Indeed, both the 540 

levels of SREBP2 precursor and active cleaved products were significantly reduced in 541 

Dhh-p75∆ nerves, compared to those of control Dhh-p75C mice (Fig. 5B, C). These data 542 

suggest that p75 regulates cholesterol metabolism in developing Schwann cells through 543 

modulation of SREBP2 levels and activation.  544 

Because BDNF is released by sensory axons (Ng et al., 2007), we hypothesized 545 

that it could activate SREBP2 by binding to p75. Schwann cells do not express the 546 

neurotrophin receptor tyrosine kinase, TrkB (Funakoshi et al., 1993). Indeed, treatment 547 

of primary rat Schwann cells with BDNF resulted in an increase in SREBP2 cleavage 548 

products (Fig. 5D). To determine whether BDNF may be contributing to the SREBP2 549 

activation in vivo, we injected the sciatic nerve of P0 rat pups with TrkB-Fc, which 550 

prevents it from signaling through p75 via scavenging the endogenous BDNF. There 551 

was a significant reduction in activated SREBP2 in the animals injected with TrkB-Fc, 552 

relative to control pups that were injected with IgG-Fc (Fig. 5E, F). In addition, 7-DHCR 553 

protein levels were similarly reduced with TrkB-Fc (Fig. 5E, G), although it did not reach 554 

statistical significance. These results together suggest that p75 regulates 7-DHCR 555 

levels in Schwann cells through SREBP2 in response to endogenous BDNF.    556 

 557 

BDNF regulates SREBP2 via recruiting ErbB2 to p75 signaling pathway 558 

We hypothesized that neuregulin signaling is one mechanism by which p75 559 

signaling could impinge on SREBP2 and cholesterol biosynthesis, since neuregulin 560 

signaling plays a central role in virtually all areas of Schwann cell biology, including 561 

survival, migration, differentiation, and, importantly, cholesterol biosynthesis (Birchmeier 562 
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and Nave, 2008; Michailov et al., 2004; Pertusa et al., 2007). In addition, p75 has been 563 

shown to suppress neuregulin signaling in Schwann cells under hyperglycemic 564 

conditions (Tan et al., 2003).  Indeed, we found that while phospho-ErbB2 levels at P5-565 

P7 sciatic nerves were significantly reduced in Dhh-p75∆ mice (Fig. 6A, B), suggesting 566 

cooperative signaling between p75 and ErbB2 in Schwann cells.  To test whether ErbB2 567 

signaling is involved in the activation of SREBP2, we treated Schwann cells with BDNF 568 

in the presence of 10 M PKI-166, an ErbB2/EGF receptor-specific inhibitor (Mellinghoff 569 

et al., 2004; Tapinos et al., 2006). PKI-166 inhibited the increase in SREBP2 cleaved 570 

products (Fig. 6C, D).  Since the EGF receptor is not expressed in Schwann cells 571 

(DeClue et al., 2000), the primary target of PKI-166 is ErbB2 in these cells.  These 572 

results indicate that BDNF induced SREBP2 cleavage in Schwann cells is reliant on 573 

ErbB2 activity.  Indeed, BDNF addition resulted in tyrosine phosphorylation of ErbB2, 574 

albeit to a lesser extent than neuregulin (Fig. 6E).     575 

ErbB2 activation by neuregulin is not through direct binding, but through forming 576 

a complex with ErbB3, which binds neuregulin (Citri et al., 2003). Surprisingly, unlike 577 

neuregulin, ErbB3 was not associated with activated ErbB2 in response to BDNF (Fig. 578 

6E). We thus asked whether ErbB3 is also tyrosine phosphorylated by activated ErbB2 579 

after BDNF treatment.  While neuregulin induced robust tyrosine phosphorylation of 580 

ErbB3, BDNF failed to do so in Schwann cells (Fig. 6F). Similarly, knockdown of ErbB3 581 

was effective in inhibiting tyrosine phosphorylation of ErbB2 by neuregulin, but not by 582 

BDNF (Fig. 6G).  In contrast, knockdown of p75 prevented ErbB2 phosphorylation in 583 

response to BDNF but not neuregulin (Fig. 6H). Together, these results suggest that 584 

BDNF binding to p75 activates ErbB2, independent of ErbB3, leading to SREBP2 585 

stimulation in Schwann cells. 586 

With the surprising results that BDNF addition led to tyrosine phosphorylation of 587 

ErbB2, we asked whether p75 interacts with ErbB2.  Indeed, p75 was detected in ErbB2 588 

immunoprecipitates induced by BDNF in Schwann cells (Fig. 7A).  Since both p75 and 589 

ErbB2 are known to interact with Par3 in Schwann cells (Chan et al., 2006; Tep et al., 590 

2012), we asked whether the two receptors interact through Par3, a protein with three 591 

PDZ domains, capable of interacting with a large number of proteins that harbor a PDZ 592 

binding motif (Martin-Belmonte and Perez-Moreno, 2011).  Par3 knockdown reduced 593 
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the extent of association between ErbB2 and p75 (Fig. 7B).  Furthermore, Par3 594 

knockdown attenuated the extent of ErbB2 tyrosine phosphorylation without influencing 595 

neuregulin-dependent activation of ErbB2 (Fig. 7C).   596 

 597 

7-DHC is toxic to DRG neurons but not to Schwann cells in culture 598 

The accumulation of 7-DHC has been heavily implicated in the 599 

neurodegeneration associated with Smith-Lemli-Opitz Syndrome (SLOS) (Porter and 600 

Herman, 2011b). Additionally, 7-DHC has been shown to be highly cytotoxic to Neuro2a 601 

cells and cortical neurons, but not astrocytes, in vitro (Xu et al., 2012b). Therefore, we 602 

tested whether 7-DHC is cytotoxic to DRG neurons.  Rat DRG neurons were treated in 603 

culture with 7-DHC and the number of live neurofilament
+
 neurons were quantified after 604 

3 days.  We found that 7-DHC was, indeed, toxic to DRG neurons, reducing the number 605 

of live neurons in a dose-dependent manner (Fig. 8).  The neuronal death was due to 606 

apoptosis, based on active caspase-3 staining (Fig. 8C).  It should be noted that DRG 607 

neurons appear to be quite sensitive to 7-DHC, which reduced the cell survival by 54% 608 

at 5 µM, a similar dose to the 1 μM that was required to reduce cell survival of cortical 609 

neurons by 60%.  On the other hand, it required 50 µM of 7-DHC to reduce cell survival 610 

by 75% in Neuro2a cell lines (Korade et al., 2010; Xu et al., 2012a). Unlike DRG 611 

neurons, however, rat Schwann cells were completely resistant to 7-DHC, even at the 612 

highest dose of 20 µM (Fig. 8B).  These results support the hypothesis that aberrant 613 

accumulation of 7-DHC, while not likely to reduce Schwann cell viability, leads to 614 

sensory neuron loss.  615 

 616 

Increasing DHCR7 levels in p75 deficient Schwann cells during early postnatal 617 

nerve development reduces sensory neurons loss 618 

To test the hypothesis that the reduction in DHCR7 in Schwann cells is a 619 

underlying cause for the sensory neuron loss in p75 deficient mice, we sought to 620 

augment DHCR7 levels in p75KO early postnatal nerves and assess its effect on sensory 621 

neuron survival. We thus injected a lentivirus expressing V5-tagged DHCR7 into the 622 

mouse sciatic nerves at P0, the onset of myelination in mice (Jessen et al., 2015), and 623 
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quantified the number of DRG neurons at P5 . As published (Gonzalez et al., 2014), the 624 

lentivirus infected Schwann cells efficiently in the nerve based on robust V5 tag 625 

expression (Fig. 9A), but not DRG neurons (data not shown).  When analyzed at P5, the 626 

number of DRG neurons were increased by ~35% in lenti-DHCR7 injected p75KO mice 627 

relative to those injected with a control lentivirus (Fig. 9B-C).  A lack of complete rescue 628 

is likely due to incomplete infection of every Schwann cell.  These results indicate that 629 

up-regulating DHCR7 in p75 null Schwann cells is sufficient to restore the majority of 630 

sensory neurons lost in p75KO mice.  631 

 632 

Discussion 633 

Here, we report a surprising role for p75 in Schwann cells which impacts DRG neuron 634 

survival.  Deleting p75 in Schwann cells had little effect on their ability to myelinate 635 

axons but reduced sensory neuron survival by 30% and induced hypoalgesia. The loss 636 

of DRG neurons appears to be due to dysfunctional regulation of cholesterol 637 

biosynthesis in p75 deficient Schwann cells, leading to an accumulation of the highly 638 

reactive, neurotoxic cholesterol precursor, 7-DHC. In examining the mechanism by 639 

which p75 regulates cholesterol biosynthesis, we discovered that in response to BDNF, 640 

p75 recruits and activates ErbB2 independently of ErbB3, thereby stimulating the 641 

master regulator, SREBP2.  These results together highlight a novel role of p75 in 642 

Schwann cells in regulating DRG neuron survival by orchestrating proper cholesterol 643 

metabolism. 644 

As previously mentioned, there is a widely accepted and long-held supposition 645 

that developmental loss of trophic support is the underlying cause for a 50% loss of 646 

DRG neurons in p75KO mice. Unexpectedly, we did not observe DRG neruon loss in  647 

p75KO mice at E17.5, a time point well after normal developmental apoptosis is complete 648 

in DRGs (Farinas et al., 1996; White et al., 1996). Recent studies have also presented 649 

data that  conflict with the prevailing hypothesis of embryonic apoptosis. For instance, a 650 

recent report, utilizing the neuron specific promoter, neurofilament-light chain-Cre, failed 651 

to find any changes in sensory neuron survival (Qin et al., 2020).  Similarly, Chen  al. 652 

(2017) noted only a 20% reduction among the IB4+/peripherin+/Ret+ nociceptors when 653 

p75 was deleted in the DRG beginning at E12.5 in Islet1-p75∆ mice (Chen et al., 2017). 654 
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Taken together with our findidngs, these results indicate that reduced neurotrophic 655 

signaling, at least as it relates to normal developmental apoptosis, may not be the only 656 

cause of DRG neuron loss in p75 deficient models. Instead, our study indicates that 657 

neuronal survival is affected substantially by the loss of p75 in Schwann cells.   658 

One signaling pathway regulated by p75 in Schwann cells identified in our study 659 

is the regulation of cholesterol biosynthesis through ErbB2-dependent activation of 660 

SREBP2 in response to BDNF. While a surprising finding, p75 has previously been 661 

shown to regulate SREBP2 cleavage in response to Nerve Growth Factor (NGF) in 662 

hepatocyte cell lines through the MAP kinase p38 (Pham et al., 2016). Whether a 663 

similar mechanism or a new signaling pathway is involved in Schwann cells is yet to be 664 

determined, but the relevant signaling pathway would have to be inhibitable by PKI-166 665 

and Par3 knockdown.  Since neuregulin is well known to regulate cholesterol 666 

metabolism through the ErbB2/ErbB3 complex, another open question is what would be 667 

the role of BDNF in stimulating cholesterol biosynthesis? We hypothesize that p75-668 

mediated ErbB2 signaling and neuregulin-mediated ErbB2 signaling may occur in 669 

distinct locales in the developing myelin membrane, in order to provide exquisite spatial 670 

regulation in these highly polarized glial cells. Notably, during myelin formation, p75 671 

becomes highly localized to the Schwann cell−axon interface through association with 672 

the polarity protein Par3 (Chan et al., 2006), placing it in a key position to respond to 673 

axonal signals.    674 

Our findings that the cessation of p75 signaling in Schwann cells leads to both a 675 

uniform loss of DRG neurons and the accumulation of neurotoxic 7-DHC in the sciatic 676 

nerve during development is suggestive of neurodegeneration due to lipotoxicity. The 677 

exact pathomechanism of that neurodegeneration, however, requires further 678 

investigation. 7-DHC and its multiple metabolites, many of which are cell permeable 679 

oxysterols, have been theorized to cause neurodegeneration either through elevated 680 

oxidative stress, or due to adverse biological signaling activity (Haldar et al., 2012; 681 

Korade et al., 2010; Porter and Herman, 2011b; Tulenko et al., 2006). Although we 682 

found elevated 7-DHC in p75 null Schwann cells contributed to the loss of DRG 683 

neurons, we cannot rule out possible involvements of other neurotoxic lipids.  For 684 

example, p75 can regulate the production of ceramide, which is neurotoxic (Dobrowsky 685 
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et al., 1994).  A unbiased lipidomic analyses of the wild type and p75KO myelinating 686 

Schwann cells would be an interesting future direction. 687 

Regarding the mechanism by which 7-DHC could be delivered to the neurons, 688 

one possibility is through axonal incorporation of Schwann cell derived exosomes, 689 

vesicles which are largely enriched in cholesterol and have been shown to readily 690 

integrate 7-DHC (St Clair and London, 2019). Exosome transfer between Schwann cells 691 

and axons has been suggested to occur regularly during development and has been 692 

shown to profoundly impact sensory neuron health in disease models (Lopez-Verrilli 693 

and Court, 2012; Wang et al., 2020; Zhou et al., 2018). A mechanism of direct transfer, 694 

which is not reliant on passive neuronal lipid uptake, as our 7-DHC in vitro experiments 695 

were, could also greatly affect localized 7-DHC concentrations. Given that sensory 696 

axons are completely ensheathed by Schwann cells, either via myelin or Remak 697 

bundling, the close proximity between these cells likely results in relatively high local 698 

concentrations of 7-DHC, which could amplify any neurotoxic effects, particularly during 699 

sensitive developmental windows.     700 

The unique lipid signaling between Schwann cells and neurons described here 701 

corroborates a growing body of literature indicating that Schwann cell metabolism has a 702 

profound effect on neuron function and survival (Jha and Morrison, 2018). Schwann 703 

cells are essential for the survival of sensory neurons (Chen et al., 2003; Davies, 1998; 704 

Woldeyesus et al., 1999); however, exactly how they regulate neuron viability and 705 

activity is poorly understood. In pathological conditions, such as diabetes (Feldman et 706 

al., 2017; Goncalves et al., 2017) and some forms of Charcot Marie Tooth (CMT) 707 

disease (Brennan et al., 2015), disruption of Schwann cell metabolism has been 708 

suggested to contribute to neurodegeneration through maladaptive changes in 709 

mitochondria after hyperglycemia induced oxidative stress (Askwith et al., 2009; Cinci et 710 

al., 2015; Figueroa-Romero et al., 2008; Zhang et al., 2010). Such dysfunctional 711 

mitochondria in Schwann cells may result in the production of neurotoxic lipids capable 712 

of inducing neurodegeneration without obvious effects on Schwann cell viability (Viader 713 

et al., 2011; Viader et al., 2013).  Why Schwann cells are more resistant to some toxic 714 

lipid species is not clear. However, it is notable that these cells are programmed to 715 

produce enormous quantities of lipids, including cholesterol, in order to form myelin 716 
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(Saher and Simons, 2010). Thus, it is reasonable to expect that mechanisms to cope 717 

with toxic metabolites evolved in these cells. 718 

Alterations in Schwann cell metabolism and neurotoxic lipid accumulation, has 719 

been found to be a primary pathomechanism in several inherited neuropathies including 720 

Hereditary Sensory and Autonomic Neuropathy 1(HSN1), a rare form of axonal CMT2 721 

(AR-CMT2), and several sphingomyelinases with peripheral nerve symptomology such 722 

as Krabbe Disease (Atkinson et al., 2017; Penno et al., 2010; Schwartzlow and 723 

Kazamel, 2019; Spassieva and Bieberich, 2016). Together with our results, these 724 

findings indicate that exploring mechanisms of Schwann cell metabolic dysfunction in 725 

inherited neuropathies may inform our understanding of the complex pathophysiology of 726 

more common acquired neuropathies.  727 

 728 
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Figure Legends 976 

Figure 1. Deletion of p75 in Schwann cells has little effect on myelination  977 

(A) Efficient deletion of p75 in Schwann cells in Dhh-p75Δ mice.  Adult sciatic nerves 978 

from the wild type, p75 KO, and Dhh-p75Δ mice were stained for p75. Scale bar, 25 μm.  979 

(B) Representative electron micrographs of P25 sciatic nerve cross sections from Dhh-980 

P75C and Dhh-p75Δ. Schwann cells from both genotypes exhibit grossly normal myelin 981 

and Remak morphology. Scale bar, 2 m. (C) G-ratios plotted as a function of axon 982 

diameter.  (D) Average g-ratio from P15 Dhh-p75 Δ and control sciatic nerves (N=3).  983 

  984 
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Figure 2. Deletion of p75 from Schwann cells results in a deficit of DRG sensory 985 

neurons and thermal hypoalgesia 986 

(A) Mice were subjected to thermal hyperalgesia tests utilizing a modified Hargreaves 987 

Apparatus at 50oC at 2 to 3 months of age. Student’s t-test, unpaired one-way, was 988 

used for statistics. (B) Representative images of DRG sections at P25-28 from p75KO, 989 

Dhh-p75Δ and their respective controls.  Scale bar, 100 μm. (C) Quantification of DRG 990 

neurons at P25 from p75KO, Dhh-p75Δ and their respective controls. (D) Quantification 991 

of DRG neurons in Dhh-P75Δ and control Dhh-P75C mice at P5, before myelination is 992 

complete. (E) Representative images of DRG sections from wild type and p75KO at 993 

E17.5. Scale bar, 100 μm. (F) Quantification of DRG neurons from the wildtype and 994 

p75KO mice at E17.5.  995 

 996 

  997 
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Figure 3. The loss of DRG neurons in Dhh-p75∆ mice is not specific to any 998 

neuronal subtype. 999 

(A) Size distribution of Remak bundles in sciatic nerves of P25 Dhh-p75Δ and control 1000 

mice. There was no significant difference between genotypes (one-way ANOVA). (B) 1001 

Soma size distribution of L4-6 DRGs of P25 Dhh-p75Δ and control mice (N=3). No 1002 

significant difference was found in neuronal soma size (one-way ANOVA) (C) RNA 1003 

scope with probes specific to TrkA, TrkB, TrkC, and Ret receptor mRNA. 1004 

Representative images and quantification of L4-6 DRG sections from P25 Dhh-p75Δ 1005 

and control mice. Scale bar, 25 m.  Cells were evaluated as having no/low, medium, or 1006 

high quantities of puncta (N=4). No significant difference was found for any subtype 1007 

(student’s t-test)  1008 

 1009 

  1010 
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Figure 4. Deletion of p75 from Schwann cells results in elevated levels of 7-1011 

dehydrocholesterol (7-DHC), a reactive cholesterol precursor 1012 

(A) LC-MS/MS analysis of adult sciatic nerves from P75KO and Dhh-p75Δ compared to 1013 

their respective controls. (B) 7-DHC/Cholesterol ratios from P6 sciatic nerve from P75WT 
1014 

and P75KO. (C) 13C-cholesterol generated from mouse primary Schwann cultures from 1015 

P75KO and P75WT mice at P3-6 and treated with 13C-glucose in lipid depleted conditions. 1016 

Lipid yield was normalized to total number cells from two independent experiments. (D) 1017 

13C- 7-DHC levels from 13C-glucose treated cells from P75KO mice compared to 1018 

controls. (E) 7-DHC/Cholesterol ratio from 13C-glucose treated P75KO and P75WT mouse 1019 

Schwann cells.  1020 

 1021 

  1022 
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Figure 5. Loss of p75 in Schwann cells reduces dhcr7 expression and SREBP2 1023 

activation 1024 

(A) qPCR analysis of dhcr7 mRNA levels in primary mouse Schwann cells from P75WT 
1025 

and P75KO mice at P3-6. (B) Representative western blot of SREBP2 precursor and 1026 

active cleaved product levels from Dhh-p75∆ and control sciatic nerves. (C) 1027 

Quantification of cleaved SREBP2 over tubulin control (student t-test). (D) BDNF 1028 

stimulates SREBP2 cleavage in Schwann cells.  (E) Squelching of BDNF action in the 1029 

sciatic nerve reduced SREBP2 and 7-DHCR protein levels.  Each lane represents one 1030 

mouse sciatic nerve. (F) Quantification of SREBP2 protein levels in (E).  (G) 1031 

Quantification of 7-DHCR protein levels in (E).   1032 

  1033 

   1034 
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Figure 6. BDNF regulates SREBP2 via recruiting ErbB2 to p75 signaling pathway 1035 

(A) ErbB2 tyrosine phosphorylation in P5-7 sciatic nerves is reduced in Dhh-p75∆ 1036 

compared to the control Dhh-p75C mice.  (B) Quantification of ErbB2 activation in P5-7 1037 

sciatic nerves.  (Student t-test) (C) ErbB2 activity is involved in SREBP2 activation by 1038 

BDNF in Schwann cells. PKI-166 at 10 M inhibits the increase in SREBP2 cleaved 1039 

products, while the vehicle (DMSO) did not.  (D) Quantification of SREBP2 over actin 1040 

controls.  (one-way ANOVA) (E) BDNF induces tyrosine phosphorylation of ErbB2 in 1041 

Schwann cells. ErbB2 was immunoprecipitated and blotted with phosphotyrosine 1042 

antibodies. As a positive control, the lysates from Schwann cells that had been treated 1043 

with NRG1 were subjected to the same immunoprecipitation.   The blot was reprobed 1044 

for ErbB2 and ErbB3. (F) BDNF does not activate ErbB3, while neuregulin does in 1045 

Schwann cells. ErbB3 was immunoprecipitated and blotted with phosphotyrosine 1046 

antibodies. The blot was reprobed for ErbB3. (G) Knock-down of ErbB3 inhibits ErbB2 1047 

activation by NRG1, but not by BDNF. ErbB2 was immunoprecipitated and blotted with 1048 

phosphotyrosine antibodies. The blot was reprobed for ErbB2. The extent of ErbB3 1049 

knock-down is shown as ErbB3 blot. (H) Knock-down of p75 in Schwann cells inhibits 1050 

ErbB2 activation by BDNF and BDNF plus NRG1, but not by NRG1alone. The extent of 1051 

p75 knock-down is shown in the p75 blot. B, BDNF; N, neuregulin.  1052 
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 1053 

  1054 
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Figure 7. BDNF induces the interaction between p75 and ErbB2 receptors in 1055 

Schwann cells through Par3. 1056 

(A) p75 and ErbB2 interact in response to BDNF in Schwann cells.  B, 50ng/ml BDNF; 1057 

N, 8g of NRG1-Type III neuregulin.  (B) Par3 knockdown reduces the extent of 1058 

interaction between p75 and ErbB2 in response to BDNF in Schwann cells. The extent 1059 

of Par3 knockdown in Schwann cells is also shown.  (C) Par3 knockdown inhibits 1060 

tyrosine phosphorylation of ErbB2 by BDNF, but not by NRG1-Type III.  1061 

   1062 
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Figure 8. 7-dehydrocholesterol is toxic to sensory neurons but not Schwann cells  1063 

(A) Primary rat DRG neurons or Schwann cells were treated with varied concentrations 1064 

of 7-DHC for 72 hrs. Representative images of DRG neuron cultures stained for 1065 

neurofilament.  Scale bar, 50 m (B) Quantification of DRG neurons and Schwann cells 1066 

after 7-DHC treatment,  p<0.001, one-way ANOVA, with Tukey’s post hoc test. (C) DRG 1067 

neurons treated with vehicle or 7-DHC for 24 hrs were stained for TuJ1 and cleaved 1068 

caspase 3.  The arrows indicate cleaved caspase+ sensory neurons.  Scale bar, 50 m 1069 

 1070 

   1071 
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Figure 9. Increasing DHCR7 in p75 deficient Schwann cells during early postnatal 1072 

nerve development rescues sensory neurons  1073 

(A) Staining of injected and uninjected P5 sciatic nerves for the presence of a 1074 

DHCR7 fused V5 epitope tag. Scale bar, 25μm (B) Representative images of DRG 1075 

sections harvested from injected and control mice. Scale bar, 100μm (C) Quantification 1076 

of DRG neurons in Wild type (p75WT) or p75KO mice that were uninjected (Control), or 1077 

injected at P0 with a lentivirus expressing DHCR7-V5 (Lenti-7DHCR), or injected with a 1078 

lentivirus expressing only the V5 epitope (Lenti-Control) (p= 0.0010, one-way ANOVA, 1079 

with Tukey’s post hoc test) (N>3)  1080 

 1081 

 1082 

   1083 
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Table 1 1084 

Quantification (nmol/mg protein) of cholesterol and cholesterol precursor levels in the 1085 

sciatic nerves of P75KO and Dhh-p75Δ mice compared to their respective controls, P75WT 
1086 

and Dhh-p75C, using LC-MS/MS analysis. Levels are displayed as mean +/- SEM. One-1087 

way student’s t-test was used to determine significance.  1088 

 1089 

 1090 

  1091 

 Lanosterol Desmosterol 7- DHC 8-DHC Cholesterol 

P6 Sciatic Nerve      

 WT 
(N=8) 

0.40 ± 0.12 
 

0.52 ± 0.19 
 

1.2 ± 0.16 
 

1.3 ± 0.23 74.48 ± 17.74 
 

 P75KO 
(N=5) 

0.81 ± 0.21 
 

0.61 ± 0.20 
 

3.9 ± 1.5 
 

2.2 ± 0.27 
 

72.06 ± 20.04 
 

P Value 0.09 0.74 ****P<0.0001 *0.03 0.94 

Adult Sciatic Nerve      

 WT 
(N=5) 

0.63 ± 0.046 
 

0.74 ± 0.068 
 

0.97 ± 0.10 1.1 ± 0.13 
 

166.9 ± 19.04 
 

 P75KO 
(N=8) 

0.62 ± 0.049 
 

0.85 ± 0.18 
 

1.6 ± 0.20 1.4 ± 0.19 
 

217.7 ± 28.31 
 

P Value 0.82 0.64 0.10 0.29 0.22 

Adult Sciatic Nerve      

 Dhh-P75c 

(N=4) 
0.35 ± 0.049 
 

0.46 ± 0.052 
 

0.78 ± 0.064 
 

0.80 ± 0.095 113.9 ± 10.19 
 

 Dhh-
P75Δ 

(N=7) 

0.41 ± 0.014 
 

0.59± 0.052 
 

0.89 ± 0.065 
 

0.87 ± 0.070 
 

103 ± 5.633 
 

P Value 0.17 0.16 0.32 0.56 0.33 
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Table 2 1092 

 Levels (nmol/total cell) of C13-Desmosterol, C137-DHC, and C13-Cholesterol generated 1093 

by cultured mouse primary Schwann cells harvested from P75KO and P75WT mice at P3-1094 

6. Lipid yield was normalized to total cells in culture, N=6 from two experiments. Levels 1095 

are displayed as mean +/- SEM. One-way student’s t-test was used to determine 1096 

significance. 1097 

 1098 

 1099 

 C13-
Desmosterol 

C13- 
7-DHC 

C13- 
Cholesterol 

WT (N=6) 
13.6 ± 0.896 

0.28 ± 0.057 

 
21.1 ± 2.95 

 
P75KO (N=6) 18.1 ± 2.17 

 
0.67 ± 0.089 

 
24.1 ± 0.856 

 

P Value 0.07 **0.006 0.34 


