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Abstract  49 

The mechanistic Target of Rapamycin Complex 1 (mTORC1) is known to regulate cellular 50 

growth pathways, and its genetic activation is sufficient to enhance regenerative axon growth 51 

following injury to the central or peripheral nervous systems. However, excess mTORC1 52 

activation may promote innervation defects, and mTORC1 activity mediates injury-induced 53 

hypersensitivity, reducing enthusiasm for the pathway as a therapeutic target. While mTORC1 54 

activity is required for full expression of some pain modalities, the effects of pathway activation 55 

on nociceptor phenotypes and sensory behaviors are currently unknown. To address this, we 56 

genetically activated mTORC1 in mouse peripheral sensory neurons by conditional deletion of 57 

its negative regulator Tuberous sclerosis 2 (Tsc2). Consistent with the well-known role of 58 

mTORC1 in regulating cell size, soma size and axon diameter of C-nociceptors were increased 59 

in Tsc2-deleted mice. Glabrous skin and spinal cord innervation by C-fiber neurons were also 60 

disrupted. Transcriptional profiling of nociceptors enriched by fluorescence-associated cell 61 

sorting (FACS) revealed downregulation of multiple classes of ion channels as well as reduced 62 

expression of markers for peptidergic nociceptors in Tsc2-deleted mice. In addition to these 63 

changes in innervation and gene expression, Tsc2-deleted mice exhibited reduced noxious heat 64 

sensitivity and decreased injury-induced cold hypersensitivity, but normal baseline sensitivity to 65 

cold and mechanical stimuli. Together, these data show that excess mTORC1 activity in 66 

sensory neurons produces changes in gene expression, neuron morphology and sensory 67 

behavior. 68 

69 
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Significance Statement  70 

mTORC1 activation promotes regeneration of injured peripheral axons, however it may have a 71 

negative effect on target innervation as well as alter normal sensory function and injury-induced 72 

pain. Acute and chronic mTORC1 inhibition may have different effects on sensory behavior. For 73 

the mTORC1 pathway to be considered as a therapeutic target to promote nerve regeneration, 74 

it is necessary to gain an understanding of the effects of chronic pathway activation on 75 

nociceptors and sensory behavior. We show that constitutive mTORC1 activation in nociceptors 76 

via conditional deletion of its negative regulator Tsc2 results in anomalies in cell morphology 77 

and gene expression that may underlie the decrease in noxious heat sensitivity and the 78 

attenuated nerve injury-induced cold hypersensitivity observed in Tsc2-deleted mice.   79 
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Introduction  80 

The mechanistic Target of Rapamycin Complex 1 (mTORC1) is a potent regulator of 81 

cellular growth affecting downstream processes such as protein translation, autophagy, and 82 

cellular metabolism (Saxton & Sabatini, 2017). mTORC1 activation has been shown to promote 83 

extensive axon regeneration following traumatic injury in both the permissive peripheral and the 84 

restrictive central nervous system environments (Abe et al., 2010; K. Liu et al., 2010; Park et al., 85 

2008). Optimal functional recovery after nerve injury requires therapeutic interventions that 86 

mediate efficient target re-innervation and minimize injury-induced neuropathic pain. Increased 87 

mTORC1 activity can result in defects in target innervation. For instance, mice with mutations in 88 

the negative mTORC1 regulator Tuberous sclerosis 2 (Tsc2) exhibit inappropriately targeted 89 

retinogeniculate projections or reduced innervation of glabrous skin (Abe et al., 2010; Nie et al., 90 

2010). However, the functional consequences of this disrupted sensory target innervation are 91 

unknown.  92 

Studies using local, systemic or intrathecal administration of mTORC1 inhibitors have 93 

shown that attenuation of mTORC1 signaling decreases inflammation- or nerve injury-induced 94 

pain and bone cancer pain (Geranton et al., 2009; Jiang et al., 2016; Jimenez-Diaz et al., 2008; 95 

Liang et al., 2013; Lutz et al., 2015; Obara et al., 2011; Price et al., 2007). A number of studies 96 

have also shown that acute local or systemic administration of mTORC1 inhibitor does not alter 97 

sensory thresholds in naïve mice or rats (Geranton et al., 2009; Jimenez-Diaz et al., 2008; 98 

Obara et al., 2011).  Interestingly, chronic inhibition of mTORC1 results in mechanical allodynia 99 

in naïve mice by a mechanism that involves feedback activation of ERK signaling in sensory 100 

neurons (Melemedjian et al., 2013). These studies indicate that mTORC1 signaling modulates 101 

pain behavior in both naïve animals and in the context of injury. However, pharmacological 102 

mTORC1 inhibition may also have effects on non-neuronal cells that can impact pain behavior 103 

in addition to potentially attenuating mTORC1 signaling in central nervous system regions 104 

involved in pain transmission including spinal dorsal horn neurons and cortical neurons (Asante 105 
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et al., 2010; Beirowski et al., 2017; Geranton et al., 2009; Kwon et al., 2017; Obara et al., 2011). 106 

As such, the specific role of the pathway in peripheral sensory neurons is less clear.  107 

In peripheral sensory axons, an active phosphorylated form of mTORC1 has been 108 

shown to co-localize predominantly with markers of A-fiber axons, but was also shown to be 109 

expressed in a small percentage of C-fiber axons in both the skin and the dorsal root (Geranton 110 

et al., 2009; Jimenez-Diaz et al., 2008; Obara et al., 2011). However, mTOR protein is 111 

expressed in the soma of both classes of neurons in dorsal root ganglia (DRG) (Xu et al., 2010), 112 

suggesting that mTORC1 may have functions that are specific to cell type and/or subcellular 113 

localization. Local protein synthesis in sensory axons is required for both primary and secondary 114 

hyperalgesia (Obara et al., 2012), and mTORC1 signaling is a potent activator of protein 115 

translation in sensory axons (Cho et al., 2014; Khoutorsky & Price, 2018; Terenzio et al., 2018). 116 

mTORC1 signaling has also been shown to mediate protein translation in sensory neurons in 117 

response to some pain-inducing stimuli (Melemedjian et al., 2010). While these studies have 118 

shown a requirement for mTORC1 in mediating pain responses, little is known about the 119 

consequences of excess mTORC1 activation. Mice with a genetic deletion of Eukaryotic 120 

initiation factor 4E-binding protein 1 (4EBP1), a negative regulator of protein translation that is 121 

directly inhibited by mTORC1 activity, exhibit mechanical hypersensitivity, which is reported to 122 

be spinally mediated. However, 4EBP1 was deleted in all cells thereby precluding specific 123 

analysis of peripheral sensory neurons function (Khoutorsky et al., 2015). As such, the response 124 

of sensory neurons to excess mTORC1 signaling remains to be elucidated. 125 

In the present study, we investigated the consequences of activation of mTORC1 in 126 

sensory neurons on target innervation and sensory behavior by employing a genetic approach 127 

to delete its negative regulator Tsc2 using the sensory neuron-specific Nav1.8-Cre mouse. This 128 

strategy results in Cre expression predominantly in C-nociceptors, but also in a subpopulation of 129 

sensory neurons with myelinated axons (Agarwal et al., 2004; Shields et al., 2012). In the 130 

resulting Nav-Tsc2 mice, nociceptors displayed impaired peripheral and central target 131 
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innervation as well as a disruption in nociceptor phenotype and sensory behavior-related gene 132 

expression. Naive Tsc2-deleted mice showed reduced sensitivity to noxious heat but 133 

unchanged cold and mechanical sensitivity compared to control mice. Interestingly, Tsc2-134 

deleted mice exhibited decreased nerve injury-induced cold hypersensitivity, however it is 135 

possible that deficiencies in innervation and gene expression may account for this phenotype. 136 

    137 
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Materials and Methods 138 

 139 

Animals 140 

Tsc2fl/fl (floxed allele; RRID:MGI:3712786; Hernandez et al., 2007), Tsc2null/+ (targeted null allele; 141 

RRID:MGI:2174787; Onda et al., 1999), Nav1.8Cre/+ (MGI:3042874; Agarwal et al., 2004), and 142 

Rosa26-ZsGreen (RRID:IMSR_JAX:007906; Madisen et al., 2010) mice were described 143 

previously. To generate experimental animals, Nav1.8Cre/+; Tsc2null/+ mice were crossed with 144 

Tsc2fl/fl mice. Nav1.8Cre/+; Tsc2null/fl mice are referred to as Nav-Tsc2 mice. Littermate animals 145 

with genotypes Tsc2fl/+, Tsc2null/fl, and Nav1.8Cre/+; Tsc2fl/+ were used as controls as they showed 146 

no phenotypic differences from each other. For experiments using the Rosa26-ZsGreen 147 

reporter, control; Rosa-GFP refers specifically to Nav1.8Cre/+; Tsc2fl/+; Rosa26-ZsGreenGFP/+ 148 

while Nav-Tsc2; Rosa-GFP refers to Nav1.8Cre/+; Tsc2fl/null; Rosa26-ZsGreenGFP/+. Genotype was 149 

determined by PCR at weaning. Male and female mice aged 7 to 18 weeks were used for 150 

experiments unless noted otherwise. All animal procedures were performed in accordance with 151 

the [Author University] animal care committee’s regulations. 152 

 153 

Western blotting 154 

Adult L4 DRG were dissected into cell lysis buffer (Cell Signaling) with protease and 155 

phosphatase inhibitors (Roche Applied Sciences) and manually homogenized. Protein 156 

concentration was determined by DC protein assay (Bio-Rad Laboratories) against bovine 157 

serum albumin standards. 10 g total protein was loaded onto 10% polyacrylamide gels. 158 

Membranes were blotted with antibodies directed against the following proteins: -tubulin 159 

(1:20,000; Abcam Cat# ab18251, RRID:AB_2210057), S6 kinase (1:1,000; Cell Signaling 160 

Technology Cat# 2708, RRID:AB_390722), phospho-S6 kinase T389 (1:750; Cell Signaling 161 

Technology Cat# 9234, RRID:AB_2269803), Tsc2 (1:1,000; Cell Signaling Technology Cat# 162 
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4308), rabbit IgG conjugated to horseradish peroxidase (1:10,000; Thermo Fisher Cat# 163 

656120). Initially blots were probed for Tsc2 and phospho-S6 kinase, then membranes were 164 

stripped in 60 mM Tris-HCl, 2% sodium dodecyl sulfonate, pH 6.8 at 50oC for 30 minutes, 165 

washed extensively, and probed in succession for S6 kinase and -tubulin. Blots were 166 

developed with SuperSignal West Dura (ThermoFisher) and imaged with a ChemiDoc MP 167 

imaging system (Bio-Rad Laboratories).  168 

 169 

Immunohistochemistry 170 

Isolated footpads were fixed by immersion in 2% paraformaldehyde, 15% saturated picric acid 171 

in phosphate-buffered saline (PBS). Spinal cord and dorsal root ganglia (DRG) were fixed via 172 

transcardial perfusion with PBS followed by 4% paraformaldehyde, isolated and immersed in 173 

4% paraformaldehyde. Following several washes, tissue was cryoprotected in 30% sucrose in 174 

PBS and sectioned using a cryostat set to cut 18 μm, 20 μm or 30 μm sections for DRG, spinal 175 

cord and footpad, respectively. 176 

 Immunostaining was performed as follows. Following brief post-fix in 4% 177 

paraformaldehyde and several washes in PBS with 0.1% Triton X-100 (PBSTx), sections were 178 

blocked using 5% donkey serum dissolved in PBSTx. Subsequently, sections were incubated 179 

overnight at 4°C in the following primary antibodies diluted in blocking reagent: chicken anti- III 180 

tubulin (1:500 for footpad; Abcam Cat# ab107216, RRID:AB_10899689), rabbit anti- III tubulin 181 

(1:500 for spinal cord, DRG; BioLegend Cat# 802001, RRID:AB_291637), goat anti-CGRP 182 

(1:400; Bio-Rad / AbD Serotec Cat# 1720-9007, RRID:AB_2290729), rabbit anti-TrkA (1:300; 183 

Millipore Cat# 06-574, RRID:AB_310180), guinea pig anti-Substance P (1: 250; Abcam Cat# 184 

ab10353, RRID:AB_297089). Griffonia simplicifolia Isolectin B4 (IB4) directly conjugated to 185 

Alexa Fluor 488 or Alexa Fluor 594 (1:250; Thermo Fisher Cat# I21411 and I21413) was 186 

incubated with primary antibodies. Mouse anti-Neurofilament 200 antibody (NF200; Sigma-187 
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Aldrich Cat# MAB5266) was directly conjugated to Alexa Fluor 488 or Alexa Fluor 594 using 188 

Apex labeling kit (Thermo Fisher) and incubated with primary antibodies at 1:200 dilution. 189 

Tissue was washed several times with PBSTx, incubated with fluorescent-conjugated 190 

secondary antibodies (1:500; Thermo Fisher Scientific) and DAPI (1:1,000) diluted in blocking 191 

reagent, washed, and mounted in ProLong Gold antifade mountant (Thermo Fisher Scientific). 192 

Images were taken with a Nikon A1R confocal or TE-2000E compound microscope and 193 

analyzed in ImageJ or FIJI (NIH). 194 

 195 

TMP histochemistry 196 

Following two washes with 40 mM Trizma-Maleate (TM) buffer, pH 5.6, adult L4 DRG or spinal 197 

cord sections were washed with TM buffer containing 8% (w/v) sucrose. Samples were then 198 

incubated at 37°C for two hours in TM buffer containing 8% sucrose, 6 mM thiamine 199 

monophosphate chloride and 2.4 mM lead nitrate. Samples were washed once with 2% acetic 200 

acid for one minute, then washed three times with TM buffer and developed for 10 seconds with 201 

an aqueous solution of 1% sodium sulfide. The reaction was quenched with TM buffer. Samples 202 

were mounted in ProLong Gold mountant (Thermo Fisher) and imaged by differential 203 

interference contrast (DIC) microscopy. Five sections per animal separated by ≥54 μm (DRG) or 204 

≥180 μm (spinal cord) were analyzed. 205 

 206 

Electron microscopy 207 

Sciatic nerves from adult (8-18 weeks old) and postnatal day 29 (P29) animals were isolated 208 

and immersed in 2% glutaraldehyde, 4% paraformaldehyde in sodium cacodylate (Karnovsky’s 209 

fixative) overnight at 4oC. Nerves were again fixed in 2% osmium tetroxide in sodium cacodylate 210 

for 1 hour and then treated with gradually increasing concentration of ethanol (25%, 50%, 70%, 211 

80%, 95%, 100% v/v) for 20 minutes each, followed by propylene oxide for 20 minutes. Nerves 212 

were treated with propylene oxide:EPON mix (2:1 for 1 hour and then 1:1 overnight) followed by 213 
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embedding in 100% EPON. Embedded nerve samples were baked at 65oC for 2-3 days. 214 

Solidified samples were cut at 70 nm on an ultra-microtome. Sections were stained with 8% 215 

uranyl acetate followed by Sato’s lead stain before image acquisition on a Jeol (JEM-1400) 216 

electron microscope. Images were recorded with an Advanced Microscopy Techniques V601 217 

digital camera. 218 

 219 

Image analysis 220 

DRG neuron counting. The total number of L4 DRG neurons was quantified by counting III 221 

tubulin-positive profiles (TuJ1). DRG neuron subtypes were counted as TuJ1-positive cells that 222 

co-labeled subtype-specific markers. All positive profiles that were also DAPI-positive were 223 

counted on every fourth section and the result multiplied by four to obtain total L4 counts for 224 

DRG neurons and subtypes.  225 

DRG cell size. Using the polygon tool in FIJI software, TMPase-positive and CGRP-positive 226 

cells were outlined. Area measurements were recorded for up to twenty TMPase-positive or 227 

CGRP-positive/NF200-negative or ten CGRP-positive/NF200-positive neurons from a random 228 

region of each section and repeated until 100 TMPase-positive or CGRP-positve/NF200-229 

negative or 50 CGRP-positive/NF200-positive neurons were analyzed for each animal. Average 230 

cell area for each animal was determined. In addition, the number of cells of small, medium and 231 

large diameter were determined. Cells with area < 314 m2, corresponding to a spherical 232 

diameter of < 20 m2, were characterized as small diameter. Cells with area 315-706 m2, 233 

corresponding to a spherical diameter of 20-30 m2, were characterized as medium diameter. 234 

Cells with area > 707 m2, corresponding to a spherical diameter of > 30 m2, were 235 

characterized as large diameter. 236 

Glabrous skin (footpad). TuJ1-positive fibers entering the epidermis were counted by focusing 237 

up and down through glabrous skin sections from the two most distal footpads of the hind paw. 238 
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A stitched single plane image was then taken of the region of interest (ROI) and the length of 239 

the epidermal-dermal border was traced. Total fibers and epidermal border length of both 240 

footpads were determined for each section. Results from five sections per animal separated by 241 

≥120 μm were averaged. Representative sections were imaged as a z-series and a max 242 

intensity projection was generated in ImageJ. 243 

Nav-Tsc2; Rosa-GFP spinal cord. Lumbar spinal cord sections were stained for IB4 conjugated 244 

to Alexa Fluor 594 and imaged by confocal microscopy with 2X average line scans and 245 

sequential scanning using a 60X objective. To determine GFP density, GFP signal was made 246 

binary through default auto-thresholding in ImageJ. The location of IB4 labeling in the superficial 247 

dorsal horn did not appear to be altered by Tsc2 deletion. We therefore used IB4 staining as a 248 

marker for lamina II. Lamina I was defined as the region within the dorsal horn that was dorsal 249 

to IB4 labeling. Laminas I and II were outlined, and the percent GFP-positive area was 250 

determined for each. Five sections per animal separated by ≥180 μm were analyzed and 251 

averaged. The average GFP density for each sample was normalized to the percentage of 252 

GFP-positive neurons in the L4 DRG of the same animals. These values were then normalized 253 

to the mean for controls. 254 

Sciatic nerve electron microscopy. Axon diameter measurements were made on images of 255 

2000X magnification by averaging the lengths of two lines through the center of the axon at right 256 

angles. At least twenty Remak bundles were analyzed per animal, corresponding to >200 axons 257 

for each P29 animal and >125 axons for each adult animal.  258 

 259 

DRG neuron dissociation and flow cytometry 260 

L4 DRG from control; Rosa-GFP and Nav-Tsc2; Rosa-GFP  mice contralateral to a sciatic nerve 261 

crush were isolated 3 days after injury in Hanks Balanced Salt Solution with 10 mM HEPES 262 

(HBSS-H). Ipsilateral DRG were not analyzed in this study. DRG were treated at 37oC with 263 

consecutive applications of papain (15 U/ml) and collagenase (1.5 mg/ml) in HBSS-H. After 264 



 

 12 

washes, DRG were dissociated by trituration, passed through a 70 m cell strainer, re-265 

suspended in PBS with 2% fetal calf serum and subjected to flow cytometry. Cells were run 266 

through an 85 m nozzle at 45 p.s.i. on a BD FACS Aria II machine and positively sorted for 267 

GFP signal. 268 

 269 

Quantitative PCR 270 

For whole DRG, adult L4 DRG from control mice were isolated bilaterally, lysed, homogenized. 271 

For FACS-sorted cells, adult L1-L6 lumbar DRG from control; Rosa-GFP mice were isolated, 272 

dissociated and sorted by flow cytometry for GFP signal. For each sample, 2500 GFP-positive 273 

cells were sorted into lysis buffer from PureLink RNA Mini Kit with 5% RiboLock RNase Inhibitor 274 

(Thermo Fisher). Total RNA was extracted with PureLink RNA Mini Kit according to 275 

manufacturer’s instructions (Thermo Fisher Scientific). RNA concentration was determined by 276 

NanoDrop 2000 (Thermo Fisher Scientific) for whole DRG. All samples were reverse 277 

transcribed with High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 278 

Quantitative PCR was performed with PowerUp SYBR Green master mix on 2 ng cDNA from 279 

whole DRG or cDNA from 62.5 FACS-sorted cells with a QuantStudio 6 Flex and analyzed with 280 

QuantStudio Real-Time PCR Software v1.3 (Applied Biosystems). Validated primer sequences 281 

were obtained from PrimerBank where available (Wang et al., 2012). Additional primers were 282 

designed and validated for amplification efficiency standard curve analysis. Single amplified 283 

products were noted from melting point analyses and agarose gel electrophoresis. All primer 284 

sequences are found in Table 1. Ct analysis was used to normalize target gene expression 285 

data to the geometric mean of Ribosomal protein L13a (Rpl13a) and Gapdh reference gene 286 

expression. Target gene expression from FACS-sorted cells was then normalized to expression 287 

from whole DRG.  288 

 289 
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RNA-seq analysis 290 

100 L4 DRG cells were FACS-sorted for GFP into 10 l Clontech lysis buffer with 5% RiboLock 291 

RNase Inhibitor for each sample. Three technical replicates of 100 cells each were sorted, and 292 

libraries were prepped and sequenced separately for each biological replicate. All samples were 293 

submitted to the [Genomics core facility at Author’s institution] for library preparation and 294 

sequencing. Library preparation was performed using the SMARTer Ultra Low RNA kit for 295 

Illumina Sequencing (Clontech) per manufacturer’s protocol. cDNA was amplified for 13 cycles 296 

and then fragmented using a Covaris E220 sonicator using peak incident power 18, duty cycle 297 

20%, cycles/burst 50, time 120 seconds at room temperature. cDNA was blunt ended, had an A 298 

base added to the 3’ends, and then had Illumina sequencing adapters ligated to the ends. 299 

Ligated fragments were then amplified for 15 cycles using primers incorporating unique index 300 

tags. Fragments were sequenced on an Illumina HiSeq-3000 using single reads extending 50 301 

bases. Samples were QC’d using FastQC, aligned to mm10 using STAR-align, and counted 302 

using HTseq-count. Technical replicates were collapsed in RStudio and differential expression 303 

determined using DESeq2. Adjusted p value <0.05 and log2 fold change >0.5 or <-0.5 were 304 

used as the cutoff for differential expression. Significantly regulated genes were uploaded to 305 

MetaCore for downstream analysis to determine Gene Otology (GO) processes and molecular 306 

functions that were significantly altered in Nav-Tsc2 mice.  307 

 308 

Data deposition 309 

RNA-seq FastQ files were deposited at the NCBI GEO database (http://www.ncbi.nlm.nih.gov) 310 

under accession number GSE112499. 311 

 312 

Behavioral analysis 313 

Accelerating rotarod. Mice were assessed for gross motor function using an accelerating 314 

Rotarod (Ugo Basile). Mice were trained until they were able to remain on the Rotarod (4 rpm) 315 
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for 120 seconds. One hour after training, five consecutive trials were performed on an 316 

accelerating Rotarod with 5 minutes between trials. Latency to fall was measured as the 317 

apparatus accelerated from 4 to 40 rpm over 5 minutes. 318 

Open field activity. Locomotion was assessed using an open field (42 cm × 42 cm × 30 cm, 319 

length × width × height) equipped with a Versamax Animal Activity Monitoring System 320 

(AccuScan Instruments). Before testing, mice were habituated to the room in their home cages 321 

for at least 1 hour. Mice were then placed in the open field during individual trials and allowed to 322 

freely explore after the experimenter exited the room. The horizontal activity, distance traveled 323 

and time moving during the 1 hour trial were determined by the Versamax software.  324 

Pole climb down. The Pole Test was used to evaluate performance in a complex motor task. 325 

Mice are placed on a vertical metal pole that is 49 cm in height and 0.9 cm in diameter with the 326 

head of the mouse oriented upward. The time required for the mouse to turn around such that 327 

the mouse’s head is oriented downward and the hind limbs are straddling the pole is recorded. 328 

In addition, the time required for the mouse to climb down to the base of the pole is recorded. 329 

von Frey test. Varying diameter von Frey monofilaments (Stoelting, Chicago, IL) were pressed 330 

against the plantar surface of the hind paw until the filament bent. The force applied to the hind 331 

paw is dependent on the diameter of the filament. The up/down method described by Chaplan 332 

was used to determine the mechanical withdrawal threshold (Chaplan et al., 1994). Three trials 333 

were performed on each paw. The three trials were averaged to obtain the withdrawal threshold 334 

for each paw. 335 

Cold plantar test. Mice were tested for cold sensitivity in a manner described previously 336 

(Brenner et al., 2012). Briefly, mice were acclimated on a glass plate. Crushed dry ice pellet was 337 

pressed against the glass underneath the hindpaw. Withdrawal latency was measured, with 338 

withdrawal defined as any action to move the paw vertically or horizontally away from the cold 339 
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glass. An interval of 7 minutes was allowed between paws and 15 minutes between trials. The 340 

average latency times for 2 trials from both hindpaws were averaged for each mouse. 341 

Acetone test. Sensitivity to a cold stimulus was measured using the acetone test. One drop of 342 

acetone was applied to the plantar surface of the hind paw using a 1 ml syringe. Mice were 343 

observed for 5 minutes after each acetone application. The amount of time spent in 344 

spontaneous pain behavior was recorded. Spontaneous pain behavior was defined as shaking, 345 

flinching, or licking of the paw as well as holding the paw in an elevated position. Five trials were 346 

performed on each hind paw, and the response times for each of the five trials were summed to 347 

determine the response time for each paw. 348 

Hargreaves test. The thermal threshold was determined by measuring the withdrawal latency to 349 

a radiant heat source (ITTC Instruments) applied to the plantar surface of the hindpaw in three 350 

separate trials for each hindpaw with a 15 min interval between trials. The withdrawal threshold 351 

was determined by averaging the withdrawal latency obtained in each of the three trials. The 352 

thermal threshold was determined at an active intensity of 18 (AI18). 353 

Chronic constriction injury. Under 2.5% isoflurane anesthesia, the sciatic nerve was loosely 354 

ligated with 6-0 chromic gut sutures. Two ligatures separated by 3 to 5 mm were placed around 355 

the sciatic nerve. The acetone test was performed prior to surgery and at specified times after 356 

surgery on contralateral and ipsilateral hind paws.   357 

 358 

Statistical analysis 359 

Experimenters performing surgery, behavioral observations or image analysis were blinded to 360 

genotype. Statistically significant differences were determined by two-tailed unpaired t test, two-361 

way RM ANOVA, or Sidak’s multiple comparison test using Graphpad Prism software. F and p 362 

values are reported in text for ANOVA results while only p values are reported for t tests. 363 

Sidak’s multiple comparison test was used on individual data points for figures where two-way 364 
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ANOVA was reported in text. All statistical data is included in Table 2. Statistical significance 365 

was defined by p<0.05.  366 

 367 

  368 
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Results 369 

 370 

Tsc2 deletion increases cell body and axon diameters of C-fiber neurons 371 

Previous studies have analyzed the requirement of mTORC1 for full expression of pain states 372 

primarily using pharmacological approaches to inhibit mTORC1 signaling (Ferrari et al., 2013; 373 

Geranton et al., 2009; Jimenez-Diaz et al., 2008; Melemedjian et al., 2013; Obara et al., 2015; 374 

Obara et al., 2011). However, the effect of chronic mTORC1 activation in peripheral neurons on 375 

sensory behavior has not been determined. To analyze the effect of chronic mTORC1 activation 376 

in peripheral sensory neurons, we generated mice with Tsc2 deletion in a subset of dorsal root 377 

ganglia (DRG) neurons, those expressing the voltage-gated sodium channel Nav1.8, which we 378 

designate as Nav-Tsc2 mice. Cre-mediated recombination occurs in these mice after embryonic 379 

day 17.5, and in a population that comprises greater than 90% of nociceptors and ~40% of 380 

myelinated DRG neurons. (Agarwal et al., 2004; Shields et al., 2012). Animals with genotypes 381 

Tsc2fl/+, Tsc2null/fl and Nav1.8Cre/+; Tsc2fl/+ were pooled as a control group as they did not exhibit 382 

phenotypic differences from each other. Phosphorylation of p70 S6 kinase at threonine 389, a 383 

direct target of mTORC1 kinase (Isotani et al., 1999), was increased in L4 DRG of adult Nav-384 

Tsc2 mice compared to controls (Fig. 1A), confirming mTORC1 activity was increased as a 385 

result of Tsc2 deletion in Nav1.8-positive DRG neurons. Residual Tsc2 protein expression in 386 

Nav-Tsc2 DRG was likely due to non-neuronal and Nav1.8-negative neuronal contributions.  387 

As the Tsc2/mTORC1 signaling axis affects cellular metabolism by regulation of 388 

numerous growth-related processes (Saxton & Sabatini, 2017), we analyzed nociceptor cell size 389 

to validate that Tsc2 deletion has functional consequences for those neurons. Thiamine 390 

monophosphatase (TMPase) is a marker predominantly for nonpeptidergic neurons and is 391 

known to co-localize extensively with IB4 in DRG neurons (Zylka et al., 2008). We observed a 392 

56% increase in the average cell area of TMPase-positive nonpeptidergic L4 DRG neurons from 393 

Nav-Tsc2 mice compared with control mice (p<0.0001; Fig. 1B-C,F). This increase in average 394 
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cell size was accompanied by a shift in the distribution of small, medium, and large diameter 395 

nonpeptidergic neurons. In control animals, TMPase-positive neurons were predominantly small 396 

diameter with some medium and no large diameter cells. In Nav-Tsc2 mice, some small 397 

diameter neurons were present, however most neurons were medium diameter with some large 398 

diameter neurons as well (Table 3; for cell size categories see Materials and Methods). 399 

Therefore, Tsc2 deletion increases cell size of nonpeptidergic nociceptors.  400 

Similarly, we analyzed the cell size of peptidergic nociceptors that are CGRP-positive. 401 

This population is heterogeneous in cell size as it is comprised of both A- and C-nociceptors, 402 

which we distinguished by the presence or absence of NF200 expression, respectively. CGRP-403 

positive neurons exhibited decreased intensity of immunostaining in Nav-Tsc2 mice, but 404 

neurons were still identifiable. The average cell area of NF200-negative peptidergic C-405 

nociceptors in Nav-Tsc2 was increased by 60% compared to neurons from control mice 406 

(p<0.0001; Fig. 1D-F, arrows). Additionally, these neurons exhibited a remarkably similar shift in 407 

size distribution as nonpeptidergic nociceptors whereby the percentage of medium and large 408 

diameter neurons was increased in Nav-Tsc2 mice compared with control mice (Table 3), 409 

suggesting both classes of C-nociceptors are susceptible to metabolic anomalies as a result of 410 

Tsc2 deletion. Interestingly, we did not observe a change in the average size of peptidergic A-411 

nociceptors (CGRP, NF200 double positive) nor in the distribution of cell sizes among this 412 

population (p=0.4803; Fig. 1D-F, Table 3), suggesting that Tsc2 deletion may have a limited 413 

effect on the regulation of soma size and/or cellular metabolism of these cells. Notably, Nav1.8-414 

Cre is known to be expressed in >90% of CGRP-positive neurons, and is not restricted to C-415 

nociceptors (Shields et al., 2012). The increased cell size of C-nociceptors in DRG from Nav-416 

Tsc2 mice validates that Tsc2 deletion in these cells has functional consequences that are 417 

consistent with constitutive mTORC1 activation.  418 

 As cell size of C-fiber neurons was increased in Nav-Tsc2 mice, we investigated whether 419 

axon diameter was also affected. Axon diameter affects conduction velocity and alterations may 420 
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influence behavioral responses to sensory stimuli. Both nonpeptidergic and peptidergic C-fiber 421 

axons are unmyelinated and associate with Remak Schwann cells in bundles within peripheral 422 

nerves (Murinson et al., 2005). To determine if axon diameter of C-fiber neurons was affected 423 

by Tsc2 deletion, we analyzed the diameter of axons in Remak bundles of the sciatic nerve by 424 

transmission electron microscopy. The average diameter of Remak-bundled axons of adult Nav-425 

Tsc2 mice was increased by 38% compared to controls (p=0.0047; Fig. 2A-B), showing that 426 

both axon and cell body size are affected by Tsc2 deletion. Generally, axons greater than one 427 

micron in diameter become myelinated during early postnatal development, while axons less 428 

than one micron in diameter are sorted into Remak bundles. However, in adult Nav-Tsc2 mice 429 

we noted a significant increase in Remak-bundled axons greater than one micron in diameter 430 

compared to controls (p=0.0055; Fig. 2A,C). In addition, we noted a decrease in the number of 431 

axons per Remak bundle in Nav-Tsc2 mice (p=0.0371; Fig. 2A,D), suggesting that axon 432 

diameter may affect Remak bundle organization. 433 

 Peripheral axons are radially sorted during the first weeks of postnatal life in mouse to 434 

associate with myelinating Schwann cells (>1 micron axon diameter) or with Remak Schwann 435 

cells (<1 micron axon diameter). To determine whether the increased axon diameter in Nav-436 

Tsc2 mice is the result of disrupted radial sorting or excess neuronal growth post-sorting, we 437 

analyzed sciatic nerves from control and Nav-Tsc2 mice at 29 days postnatal (P29), after 438 

completion of radial sorting (Feltri et al., 2016). At P29, average axon diameter was already 439 

increased in Nav-Tsc2 mice compared to control mice (p=0.0442; Fig. 2A-B). However, while 440 

control mice showed no age-dependent increase in average axon diameter of unmyelinated 441 

axons, average axon diameter of Nav-Tsc2 mice increased from P29 to adult (control: p=0.318; 442 

Nav-Tsc2 p=0.0258; Fig. 2A-B). Despite the increase in average axon diameter of Nav-Tsc2 443 

mice at P29, the percentage of bundled axons greater than one micron in diameter was not 444 

affected (p=0.2076; Fig. 2A,C). Consistently, there was no change in the number of axons per 445 

bundle at P29 in Nav-Tsc2 mice compared to control mice (p=0.0747; Fig. 2D). However, there 446 
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was a statistically significant age-related decline in the number of axons per bundle in sciatic 447 

nerves from Nav-Tsc2 mice that was not seen in controls (control: p=0.5018; Nav-Tsc2 448 

p=0.0202; Fig. 2A,D). Together these data are consistent with the notion that axons are sorted 449 

properly by size during early postnatal development, and axonal hypertrophy after sorting 450 

reduces the number of axons per bundle. This may be due to Remak Schwann cell hyperplasia 451 

or Remak fragmentation or elaboration of Schwann cell processes, as has recently been 452 

described following injury (Gomez-Sanchez et al., 2017).  453 

 454 

Peripheral and central target innervation are preferentially disrupted by loss of Tsc2 455 

As axon morphology was affected in Nav-Tsc2 mice and previous studies have shown that Tsc2 456 

deletion mediated by Advillin-Cre reduces innervation of glabrous skin (Abe et al., 2010), we 457 

analyzed C-fiber target innervation in Nav-Tsc2 mice. To determine if skin innervation is 458 

disrupted in Nav-Tsc2 mice, we performed immunohistochemistry for the pan-neuronal marker 459 

III-tubulin (TuJ1) to assess total intraepidermal nerve fiber (IENF) density of glabrous skin of 460 

the hindpaw footpads. Similar to Advillin-Tsc2 mice, Nav-Tsc2 mice showed a significant 461 

reduction of total IENF density (p<0.0001; Fig. 3A-C). We also observed aberrant morphology of 462 

fibers similar to previously reported (Fig. 3B arrowhead; Abe et al., 2010). As Cre expression 463 

occurs perinatally from the Nav1.8 transgene in contrast to embryonic day 12.5 expression of 464 

Advillin-Cre (Agarwal et al., 2004; Hasegawa et al., 2007), these data suggest that mTORC1 465 

activation after embryonic development is sufficient to affect peripheral target innervation. 466 

 The central processes of C-nociceptors project to superficial lamina of the spinal cord 467 

dorsal horn. Specifically, peptidergic (CGRP-positive) C-nociceptors project to lamina I and 468 

outer lamina II (IIo) while nonpeptidergic (IB4-positive) C-nociceptors project to inner lamina II 469 

(IIi; Fig. 4A,C,G). To determine if DRG neuron fiber density was disrupted in the dorsal horn by 470 

Tsc2 deletion, we crossed a floxed Rosa-GFP reporter into control (specifically, Nav1.8Cre/+; 471 

Tsc2fl/+) and Nav-Tsc2 mice. Using IB4 as a marker of lamina II, we analyzed the percent area 472 
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occupied by GFP signal in laminas I and II. We observed a reduction in GFP-positive area in 473 

both dorsal horn lamina in Nav-Tsc2; Rosa-GFP mice compared to control; Rosa-GFP mice 474 

(lamina I: p=0.0403; lamina II: p=0.0002; Fig. 3D-F), suggesting target innervation is disrupted 475 

in both the peripheral and central branches of C-fiber neurons. 476 

 Despite the reduction in dorsal horn fiber density in Nav-Tsc2 mice, the proper targeting 477 

of each class of C-nociceptor to its appropriate superficial lamina of the lumbar spinal cord was 478 

unaffected (Fig. 4A-F). In addition to superficial lamina, CGRP-positive fibers project to deep 479 

laminae (Fig. 4A, arrows). Strong reduction of CGRP innervation to deep laminae was observed 480 

in all Nav-Tsc2 mice compared to control mice (Fig. 4A-B, arrows), however reduced expression 481 

levels of CGRP may contribute to this phenotype. 482 

In analyzing nonpeptidergic innervation of the lumbar spinal cord, we surprisingly 483 

observed ectopic IB4 binding that presented as filamentous or axon-like labeling in the dorsal 484 

white matter of the spinal cord in all Nav-Tsc2 mice, a phenotype never seen in control animals 485 

(Fig. 4D,F). IB4 is a lectin and can potentially bind to multiple proteins. Ectopic binding may 486 

result from upregulation of a binding target in that region or from mistargeting of nonpeptidergic 487 

axons into the white matter. Thiamine monophosphatase (TMPase) is a marker for 488 

predominantly nonpeptidergic neurons that is known to co-localize extensively with IB4 in DRG 489 

and is present in DRG cell bodies as well as dorsal horn axon terminals (Bennett et al., 1998; 490 

Zylka et al., 2008). We performed TMP histochemistry on spinal cord sections to determine if 491 

ectopic IB4 binding in the spinal cord of Nav-Tsc2 mice is a result of aberrant targeting of 492 

nonpeptidergic nociceptor axons. We did not observe TMPase-positive nonpeptidergic axon 493 

terminals outside of the dorsal horn superficial laminae in Nav-Tsc2 mice (Fig. 4G-H), 494 

suggesting that targeting of nonpeptidergic axon terminals was normal in these mice. To further 495 

investigate the nature of the ectopic IB4 labeling, we crossed a floxed Rosa-GFP reporter into 496 

control and Nav-Tsc2 mice. GFP signal was strong in axons of control; Rosa-GFP and Nav-497 

Tsc2; Rosa-GFP mice in both grey and white matter (Fig. 3D-E, 4I-K), consistent with GFP 498 
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expression driven in ~40% of myelinated DRG neurons some of which project to the white 499 

matter (Shields et al., 2012). However, IB4 labeling was interspersed between GFP signal in 500 

regions of the dorsal white matter, and co-localization of filamentous IB4 labeling with GFP 501 

fluorescence was not seen in lateral dorsal white matter (Fig. 4I-K). We conclude that ectopic 502 

IB4 labeling in spinal cord white matter of Nav-Tsc2 mice does not result from aberrant targeting 503 

of nonpeptidergic axons.   504 

   505 

Tsc2 is required for the full expression of peptidergic markers and ion channels in 506 

nociceptors  507 

Reduced nociceptor target innervation in Nav-Tsc2 mice could result from several possible 508 

mechanisms. One such mechanism is a reduction in the number of DRG neurons that project to 509 

those targets. To explore this possibility, we counted total neurons as well as presumptive 510 

myelinated neurons in adult L4 DRG of control and Nav-Tsc2 mice using antibodies directed 511 

against TuJ1 and NF200, respectively. Loss of Tsc2 resulted in no change in the total neuron 512 

number nor in the number of NF200-positive neurons (TuJ1: p=0.081; NF200: p=0.314; Fig. 5A-513 

E).  514 

To analyze the effects of Tsc2 deletion on specific nociceptor populations, we counted 515 

peptidergic nociceptors in L4 DRG that are immunoreactive for Substance P (SP), CGRP, and 516 

TrkA. mRNA expression of CGRP (Calca and Calcb) and TrkA (Ntrk1) was reduced in Nav-Tsc2 517 

DRG, however SP (Tac1) expression was normal (Fig. 7B, Extended Data Figure 7-1). Despite 518 

this differential regulation of mRNA expression, we observed similar phenotypes by 519 

immunohistochemistry for all three markers. For each, we observed a decrease in the intensity 520 

of immunoreactivity in DRG neurons from Nav-Tsc2 mice, however these neurons were still 521 

identifiable (Fig. 1D-E, Fig. 5A-B,D-E,G-H). The number of SP neurons was reduced in Nav-522 

Tsc2 DRG compared to controls (p=0.0006; Fig. 5A-B,F). CGRP and TrkA neurons can project 523 

A - or C-fiber axons, which are distinguishable by NF200 expression. Reductions were noted in 524 
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the number of both NF200-negative and NF200-positive CGRP neurons as well as TrkA 525 

neurons in Nav-Tsc2 DRG compared to controls (CGRP+,NF200-: p<0.0001; CGRP+,NF200+: 526 

p=0.0007; TrkA+,NF200-: p<0.0001; TrkA+,NF200+: p=0.0005; Fig. 5D-G). While the number of 527 

peptidergic neurons may be underestimated due to decreased expression levels of these 528 

markers, these data suggest a strong reduction in phenotypic markers of peptidergic 529 

nociceptors.  530 

As peptidergic nociceptor number was reduced and the total number of neurons was 531 

unaffected in Nav-Tsc2 mice, we predicted an expansion of other populations of DRG neurons. 532 

Consistently, we noted a 34% increase in the average number of IB4 neurons in the DRG of 533 

Nav-Tsc2 mice compared to controls (p=0.0001; Fig. 5J-L). Co-labeling of IB4 and NF200 was 534 

rarely observed in control animals, however to our surprise, we identified a notable population of 535 

neurons that were positive for both IB4 and NF200 in Nav-Tsc2 mice (p=0.0037; Fig. 5J-L 536 

arrows). The size of this novel population accounted for the loss of NF200-positive CGRP or 537 

TrkA neurons and comprises 8.6% of the total IB4 population. As we did not observe ectopic 538 

IB4 or TMP labeling in deep laminae of the dorsal horn of Nav-Tsc2 mice (Fig. 4D,H), these 539 

supernumerary IB4-positive neurons may project to lamina IIi, the normal target of IB4-positive 540 

afferents. Together, these data show a gain of IB4-positive DRG neurons at the expense of 541 

peptidergic nociceptors in Nav-Tsc2 mice.  542 

To gain insight into the gene expression changes in DRG neurons resulting from Tsc2 543 

deletion, we performed transcriptional profiling of neurons from control; Rosa-GFP and Nav-544 

Tsc2; Rosa-GFP mice. L4 DRG neurons from these mice were dissociated, and GFP-positive 545 

cells were sorted by flow cytometry. Libraries were prepped from 100 GFP-positive cells and 546 

subjected to RNA-seq analysis (Fig. 6A-B). To determine the relative enrichment of nociceptors 547 

by FACS-sorting, we performed quantitative PCR (qPCR) on control whole DRG and FACS-548 

sorted GFP-positive cells from control DRG with markers of different neuron populations as well 549 

as glial markers. TrkA and Nav1.8 expression was determined to denote nociceptors, while 550 
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TrkB and TrkC were assayed for mechanoreceptors and proprioceptors, respectively (Usoskin 551 

et al., 2015). Periaxin (Prx) and Egr2 (Krox20) were assayed as glial markers (Jones et al., 552 

2007; Svaren & Meijer, 2008). We noted >3-fold increase in TrkA and a trend towards a 1.5-fold 553 

increase in normalized levels of Nav1.8 in FACS-sorted samples relative to whole DRG (TrkA: 554 

p=0.0014; Nav1.8: p=0.0613; Fig. 6C). While we observed no change in the relative levels of 555 

TrkB, we observed a 60% reduction in normalized levels of TrkC in FACS-sorted samples 556 

compared to whole DRG (TrkB: p=0.9758; TrkC: p=0.002; Fig. 6C). Glial markers Prx and Egr2 557 

exhibited an average ~16-fold and ~2-fold reduction in FACS-sorted samples respectively, 558 

however these changes did not attain statistical significance due to high inter-sample variability 559 

(Prx: p=0.178; Egr2: p=0.5834; Fig. 6C). Together this suggests that our FACS-sorted samples 560 

are highly enriched for nociceptors, with some glial and other neuron contamination.  561 

We then performed Gene Ontology (GO) analysis on the genes differentially expressed 562 

in Nav-Tsc2; Rosa-GFP compared to control; Rosa-GFP DRG (adjusted p value <0.05, log2 563 

fold change >0.5 or <-0.5) and found that many of the downregulated categories of GO 564 

processes and molecular functions with the highest statistical significance relate to ion channel 565 

expression (Fig. 6D). To understand transcriptional shifts in ion channel expression in Nav-Tsc2 566 

mice (Fig. 7A), we utilized the gene lists from a previously published study that also used FACS-567 

sorting of DRG neurons expressing a fluorescent reporter in an Nav1.8-Cre dependent manner 568 

(Chiu et al., 2014). This study identified genes in a number of different categories that are 569 

expressed in DRG neurons. We noted reduced expression of Calca (CGRPa) and Ntrk1 (TrkA), 570 

consistent with our cell counting results, as well as several sensory behavior mediators of itch 571 

including Nppb and Mrgpra3 (Fig. 7B). In DRG from Nav-Tsc2; Rosa-GFP mice, there was a 572 

preference towards downregulation of a number of sodium, potassium and calcium channels as 573 

well as G protein-coupled receptors (Fig. 7C-E,I). Other categories, including chloride, Trp and 574 

ligand-gated ion channels as well as transcription factors, showed a more random distribution of 575 

upregulated and downregulated genes in DRG from Nav-Tsc2; Rosa-GFP mice compared to 576 
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control; Rosa-GFP (Fig. 7F-H,J). Differential expression data for individual genes can be found 577 

in the Extended Data Figure 7-1.  578 

The previous report of DRG transcriptional profiling identified the 40 most enriched 579 

genes in IB4-positive and IB4-negative subgroups of Nav1.8-positive neurons (Chiu et al., 580 

2014). As Nav-Tsc2 mice have an increase in the number IB4-positive neurons at the expense 581 

of IB4-negative ones, we analyzed the enriched gene sets from Chiu et al. to determine if these 582 

genes are enriched in DRG from Nav-Tsc2 mice. Although we noted an increase in the number 583 

of IB4-positive neurons in DRG from Nav-Tsc2 mice (Fig. 5J-L), the expression of most genes 584 

previously shown to be enriched in IB4-positive neurons was unchanged in Nav-Tsc2 mice, and 585 

an equal number of genes were up- and downregulated (Fig. 7K). In contrast, we observed a 586 

reduction in the expression of the peptidergic markers SP, CGRP and TrkA by 587 

immunohistochemistry (Fig 5), and also noted a strong reduction in the expression of genes 588 

enriched in the IB4-negative group. Of the 38 IB4-negative enriched genes found in our dataset, 589 

28 were downregulated while only one was upregulated in DRG from Nav-Tsc2 mice (Fig. 7L). 590 

Together, this suggests notable deficits in peptidergic nociceptors in Nav-Tsc2 mice that may 591 

affect their function.  592 

 593 

Nav-Tsc2 mice have reduced sensitivity to noxious heat and decreased nerve injury-594 

induced cold hypersensitivity 595 

As nociceptors from Nav-Tsc2 mice showed altered target innervation and altered expression of 596 

some genes related to nociceptor phenotypes and sensory behaviors, we evaluated sensory 597 

behavior in these mice including sensitivity to heat, cold and mechanical stimuli. As a result of 598 

reduced expression of markers of peptidergic nociceptors, we hypothesized that Nav-Tsc2 mice 599 

might exhibit a phenotype similar to mice in which CGRP neurons are ablated (i.e. with reduced 600 

sensitivity to heat and cold hypersensitivity) (McCoy et al., 2013). We analyzed male and female 601 

mice independently due to gender-dependent differences in sensory thresholds. Using the von 602 



 

 26 

Frey test for mechanical sensitivity, we observed no differences in the withdrawal threshold 603 

between control and Nav-Tsc2 mice (female: p=0.2513; male p=0.462; Fig. 8A). We also 604 

observed no differences in response to a cold stimulus between control and Nav-Tsc2 mice in 605 

the cold plantar assay or the acetone test (female: p=0.239; male p=0.2102; Fig. 8B,D-E). In 606 

contrast, both male and female Nav-Tsc2 mice displayed a decrease in sensitivity to noxious 607 

heat compared to control animals (female: p=0.0046; male p=0.0337; Fig. 8C), consistent with 608 

our prediction. To confirm that decreased sensitivity was not due to altered sensorimotor 609 

behavior, control and Nav-Tsc2 mice were subjected to a battery of tests to evaluate motor 610 

function. Control and Nav-Tsc2 mice were not distinguishable in any test performed, and 611 

therefore we report several representative tests. Nav-Tsc2 mice displayed a trend towards a 612 

better performance on the accelerating Rotarod compared to controls (F=4.08, p=0.0518; Fig. 613 

8F). Additionally, no significant differences were noted between control and Nav-Tsc2 mice in 614 

open field activity (p=0.8027; Fig. 8G) or in the pole test which evaluates performance of a 615 

complex motor task (F=0.0425, p=0.8376; Fig. 8H). Motor behavior of Nav-Tsc2 mice was 616 

indistinguishable from controls, indicating that changes in sensory behavioral responses were 617 

not due to motor impairment.  618 

 mTORC1 inhibition by rapamycin injection has been shown to reduce mechanical 619 

hypersensitivity in chronic pain models such as spared nerve injury (Geranton et al., 2009; 620 

Jimenez-Diaz et al., 2008), however similar analysis has not been performed in the context of 621 

constitutive mTORC1 activation specifically in nociceptors. Due to the previously reported 622 

requirement for mTORC1 activation and local protein translation for the full expression of nerve-623 

injury-induced pain behaviors (Khoutorsky & Price, 2018), we expected to see increased nerve-624 

injury-induced hypersensitivity in Nav-Tsc2 mice. To determine whether mTORC1 activation 625 

affects nerve injury-induced hypersensitivity, we analyzed cold hypersensitivity induced by 626 

chronic constriction injury (CCI) of the sciatic nerve. We initially measured CCI-induced 627 

mechanical hypersensitivity and CCI-induced cold hypersensitivity in Nav-Tsc2 mice and control 628 
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mice using the Von Frey test and the acetone test, respectively. We observed inconsistent CCI-629 

induced mechanical hypersensitivity in Nav-Tsc2 mice and control mice. However, both Nav-630 

Tsc2 mice and control mice developed robust and stable cold hypersensitivity following CCI. We 631 

therefore used the acetone test as a measure of CCI-induced hypersensitivity. Cold sensitivity 632 

as measured by the acetone test was not affected at baseline in Nav-Tsc2 mice (Fig. 8D-E). 633 

While the acute phase of hypersensitivity in the first week following CCI was not affected by 634 

Tsc2 deletion, we observed a statistically significant reduction of nerve injury-induced cold 635 

hypersensitivity for females and a trend towards similar attenuation in male Nav-Tsc2 mice in 636 

the chronic phase several weeks after injury (female: F=9.032, p=0.0089; male: F=3.403, 637 

0.0807; Fig. 8D-E), contrary to our prediction. These data suggest that Tsc2 deletion and 638 

consequent chronic mTORC1 activation attenuates nerve injury-induced cold hypersensitivity. 639 

  640 
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Discussion  641 

In the present study, we analyzed the effects of Tsc2 deletion and chronic activation of 642 

mTORC1 in sensory neurons, primarily nociceptors, on peripheral and central target 643 

innervation, gene expression and sensory behavior. Consistent with the well-defined role of 644 

Tsc2 and mTORC1 in regulating cell size, we found an increase in cell soma size and axon 645 

diameter of C-fiber nociceptors in Nav-Tsc2 mice compared with nociceptors in control mice. To 646 

our surprise, we also found that Tsc2 deletion in nociceptors resulted in phenotypic changes in 647 

subpopulations of nociceptors, which manifested as a decrease in the number of peptidergic 648 

nociceptors with a concomitant increase in the number of IB4-positive neurons (presumably 649 

nonpeptidergic nociceptors). In addition, we found that deletion of Tsc2 and consequent chronic 650 

mTORC1 activation in sensory neurons resulted in decreased sensitivity to noxious heat as well 651 

as decreased nerve injury-induced cold hypersensitivity in Nav-Tsc2 mice. Together, these data 652 

show that Tsc2 functions to control target innervation and is required for full expression of 653 

nociceptor phenotypes and the expression of sensory-related genes. Disruption of Tsc2 in 654 

sensory neurons also results in abnormal sensory behavior, which may be due to the observed 655 

phenotypic changes in DRG neurons in which Tsc2 is deleted.  656 

 657 

Cell size and axon diameter are regulated by Tsc2 in C-nociceptors 658 

mTORC1 is a well-characterized regulator of cell size (Fingar et al., 2002). Patients with 659 

tuberous sclerosis complex have a chronic increase in mTORC1 signaling as a result of genetic 660 

disruption of Tsc1 or Tsc2. In mouse models, deletion of Tsc1 generated enlarged neuronal 661 

somata in hippocampal and cortical neurons (Meikle et al., 2007; Tavazoie et al., 2005). 662 

Consistent with these prior studies, our results show that cell size of unmyelinated peripheral 663 

sensory neurons is also increased in Tsc2-deleted mice, although we observed no effect on 664 

CGRP-positive presumptive myelinated neurons. It is possible that A-nociceptors normally have 665 

relatively high levels of an activated form of mTORC1 (Geranton et al., 2009; Jimenez-Diaz et 666 
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al., 2008; Obara et al., 2015), which may result in increased baseline activity levels that make 667 

them less sensitive to constitutive mTORC1 signaling. Alternatively, A-nociceptors may engage 668 

compensatory mechanisms following Tsc2 deletion that maintain normal levels of cellular 669 

metabolism and/or cell morphology.  670 

 Peripheral axon diameter of C-fibers was increased in addition to soma size in Nav-Tsc2 671 

mice. A similar increase in axon diameter was also observed in corpus callosum of mice with 672 

neuron-specific Tsc1 deletion (Ercan et al., 2017). Neuron-specific Tsc1 deletion also results in 673 

hypomyelination as a result of increased connective tissue growth factor (CTGF) expression 674 

(Ercan et al., 2017; Meikle et al., 2007). Similar to hypomyelination in a mouse model, white 675 

matter defects have also been noted in tuberous sclerosis patients (Ridler et al., 2001). We did 676 

not analyze myelination in the Nav-Tsc2 mice because Tsc2 was deleted primarily in 677 

unmyelinated C-nociceptors and only a subset of myelinated neurons. We did however observe 678 

disorganized bundles of C-fiber axons associated with Remak Schwann cells. We observed 679 

fewer axons per Remak bundle in adult but not in P29 Nav-Tsc2 animals when sorting axons by 680 

size is completed. It is possible that as Nav-Tsc2 axons continue to grow inside bundles after 681 

the completion of radial sorting, the Remak Schwann cell undergoes hypertrophy to 682 

compensate for increased axon volume or extrudes axons to maintain its size. Alternatively, 683 

Remak Schwann cells may undergo fragmentation or elaboration of processes, which was 684 

recently reported in injured nerves (Gomez-Sanchez et al., 2017). Remak Schwann cell 685 

hyperplasia may facilitate increased numbers of Remak Schwann cells to re-bundle extruded 686 

axons, or if axons are larger than one micron in diameter they may become wrapped by 687 

myelinating Schwann cells. Future studies examining neuron-glia interactions in older mice with 688 

sensory neuron deletion of Tsc2 are required to determine if this phenotype is progressive or 689 

stably maintained. 690 

  691 
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Tsc2 deletion disrupts nociceptor target innervation, gene expression and sensory 692 

behavior 693 

Previous studies using pharmacological approaches have found that inhibition of mTORC1 694 

signaling in the periphery, spinal cord or brain can attenuate bone cancer pain as well as 695 

inflammation- and nerve injury-induced pain (Asante et al., 2010; Ferrari et al., 2013; Geranton 696 

et al., 2009; Jiang et al., 2016; Jimenez-Diaz et al., 2008; Kwon et al., 2017; Liang et al., 2013; 697 

Obara et al., 2011; Price et al., 2007).  These previous reports indicate that mTORC1 signaling 698 

at a peripheral and/or central locus within the pain transmission pathway is required for the full 699 

expression of these pain states. Conversely, 4EBP1 knockout mice, which would mimic global 700 

constitutive activation of mTORC1 on a single downstream effector, exhibit mechanical 701 

hypersensitivity (Khoutorsky et al., 2015). We thereby hypothesized that chronic mTORC1 702 

activation would promote hypersensitivity to sensory stimuli. On the contrary, we found that 703 

chronic activation of mTORC1 in sensory neurons results in decreased sensitivity to noxious 704 

heat in naïve mice and decreased nerve injury-induced cold hypersensitivity, suggesting that 705 

chronic activation of mTORC1 in nociceptors may decrease pain.  706 

There are a number of important differences between the current study and previous 707 

studies that have employed a pharmacological or global knockout approach to modulate 708 

mTORC1 signaling. First, we used a genetic strategy to specifically activate mTORC1 in 709 

sensory neurons, primarily nociceptors. The use of mTORC1 inhibitors in previous studies likely 710 

influences multiple cell types which may impact sensory behavior including primary sensory 711 

neurons, spinal neurons and cortical neurons as well as of a number of non-neuronal cells that 712 

may influence sensation including immune cells, Schwann cells, DRG satellite glia, and CNS 713 

glial cells (Asante et al., 2010; Beirowski et al., 2017; Ferrari et al., 2013; Geranton et al., 2009; 714 

Kwon et al., 2017; Nicks et al., 2014). Inhibition of mTORC1 signaling in all or some of these 715 

diverse cell types simultaneously is likely to have a complex effect on sensory behavior. In 716 

addition to nociceptor specificity, our study chronically activated mTORC1 signaling. Most 717 
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previous studies using mTORC1 inhibitors administered non-continuously and during a limited 718 

timeframe have found that mTORC1 inhibitors attenuate pain. There is evidence that chronic 719 

modulation of mTORC1 signaling may produce different effects compared with acute 720 

modulation. For example, chronic treatment of human patients or mice with mTORC1 inhibitors 721 

produces an increased incidence of pain (Budde et al., 2011; McCormack et al., 2011; 722 

Melemedjian et al., 2013). We report an attenuation in pain as a result of chronic mTORC1 723 

activation in sensory neurons that express Nav1.8.  724 

In Nav-Tsc2 mice, we observed disruptions in nociceptor soma and axon size, target 725 

innervation and gene expression including sensory behavior-related genes. Any or all of these 726 

changes may contribute to the attenuation of pain in Nav-Tsc2 mice. Cre expression in Nav1.8-727 

Cre transgenic mice is initiated at embryonic day 17.5 (Agarwal et al., 2004), however cell fate 728 

determination of peptidergic and nonpeptidergic nociceptors is not complete until after the third 729 

postnatal week in mice (Molliver et al., 1997). Therefore, the sensory behavior changes 730 

observed in Nav-Tsc2 mice may be a result of developmental abnormalities in DRG neuron 731 

specification or a failure to maintain a nociceptor phenotype in maturity. Previous studies in 732 

which DRG phenotype specification was altered by perturbing expression of the transcription 733 

factor Runx1 in an Nav1.8-Cre dependent manner resulted in changes in DRG target 734 

innervation and in sensory behavior (Abdel Samad et al., 2010; Chen et al., 2006; Yang et al., 735 

2013). Attenuated pain responses in Nav-Tsc2 mice may similarly be a result of developmental 736 

anomalies. Innervation defects in Nav-Tsc2 mice may result from failure to innervate target 737 

tissue or from axon retraction. For instance, long-term maintenance of increased axon diameter 738 

in Nav-Tsc2 mice may pose a negative impact on axon health and morphology, which in turn 739 

may cause retraction from targets. The disruptions in axon morphology found in Nav-Tsc2 mice 740 

may underlie the observed sensory behavioral changes.  741 

Nociceptor subpopulations have been correlated with modality-specific sensory 742 

responses (Cavanaugh et al., 2009; McCoy et al., 2013). CGRP-positive neurons are required 743 
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for heat sensitivity, but also tonically suppress cold sensitivity (McCoy et al., 2013). Therefore, 744 

the observed hyposensitivity to noxious heat in Nav-Tsc2 mice is consistent with preferential 745 

disruption of CGRP neurons. Although we did not test responses to pruritogens in this study, we 746 

would also predict that responses to some pruritogens may be reduced due to decreased 747 

expression of MrgprA3, Nppb and Il31ra (Cevikbas et al., 2014; Q. Liu et al., 2009; McCoy et al., 748 

2013; Mishra & Hoon, 2013). We did not observe a change in baseline cold sensitivity in these 749 

mice. Mechanical sensitivity, a modality that requires nonpeptidergic nociceptors (Cavanaugh et 750 

al., 2009), was unchanged in Nav-Tsc2 mice, consistent with the comparatively normal gene 751 

expression of these neurons. It is not yet clear whether changes in innervation density and gene 752 

expression are related to disrupted nociceptor development or maintenance, however they likely 753 

are contributors to reduced sensitivity in Nav-Tsc2 mice.  754 

As mTORC1 is required for full expression of inflammatory and neuropathic pain states 755 

(Lutz et al., 2015; Obara & Hunt, 2014), we predicted that constitutive activation of the pathway 756 

would produce hypersensitivity in naïve mice. On the contrary, we observed normal mechanical 757 

and cold thresholds and decreased sensitivity to heat in naïve Nav-Tsc2 mice as well as 758 

decreased cold hypersensitivity after nerve injury. From these results, it is enticing to conclude 759 

that mTORC1 activation does not promote pain, and may even reduce it. However, genetic 760 

mTORC1 activation induced complex changes in nociceptors from Nav-Tsc2 mice that may 761 

cooperate to generate the observed behaviors. It will be important to investigate the effects of 762 

chronic mTORC1 activation on sensory behavior in mice in which mTORC1 activation is 763 

initiated in adulthood using inducible Cre expression or pharmacological means. A recent study 764 

found that adult deletion of Pten, a negative regulator of mTORC1 activity farther upstream than 765 

Tsc2, did not alter baseline mechanical or thermal thresholds (Gallaher & Steward, 2018). 766 

However, the regeneration enhancement in these mice was very modest, suggesting that Pten 767 

may be a less potent regulator of the mTORC1 pathway in the peripheral nervous system than 768 

Tsc2. Adult deletion of Tsc2 in sensory neurons will be required to determine if the 769 
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Tsc2/mTORC1 signaling axis can be activated after nerve injury to enhance regenerative axon 770 

growth without stimulating pain.  771 
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Figure Legends 772 

Figure 1. Tsc2 deletion in Nav1.8-positive neurons activates mTORC1 signaling and increases 773 

soma size. (A) Western blot of L4 DRG from adult Nav-Tsc2 mice showed decreased 774 

expression of Tsc2 and increased phosphorylation of the direct mTORC1 target S6 kinase T389 775 

relative to control mice. N=8-10. kDa, kilodaltons. (B-C) TMP histochemistry of adult control and 776 

Nav-Tsc2 L4 DRG. Scale bar: 50 μm. N=6. (D-E) Immunohistochemistry of adult control and 777 

Nav-Tsc2 L4 DRG for CGRP and NF200. Arrows point to CGRP-positive, NF200-negative 778 

neurons. N=5. (F) Average cell area of labeled neurons. Individual animals plotted with mean ± 779 

SEM. N.S p>0.05, **** p < 0.0001. 780 

Figure 2. C-fiber axon diameter is increased in Nav-Tsc2 mice. (A) Transmission electron 781 

micrographs of representative transverse sections of sciatic nerve of P29 (N=5) and adult (N=6) 782 

mice. Arrows point to axons greater than one micron in diameter. Scale bar: 1 μm. (B) Average 783 

diameter of axons bundled by Remak Schwann cells. (C) Percentages of axons bundled by 784 

Remak Schwann cells that have diameter greater that one micron. (D) Average number of 785 

axons within individual Remak bundles. Individual animals plotted with mean ± SEM. * p<0.05, 786 

** p < 0.01. 787 

Figure 3. Fiber innervation is reduced in both central and peripheral targets of DRG neurons in 788 

Nav-Tsc2 mice. (A-B) Projection of a z-stack of hindpaw glabrous skin labeled with TuJ1. 789 

Arrowhead shows aberrant fiber morphology in Nav-Tsc2 mice. Dotted line denotes epidermal-790 

dermal border. Scale bar: 50 μm. (C) Number of TuJ1-positive fibers crossing the epidermal-791 

dermal border were counted in control and Nav-Tsc2 mice. N=5. (D-E) Confocal micrographs of 792 

Rosa-GFP reporter in control and Nav-Tsc2 lumbar spinal cord transverse sections labeled with 793 

IB4. Lamina I and II used for quantification are outlined. Scale bar: 50 μm. (F) Normalized area 794 

fraction of GFP signal in laminas I and II. N=5. Individual animals plotted with mean ± SEM. * 795 

p<0.05. *** p<0.001, **** p<0.0001. 796 
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Figure 4. Laminar targeting of peptidergic and nonpeptidergic fibers is normal in dorsal horn of 797 

Nav-Tsc2 mice. (A-F) Control and Nav-Tsc2 lumbar spinal cord transverse sections labeled with 798 

CGRP (A,B) or IB4 (C,D) as well as merged images (E,F). Note ectopic binding of IB4 in dorsal 799 

white matter of Nav-Tsc2 mice (D,F). Arrows show deep lamina innervation by CGRP. Scale 800 

bar: 500 μm. N=7. (G-H) TMP histochemistry of control and Nav-Tsc2 lumbar spinal cord 801 

transverse sections. Scale bar: 500 μm N=11. (I-K) High magnification confocal micrographs of 802 

lumbar spinal cord transverse sections from Nav-Tsc2; Rosa-GFP mice imaged for GFP 803 

fluorescence and IB4 labeling. Note lack of co-localization in the dorsal column (DC) white 804 

matter compared to dorsal horn (DH) grey matter.  Scale bar: 50 μm. N=5. 805 

Figure 5. Peptidergic nociceptor markers are reduced in DRG from Nav-Tsc2 mice. 806 

Immunohistochemisty of adult L4 DRG transverse sections stained for SP and TuJ1 (A-B) or 807 

NF200 and CGRP (D-E), NF200 and TrkA (G-H) or NF200 and IB4 (J-K). Scale bar: 100 μm. 808 

Arrows point to neurons that co-labeled with NF200. (C,F,G,L) Total number of L4 DRG 809 

neurons labeling with markers as indicated. Individual animals plotted with mean ± SEM. N=4-6. 810 

N.S. p>0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 811 

Figure 6. Transcriptional profiling of nociceptors reveals reduction of ion channel expression in 812 

Nav-Tsc2 DRG. (A) Experimental design for transcriptional profiling. (B) After gating by forward 813 

and side scatter, FITC-positive events were purified. (C) qPCR comparison of normalized 814 

neuronal and glial markers from FACS-sorted cells relative to whole DRG. (D-E) Top ten Gene 815 

Ontology (GO) processes (D) and molecular functions (E) by statistical significance that were 816 

upregulated and downregulated in Nav-Tsc2 DRG as determined by p value. ** p<0.01. 817 

Figure 7. Tsc2 is required for full expression of ion channels and markers of IB4-negative DRG 818 

neurons. (A) Model of expression changes in Nav-Tsc2 mice. (B-L) Scatterplots of normalized 819 

counts in control and Nav-Tsc2 mice for candidate genes involved in sensory behavior (B), ion 820 

channels (C-H), G protein-coupled receptors (I), transcription factors (J), and the most enriched 821 

genes in IB4-positive (K) and IB4-negative (L) neurons expressing Nav1.8-Cre (Chiu et al., 822 
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2014). Red and blue points denote upregulated and downregulated genes, respectively, in Nav-823 

Tsc2 DRG compared to control (adjusted p<0.05, log2 fold change >0.5 or <-0.5). Grey points 824 

denote no change in expression. Gene lists and values can be found in Extended Data Figure 825 

7-1. Select genes that were highly differentially expressed in each category are highlighted. 826 

Numbers in bottom left corner of panels denote number of upregulated (red), downregulated 827 

(blue) and unchanged (black) genes analyzed. Dotted line is representative plot of y=x for 828 

reference purposes only. 829 

Figure 8. Nav-Tsc2 mice shows normal responses to mechanical and cold stimuli but have 830 

decreased heat sensitivity and injury-induced cold hypersensitivity. (A-C) Sensory behavior 831 

analysis of control and Nav-Tsc2 mice. (A) Withdrawal threshold for control and Nav-Tsc2 male 832 

and female mice using von Frey test. N=12-13. (B) Latency to paw withdrawal from cold 833 

stimulus. N=4-11. (C) Latency to paw withdrawal in Hargreaves test. Individual animals plotted 834 

with mean ± SEM. N=9-13. (D-E) Time spent in spontaneous pain behavior as a result of 835 

acetone application to paw of uninjured (circles) or injured (triangles) hindpaw at baseline and 836 

indicated time after chronic constriction injury (CCI) for female (D) and male (E) Nav-Tsc2 mice 837 

(closed shapes) and their control littermates (open shapes). Plotted as mean ± SEM. N=8-11. 838 

BL, baseline. POD, post-operative day. (F-H) Sensorimotor battery showed no difference 839 

between control and Nav-Tsc2 mice. (F) Time to fall off an accelerating Rotarod was measured 840 

for Nav-Tsc2 mice (closed) and their control littermates (open). Data are graphed for each of 841 

five trials. N=17 (G) Open field locomotor behavior was assessed over 1 h in Nav-Tsc2 mice 842 

and their control littermates with individual data points plotted. N=23. (H) Time required to climb 843 

down a pole was measured for Nav-Tsc2 mice (closed) and their control littermates (open). 844 

Data graphed for each of two trials. N=22. Data in G-H shown as mean ± SEM. N.S. p>0.05, * 845 

p<0.05, ** p<0.01. 846 

Table 1. Primer sequences used for qPCR analysis. 847 

Table 2. Statistical table. 848 



 

 37 

Table 3. Percent of small, medium, and large diameter neurons labeled with cell type-specific 849 

markers. Data are presented as mean percentage ± SEM for control and Nav-Tsc2 mice with 850 

corresponding p value and N. Small, medium and large diameter categorized defined in 851 

Materials and Methods. 852 

Extended Data Figure 7-1. RNA-seq analysis of FACS-sorted neurons from control; Rosa-GFP 853 

and Nav-Tsc2; Rosa-GFP summarized in Figure 7. Red and blue text denotes upregulated and 854 

downregulated genes, respectively, in Nav-Tsc2 DRG compared to control (adjusted p<0.05, 855 

log2 fold change >0.5 or <-0.5). Black text denotes no change in expression. padj denotes 856 

adjusted p value. 857 
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Table 1.  

Gene name Forward primer (5'-3') Reverse primer (5'-3') 
Ntrk1 / TrkA GCCTAACCATCGTGAAGAGTG CCAACGCATTGGAGGACAGAT 

Scn10a / Nav1.8 TCCGTGGGAACTACCAACTTC GCTCGCCATAGAACCTGGG 
Ntrk2 / TrkB CTGGGGCTTATGCCTGCTG AGGCTCAGTACACCAAATCCTA 
Ntrk3 / TrkC CCGCATCCCAGTCATTGAGAA TGACCTTGGGTAAGACACATCC 

Periaxin CTCAGCTTGCAAGAAGGGGA  CGTACCAGCTTGGCCACTTT 
Egr2 / Krox20 GGCTCAGTTCAACCCCTCTC GCGCAAAAGTCCTGTGTGTT 
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Table 2.  

Figure Statistical test N Statistical significance 
1E unpaied t test, two-tailed TMPase: N=6  TMPase: P<0.0001 
Cell area CGRP: N=5 CGRP+,NF200-: P<0.0001 
      CGRP+,NF200+: P=0.4803 
Table 3 unpaied t test, two-tailed N=5-6 See Table 3 
Cell distribution       
2B unpaied t test, two-tailed adult: N=6 Adult control vs adult Nav-Tsc2: P=0.0047 
Axon diameter   P29: N=5 P29 control vs P29 Nav-Tsc2: P=0.0442 
      Adult control vs P29 control: P=0.318 

      
Adult Nav-Tsc2 vs P29 Nav-Tsc2: 
P=0.0258 

2C unpaied t test, two-tailed adult: N=6 Adult control vs adult Nav-Tsc2: P=0.0055 
Axons >1 micron   P29: N=5 P29 control vs P29 Nav-Tsc2: P=0.2076 
      Adult control vs P29 control: P=0.4211 

      
Adult Nav-Tsc2 vs P29 Nav-Tsc2: 
P=0.0125 

2D unpaied t test, two-tailed adult: N=6 Adult control vs adult Nav-Tsc2: P=0.0371 
Axons/bundle   P29: N=5 P29 control vs P29 Nav-Tsc2: P=0.0747 
      Adult control vs P29 control: P=0.5018 

      
Adult Nav-Tsc2 vs P29 Nav-Tsc2: 
P=0.0202 

3C unpaied t test, two-tailed N=5 TuJ1: P<0.0001 
Skin innervation       
3F unpaied t test, two-tailed N=5 Lamina I: P=0.0403 
GFP density     Lamina II: P=0.0002 
5C,F,G,L unpaied t test, two-tailed N=5 Total neurons: P=0.081 
DRG neuron    SP: N=6 NF200 total: P=0.314 
counting     SP total: P=0.0006 
      CGRP+,NF200-: P<0.0001 
      CGRP+,NF200+: P=0.0007 
      TrkA+,NF200-: P<0.0001 
      TrkA+,NF200+: P=0.0005 
      IB4 total: P=0.0001 
      IB4+,NF200+: P=0.0037 
6C unpaied t test, two-tailed N=4 whole DRG Nav1.8: P=0.0613 

qPCR of    
N=3 FACS-sorted 
samples TrkA: P=0.0015 

FACS-sorting     TrkB: P=0.9758 
      TrkC: P=0.0020 
      Prx: P=0.1784 
      Egr2: P=0.5834 
8A unpaied t test, two-tailed female: N=13 female: P=0.2513 
von Frey   male: N=12 male: P=0.462 
8B unpaied t test, two-tailed female: N=6 control, 4 female: P=0.2390 
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cKO 

Cold plantar   
male: N=11 control, 10 
cKO male: P=0.2102 

8C unpaied t test, two-tailed female: N=13 female: P=0.0046 
Hargreaves   male: N=9 male: P=0.0337 
8D Two-way RM ANOVA Control: N=9 Interaction: F (5, 75) = 1.82; P=0.1191 
Female CCI   Nav-Tsc2: N=8 Time: F (5, 75) = 10.04; P<0.0001 
      Genotype: F (1, 15) = 9.032; P=0.0089 
8D Sidak's multiple  Control: N=9 BL: adjusted P value >0.9999 
Female CCI comparison test Nav-Tsc2: N=8 POD 4: adjusted P value = 0.269 
      POD 6: adjusted P value = 0.9896 
      POD 20: adjusted P value = 0.9209 
      POD 27: adjusted P value = 0.0071 
      POD 34: adjusted P value = 0.0836 
8E Two-way RM ANOVA Control: N=11 Interaction: F (5, 75) = 0.7719; P=0.5723 
Male CCI   Nav-Tsc2: N=10 Time: F (5, 95) = 4.873; P=0.0005 
      Genotype: F (1, 19) = 3.403; P=0.0807 
8E Sidak's multiple  Control: N=11 BL: adjusted P value >0.9999 
Male CCI comparison test Nav-Tsc2: N=10 POD 4: adjusted P value = 0.9992 
      POD 6: adjusted P value = 0.9998 
      POD 20: adjusted P value = 0.3652 
      POD 27: adjusted P value = 0.236 
      POD 34: adjusted P value = 0.8045 
8F Two-way RM ANOVA Control: N=17 Interaction: F (4, 128) = 1.03; P=0.3946 
Rotarod   Nav-Tsc2: N=17 Trial number: F (4, 128) = 60.26; P<0.0001 
      Genotype: F (1, 32) = 4.08; P=0.0518 
8F Sidak's multiple  Control: N=17 Trial 1: adjusted P value = 0.8576 
Rotarod comparison test Nav-Tsc2: N=17 Trial 2: adjusted P value = 0.8396 
      Trial 3: adjusted P value = 0.2686 
      Trial 4: adjusted P value = 0.0812 
      Trial 5: adjusted P value = 0.1971 
8G unpaied t test, two-tailed Control: N=23 P=0.8027 
Open field 
activity   Nav-Tsc2: N=23   
8H Two-way RM ANOVA Control: N=23 Interaction: F (1, 43) = 2.62; P=0.1129 
Pole climb down   Nav-Tsc2: N=22 Trial number: F (1, 43) = 4.516; P=0.0394 
      Genotype: F (1, 43) = 0.04254; P=0.8376 
8H Sidak's multiple  Control: N=23 Trial 1: adjusted P value = 0.84 
Pole climb down comparison test Nav-Tsc2: N=22 Trial 2: adjusted P value = 0.606 
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Table 3.  

  small medium large 
TMPase       
Control 67 ± 1.98 % 33 ± 1.98 %  0 ± 0 % 

Nav-Tsc2 20.83 ± 1.68 % 73.83 ± 1.66 %  5.33 ± 1.31 % 
p value (N) < 0.0001 (6) < 0.0001 (6) 0.0712 (6) 

CGRP+, NF200-       
Control 41 ± 4.63 % 58.4 ± 4.5 %  0.6 ± 0.4 % 

Nav-Tsc2 4.2 ± 1.88 % 77.8 ± 0.97 %  18 ± 2.35 % 
p value (N) < 0.0001 (5) 0.0003 (5) 0.001 (5) 

CGRP+, NF200+       
Control 4.4 ± 0.75 % 46.8 ± 6.28 %  48.8 ± 6.22 % 

Nav-Tsc2 2 ± 1.1 % 50.8 ± 3.83 %  47.2 ± 4.59 % 
p value (N) 0.9736 (5) 0.893 (5) 0.9918 (5) 

 


