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ABSTRACT 44 

Cholesterol-rich lipid rafts are organizing platforms for many excitatory ion channels and 45 

receptors in neurons and for inflammatory receptors like toll-like receptor 4 (TLR4) in 46 

immune cells. Human dorsal root ganglion (hDRG) neurons that express nociceptor 47 

markers also express high levels of TLR4. Apolipoprotein A-I binding protein (AIBP) binds 48 

to TLR4 and promotes cholesterol depletion and lipid raft disruption in cells where TLR4 49 

is expressed. The current study conducted with male and female hDRG demonstrates 50 

that TLR4-lipid rafts are expressed with higher density in pain- versus non-pain-51 

associated tissues and localized to neurons expressing transient receptor potential 52 

vanilloid 1 (TRPV1) typically expressed by nociceptors. This increased density of TLR4-53 

lipid rafts results in increased excitability of hDRG TRPV1 receptors. Additionally, whole 54 

cell recordings show that disruption of TLR4-rafts with AIBP inhibited pain-associated 55 

ectopic action potential generation and evoked neuronal excitation in hDRG neurons. 56 

AIBP treatment impacted several action potential dynamics specifically in cells with on-57 

going ectopic action potentials rather than non-spontaneously active neurons. Finally, 58 

AIBP is shown to be localized with satellite cells in human DRG and its expression 59 

increases along with glutamine synthetase in pain-associated hDRG. Given that TLR4-60 

raft expression in DRG neurons is largely confined to nociceptors, a TLR4-raft specific 61 

therapeutic such as AIBP may have potential as a novel pain therapeutic with a low-side 62 

effect profile. 63 

 64 

Key Words: AIBP, radiculopathy, neuropathic pain, patient 65 
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SIGNIFICANCE STATEMENT  68 

Lipid rafts are critical regulators of numerous neurological processes and disorders and 69 

are shown here to increase in density in pain-associated human dorsal root ganglia. 70 

Selective disruption of lipid rafts in toll-like receptor 4-expressing nociceptors 71 

significantly reduced the excitability of these neurons and suppressed ectopic, pain-72 

associated action potential discharges. The agent used to disrupt lipid rafts, 73 

apolipoprotein A-I binding protein, localizes to macrophages and satellite glial cells and 74 

engages an endogenous pain relief mechanism with an expected limited side effect 75 

profile. This work reveals a novel mechanism underlying the generation of chronic pain 76 

in patients and identifies a potential therapeutic strategy for its management.  77 
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INTRODUCTION 78 

Cholesterol- and sphingolipid-rich membrane domains termed lipid rafts are small (10-79 

200 nm), dynamic, heterogeneous structures that play key roles in multiple cell systems 80 

(Pike 2006).  A subtype of lipid rafts in which toll-like receptor 4 (TLR4) is expressed, the 81 

TLR4-raft, is localized in microglia and DRG macrophages (Miller, Navia-Pelaez et al. 82 

2020). Toll-like receptor 4 (TLR4) is activated by the well-known pro-inflammatory agent 83 

lipopolysaccharide (LPS) and plays a central role in immune responses (Byrd-Leifer, 84 

Block et al. 2001). Previous studies have demonstrated that tissue inflammation, nerve 85 

injury or direct TLR4 activation with LPS result in a clustering of lipid rafts in 86 

macrophage/microglia cell membranes (Ruysschaert and Lonez 2015). This leads to 87 

decreased membrane fluidity, increased membrane thickness, and increased raft 88 

concentration of numerous ion channels and transmitter receptors (Edidin 2003, Pike 89 

2003), supporting an increase in nociceptive responsiveness. We recently showed that 90 

apolipoprotein A-I binding protein (AIBP) binds to TLR4, leading to selective cholesterol 91 

depletion from activated microglia and macrophages (Woller, Choi et al. 2018, Navia-92 

Pelaez, Choi et al. 2021). TLR4 is highly expressed in small nociceptive, but not large, 93 

non-nociceptive afferents in rodents (Li, Zhang et al. 2014, Li, Adamek et al. 2015), and 94 

TLR4 co-localizes with multiple excitatory voltage- and ligand-gated receptors, such as 95 

transient receptor potential vanilloid 1 (TRPV1), in the same plasma membrane lipid raft 96 

subdomains of nociceptive DRG neurons (Navia-Pelaez, Borges Paes Lemes et al. 2023). 97 

Additionally, intrathecal administration of AIBP reverses allodynia in mouse models of 98 

neuropathic pain known to be regulated by TLR4 signaling, including chemotherapy 99 

induced neuropathic pain (Navia-Pelaez, Choi et al. 2021), and studies in TLR4-knockout 100 
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rodents showed that AIBP was ineffective in behavioral and physiological measures of 101 

pain hyperexcitability, suggesting that AIBP can selectively alter the excitability of DRG 102 

nociceptors via TLR4 binding and disruption of the associated neuronal TLR4-rafts (Li, 103 

Uhelski et al. 2025). In a separate line of work focused on the human DRG (hDRG), we 104 

observed that a significant population of neurons isolated from dermatomes wherein 105 

patients are experiencing radicular neuropathic pain display on-going spontaneous action 106 

potential discharges (spontaneous activity, SA) when acutely cultured, a phenomenon 107 

rarely observed in DRG neurons isolated from non-pain dermatomes (North, Li et al. 108 

2019). Moreover, SA in hDRG is suppressed with inhibitors of ion channels and receptors 109 

that commonly co-localize with TLR4 including voltage-gated sodium channel 1.7 (Nav1.7) 110 

and voltage gated calcium channel 3.2 (Cav3.2) (Li, Adamek et al. 2015, Li, Tatsui et al. 111 

2017, Li, North et al. 2018). This suggests that human DRG nociceptors, like those in 112 

rodents, also express TLR4-rafts whose density may increase with the onset of 113 

inflammation or nerve injury, bringing numerous excitatory elements into close proximity 114 

to support increased neuronal SA and excitability and hence result in the development of 115 

chronic pain. To test this possibility, we compared the density and localization of lipid rafts 116 

in hDRG from pain-associated dermatomes and from those not associated with pain. We 117 

also tested whether AIBP alters the neurophysiological properties of quiescent and 118 

ectopically active human DRG neurons.  119 

 120 

METHODS 121 
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Study Approval 122 

Written informed consent for participation, including use of tissue samples, was obtained 123 

from each patient or donor next of kin prior to inclusion. The protocol was reviewed and 124 

approved by the University of Texas MD Anderson Institutional Review Board and all 125 

experiments conform to relevant guidelines and regulations. 126 

Study Demographics 127 

Tissue samples from 31 patients and one organ donor were used in the study. The 128 

demographic details are summarized in Supplementary Table 1 and show that 23 patients 129 

were males while 8 patients and the organ donor were female. No clear differences 130 

emerged based on sex, so all data is pooled throughout. 131 

Human dorsal root ganglion neuron preparation 132 

Human DRG neurons were prepared as described previously (Li, Adamek et al. 2015, Li, 133 

North et al. 2018). Briefly, each surgical patient donor was undergoing treatment that 134 

necessitated ligation of one or more spinal nerve roots to facilitate tumor resection or 135 

spinal reconstruction. For the organ donor, a section of the thoracic and lumbar spine was 136 

removed upon completion of organ collection and DRG were dissected free. All excised 137 

DRG were immediately immersed in cold (∼4°C) sterile balanced salt solution in 50 mL 138 

centrifuge tubes, which were sealed and placed on ice for transport to the laboratory. For 139 

patient tissue samples, each ganglion was then carefully dissected from the surrounding 140 

connective tissues and sectioned into parts. One section was immersed into 4% 141 

paraformaldehyde and later processed for immunohistochemical (IHC) staining as 142 

described below. Another section of the DRG was dissociated to allow whole-cell 143 
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recording. This section was further cut into several small ∼1 mm2 sections using a surgical 144 

scalpel and placed in a Petri-dish with 2 mL DMEM/F12 containing trypsin, collagenase, 145 

and DNase and shaken for 20 min in a heated (37°C) orbital shaking incubator. The 146 

digestion solution was then collected and put into 15 mL centrifuge tubes with 10 mL 147 

blocking solution (DMEM/F12 with 10% horse serum) while the remaining tissue was 148 

again submerged in 2 mL of fresh digestion solution. This process was repeated until the 149 

sections were fully digested. Tubes with combined digestion and blocking solution were 150 

centrifuged at 23°C and 180G for 5 min. The supernatant was removed, and the cell pellet 151 

re-suspended with 3 mL of culture media (DMEM/F12 with 10% horse serum) and then 152 

filtered through a 100-micron cell strainer. The resulting cell suspension was collected 153 

and centrifuged at 23°C and 180G for 5 min. The supernatant was again removed, and 154 

the final cell pellet re-suspended with culture media. Cells were plated on poly-L-lysine-155 

coated glass sheets and held in culture dishes with culture media until used (Li, North et 156 

al. 2018). For the organ donor DRG, whole ganglia were dissected and cut into small ∼1 157 

mm2 sections and dissociated as described above. A subset of two organ donor DRG 158 

were incubated with interleukin-6 (IL-6, 2pg/ml) for 48h and three were incubated with 159 

oncostatin M (OSM, 2ng/ml) for 72h prior to use in the whole cell studies to induce 160 

hyperexcitability and on-going action potentials (Uhelski, Gorur et al. 2022). 161 

Whole-cell recording in dissociated DRG neurons 162 

Briefly, 24-72h after plating, dissociated DRG neurons were transferred to a recording 163 

chamber perfused with extracellular solution containing 117 mM NaCl, 3.6 mM KCl, 1.2 164 

mM NaH2PO4·H2O, 2.5 mM CaCl2, 1.2 mM MgCl2, 25 mM NaHCO3, and 11 mM glucose 165 

adjusted to pH 7.4 with NaOH. Glass-micropipettes (5–8 MΩ) were prepared and were 166 
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filled with an internal solution with 125 mM KCl, 15 mM K-gluconate, 5 mM Mg-ATP, 0.5 167 

mM Na2GTP, 5 mM HEPES, 2 mM MgCl2, 5 mM EGTA, and 0.5 mM CaCl2 adjusted to 168 

pH 7.4 with KOH. Whole cell configuration was achieved on DRG neurons with a diameter 169 

between 30 and 50 μm that were then held at 0 pA to record the presence or absence of 170 

spontaneous action potentials for 5 min. Neurons were then held at 0 pA, and action 171 

potentials were evoked using a series of 500-ms depolarizing current injections in 10-pA 172 

steps starting from -50 pA. The current that induced the first action potential was defined 173 

as 1X rheobase. Only neurons with a resting membrane potential more negative than -174 

40mV, stable baseline recordings, and evoked spikes that overshot 0 mV were used for 175 

further experiments and analysis. Series resistance (Rs) was compensated to above 176 

70%. All recordings were made at room temperature (25 - 26°C).  177 

Intracellular Calcium Imaging 178 

DRG cultures were incubated at 37 °C for 40 min with the calcium indicator dye Fura-2 179 

AM (2 µM; Molecular Probes, Life Technologies). Neurons were then transferred to a 180 

recording chamber on a Nikon Eclipse microscope and continuously perfused with 181 

oxygenated extracellular solution, as described in the whole-cell studies above. 182 

Intracellular calcium concentration was measured using the 340/380 nm ratio on 183 

neurons with a diameter between 30 and 50μm, with signals captured and analyzed 184 

using NIS-Elements AR software (Nikon). After a 10 min baseline recording, capsaicin 185 

(1 µM) was applied to activate TRPV1 channels (Li, Adamek et al. 2015, Li, Uhelski et 186 

al. 2025). Responses were quantified as the maximum change in the 340/380 ratio from 187 

baseline, with an increase of ≥5% considered a positive response, thereby classifying 188 

DRG cells as TRPV1+. 189 
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Immunohistochemistry 190 

DRG segments were fixed in 4% paraformaldehyde for 12 hours and cryoprotected in 191 

20% sucrose followed by 30% sucrose solution. Frozen DRG sections (12 μm) were cut 192 

using a cryostat. DRG sections were mounted on gelatin-coated glass slides (Southern 193 

Biotech, Birmingham, AL). After blocking in 5% normal donkey serum and 0.2% Triton 194 

X-100 in PBS for 1 hour at room temperature, the sections were incubated overnight at 195 

4°C in 1% normal donkey serum and 0.2% Triton X-100 in PBS containing primary 196 

antibodies against the following targets: Cholera toxin subunit B (CTxB, C22841, 1:500, 197 

Thermo Fisher Scientific Inc.), TRPV1 (rabbit anti-human, ACC-030, 1:500, Alomone, 198 

Israel), Glutamine Synthetase (GS, rabbit anti-human, ab49873, 1:1,000, Abcam, 199 

Cambridge, MA), and CD68 (mouse anti-human, 514H12, 1:500, Bio-Rad Laboratories, 200 

Inc. Hercules, CA). We have tested a large number of commercially available anti-AIBP 201 

antibodies and found them not suitable for immunohistochemistry of human or mouse 202 

tissues. Thus, we developed in-house mouse anti-human AIBP monoclonal antibodies 203 

A7 and BE-1(Choi, Agatisa-Boyle et al. 2021, Navia-Pelaez, Choi et al. 2021) and 204 

tested their utility and specificity using cells and tissues from AIBP knockout mice. We 205 

found that A7 and BE-1 recognize different epitopes on the AIBP molecule, and their 206 

mix at 1:2 ratio provides the optimal intensity and selectivity for IHC applications. We 207 

have previously reported staining of human (and mouse) lung tissue with the A7/BE-1 208 

cocktail (Miller, Pham et al. 2022).(Navia-Pelaez, Choi et al. 2021, Miller, Pham et al. 209 

2022)). After the sections were washed, they were incubated with Cy3- or FITC-210 

conjugated secondary antibodies overnight at 4°C. To perform the proximity ligation 211 

assay (PLA), the DuoLink PLA Multicolor Reagent Pack (Sigma-Aldrich) was used in 212 
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combination with the DuoLink PLA Multicolor Probemaker Kit-Red to conjugate TRPV1 213 

and cholera toxin subunit B (CTxB) antibodies to oligonucleotide probes, enabling 214 

detection of TRPV1–CTxB proximity, according to the manufacturer’s protocol (Navia-215 

Pelaez, Borges Paes Lemes et al. 2023). Sections were viewed with use of a 216 

fluorescence microscope (Eclipse E600; Nikon). For a given experiment, all images 217 

were taken using identical acquisition parameters with experimenters blinded to patient 218 

clinical information. 219 

Drug Administration  220 

Modified AIBP (RFT1081) (Miller, Pham et al. 2022) was developed by Raft 221 

Pharmaceuticals and custom produced by Selvita, Inc. (Cambridge, MA). In brief, 222 

RFT1081 was expressed in a baculovirus/insect cell system to ensure post-translational 223 

modification and endotoxin-free preparation and purified by affinity chromatography using 224 

a Ni-NTA agarose column, followed by ion exchange chromatography and buffer 225 

replacement. The product was >90% pure, with no detectable aggregates (HPLC-SEC) 226 

and residual endotoxin <0.2EU/mg. Storage-stability study of AIBP for up to 6 months at 227 

-80°C or for 1 week at 4°C did not show any loss of its titer or purity. AIBP was diluted in 228 

sterile extracellular solution to the desired concentration of 0.1mg/ml. This test 229 

concentration was determined in earlier studies (Woller, Choi et al. 2018). After 230 

identification of spontaneously active neurons in current clamp mode, AIBP was bath 231 

applied in the external solution until the APs stopped firing (2 - 26 minutes). Peak AIBP 232 

effect was defined as the last minute of AIBP application. This was followed by a washout 233 

period lasting 5-10 minutes. During the washout period, we expected action potentials to 234 

reoccur, as neurons are typically washed for the same duration as their AIBP treatment. 235 
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The neuron that required 26 minutes to cease firing was washed for 25 minutes, while the 236 

other 10 of 11 neurons were washed for 5–10 minutes. For sensitization of organ donor 237 

cultures, human recombinant IL-6 (206-IL, R&D Systems) was reconstituted in sterile 238 

PBS at 20 mg/mL and diluted to 2 pg/mL in culture media. Human recombinant OSM 239 

(H6541, Sigma) was reconstituted in sterile PBS at 500 ng/mL and diluted to 2 ng/mL in 240 

culture media. Capsaicin (Sigma) was prepared in a stock solution of 100% ethanol and 241 

diluted to 1 µM in extracellular solution and applied to activate TRPV1 channels. TRPV1 242 

has been widely studied in pain mechanisms. It is expressed in subsets of nociceptors 243 

and is activated by a variety of noxious stimuli, including capsaicin—the active component 244 

of chili peppers—as well as protons, heat above 42 °C, and a family of endogenous lipids 245 

associated with inflammation (Caterina, Schumacher et al. 1997, Nagy, Friston et al. 246 

2014). 247 

Experimental Design and Statistical Analyses 248 

All statistical analyses were performed with consideration of the heterogeneity inherent in 249 

human dorsal root ganglion (DRG) neuron preparations. Given the biological variability of 250 

these samples, particularly in human DRG cultures, nonparametric tests were used 251 

appropriately to account for deviations from normality and small sample sizes. Sample 252 

sizes (e.g., number of cells, animals, or donors) are reported in figure legends. Data are 253 

expressed as the mean ± standard error of the mean (SEM). Analyses were conducted 254 

using Prism 9 software (GraphPad Software, San Diego, CA). Group differences in 255 

immunostaining intensity (Figs. 1, 3, and 6) were assessed using two-tailed, unpaired t-256 

tests with Welch’s correction. For electrophysiological experiments, data were analyzed 257 

using the Mann-Whitney U test (Fig. 2, 3), Wilcoxon matched-pairs signed-rank test (Fig. 258 
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4) or Paired t-test (Fig. 5), as appropriate for the experimental design. A significance 259 

threshold of p < 0.05 was used for all statistical comparisons.  260 

Data availability  261 

Deidentified data available upon request. 262 

 263 

RESULTS 264 

Increased expression of Lipid rafts and TRPV1 in pain-associated versus non-265 

pain human DRG neurons 266 

DRG were collected from patients whose clinical data is summarized in Supplemental 267 

Table 1. Patient samples were characterized by radiographic analysis of nerve root 268 

compression and a history of associated dermatomal radicular/neuropathic pain, 269 

resulting in two categories: patients presenting with only axial spine pain and no nerve 270 

root, DRG or spinal cord compression (Non-Pain; Supplementary Fig. 1a), and patients 271 

with tumors compressing the nerve root or DRG and producing radicular pain in the 272 

associated dermatome (Pain; Supplementary Fig. 1b). Fixed sections of hDRG from 273 

non-pain and pain-associated dermatomes (non-pain and pain DRG, respectively) were 274 

stained with CTxB to detect the presence of lipid rafts and their expression in relation to 275 

TRPV1 neurons was determined. CTxB staining was diffuse and appeared in small 276 

patches in non-pain DRG (Fig 1a, in green). TRPV1 expression in non-pain DRG (Fig. 277 

1b, in red) was pronounced in some neurons but more frequently observed as diffuse or 278 

weak staining in medium and small-diameter neurons. The co-localization of these (Fig. 279 

1c, yellow), while present, was not very intense or frequent. The cell outlined by the 280 

white box in Fig. 1c is shown at magnified scale in Fig. 1d where only low intensity 281 
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speckled co-localization can be seen because the lipid rafts are small and diffuse in 282 

non-pain DRG. In contrast, CTxB staining in DRG from pain-associated dermatomes 283 

was highly pronounced as shown in Fig. 1e (green). TRPV1 staining was also markedly 284 

elevated (Fig. 1f, red); and co-localization of lipid rafts to TRPV1+ cell profiles was 285 

prominent (Fig. 1g, yellow). The cell outlined by the white box in Fig.1g is shown at 286 

higher magnification in Fig. 1h where the area of co-localization for this cell appears 287 

along the cell profile margins consistent with the location of the cell membrane. The 288 

grouped IHC quantitative data shown in the scatter and box plots in Fig. 1i indicate that 289 

the results in the representative images did indeed reflect the population sample and 290 

that the increases in both CTxB (green) and TRPV1 (red) in the pain DRG group (filled 291 

boxes) were statistically significant compared to the non-pain DRG (open boxes). 292 

Proximity Ligation Assay (PLA) was used to confirm co-localization of TRPV1 to CTxB-293 

lipid rafts and quantify the level of their expression. As shown in Fig. 1j the 294 

CTxB/TRPV1 PLA signal was significantly increased in pain-associated DRGs (filled 295 

bar) compared to non-pain–associated DRGs (open bars, t (8.63) = 2.43, p = 0.039). 296 

This indicates that TRPV1+ lipid rafts are increased in pain-associated DRG of pain 297 

patients.  298 

Increased responses to capsaicin in pain versus non-pain human DRG neurons 299 

Given that pain DRGs have increased expression of TRPV1 and lipid raft density, the 300 

next issue was whether this had functional consequences. To test this possibility, 301 

neurons from non-pain and pain DRG were challenged in two different experiments with 302 

a minimally effective concentration of capsaicin. Whole cell current clamp experiments 303 

on non-pain DRG neurons determined this to be one-minute exposure to 1mm 304 
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capsaicin as 2 of 8 cells showed failed to show any response and the remaining 6 only 305 

produced short bursts of evoked action potential with mild membrane depolarization as 306 

shown in Fig. 2a. In contrast, all of the neurons from pain DRG showed marked 307 

membrane depolarization and extended trains of action potential discharges (Fig. 2b). 308 

The grouped data summarized in the scatter and bar plots in Fig. 2c confirmed that the 309 

responses of the neurons from pain DRG (red bar) were significantly increased 310 

compared to the non-pain DRG neurons (Fig. 2c; Mann-Whitney U test, U=0, p = 311 

0.0007). Calcium imaging was used to build upon these initial whole cell findings and 312 

like in the whole -cell studies it was observed that capsaicin was less effective in 313 

inducing responses from non-pain DRG neurons and those responding showed more 314 

muted responses than in neurons from pain DRG. A representative example of calcium 315 

imaging in a non-pain DRG neuron to capsaicin administration is shown in Fig. 2d. Each 316 

colored line shows the response of a single neuron; and it can be seen that 2 of the 6 317 

neurons in this sample showed no response to capsaicin (note the green and light blue 318 

traces) while the responses shown by the remaining cells were relatively small and 319 

slow. In contrast, the representative set of traces from pain DRG neurons shown in Fig. 320 

2e reveals that all four of these neurons responded with much faster and exaggerated 321 

increases in intracellular calcium as reflected by the larger change in 340/380 ratio. The 322 

scatter and bar graphs in Fig. 2f summarize the grouped data for the capsaicin 323 

responders in both groups and show that intracellular calcium intensity was significantly 324 

increased in neurons from pain DRG (red bar) compared to those from non-pain DRG 325 

(Fig. 2f; Mann-Whitney U test, U = 31, p = 0.0089).  Overall, one minute administration 326 

of 1mm capsaicin induced an increase in 340/380 ratio above 5% in only 9 of 19 327 
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neurons from non-pain patients, while evoking a response above 5% change in 18 of 21 328 

pain DRG neurons. These findings suggest that spinal cord/nerve root compression 329 

enhances TRPV1-mediated excitability in human DRG neurons.  That said, we also 330 

noted that the capsaicin-evoked calcium responses in neurons from our cancer patient 331 

cohort were weaker than those reported in healthy organ donors (Lesnak, Schaub et al. 332 

2025). This observation suggests the possibility that age-related and health status 333 

impacts hDRG neuronal responsiveness at TRPV1. Many of these cells also notably 334 

expressed lipofuscin that may also have quenched some of the fluorescence intensity.  335 

Functional Regulation of TRPV1 by TLR4-lipid rafts 336 

Given the positive functional impact of increased expression of TRPV1+ lipid rafts on 337 

TRPV1 signaling in human pain DRG neurons like we had also shown in rodents (Li, 338 

Adamek et al. 2015, Li, Uhelski et al. 2025), the next step was to determine whether 339 

disruption of lipid rafts would reverse this using AIBP, a specific disruptor of TLR4–lipid 340 

rafts (Woller, Choi et al. 2018, Navia-Pelaez, Borges Paes Lemes et al. 2023). Whole-341 

cell patch clamp experiments on 5 pain DRG neurons showed that the same one-342 

minute application of 1mm capsaicin could reliably yield reproducible sharp, large 343 

amplitude inward currents as shown by the representative analog recording shown in 344 

Fig. 2g and the grouped data shown in the scatter line plot in Fig. 2h (each dot-line pair 345 

is a single neuron). The same protocol was used to test the effects of AIBP on 346 

capsaicin-evoked currents in DRG neurons from one organ donor, one pain patient, and 347 

one non-pain patient (6 neurons in total). Capsaicin (1 µM) alone again induced a sharp, 348 

large-amplitude inward current as shown on the left side of the analog recording in Fig. 349 

2i. However, application of capsaicin with AIBP resulted in a markedly reduced 350 
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capsaicin-evoked current in all neurons tested, independent of the pain state associated 351 

with the DRG (Fig. 2i, right side). The grouped data summarized in the scatter line plots 352 

in Fig. 2j reveal that AIBP significantly reduced the responses of the second capsaicin 353 

application (blue dots) compared to the first (red dots, Wilcoxon matched-pairs signed 354 

rank test, W = -21.00, p = 0.0312, the mean values are 59.47 and 16.81, and the SEM 355 

values are 20.36 and 12.05 for the capsaicin-only group and the capsaicin + AIBP co-356 

treatment group, respectively), consistent with our findings in rat neurons (Li, Uhelski et 357 

al. 2025). This finding indicates that, regardless of the pain state of the DRG, TRPV1 is 358 

incorporated into TLR4-lipid rafts, and disruption of the lipid rafts with AIBP results in 359 

attenuated TRPV1 activation. 360 

Effects of Unilateral Compression on Membrane Lipid Rafts and Excitability in 361 

Human DRG Neurons 362 

An important extension and further validation of the findings shown in Figure 3 was 363 

possible using a unique set of bilateral DRG patient samples (5 pairs) where one side 364 

was affected by root compression and associated radicular neuropathic pain while the 365 

contralateral side was unaffected. IHC was used to first determine whether lipid rafts 366 

and TRPV1 were increased on the pain side DRG versus the contralateral non-pan 367 

side. A representative example of the results is shown in Fig. 3a. Lipid rafts visualized 368 

using CTxB (green) were found to be increased in the compression and pain-associated 369 

DRG (Fig. 3ai) versus unaffected and non-pain DRG (Fig. 3aii). TRPV1 (red) was 370 

similarly increased on the pain side (Fig. 3aiii) compared to the non-pain contralateral 371 

side (Fig. 3aiv). Notably, the pain DRG ipsilateral to the compression exhibited a higher 372 

prevalence of lipid rafts that colocalized with TRPV1 staining (yellow, Fig. 3av), while 373 
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levels of co-expression were low on the non-pain side (Fig. 3avi). The scatter box plots 374 

in Fig.3b show that the representative findings just described were consistent across all 375 

samples a significantly different for both CTxB (green, t (6.1) = 3.33, p= 0.016) and 376 

TRPV1 (red, t (7.4) = 4.59, p=0.002) in the pain DRG (filled boxes) compared to the 377 

non-pain DRG (open boxes). The MRI image shown in Figure 3c is from the patient 378 

donor whose DRG were used for the representative IHC (Fig. 3a) and shows the typical 379 

presentation where tumor (red outline) is seen impinging upon the DRG and spinal cord 380 

on the left, which corresponds to the side unilaterally affected by radicular pain as 381 

illustrated on the inset of the body outline where the area of radiating pain is shown also 382 

in red. Representative whole cell recordings from DRG neurons from the same patient 383 

donor are shown in Fig. 3d and e where we confirm previous reports from our group 384 

(North, Li et al. 2019) that neurons sourced from the pain-associated ipsilateral DRGs 385 

frequently exhibited spontaneous action potential discharges in culture (Fig. 3d, red, 5/5 386 

neurons in this sample) that is only rarely found on the contralateral side (Fig. 3e, blue, 387 

0/4 neurons in this sample). The grouped whole cell data is shown in the scatter plots in 388 

Fig. 3f where it was found that DRG neurons originating from the ipsilateral pain side 389 

(red) displayed a significantly lower rheobase (the minimum current required to induce 390 

an action potential) and more depolarized resting membrane potential (RMP) compared 391 

to neurons from the contralateral side (blue, Mann-Whitney U = 0, p = 0.0159, and U = 392 

1, p = 0.0317, two-tailed) (Fig. 3f). Rheobase and RMP in contralateral patient DRG 393 

were not different from what we have reported for organ donor DRG (Li, Uhelski et al. 394 

2024). These data show that compression-induced neuropathic pain and neuronal 395 
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hyperexcitability is likely associated with increased lipid raft content, indicating a 396 

possible role of lipid rafts in the development of this hyperexcitability. 397 

Effects of AIBP administration on excitability of human DRG neurons 398 

Cultured human DRG neurons are normally quiescent except when isolated from 399 

dermatomes associated with ongoing pain, or after incubation with inflammatory 400 

cytokines (primed) (Kandasamy and Price 2015) such as IL-6 or Oncostatin M (OSM). 401 

Under these sensitizing conditions, spontaneous action potential discharges 402 

(spontaneous activity, SA) by the neurons are commonly observed (North, Li et al. 2019). 403 

To examine whether the assembly of lipid rafts contributes to SA and hyperexcitability of 404 

pain side or sensitized DRG neurons in culture, we treated SA cells with AIBP to 405 

specifically disrupt TLR4-lipid rafts while recording spike frequency using whole cell patch 406 

clamp. We recorded from 15 neurons, 10 of which were from pain-associated DRGs 407 

(radicular neuropathic pain or axial nociceptive pain), and 5 were from healthy donor 408 

DRGs primed with IL-6 or OSM. The representative analog recording in Fig. 4a is from a 409 

pain patient donor DRG, while that in Fig. 4b is a sensitized neuron from an organ donor. 410 

In both cases the application of AIBP (0.1 mg/ml, indicated by the line and label above 411 

each trace) suppressed on-going discharges. Termination of AIBP application allowed 412 

resumption of action potential firing, although the firing frequency was reduced compared 413 

to pre-treatment conditions. Another representative example of SA from a pain patient 414 

donor DRG is shown in Fig.4c, that demonstrates no change in SA over the recording 415 

interval was observed with administration of PBS in which AIBP was dissolved. The 416 

summarized grouped data is shown in the scatter plot in Fig. 4d. The patient donor DRG 417 

neurons treated with AIBP are shown by the circles, while sensitized organ donor DRG 418 
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are shown in the squares, and the pain patient DRG treated with vehicle are shown in the 419 

diamonds. The time points sampled are coded by shading of the shapes where black is 420 

the baseline data, the dark gray is at 2 min of AIBP (vehicle) application, light gray is at 421 

maximum effect for AIBP (fixed at 10 min for vehicle as detailed below) and the open 422 

shape is at 5 min following washout (fixed at 30 min for vehicle). Each data point is the 423 

mean across 2 minute segments taken just prior to AIBP (vehicle) application (baseline), 424 

beginning two minutes after AIBP (vehicle) was started (2 minute), immediately after 425 

termination of AIBP (peak effect), and beginning 5 minutes after termination of AIBP. As 426 

shown, AIBP significantly suppressed SA in 11/11 of the DRG neurons (Wilcoxon 427 

matched-pairs signed rank test, W = -45.0, p = 0.0039). Meanwhile, vehicle treatment 428 

had no effect on SA in the four cells where this negative control was run. Given that the 429 

recordings were from small-sized neurons (35–45 µm) (North, Li et al. 2019) across 430 

multiple sensitization paradigms this supports a generalized effect of AIBP on SA 431 

independent of the provoking stimuli and is consistent with the voltage clamp findings (Fig. 432 

2i, j), where AIBP reduced capsaicin-induced inward currents regardless of whether these 433 

were from patient pain DRG, no pain DRG or organ donors. It should also be noted that 434 

neurons from the same ganglion of an individual patient required similar treatment times 435 

to reach cessation of spontaneous activity, suggesting intra-patient consistency. However, 436 

the overall time required for AIBP to abolish spontaneous activity varied considerably 437 

across neurons, ranging from 2 to 26 minutes, with a mean onset of effect of 9 minutes. 438 

Notably, only one neuron required 26 minutes to cease firing, whereas the majority (10 of 439 

11) ceased within 2–10 minutes. Hence, the rationale for the time points selected for the 440 

measurement of SA rate in the vehicle treated group in this set of experiments and those 441 
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to be described next. Perhaps the variability across patients but consistency within 442 

individual ganglia underscores the potential clinical importance of tailoring treatment 443 

strategies to individual patients. 444 

Effects of AIBP on action potential properties of human DRG neurons  445 

The scatter and line plots in Fig. 5 and Table 1 show the data for the effects of AIBP on 446 

action potential (AP) properties of hDRG neurons. The representative analog recordings 447 

and symbols in green in Fig. 5a show the data for cells that had on-going SA that AIBP 448 

suppressed included in Fig.4, while more comprehensive grouped AP data for these 449 

cells are shown in the top three lines (top section) of Table 1. The APs used for this 450 

analysis were the last prior to beginning application of AIBP and the last during 451 

application of AIBP with waveform properties analyzed according to previously 452 

published methods (North, Odem et al. 2022). The baseline analog recordings in Fig. 5a 453 

are shown in the trace using dotted lines at the top, while recordings after AIBP 454 

treatment are shown in solid lines in the lower trace. As shown, AIBP had little effect on 455 

APs in SA cells. Most cells like that in the analog recording showed a small 456 

hyperpolarization of resting membrane potential (RMP), but this was not statistically 457 

significant. However, statistically significant increases in rheobase and rise time and 458 

statistically significant decrease in AP overshoot were observed in these cells. 459 

The remainder of the data in Fig.5 and the second two sections of Table 1 are for cells 460 

that did not have SA. A uniform treatment duration of 10 minutes was used in these 461 

experiments based on the results shown in Fig. 4, where the mean time for AIBP to 462 

suppress spontaneous APs was 9 minutes. The effects of AIBP on AP properties were 463 

not uniform for non-SA cells, even among neurons within the same ganglion. Two 464 
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patterns of effects were observed for non-SA cells as shown in the analog recordings in 465 

Fig. 5b and c. Baseline recordings are again shown in dotted lines in the traces at the 466 

top, while recordings after a 10 min exposure to AIBP are shown in solid lines in the 467 

lower traces. In the first group shown in red AIBP had only modest effects on 11 of 18 468 

non-SA cells where less than 4 parameters of the AP waveform were altered. The 469 

representative cell in Fig. 5b showed hyperpolarization of RMP and suppression of 470 

repeated spiking that was evoked at rheobase. The scatter and line plots show that 471 

other cells in this group also showed hyperpolarization of RMP, but others also showed 472 

modest depolarization of RMP, such that no significant change was observed overall. 473 

Similarly, the effects on rheobase and AP amplitude were variable. The only statistically 474 

significant changes in this group were a reduction in AP overshoot and slowing of AP 475 

rise time. In contrast, the non-SA cell shown in blue in Fig. 5c exhibited pronounced 476 

effects of AIBP with more than 4 altered AP waveform parameters, including 477 

depolarization of the RMP, an attenuation of spike amplitude, and an increase in the AP 478 

rise time. Pronounced effects of AIBP were observed in 7 of the 18 non-SA neurons 479 

studied in this experiment. Significant change in RMP, rheobase, AP amplitude, AP 480 

overshoot and AP rise time were observed for cells showing pronounced effects of 481 

AIBP.  Finally, the bottom section of Table 1 shows the group AP waveform data for 482 

cells where the AIBP vehicle (PBS) was administered. These cells were also used in 483 

Fig. 4 that had on-going SA where PBS was applied. Again, the last AP prior to PBS 484 

application and first following its termination were used to extract AP parameters. No 485 

parameters showed any change from baseline in this group. Taken together, these 486 
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findings suggest that AIBP exerts heterogenous effects on neurons, possibly reflecting 487 

differences in lipid raft composition or variability in ion channel expression. 488 

AIBP expression in Human DRG 489 

AIBP is a secreted protein known to be expressed by various cell types in the rodent 490 

DRG, including neurons and macrophages (Fang and Miller 2019). Having shown that 491 

AIBP can influence human DRG neuron excitability when applied exogenously, we next 492 

sought to localize endogenous AIBP expression in human DRG tissue using 493 

immunohistochemistry. Fig. 6a displays a wide low-power magnification overview of a 494 

cross-section from a pain-associated, whole human DRG, with immunoreactivity for 495 

AIBP observed in small cellular profiles that are especially concentrated near blood 496 

vessels but also scattered through the tissue. This staining pattern and morphology is 497 

very similar to that of the macrophage marker, CD68, shown in a low-power wide 498 

overview of the DRG in Fig. 6b. As well, the patterns of macrophage infiltration into 499 

pain-associated human DRG is very similar to that of rats with paclitaxel-induced 500 

peripheral neuropathy (Zhang, Li et al. 2016). The areas of Figs. 6a and b within the 501 

white boxes are shown at higher magnification in Figs. 6 c and d. Unfortunately, both 502 

the antibodies used here were raised in mice which precluded more direct co-503 

localization. We next compared AIBP expression in relation to satellite glia which 504 

surround and encapsulate neurons in the DRG.  Images at 20X from a patient with 505 

unilateral radicular neuropathic pain show that AIBP (e, in red) appears in faint annular 506 

cell profiles consistent with satellite cells comparison in the non-pain DRG (e). Staining 507 

for glutamine synthetase (GS, f, in green) appears in the same annular pattern 508 

expected in satellite cells; and the merged images show some of these profiles are co-509 
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localized (g, in yellow). Representative images from the pain side show that AIBP (h) 510 

and GS (i) are increased compared to the non-pain side and as shown in j the co-511 

localization is now more pronounced. The scatter and box plots bar in k quantifying 512 

fluorescence intensity across all cells studied indicate that both AIBP (red) and GS 513 

(green) were significantly increased in pain-associated DRG (filled boxes) compared to 514 

the contralateral non-pain DRG (open boxes). (Fig. 6e-j). AIBP expressions across all 515 

sections appeared in annular cell profiles consistent with satellite cells and showed 516 

significant overlap with glutamine synthetase expression (GS). Direct co-localization of 517 

these markers is shown in yellow in both Fig. 6g and j. Quantification of the 518 

fluorescence intensity data revealed that both AIBP and GS staining were significantly 519 

elevated in DRGs from pain-associated dermatomes (AIBP: t (8.3) = 9.83, p <0.0001; 520 

GS: t (6.2) = 6.44, p = 0.001) (Fig. 6k).  521 

DISCUSSION 522 

One notable finding from this study is the increased density of lipid rafts in pain-523 

associated human dorsal root ganglia (DRGs) compared to non-pain DRGs. In many 524 

quiescent cell types, lipid rafts are small, dynamic structures (on the nanometer scale) 525 

that continuously form, dissolve, and reform over milliseconds to seconds (Pike 2009, 526 

Lingwood and Simons 2010). However, upon cell activation, raft clustering increases, 527 

and they persist for a longer duration of minutes or more (Miller, Navia-Pelaez et al. 528 

2020). Lipid rafts form due to the self-assembly of cholesterol and sphingolipids, 529 

creating solid platforms within the otherwise fluid plasma membrane (Simons and 530 

Ikonen 1997, Sviridov and Miller 2020). These platforms facilitate the formation and 531 

activation of protein complexes (Sviridov and Miller 2020), such as Toll-like receptor 4 532 
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(TLR4), which only initiates downstream signaling after forming a homodimer within the 533 

cholesterol-rich lipid rafts. The localization of TLR4 and other proteins to lipid rafts is 534 

mediated by specific cholesterol-binding motifs and post-translational modifications 535 

(e.g., GPI anchors, myristic acid tails, cysteine acylation) (Levental, Grzybek et al. 2010, 536 

Aicart-Ramos, Valero et al. 2011, Katritch, Cherezov et al. 2013, Ruysschaert and 537 

Lonez 2015, Fantini, Epand et al. 2019, Bongarzone and Givogri 2021). Upon 538 

activation, proteins such as TLR4 undergo oligomerization, leading to the formation of 539 

larger lipid raft clusters (Sezgin, Levental et al. 2017). For instance, in microglial cells 540 

stimulated by lipopolysaccharide (LPS), TLR4 dimers and enlarged lipid rafts persist on 541 

the cell surface for up to 15 minutes before being internalized (Woller, Choi et al. 2018). 542 

However, in chronic conditions such as chemotherapy-induced neuropathy, these 543 

processes can persist for up to six weeks (Navia-Pelaez, Choi et al. 2021), suggesting 544 

prolonged raft-mediated signaling even in the absence of ligands (Miller, Navia-Pelaez 545 

et al. 2020). 546 

Another key finding is that disrupting lipid rafts in TLR4-expressing neurons using the 547 

protein AIBP significantly reduces the excitability of these neurons. This suggests a 548 

potential novel approach to modulate the activity of human sensory neurons, particularly 549 

nociceptors, which express TLR4 and other markers like TRPV1 and Nav1.7. The 550 

historical approach to achieve cholesterol depletion through the use of β-cyclodextrins 551 

induces broad and complex effects due to a lack of specificity, resulting in functional 552 

disruption of multiple channels and receptors (Levitan, Singh et al. 2014, Miller, Navia-553 

Pelaez et al. 2020, Navia-Pelaez, Choi et al. 2021). AIBP, encoded by the APOA1BP 554 

gene (aka NAXE), however, specifically targets TLR4-expressing cells by binding to 555 
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TLR4 and promoting local cholesterol depletion, thus selectively disrupting lipid rafts in 556 

these cells (Ritter, Buechler et al. 2002, Marbaix, Noël et al. 2011, Shumilin, 557 

Cymborowski et al. 2012). In both microglia and macrophages, AIBP-mediated 558 

disruption of TLR4-rafts reduces raft size and causes their dispersal (Woller, Choi et al. 559 

2018, Navia-Pelaez, Choi et al. 2021). Disruption of TLR4-lipid rafts in neurons would 560 

result in dispersal of excitatory elements known to often localize with TLR4 and so 561 

reduce neuronal excitability consistent with the suppression of SA seen here. As well, 562 

since AIBP suppresses ectopic activity in DRG neurons from both naïve patients and 563 

donors pre-treated with inflammatory cytokines such as IL-6 and OSM, which have 564 

been linked to neuropathic pain (Andratsch, Mair et al. 2009, Uhelski, Gorur et al. 2022), 565 

AIBP may suppress pathological neuronal hyperexcitability from numerous causes 566 

aside from cancer-related nerve compression including other injuries or inflammation 567 

known to elevate pro-inflammatory cytokines in the DRG. Given that TLR4 is inly 568 

expressed in nociceptors, it is possible that even though small diameter (Li, Zhang et al. 569 

2014, Li, Adamek et al. 2015) (Navia-Pelaez, Borges Paes Lemes et al. 2023), the cells 570 

showing little response to AIBP may either have only low levels of TLR4 expression or 571 

not have been nociceptors. 572 

Consistent with the potential impact on multiple excitatory elements to suppress 573 

neuronal SA and hyperexcitability, AIBP affected the configuration of action potentials in 574 

DRG neurons. As just noted, TLR4-lipid rafts are known to interact with various 575 

channels, including NaV1.7, N-methyl-D-aspartate, TRPV1, and CaV3.2. Depletion of 576 

membrane cholesterol can reduce the activity of inwardly rectifying K+ channels (Levitan 577 

2009), voltage-gated K+ channels, and Ca2+ channels (Bowles, Heaps et al. 2004, 578 

JN
eurosci

 Acce
pted M

an
uscr

ipt



28 
 

Toselli, Biella et al. 2005). Voltage-gated Na+ and transient receptor potential channels 579 

are similarly inhibited by cholesterol removal, suggesting that TLR4-lipid rafts play a 580 

central role in organizing ion channels and regulating nociceptor excitability (Lundbaek, 581 

Birn et al. 2004, Lundbaek, Birn et al. 2005, Liu, Huang et al. 2006, Lundbaek, Koeppe 582 

et al. 2010). Interestingly, the effect of AIBP on action potentials was not uniform across 583 

neurons, indicating possible heterogeneity in TLR4 expression or lipid raft composition. 584 

As shown in Figure 5, in over half of the neurons tested (11 of 18), AIBP had little effect 585 

on the action potential waveform (≤4 parameters altered), likely because these cells 586 

were TLR4-negative. In the remaining neurons (7 of 18), AIBP significantly altered 587 

action potential properties, including reducing amplitude and widening duration. In this 588 

sample, there was no clear association between the source of the cells (pain versus no-589 

pain DRGs) and the effects of AIBP on action potential (AP) waveform. An interesting 590 

possibility is that the baseline density or composition of lipid rafts may vary between 591 

these groups. Similarly, no clear distinction was observed between patient and donor-592 

derived neurons, as both groups had neurons that fell into either category. This raises 593 

questions about which channels might be affected to alter AP waveform properties. The 594 

physical properties of the membrane lipid bilayer, such as membrane curvature and 595 

bilayer elasticity, can influence the energetic cost of channel gating (Lundbaek, Birn et 596 

al. 2004). For example, cholesterol depletion can alter membrane elasticity, and NaV 597 

channels have been shown to be regulated by these properties (Lundbaek, Birn et al. 598 

2005). A key finding in this study was that AIBP reduced amplitude and widened the AP 599 

duration in human DRG neurons (e.g., Fig. 5b), an effect linked to the role of NaV1.7 in 600 

shaping the action potential upstroke (Cummins, Dib-Hajj et al. 2004, Yang, Wang et al. 601 
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2004, Cox, Reimann et al. 2006). Another significant observation was the alteration in 602 

resting membrane potential (RMP) and suppression of repetitive AP discharges, which 603 

are closely tied to T-type calcium channel activity. These low-voltage-activated calcium 604 

channels are triggered by minor membrane depolarization and play a role in various 605 

after-depolarizing potentials (ADP), after-hyperpolarization (AHP), and rebound 606 

depolarization (Huguenard 1996, Perez-Reyes 2003, Todorovic and Jevtovic-Todorovic 607 

2006). Calcium-channel blockers reduce ADP, AHP, and LTS (low-threshold spikes) 608 

without affecting early sodium spikes. The AHP is dependent on ADP amplitude and is 609 

sensitive to external calcium depletion, as it results from Ca2+-activated K+ currents 610 

(IKCa). The LTS, activated at sub-threshold potentials, is influenced by T-type Ca2+-611 

channel blockers, leading to sodium action potential generation when hyperpolarization 612 

decreases. The current study found no clear link between cell origin (pain versus no-613 

pain DRGs or patient versus donor) and the effects of AIBP on AP waveform in human 614 

DRG neurons.  615 

A fourth significant finding is the localization of AIBP to satellite glial cells and 616 

macrophages in the DRG. This suggests that, like endorphins and enkephalins, AIBP 617 

may also have a key biological role as endogenous pain-control signal and have a 618 

limited side effect profile. Macrophage infiltration into the DRG has been observed in 619 

pain conditions, including chemotherapy-induced peripheral neuropathy (Peters, 620 

Jimenez-Andrade et al. 2007, Zhang, Li et al. 2016). These macrophages can exhibit 621 

either pain-promoting or pain-resolving phenotypes, depending on the context 622 

(Coussens and Werb 2002, Mosesson, Mills et al. 2008, Krukowski, Eijkelkamp et al. 623 

2016). The CD68+ macrophage cohort is typically associated with cells demonstrating a 624 
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pro-inflammatory phenotype (Peters, Jimenez-Andrade et al. 2007, Zhang, Li et al. 625 

2016). In satellite glial cells, one of the strongest transcriptional changes observed 626 

during neuropathic pain is related to cholesterol biosynthesis, which may influence the 627 

production of AIBP (Jager, Pallesen et al. 2022). AIBP is endogenously expressed by 628 

satellite glial cells surrounding neurons or recruited from circulating macrophages, 629 

providing a physiological mechanism for the intrinsic regulation of neuronal excitability. 630 

However, it is unclear how the pain-facilitating roles of macrophages and satellite cells 631 

align with the inhibitory effects of AIBP on DRG neuron signaling.  632 

In summary, the ability of AIBP to disrupt lipid rafts specifically in TLR4-expressing cells 633 

offers a promising avenue for therapeutic intervention in pain conditions as TLR4 is 634 

expressed in each of the three key cellular elements that support neuropathic pain 635 

(macrophages, microglia and nociceptors), but not other neural cellular elements. 636 

Although TLR4 is expressed on hepatocytes and endothelial cells, TLR4 activation is 637 

pathogenic and not engaged in normal physiological processes and so AIBP should 638 

have low systemic toxicity, but this will require further study. Further investigation is also 639 

needed to fully understand the broader impact of AIBP on specific ion channels, the 640 

duration of its effect, and the use of repeated dosing strategies to more fully develop its 641 

potential applications in treating chronic pain. 642 

 643 

  644 

JN
eurosci

 Acce
pted M

an
uscr

ipt



31 
 

REFERENCES 645 

Aicart-Ramos, C., R. A. Valero and I. Rodriguez-Crespo (2011). "Protein palmitoylation and 646 
subcellular trafficking." Biochim Biophys Acta 1808(12): 2981-2994. 647 
Andratsch, M., N. Mair, C. E. Constantin, N. Scherbakov, C. Benetti, S. Quarta, C. Vogl, C. A. 648 
Sailer, N. Uceyler, J. Brockhaus, R. Martini, C. Sommer, H. U. Zeilhofer, W. Muller, R. Kuner, J. 649 
B. Davis, S. Rose-John and M. Kress (2009). "A key role for gp130 expressed on peripheral 650 
sensory nerves in pathological pain." J Neurosci 29(43): 13473-13483. 651 
Bongarzone, E. R. and M. I. Givogri (2021). "Biochemical Analysis of Lipid Rafts to Study 652 
Pathogenic Mechanisms of Neural Diseases." Methods Mol Biol 2187: 37-46. 653 
Bowles, D. K., C. L. Heaps, J. R. Turk, K. K. Maddali and E. M. Price (2004). 654 
"Hypercholesterolemia inhibits L-type calcium current in coronary macro-, not microcirculation." 655 
J Appl Physiol (1985) 96(6): 2240-2248. 656 
Byrd-Leifer, C. A., E. F. Block, K. Takeda, S. Akira and A. Ding (2001). "The role of MyD88 and 657 
TLR4 in the LPS-mimetic activity of Taxol." Eur J Immunol 31(8): 2448-2457. 658 
Caterina, M. J., M. A. Schumacher, M. Tominaga, T. A. Rosen, J. D. Levine and D. Julius 659 
(1997). "The capsaicin receptor: a heat-activated ion channel in the pain pathway." Nature 389: 660 
23. 661 
Choi, S. H., C. Agatisa-Boyle, A. Gonen, A. Kim, J. Kim, E. Alekseeva, S. Tsimikas and Y. I. 662 
Miller (2021). "Intracellular AIBP (Apolipoprotein A-I Binding Protein) Regulates Oxidized LDL 663 
(Low-Density Lipoprotein)-Induced Mitophagy in Macrophages." Arterioscler Thromb Vasc Biol 664 
41(2): e82-e96. 665 
Coussens, L. M. and Z. Werb (2002). "Inflammation and cancer." Nature 420(6917): 860-867. 666 
Cox, J. J., F. Reimann, A. K. Nicholas, G. Thornton, E. Roberts, K. Springell, G. Karbani, H. 667 
Jafri, J. Mannan, Y. Raashid, L. Al-Gazali, H. Hamamy, E. M. Valente, S. Gorman, R. Williams, 668 
D. P. McHale, J. N. Wood, F. M. Gribble and C. G. Woods (2006). "An SCN9A channelopathy 669 
causes congenital inability to experience pain." Nature 444(7121): 894-898. 670 
Cummins, T. R., S. D. Dib-Hajj and S. G. Waxman (2004). "Electrophysiological properties of 671 
mutant Nav1.7 sodium channels in a painful inherited neuropathy." J Neurosci 24(38): 8232-672 
8236. 673 
Edidin, M. (2003). "The state of lipid rafts: from model membranes to cells." Annu Rev Biophys 674 
Biomol Struct 32: 257-283. 675 
Fang, L. and Y. I. Miller (2019). "Regulation of lipid rafts, angiogenesis and inflammation by 676 
AIBP." Curr Opin Lipidol 30(3): 218-223. 677 
Fantini, J., R. M. Epand and F. J. Barrantes (2019). "Cholesterol-Recognition Motifs in 678 
Membrane Proteins." Adv Exp Med Biol 1135: 3-25. 679 
Huguenard, J. R. (1996). "Low-threshold calcium currents in central nervous system neurons." 680 
Annu. Rev. Physiol 58: 329-348. 681 
Jager, S. E., L. T. Pallesen, L. Lin, F. Izzi, A. M. Pinheiro, S. Villa-Hernandez, P. Cesare, C. B. 682 
Vaegter and F. Denk (2022). "Comparative transcriptional analysis of satellite glial cell injury 683 
response." Wellcome Open Res 7: 156. 684 
Kandasamy, R. and T. J. Price (2015). "The pharmacology of nociceptor priming." Handb. Exp. 685 
Pharmacol 227: 15-37. 686 
Katritch, V., V. Cherezov and R. C. Stevens (2013). "Structure-function of the G protein-coupled 687 
receptor superfamily." Annu Rev Pharmacol Toxicol 53: 531-556. 688 
Krukowski, K., N. Eijkelkamp, G. Laumet, C. E. Hack, Y. Li, P. M. Dougherty, C. J. Heijnen and 689 
A. Kavelaars (2016). "CD8+ T Cells and Endogenous IL-10 Are Required for Resolution of 690 
Chemotherapy-Induced Neuropathic Pain." J Neurosci 36(43): 11074-11083. 691 
Lesnak, J. B., M. K. Schaub, K. Gomez, A. Calderon-Rivera, S. Loya-Lopez, R. Stewart, S. Jo, 692 
A. Fujita, T. Osorno, M. Desai, K. Natarajan, M. K. Schackmuth, M. M. Moreno, S. I. Shiers, A. 693 

JN
eurosci

 Acce
pted M

an
uscr

ipt



32 
 

Cervantes, G. Funk, P. Horton, E. Vines, M. S. Yousuf, K. E. Sadler, B. P. Bean, R. Khanna, G. 694 
Dussor and T. J. Price (2025). "Enabling wider access to human molecular neuroscience 695 
research in pain: A simple preservation method for human dorsal root ganglion neurons in 696 
Hibernate A media." bioRxiv. 697 
Levental, I., M. Grzybek and K. Simons (2010). "Greasing their way: lipid modifications 698 
determine protein association with membrane rafts." Biochemistry 49(30): 6305-6316. 699 
Levitan, I. (2009). "Cholesterol and Kir channels." IUBMB Life 61(8): 781-790. 700 
Levitan, I., D. K. Singh and A. Rosenhouse-Dantsker (2014). "Cholesterol binding to ion 701 
channels." Front Physiol 5: 65. 702 
Li, Y., P. Adamek, H. Zhang, C. E. Tatsui, L. D. Rhines, P. Mrozkova, Q. Li, A. K. Kosturakis, R. 703 
M. Cassidy, D. S. Harrison, J. P. Cata, K. Sapire, H. Zhang, R. M. Kennamer-Chapman, A. B. 704 
Jawad, A. Ghetti, J. Yan, J. Palecek and P. M. Dougherty (2015). "The cancer 705 
chemotherapeutic paclitaxel increases human and rodent sensory neuron responses to TRPV1 706 
by activation of TLR4." J Neurosci 35(39): 13487-13500. 707 
Li, Y., R. Y. North, L. D. Rhines, C. E. Tatsui, G. Rao, D. D. Edwards, R. M. Cassidy, D. S. 708 
Harrison, C. A. Johansson, H. Zhang and P. M. Dougherty (2018). "DRG voltage-gated sodium 709 
channel 1.7 is upregulated in paclitaxel-induced neuropathy in rats and in humans with 710 
neuropathic pain." J.Neurosci. 38(5): 1124-1136. 711 
Li, Y., C. E. Tatsui, L. D. Rhines, R. Y. North, D. S. Harrison, R. M. Cassidy, C. A. Johansson, 712 
A. K. Kosturakis, D. D. Edwards, H. Zhang and P. M. Dougherty (2017). "Dorsal root ganglion 713 
neurons become hyperexcitable and increase expression of voltage-gated T-type calcium 714 
channels (Cav3.2) in paclitaxel-induced peripheral neuropathy." Pain 158: 417-428. 715 
Li, Y., M. L. Uhelski, R. Y. North, L. B. Farson, C. B. Bankston, G. H. Roland, D. H. Fan, K. N. 716 
Sheffield, A. Jia, D. Orlando, M. Heles, T. L. Yaksh, Y. I. Miller, T. A. Kosten and P. M. 717 
Dougherty (2025). "ApoA-I binding protein (AIBP) regulates transient receptor potential vanilloid 718 
1 (TRPV1) activity in rat dorsal root ganglion neurons by selective disruption of toll-like receptor 719 
4 (TLR4)-lipid rafts." Brain Behav Immun 123: 644-655. 720 
Li, Y., M. L. Uhelski, R. Y. North, J. M. Mwirigi, C. E. Tatsui, K. E. McDonough, J. P. Cata, G. 721 
Corrales, G. Dussor, T. J. Price and P. M. Dougherty (2024). "Tomivosertib reduces ectopic 722 
activity in dorsal root ganglion neurons from patients with radiculopathy." Brain 147(9): 2991-723 
2997. 724 
Li, Y., H. Zhang, H. Zhang, A. K. Kosturakis, A. B. Jawad and P. M. Dougherty (2014). "Toll-like 725 
receptor 4 signaling contributes to paclitaxel-induced peripheral neuropathy." J Pain 15(7): 712-726 
725. 727 
Lingwood, D. and K. Simons (2010). "Lipid rafts as a membrane-organizing principle." Science 728 
327(5961): 46-50. 729 
Liu, M., W. Huang, D. Wu and J. V. Priestley (2006). "TRPV1, but not P2X, requires cholesterol 730 
for its function and membrane expression in rat nociceptors." Eur J Neurosci 24(1): 1-6. 731 
Lundbaek, J. A., P. Birn, A. J. Hansen, R. Sogaard, C. Nielsen, J. Girshman, M. J. Bruno, S. E. 732 
Tape, J. Egebjerg, D. V. Greathouse, G. L. Mattice, R. E. Koeppe, 2nd and O. S. Andersen 733 
(2004). "Regulation of sodium channel function by bilayer elasticity: the importance of 734 
hydrophobic coupling. Effects of Micelle-forming amphiphiles and cholesterol." J Gen Physiol 735 
123(5): 599-621. 736 
Lundbaek, J. A., P. Birn, S. E. Tape, G. E. Toombes, R. Sogaard, R. E. Koeppe, 2nd, S. M. 737 
Gruner, A. J. Hansen and O. S. Andersen (2005). "Capsaicin regulates voltage-dependent 738 
sodium channels by altering lipid bilayer elasticity." Mol Pharmacol 68(3): 680-689. 739 
Lundbaek, J. A., R. E. Koeppe, 2nd and O. S. Andersen (2010). "Amphiphile regulation of ion 740 
channel function by changes in the bilayer spring constant." Proc Natl Acad Sci U S A 107(35): 741 
15427-15430. 742 

JN
eurosci

 Acce
pted M

an
uscr

ipt



33 
 

Marbaix, A. Y., G. Noël, A. M. Detroux, D. Vertommen, E. Van Schaftingen and C. L. Linster 743 
(2011). "Extremely conserved ATP- or ADP-dependent enzymatic system for nicotinamide 744 
nucleotide repair." J Biol Chem 286(48): 41246-41252. 745 
Miller, M., A. K. Pham, A. Gonen, J. M. Navia-Pelaez, K. Xia, S. Park, A. L. Osterman, K. 746 
Bacon, G. Beaton, R. C. Kurten, D. H. Broide and Y. I. Miller (2022). "Reduced AIBP expression 747 
in bronchial epithelial cells of asthmatic patients: Potential therapeutic target." Clin Exp Allergy. 748 
Miller, Y. I., J. M. Navia-Pelaez, M. Corr and T. L. Yaksh (2020). "Lipid rafts in glial cells: role in 749 
neuroinflammation and pain processing." J Lipid Res 61(5): 655-666. 750 
Mosesson, Y., G. B. Mills and Y. Yarden (2008). "Derailed endocytosis: an emerging feature of 751 
cancer." Nat Rev Cancer 8(11): 835-850. 752 
Nagy, I., D. Friston, J. S. Valente, J. V. Torres Perez and A. P. Andreou (2014). "Pharmacology 753 
of the capsaicin receptor, transient receptor potential vanilloid type-1 ion channel." Prog. Drug 754 
Res 68: 39-76. 755 
Navia-Pelaez, J. M., J. Borges Paes Lemes, L. Gonzalez, L. Delay, L. Dos Santos Aggum 756 
Capettini, J. W. Lu, G. Goncalves Dos Santos, A. M. Gregus, P. M. Dougherty, T. L. Yaksh and 757 
Y. I. Miller (2023). "AIBP regulates TRPV1 activation in chemotherapy-induced peripheral 758 
neuropathy by controlling lipid raft dynamics and proximity to TLR4 in dorsal root ganglion 759 
neurons." Pain 164(6): e274-e285. 760 
Navia-Pelaez, J. M., S. H. Choi, L. Dos Santos Aggum Capettini, Y. Xia, A. Gonen, C. Agatisa-761 
Boyle, L. Delay, G. Goncalves Dos Santos, G. F. Catroli, J. Kim, J. W. Lu, B. Saylor, H. Winkels, 762 
C. P. Durant, Y. Ghosheh, G. Beaton, K. Ley, I. Kufareva, M. Corr, T. L. Yaksh and Y. I. Miller 763 
(2021). "Normalization of cholesterol metabolism in spinal microglia alleviates neuropathic pain." 764 
J Exp Med 218(7). 765 
North, R. Y., Y. Li, P. Ray, L. D. Rhines, C. E. Tatsui, G. Rao, C. A. Johansson, H. Zhang, Y. H. 766 
Kim, B. Zhang, G. Dussor, T. H. Kim, T. J. Price and P. M. Dougherty (2019). 767 
"Electrophysiological and transcriptomic correlates of neuropathic pain in human dorsal root 768 
ganglion neurons." Brain 142(5): 1215-1226. 769 
North, R. Y., M. A. Odem, Y. Li, C. E. Tatsui, R. M. Cassidy, P. M. Dougherty and E. T. Walters 770 
(2022). "Electrophysiological Alterations Driving Pain-Associated Spontaneous Activity in 771 
Human Sensory Neuron Somata Parallel Alterations Described in Spontaneously Active Rodent 772 
Nociceptors." J Pain. 773 
Perez-Reyes, E. (2003). "Molecular physiology of low-voltage-activated t-type calcium 774 
channels." Physiol Rev 83(1): 117-161. 775 
Peters, C. M., J. M. Jimenez-Andrade, B. M. Jonas, M. A. Sevcik, N. J. Koewler, J. R. Ghilardi, 776 
G. Y. Wong and P. W. Mantyh (2007). "Intravenous paclitaxel administration in the rat induces a 777 
peripheral sensory neuropathy characterized by macrophage infiltration and injury to sensory 778 
neurons and their supporting cells." Exp. Neurol 203(1): 42-54. 779 
Pike, L. J. (2003). "Lipid rafts: bringing order to chaos." J Lipid Res 44(4): 655-667. 780 
Pike, L. J. (2006). "Rafts defined: a report on the Keystone Symposium on Lipid Rafts and Cell 781 
Function." J Lipid Res 47(7): 1597-1598. 782 
Pike, L. J. (2009). "The challenge of lipid rafts." J Lipid Res 50 Suppl: S323-328. 783 
Ritter, M., C. Buechler, A. Boettcher, S. Barlage, A. Schmitz-Madry, E. Orsó, S. M. Bared, G. 784 
Schmiedeknecht, C. H. Baehr, G. Fricker and G. Schmitz (2002). "Cloning and characterization 785 
of a novel apolipoprotein A-I binding protein, AI-BP, secreted by cells of the kidney proximal 786 
tubules in response to HDL or ApoA-I." Genomics 79(5): 693-702. 787 
Ruysschaert, J. M. and C. Lonez (2015). "Role of lipid microdomains in TLR-mediated 788 
signalling." Biochim Biophys Acta 1848(9): 1860-1867. 789 
Sezgin, E., I. Levental, S. Mayor and C. Eggeling (2017). "The mystery of membrane 790 
organization: composition, regulation and roles of lipid rafts." Nat Rev Mol Cell Biol 18(6): 361-791 
374. 792 

JN
eurosci

 Acce
pted M

an
uscr

ipt



34 
 

Shumilin, I. A., M. Cymborowski, O. Chertihin, K. N. Jha, J. C. Herr, S. A. Lesley, A. Joachimiak 793 
and W. Minor (2012). "Identification of unknown protein function using metabolite cocktail 794 
screening." Structure 20(10): 1715-1725. 795 
Simons, K. and E. Ikonen (1997). "Functional rafts in cell membranes." Nature 387(6633): 569-796 
572. 797 
Sviridov, D. and Y. I. Miller (2020). "Biology of Lipid Rafts: Introduction to the Thematic Review 798 
Series." J Lipid Res 61(5): 598-600. 799 
Todorovic, S. M. and V. Jevtovic-Todorovic (2006). "The role of T-type calcium channels in 800 
peripheral and central pain processing." CNS. Neurol. Disord. Drug Targets 5(6): 639-653. 801 
Toselli, M., G. Biella, V. Taglietti, E. Cazzaniga and M. Parenti (2005). "Caveolin-1 expression 802 
and membrane cholesterol content modulate N-type calcium channel activity in NG108-15 803 
cells." Biophys J 89(4): 2443-2457. 804 
Uhelski, M. L., A. Gorur, T. Shi, G. Corrales, K. N. Du, Y. Li, M. Amit, C. E. Tatsui, L. D. Rhines, 805 
P. M. Dougherty and J. P. Cata (2022). "Fadu head and neck squamous cell carcinoma induces 806 
hyperexcitability of primary sensory neurons in an in vitro coculture model." Pain Rep 7(3): 807 
e1012. 808 
Woller, S. A., S. H. Choi, E. J. An, H. Low, D. A. Schneider, R. Ramachandran, J. Kim, Y. S. 809 
Bae, D. Sviridov, M. Corr, T. L. Yaksh and Y. I. Miller (2018). "Inhibition of Neuroinflammation by 810 
AIBP: Spinal Effects upon Facilitated Pain States." Cell Rep 23(9): 2667-2677. 811 
Yang, Y., Y. Wang, S. Li, Z. Xu, H. Li, L. Ma, J. Fan, D. Bu, B. Liu, Z. Fan, G. Wu, J. Jin, B. 812 
Ding, X. Zhu and Y. Shen (2004). "Mutations in SCN9A, encoding a sodium channel alpha 813 
subunit, in patients with primary erythermalgia." J Med Genet 41(3): 171-174. 814 
Zhang, H., Y. Li, M. de Carvalho-Barbosa, A. Kavelaars, C. J. Heijnen, P. J. Albrecht and P. M. 815 
Dougherty (2016). "Dorsal root ganglion infiltration by macrophages contributes to paclitaxel 816 
chemotherapy-induced peripheral neuropathy." J Pain 17(7): 775-786. 817 

  818 

JN
eurosci

 Acce
pted M

an
uscr

ipt



35 
 

Figure Legends 819 

Figure 1. Increased Lipid raft and TRPV1 expression in pain-associated human 820 

DRG versus non-Pain Human DRG 821 

DRGs from non-pain (a-d) and pain-associated segments (e-h) were 822 

immunohistochemically stained for CTxB (to visualize lipid rafts, green) and TRPV1 823 

(red). Co-localization of CTxB with TRPV1 (yellow, c-h) is seen to be increased in pain 824 

DRG compared to non-pain DRG in both low (c, g) and higher power views (d, h). In i, 825 

the bar graphs show the grouped data with significantly higher mean staining intensity 826 

for CTxB (green) and TRPV1 (red) in the pain patient group (filled boxes) vs the non-827 

pain patient group (open boxes). Finally, in j the scatter and bar graphs show the 828 

grouped data for the CTxB–TRPV1 proximity ligation assay where the pain group (filled 829 

box) had significantly higher integrated density than the non-pain group. Welch’s t-test * 830 

p<0.05, ** p<0.01. Scale bar = 100 µm (a-c and e-g). Scale bars = 10 µm (d, h). 831 

Figure 2. Increased responses to capsaicin in pain associated versus non-pain 832 

human DRG neurons. Representative whole-cell recordings from non-pain (a) and 833 

pain-associated human DRG neurons (b) show that one minute application of a low 834 

concentration capsaicin (1 µM, indicated by the red line above each trace) produces 835 

only a brief weak response in a non-pain DRG neurons, but a robust response in pain-836 

associated DRG neurons. The scatter and bar graph in c shows that the grouped 837 

quantification of AP frequency per minute was significantly increased in the pain-838 

associated neurons (red bar) compared to the non-pain neurons (open bar).  839 

Representative traces from calcium imaging responses (each color line is from a 840 

separate neuron) to a one minute application of low concentration capsaicin (1 µM, 841 
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indicated by the red line above each trace) show muted responses in non-pain neurons 842 

(d) but strong responses in pain neurons (e). The scatter and bar graphs show the 843 

quantified group data that indicates that pain-associated neurons responding to 844 

capsaicin showed a significantly greater percent increase in 340/380 ratio (red bar) than 845 

non-pain neurons (open bar). The numbers over each bar indicate the numbers of cells 846 

in each group tested (denominator) and the numbers showing response to capsaicin 847 

(numerator). The representative voltage-clamp recording in g shows that the current 848 

evoked by a one-minute application of low concentration capsaicin (1 µM, indicated by 849 

the red line above each trace) is reproducible when applied a second time 10 minutes 850 

following the first; and this is supported by the grouped data shown in the scatter line 851 

plot in h. Finally, the representative voltage clamp recording in i shows that co-852 

application of AIBP (0.1 mg/ml, indicated by the blue line above the trace) greatly 853 

reduces the response to the second application of capsaicin; and the grouped data in j 854 

show that this was a consistent finding and statistically significant. Mann-Whitney U test 855 

(c, f) and Non-parametric Wilcoxon matched pairs signed rank test (h, j). * p<0.05, ** 856 

p<0.01, *** p<0.001. 857 

Figure 3. Lipid raft expression and excitability are increased in human DRG 858 

neurons ipsilateral to radicular pain compared to neurons from the contralateral 859 

side with no pain. The representative IHC images in a show staining for CTxB staining 860 

of lipid rafts (green) is increased in the DRG ipsilateral to root compression and 861 

associated radicular pain (i) compared to DRG on the contralateral side without pain (ii). 862 

Similarly, TRPV1 staining (red) is increased in the pain side DRG (iii) compared to the 863 

non-pain side DRG (iv). Finally, co-localization of CTxB with TRPV1 (yellow) is also 864 
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increased in the pain side DRG (v) compared to the non-pain side DRG (vi). The scatter 865 

and box plots in b indicate that the increase in CTxB (green) and TRPV1 (red) for the 866 

group of samples collected was significantly greater in the DRG ipsilateral to radicular 867 

pain (filled boxes) compared to that in DRG contralateral to pain (open boxes, Welch’s t-868 

test). The MRI shown in c is from the patient who donated the DRG used in the 869 

representative IHC shown in a and the representative whole cell recordings shown in d 870 

and e. The tumor margin area is outlined in red and can be seen compressing the left 871 

side DRG root. The inset body diagram shows the distribution of the pain area also in 872 

red. Typical on-going neuron discharge activity found in 5 of 5 DRG neurons recorded 873 

from this patient donor ipsilateral to pain is shown in d; and a typical silent recording 874 

found in the 4 DRG neurons recorded from this patient contralateral to pain is shown in 875 

e. Grouped data for these 9 neurons is shown in f and indicates that the pain associated 876 

neurons (red symbols) had significantly lower rheobase and more depolarized resting 877 

membrane potential (RMP) than non-pain associated neurons (blue symbols). Mann-878 

Whitney U test. Scale bar=100 mm.  * p<0.05, ** p<0.01. 879 

Figure 4: AIBP suppresses on-going pain-associated discharges in human DRG 880 

neurons. Analog recordings showing representative effects of AIBP or vehicle on 881 

ongoing spontaneous action potential (SA) discharges in human DRG neurons. Shown 882 

in a is the effect of AIBP on on-going activity in DRG pain-associated dermatomes while 883 

in b the effect of AIBP is shown for organ-donor neurons with SA due to conditioning 884 

with oncostatin M. Shown in c is that vehicle treatment did not affect on-going activity. 885 

The period of AIBP (or vehicle) application is indicated by the solid black bar above the 886 

traces. The scatter and line plots in d show that SA was suppressed in all 11 neurons 887 
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treated with AIBP but not in vehicle-treated neurons. Neurons from patient samples 888 

treated with AIBP are indicated by circles, donor-derived neurons treated with AIBP by 889 

squares, and vehicle-treated neurons by diamonds. Statistical analysis was performed 890 

using the Wilcoxon matched-pairs signed-rank test. ** p < 0.01. 891 

Figure 5: AIBP alters membrane and action potential properties more in SA than 892 

non-SA human DRG neurons. The analog recordings at the top of the figure show 893 

representative effects APs from SA neurons (a, in green), in non-SA neurons where 894 

AIBP had minimal effects (b, in red), and in non-SA cells where AIBP had more 895 

pronounced effects as defined in the text (c, in blue). The traces in dotted lines show 896 

the last action potential before AIBP treatment was begun and those in solid lines are 897 

the last action potential at the conclusion of AIBP treatment. The grouped data are 898 

shown in the scatter line plots at the right of the figure and include, respectively, resting 899 

membrane potential (RMP), rheobase, AP amplitude, AP overshoot, and AP rising time. 900 

Each symbol line pair represents an individual cell, with open and solid circles indicating 901 

baseline and post-AIBP treatment, respectively. Non-parametric Wilcoxon matched 902 

pairs signed rank test. * p <0.05, ** p < 0.01. 903 

Figure 6. Endogenous AIBP expression in human DRG. The IHC images at the top 904 

are representative of 4X objective views from a radicular neuropathic pain patient that 905 

shows AIBP positive cell profiles (a, in green) diffusely scattered through the tissue that 906 

matches the pattern and cell profiles of CD68 positive cells (b, in red). The areas 907 

outlined by the white boxes in a and b are shown at higher magnification in c and d. 908 

The scale bar in all panels is 100 μm. The images in the remaining tissue sections (e-j) 909 

are at 20X from a patient with unilateral radiculopathy, with the non-pain side in the 910 
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upper row (e-g) and the neuropathic pain side in the second row (h-j). AIBP is shown in 911 

red and glutamine synthetase (GS) is shown in green. The staining for both AIBP and 912 

GS is in somewhat faint annular cell profiles (e, f) consistent with satellite cells in the 913 

non-pain DRG, and the merged images show some of these profiles are co-localized (g, 914 

in yellow). Representative images from the pain side show that AIBP (h) and GS (i) are 915 

increased compared to the non-pain side and, as shown in j, the co-localization is now 916 

more pronounced. The scatter and box plots bar in k quantifying fluorescence intensity 917 

for the two groups indicate that both AIBP (red) and GS (green) were significantly 918 

increased in pain-associated DRG (filled boxes) compared to the contralateral non-pain 919 

DRG (open boxes). Welch’s t-test. *** p <0.001  920 
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