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Abstract

Pain and hypersensitivity months after peripheral injury reflect abnormal input from peripheral 

afferents likely in conjunction with central sensitization. We hypothesize that peripheral changes 

occur in defined sensory afferents and resolve as behavioral response to injury resolves. Male 

Sprague Dawley rats underwent sham or partial L5 spinal nerve ligation and paw withdrawal 

threshold was sequentially measured during recovery. At 2, 4, 8, and 12 weeks after injury 

randomized animals underwent electrophysiologic assessment of L4 fast conducting high and low 

threshold mechanoreceptors and individual neuronal mechanical thresholds were contrasted with 

paw withdrawal thresholds in the same animals. Paw withdrawal thresholds decreased after injury 

and resolved over time (p<0.001). Similarly, mechanical thresholds of fast conducting high 

threshold mechanoreceptors decreased after injury and resolved over time (p<0.001). In contrast, 

mechanical thresholds of low threshold mechanoreceptors increased after injury and resolved over 

time (p<0.001). Distributions of recordings from each afferent subtype were perturbed after injury 

and this too resolved over time. After resolution of behavioral changes, several electrical 

abnormalities persisted in both neuronal subtypes. These data extend previous findings that 

mechanically sensitive nociceptors are sensitized whereas tactile, largely Aβ afferents, are 

desensitized after nerve injury by showing that the time course of resolution of these changes 

mirrors that of behavioral hypersensitivity in a surgical injury including neural damage. These data 

support a role of abnormal peripheral input, from both nociceptor and tactile afferents, during 

recovery from peripheral injury and underscore the potential importance of both classes of 

afferents as potential targets for pain treatment.
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1. Introduction

Pain from surgery is initially dominated by peripheral nociceptive afferent input [10]. This 

nociceptive afferent activity reflects both direct afferent axonal injury and locally released 

substances, in part inflammatory in nature, which modulate neuronal activity impacting 

neuronal sensibility and tissue integrity [18; 27; 37]. Recovery from postoperative pain 

reflects in part the degree and location of nerve injury with pain from superficial surgery 

resolving along with local tissue healing. In contrast, more extensive nerve injury results in 

ongoing activity of neurons that carry nociceptive information or modulation of input of 

nociceptive information that is arriving and being integrated at the level of the spinal cord 

independent of tissue integrity [39]. Central sensitization can also participate in pain after 

injury and has been postulated to be a determinant of slowly recovering or persistent pain 

after surgery [42]. At the extreme, this view posits that in chronic postsurgical pain the 

peripheral input returns to normal or near normal, but this input is interpreted as nociceptive 

because of persistent central sensitization. Clinical studies showing pain relief in patients 

with chronic pain by peripheral local infiltration of lidocaine indicate that peripheral input is 

critical, but do not distinguish whether this input is normal or abnormal [20].

Classically, acute post-surgical pain is thought to result from physical mechano-activation of 

nociceptors (high threshold peripheral sensory neurons) and hypersensitivity is thought to 

reflect increased sensibility of nociceptors that innervate the damaged area [11]. We 

previously reported that nerve injury and incision both result in sensitization of the fast 

conducting high threshold nociceptors (AHTMR) and desensitization of fast conducting low 

threshold mechanoreceptors (LTMR) [4; 5]. The time course of resolution of nociceptor 

sensitization and the changes in non-nociceptive afferent neurons over time are not well 

elucidated. There is increased sensitivity of the AHTMR that correlates with the degree of 

reflexive behavioral hypersensitivity and non-reflexive pain behavior after injury [8; 9]. The 

increased sensitivity of AHTMRs is consistent with the literature while the desensitization of 

LTMRs has been largely unappreciated. While this may seem to be of secondary importance 

with respect to the perception of pain, the desensitization of the LTMR may be a valuable 

component for understanding and treating persistent pain and improving or accelerating 

resolution of pain and return to full function.

In this study we hypothesize that both AHTMR and LTMR sensibilities are changed acutely 

after surgery and resolve towards normal during resolution of behavioral hypersensitivity in 

rats. Single cell receptive field responses in phenotypically characterized neurons over time 

after partial nerve injury of the L5 spinal nerve (pSNL) are used to evaluate this time 

dependent relationship during the resolution of the behavioral withdrawal response to injury 

and to determine the relationship of resolution of the withdrawal behavior with the 

resolution of the changes in LTMRs and AHTMRs. This should serve to better understand 

peripheral afferent activity and its relationship with behavior as a result of nerve injury and 

during resolution.
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2. Methods

2.1. Animals

Seventy-four juvenile male Sprague-Dawley rats (6 weeks at the time of surgery) were used 

(Envigo, St. Louis, MO). Animals were housed together in pairs, in a climate-controlled 

room under a 12-h light/dark cycle in AAALAC approved facilities. The use and handling of 

animals were in accordance with guidelines provided by the National Institutes of Health 

and the International Association for the Study of Pain and received approval from the 

Institutional Animal Care and Use Committee of the Wake Forest University Health 

Sciences and all experiments performed during the dark phase of the light:dark cycle.

2.2. L5 partial spinal nerve ligation (pSNL)

The pSNL was performed in 43 animals. Animals were deeply anesthetized with isoflurane 

and, under aseptic conditions, the skin was incised at the midline over the lumbar spine. The 

right L5 spinal nerve was identified and approximately 1/3–1/2 thickness of the L5 spinal 

nerve was ligated with a 9–0 nylon suture under a dissecting microscope as previously 

described [22]. Care was taken not to pull the nerve or contact the intact L4 spinal nerve. 

After hemostasis was achieved, the muscle layer was approximated with 4–0 synthetic 

absorbable suture (Look, Reading, PA) and the skin closed with absorbable sutures. A sham 

procedure was performed in 31 animals. The surgical procedure was identical to that 

described above, except that the left L5 spinal nerve was not injured. After the surgery, the 

rats were returned to their cages, kept warm under a heat lamp, and monitored during 

recovery.

2.3. Experimental groups

The animals were clustered into five experimental groups with respect to completion (in 

weeks) after surgery at the following times: Week 2 (10 L5 pSNL and all 31 Sham), Week 4 

(10 L5 pSNL), Week 8 (9 L5 pSNL), Week 12 (14 L5 pSNL). Behavioral and 

electrophysiological testing were performed in a consecutive manner for every animal per 

experimental group.

2.4. Behavioral testing

Animals were placed on a mesh surface in a plastic cage and were acclimated for 20 min 

before testing. Withdrawal threshold in awake rats was assessed on the hind paws resting on 

the mesh surface using calibrated von Frey filaments application to the footpad until the 

filaments bent. This was done by a person blinded to the surgical treatment. The von Frey 

filaments used were 3.84, 4.08, 4.31, 4.56, 4.74, 4.93, 5.18, 5.46, and 5.88 corresponding to 

0.5, 0.9, 1.7, 3.7, 5.5, 8.0, 12.4, 21.5, and 53.0 grams, respectively. This was done 3 times 

with a positive response determined by brisk withdrawal of the paw from the filament. The 

force resulting in 50% probability of withdrawal (paw withdrawal threshold) was determined 

using the up-down method as previously described [14]. Withdrawal thresholds were 

determined before pSNL and weekly after pSNL until electrophysiology experiments. All 

animals were included in the data analysis, and no animal in the study had a wound 

dehiscence or infection during the study.
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2.5. Electrophysiological testing

After behavioral assessment at the specified timepoint pSNL animals were randomly 

assigned to electrophysiology, and rats were deeply anesthetized with isoflurane 3%, 

tracheotomized and pressure-controlled ventilated with humidified oxygen. Heart rate was 

monitored throughout as a guide to depth of anesthesia, immobilized with rocuronium (1 

mg/kg, s.c.) and inspired isoflurane maintained at 2% throughout the study. As illustrated in 

Figure 1, a dorsal midline incision was made in trunk skin and the L4 dorsal root ganglion 

(DRG) and adjacent spinal cord were exposed by laminectomy as previously described [7]. 

The tissue was continuously superfused with oxygenated artificial cerebrospinal fluid [aCSF 

(in mM): 127.0 NaCl, 1.9 KCl, 1.2 KH2PO4, 1.3 MgSO4, 2.4 CaCl2, 26.0 NaHCO3, and 

10.0 D-glucose]. The spinal column was secured using custom clamps and the preparation 

was transferred to a preheated (32–34°C) recording chamber where the superfusate was 

slowly raised to 37°C (MPRE8, Cell MicroControls, Norfolk, VA). Pool temperature 

adjacent to the DRG was monitored with a thermocouple (IT-23, Physitemp, Clifton, NJ). 

Rectal temperature (RET-3, Physitemp) was maintained at 34 ±1°C with radiant heat.

The electrophysiological recordings from L4 DRG neurons were limited to a maximum 

duration of 4250 sec (70.8 min) to diminish sensitization and to allow equal time of 

searching for afferents in Sham and pSNL animals. DRG soma were impaled with 

borosilicate microelectrodes (80–250 MΩ) containing 1 M potassium acetate. Intracellular 

penetrations with a resting membrane potential of ≤ −40 mV were characterized further. DC 

output from an Axoclamp 2B amplifier (Axon Instruments/Molecular Devices, Sunnyvale, 

CA) was digitized and analyzed off-line using Spike2 (CED, Cambridge, UK). Sampling 

rate for intracellular recordings was 21 kHz throughout (MicroPower1401, CED).

In this study, both cells with Positive mechanically sensitive Receptive Field (P-RF) (L5 

pSNL and sham groups) and No mechanically sensitive Receptive Field (N-RF) (L5 pSNL 

group only) were included. Only cells capable of generating a somatic AP (by current 

somatic injection, 25 and 500 ms pulses) and with impalements stable long enough to 

adequately explore the full extent of the skin at the L4 dermatome (>2 min) were included. 

Unexcitable cells (stable impalements of more than 5 min with steady Em ≥−40 mV but 

unexcitable to peripheral mechanical stimuli and intrasomal injection of current) were noted 

for general statistical purposes only.

2.6. Cellular classification protocol

To identify the RF, the skin was searched by applying gentle pressure with a fine-tipped 

brush. For non-responding afferents, subsequent searches used increasingly stiffer probes 

and finally sharp-tipped watchmaker forceps. Afferents with cutaneous RFs were 

distinguished from those with deep RFs by displacing skin to ensure that RFs tracked rather 

than remained stationary. Mechanical thresholds were characterized with calibrated von Frey 

filaments (Stoelting, Wood Dale, IL) with the mechanical threshold being the minimum von 

Frey hair producing neuronal activity. The cellular classification process was performed in a 

sequential manner and results of these procedures were combined with specific cellular 

properties (action potential [AP] shape and somatic passive characteristics) to assign every 

cell into one of three simplified categories: LTMR, AHTMR, CHTMR, based on the 
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strongest defining characteristics [6] and in order to compare afferents between sham and 

pSNL groups, innervating both types of skin (glabrous and hairy) [7]. Their adaptation rate 

(rapidly adapting [RA] or slowly adapting [SA] units) was evaluated in all cells since “on-

off” responses to steady suprathreshold mechanical stimulation are characteristic of a large 

percentage of tactile afferents (LTMRs) and never observed in nociceptors (AHTMRs and 

CHTMRs) (2 sec per trial, 3 trials per cell, 2× mechanical threshold). This procedure used a 

micromanipulator-based probe to stretch the skin in and around the cellular RF. In addition, 

the application of vibratory stimuli was used to assess cellular response characteristics 

within the RF (tuning fork of 256 and 512 Hz; SKLAR instruments, West Chester, PA) 

because tracking of vibration has been shown to be 100% predictive of the LTMR 

population [6; 7]. In all cases, RFs were characterized and measured with the aid of a zoom 

stereomicroscope (for details see RF analysis section).

2.7. P-RF and N-RF neurons: somatic electrical properties

Active membrane properties of all excitable neurons were analyzed including the amplitude 

and duration of the AP and afterhyperpolarization (AHP) of the AP; AP and AHP durations 

were measured at half-amplitude (D50 and AHP50, respectively) to minimize 

hyperpolarization-related artifacts. Passive properties were analyzed including membrane 

resting potential (Em), input resistance (Ri), time constant (τ), inward rectification, and, 

where possible, rheobase; all but the latter were determined by injecting incremental 

hyperpolarizing current pulses (≤0.1 nA, 500 ms) through balanced electrodes. The value of 

τ was obtained from the single exponential fit to the onset phase of a small hyperpolarizing 

voltage response. The membrane capacitance (Cm) was estimated using the relation: τ =Ri × 

Cm [12].

The N-RF cells were separated in two different populations based on the shape of the AP [4; 

12; 19; 43]: neurons with inflection in the repolarizing phase (S-type neurons) and neurons 

without this inflection (F-type neurons). To more clearly determine the presence of this 

inflection, the differentiated records of the AP were used (presence or absence of a second 

additional negative component in the time course of the AP derivative). Since RF properties, 

especially response characteristics, were used to define differences in the fast conducting 

afferents (those without inflected APs) the ability to accurately define and categorize these 

two populations further was not possible.

All included cells satisfied the following requirements: resting membrane potential more 

negative than −40 mV, AP amplitude ≥30 mV and the presence of AHP. Passive membrane 

properties indicative of poor (extremely low Ri and/or Tau) impalement were also reasons 

for exclusion.

2.7.1 P-RF neurons only: CV—Because intact lumbar DRGs serve multiple nerves, 

spike latency was obtained by stimulating the RF at the skin surface using a bipolar 

electrode (0.5 Hz); this was performed following all-natural stimulation to prevent potential 

alterations in RF properties by electrical stimulation. All measurements were obtained using 

the absolute minimum intensity required to excite neurons consistently without jitter; this 

variability (jitter) in the AP generation latency (particularly at significantly shorter 
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latencies), seen at traditional (i.e., two- to three-fold threshold) intensity has been presumed 

to reflect spread to more proximal sites along axons. Any neuron with jitter was rejected (3 

cells). Stimuli ranged in duration from 50 to 100 μs; utilization time was not considered. 

Conduction distances were measured for each afferent on termination of the experiment by 

inserting a pin through the RF (marked with ink at the time of recording) and carefully 

measuring the distance to the DRG along the closest nerve. Afferents were grouped based in 

their CV (Aβ≥11.2 m/s, Aδ≤11.2≥1.2 m/s and C <1.2 m/s) and subtype (LTMR and 

HTMR).

2.8. Data analysis

Sample size was determined based on the primary outcome of trajectory of AHTMR needed 

to create a robust correlation of MT with paw withdrawal threshold (PWT). It was 

determined that a minimum total sample size of N=62 AHTMR MT would be needed to 

provide 80% power assuming a two-sided α=0.05 and to detect a correlation of MT with 

PWT of r=0.35, resulting in at least 12 AHTMRs at each of 5 timepoints including baseline. 

Prior to analysis, parametric assumptions were evaluated for all variables using histograms 

and descriptive statistics. Prior to analysis of electrophysiologic variables, we examined the 

assumption that measurements taken on neurons from the same animal are independent of 

one another (i.e., that neurons selected randomly across animals are as similar as those from 

within animals) using the intraclass correlation (ICC). For all measurements, the ICCs 

<0.22, indicating support for the independence assumption; thus, all analyses were 

conducted assuming each neuron represented an independent measurement of others taken 

from the same animal. Data are presented as appropriate to their underlying distributions 

with mean and standard deviation for normally distributed data, and median and range for 

non-parametric data. For behavioral withdrawal analysis of PWT a linear mixed-effects 

model was used to account for the repeated measures within each animal. Because animals 

were sacrificed according to a randomly generated schedule at 2, 4, 8, and 12 weeks, there 

were missing values associated with the week of sacrifice. The PWT was regressed on to 

time (week after injury), group, and a random intercept for each animal was determined. The 

curvilinear nature of the change trajectory was modeled using a quadratic term (time2). The 

impact of group on change trajectories was assessed using a likelihood ratio test. Predictions 

from the model and their confidence intervals were generated using simulations from the 

model assuming an animal with a median intercept. The correlation of MT over time was 

done using Spearman correlation, as well as the correlation of MT and PWT. Differences 

between cell population proportions in the sham and pSNL groups were examined using 

Chi-square. For cellular data standard parametric (Student’s t-test, one-way ANOVA, linear 

regression) or nonparametric (Mann-Whitney U-test, Kruskall-Wallis) tests were used, 

depending on normality. Statistical tests were carried out using multiple packages (R version 

3.3.2; OriginPro 7.5, Northampton, MA; InStat/Prism, Graph Pad Software, San Diego, 

CA).
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3. Results

3.1 Effects of L5 pSNL on impaled L4 DRG cell distribution

This study included 302 cells recorded in a stable fashion from the L4 dorsal root ganglion 

ipsilateral to pSNL or sham surgery (Fig. 1 A and B). Of these, 50 cells were from sham and 

252 cells from L5 pSNL animals. Summaries of all findings in neurons and behavior as a 

result of injury and during resolution of the injury are presented in Table 1. As previously 

noted, cells from all sham animals were studied 2 weeks after surgery whereas cells after L5 

pSNL were studied at 2, 4, 8, and 12 weeks after surgery. Although the pSNL groups 

contained cells in all three categories (P-RF, N-RF and unexcitable), the sham group had no 

N-RF cell.

Cells were classified as positive receptive field detected (P-RF), not excitable (UNEX), or no 

receptive field detected (N-RF). Cells from sham animals that had P-RF were classified as: 

(LTMR [n=20; 12 hair; 8 RA], 5 muscle spindle (MS)], and HTMR [n=20; 15 AHTMR; 5 

CHTMR]). For sham animal cells with N-RF, only S-type cells were found (n=5) and no F-

type or UNEX cells were found. After L5 pSNL, overall more cells were found that had N-

RF (p<0.001). This difference from sham remained until 12 weeks after injury when the 

distribution was no different from sham. Thus, the likelihood of impaling cells which met 

passive membrane property definitions, but which were not excitable (UNEX) was increased 

in recordings from animals after pSNL as was the likelihood of impaling cells that were 

excitable, but for which a mechanical RF could not be identified (N-RF). After pSNL cells 

(n=252) found were classified as follows: Week 2 (W2): n=58; 40 N-RF [15 F-type; 10 S-

type; 15 UNEX] and 18 P-RF [5 LTMR (3 Hair; 1 RA; 1 MC), 13 HTMR (13 AHTMR and 

0 CHTMR), and 0 MS)]. Week 4 (W4): n=77; 40N-RF [20F-type; 12S-type; 8UNEX] and 

37 P-RF [17/37 LTMR (9 Hair; 8 RA; 0 MC), 15 HTMR (14 AHTMR and 1 CHTMR) and 

5 MS]. Week 8 (W8): n=63; 18 N-RF [7 F-type, 8 S-type, 3 UNEX] and 45 P-RF [20 

LTMR (12 Hair, 8 RA, 0 MC), 14 HTMR (12 AHTMR and 2 CHTMR) and 11 MS]. Weeks 
12 (W12): n=54; 12 N-RF (5 F-type; 4 S-type; 3 UNEX) and 42 P-RF [20 LTMR (9 Hair, 

11 RA, 0 MC), 16 HTMR (13 AHTMR and 3 CHTMR) and 6 MS].

The distribution of cells recorded and analyzed by group in the study is diagrammed in Fig. 

2A. In sham animals few neurons had no receptive fields (N-RF), and only S-types were 

found (no UNEX or F-types). The electrophysiological data obtained demonstrated a 

significant difference in distribution of N-RF and P-RF cells (p<0.001). The distribution was 

significantly different at 2 weeks after pSNL compared to control and remained different 

through 8 weeks (p=0.02), but was not different from control at 12 weeks after pSNL 

(p=0.09). A larger percentage of N-RF and UNEX was present at 2 weeks after injury than 

P-RF afferents (69% [N-RF and UNEX] versus 31% [P-RF]) compared to week 12 after 

injury (34% [N-RF and UNEX] vs 66% [P-RF]). This inversion of the cellular distribution 

was reached in a gradual, time dependent manner (Fig. 2A) and greatly depends on the 

LTMR (W2: 5/58, 9% vs W12:20/53, 38%) and MS (W2: 0/58, 0% vs W12: 6/39, 11%) 

groups availability rather than HTMR (AHTMR [W2: 13/58, 22% vs W12: 15/53, 25%] and 

CHTMR [W2; 0/58, 0% vs W12: 3/54, 6%]). N-RF and MS and CHTMR cell recordings 

were not analyzed further, except CHTMR for CV for comparison with other cells.
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Summary/interpretation: Partial-SNL injury results in changes in distribution of fast 

conducting neurons and the character of their responses that resolve over time. The 

distribution change after injury largely results from neurons that cannot be activated. The 

inability to activate these subpopulations of neurons may create an altered state that 

modulates the perception of mechanical stimulation after injury

3.2 Effects of pSNL on DRG cell mechanical threshold (MT) and Paw Withdrawal 
Threshold (PWT)

L5 pSNL animals were randomly assigned at various time points to electrophysiologic 

analysis. No association between baseline thresholds and randomized assignment was found 

supporting the performance of the randomization. L5 pSNL induced a significant (p<0.001) 

sensitization of fast conducting mechano nociceptors (AHTMR sham: median 147 mN 

[range: 13.7 to 980 mN] vs AHTMR W2: median 5.9 mN [range: 0.08 to 80]) and the 

desensitization of tactile L4 afferents (LTMR sham: median 0.13 mN [range: 0.08 to 1.57 

mN] vs LTMR W2: median 2.8 mN [range: 0.4 to 3.9 mN]). As shown in Fig. 2B, these 

changes in afferent sensibility began to rapidly reverse towards normal (W4, increasing 

thresholds in AHTMR and decreasing thresholds in LTMR) and become significant 8 weeks 

(W8) after the L5 pSNL compared to 2 weeks (p<0.05, AHTMR W8: median 89 mN [range: 

13.7 to 588 mN]; p<0.01 LTMR W8: median 0.2 mN [range: 0.08 to 3.9 mN]). Slow 

conducting mechano nociceptors (CHTMR) were detectable in sham (n=5, median: 980 mN 

[range 588 to 980 mN]) and weeks 4 (n=1, 98 mN), 8 (n=2, median: 495 mN [range: 9.8 to 

980 mN] and 12 (n=3, median: 784 mN [range: 588 to 980 mN), but not at week 2. No 

further analysis was performed on these afferents (CHTMR).

Paw withdrawal threshold (PWT) at baseline was 21.9±6.8 g. Following L5 pSNL, the PWT 

dropped significantly (p<0.001), reaching a low of 4.7±3.7 g at the 2 week timepoint and 

then gradually recovered to no different from baseline by 13 weeks after injury (16.6±10.4 

g). The trajectory of the PWT recovery was nonlinear with a significant difference between 

the change trajectories between the sham and pSNL groups (X2 (3) = 68.0, p < 0.0001) (Fig. 

3). Sham animal PWT was different from the pSNL group (did not change over time which 

was different from the pSNL animals (p<0.001). Modeling of the AHTMR and LTMR 

curves over time using linear, nonlinear and categorical analysis found the quadratic to 

provide the best fit for both (AHTMR: R2 = 0.50 vs R2 = 0.56, p = 0.017; LTMR: R2 = 0.33 

vs R2 = 0.37, p = 0.036). However, the correlations with PWT were opposite in direction 

(Fig. 4 A and B). There was a negative correlation between LTMR MT and PWT with 

LTMR MT desensitizing (increasing thresholds) with sensitization (decreased PWT) 

(Spearman non-parametric correlation, r = −0.32, p = 0.012). At the same time there was a 

positive correlation between the AHTMR MT and the PWT with the AHTMR sensitizing 

(decreasing thresholds) with sensitization (decreasing PWT thresholds) (Spearman non-

parametric correlation, r = 0.35, p = 0.011). The correlations for AHTMR MT and LTMR 

MT with PWT also followed a non-linear pattern when compared to the AHTMR MT to 

PWT (Fig. 4, blue lines). There was a significant negative correlation of the AHTMR and 

the LTMR (Spearman non-parametric correlation, r = −0.41, p = 0.009).
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Summary/interpretation: Of the responsive neurons after p-SNL injury the AHTMR are 

sensitized and the LTMR are desensitized and these changes are correlated to the paw 

withdrawal threshold. This indicates that the behavioral response can be explained by the 

AHTMR sensitization as the main nociceptive information carrier after injury and not the 

remaining active tactile afferents.

3.3. Effects of L5 pSNL on the L4 DRG cells active and passive electrical properties 
Active Properties

3.3.1. AP Amplitude—Normal (sham) fast conducting nociceptive afferents showed a 

significantly (p<0.001) greater AP amplitude (AHTMR: 64±1.2 mV) compared to tactile 

afferents (LTMR: 43±1.8 mV). This modality specific AP amplitude differential between 

afferents subtypes was upheld at all timepoints but W8. As shown in Fig. 5 (A, C and D), 

W2 after L5 pSNL, the AP amplitude of both types of afferents was significantly reduced 

(AHTMR: p<0.001 and p<0.01 LTMR) (AHTMR: 51±3.1 mV and LTMR: 30±0.2 mV). 

Although tactile afferents rapidly recover (W4: p<0.05, 40±2.5 mV), in both cases the 

afferent AP amplitudes were not different from normal by W12 (AHTMR: 59±3 mV and 

LTMR: 37±2 mV).

3.3.2. AP duration (D50)—The normal (sham) AP duration was significantly (p<0.001) 

different between fast conducting nociceptive (AHTMR: 1.5±0.09 ms) and tactile afferents 

(LTMR: 0.7±0.03 ms). This modality specific differential of the AP duration was upheld at 

all timepoints after L5 pSNL (LTMR>1ms<AHTMR). As shown in Fig. 5 (B and C), two 

weeks after injury (W2) tactile afferents showed a significant increase in the AP duration 

(D50) (W2 LTMR D50: 0.8±0.05 ms) that only recovers (p<0.05) by week 12 (W12 LTMR 

D50: 0.6±0.04 ms).

3.3.3. AHP amplitude—Two weeks after L5 pSNL a significant (p<0.05) reduction of 

the AHP amplitude of both afferents was observed (p<0.05, AHTMR sham: 12±1 mV vs. 

W2 AHTMR: 8±1 mV; p<0.001, LTMR sham: 9±0.7 mV vs W2: 4±0.6 mV) (Fig. 5 (C, D 

and E). This simultaneous but uneven (in magnitude between afferents) reduction in the 

AHP amplitude, induced a significant (p<0.05) difference between nociceptive and tactile 

afferents AHP amplitude, not previously observed in sham animals. A rapid recovery of the 

AHP amplitude of tactile afferents (W4 LTMR AHP amplitude: 8±0.6 mV) eliminated this 

differential with fast conducting nociceptors, although the AHTMR did not fully recover 

until W12 (W12 AHTMR: 14±1 mV, p<0.01) (Fig. 5E).

3.3.4. AHP duration (AHP50)—Normal (sham) fast conducting nociceptive (AHTMR: 

13.8±1.6 ms) afferents showed a significantly (p<0.001) greater AHP50 than tactile (LTMR: 

4.7±0.5 ms) afferents. This modality specific AHP duration differential between afferents 

subtypes was eliminated by W2 after L5 pSNL by the significant (p<0.01) reduction in the 

AHP50 of fast conducting nociceptive afferents (W2 AHTMR AHP50: 6.7±1.3 ms) and did 

not recover by 12 weeks (W12) after nerve damage (Fig. 5C, D and F).
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Passive Properties

3.3.5. Membrane potential (Em, mV)—L5 pSNL induced the steady membrane 

depolarization of both types of mechano-sensitive afferents along all studied time points 

(W2-W12) (Fig. 6A). Although this L5 pSNL-induced depolarization process only became 

statistically significant for both afferents at W8 (AHTMR: p<0.05 [r2: 0.84] and LTMR: 

p<0.001 [r2: 0.96]), its effects had a differential initial effect with respect to the afferent 

modality. At W2, the membrane depolarization had a greater effect on fast conducting 

nociceptors (AHTMR: Sham: −62.7±1.7 mV to W2: −56.5±2.2 mV) than tactile afferents 

(LTMR: Sham: −66.3±1.6 mV to W2: −65.2±3.2 mV). This differential effect renders the 

Em of both afferents significantly (p<0.05) different at W2 but this difference rapidly 

dissipated as a consequence of an increased depolarization of the tactile afferents in 

following weeks (W4-W12) (Fig. 6A).

3.3.6. Input resistance (Ri, MΩ).—In sham animals, nociceptive afferents showed a 

significantly (p<0.01) higher Ri than tactile afferents (AHTMR: 162±20 MΩ vs LTMR: 

110±10 MΩ). This difference rapidly disappeared after nerve injury (W2), affecting both 

types of afferents. Although both types of afferents showed a reduction in Ri, it only became 

significant (p<0.05) in nociceptors at W8, prior to recovery in W12. However, we also 

observed that despite the full recovery of nociceptors (p<0.05), tactile afferents continued to 

demonstrate an incremental increase in Ri from W4 to W12. (Fig. 6B).

3.3.7. Time constant (τ, ms).—L5 pSNL induced a transient decrease in duration of τ 
in both types of afferents (Fig. 6C). This decrease became significant (p<0.05) at W4 for 

tactile afferents (LTMR Sham: 2.7±0.4 ms vs LTMR W4: 1.7±0.4 ms) and at W8 for fast 

conducting nociceptors (AHTMR sham: 3.3±0.3 vs AHTMR W8: 2±0.2 ms), but it 

recovered to sham values at W12 (p<0.05, LTMR).

3.3.8. Capacitance (Cm, pF)—Overall the Ri and τ changes in both types of afferents 

result in a steady, but non-significant, decrease of the membrane capacitance (Cm). Only 

LTMR Cm, as shown in Fig. 6D, experienced a transient (W8) significant (p<0.05) increase 

in the Cm compared to AHTMR afferents at the same time point (LTMR W8: 27±3 pF vs 

AHTMR W8: 19±3 pF).

3.3.9. CV vs L4 cellular subtype after L5 pSNL—Although afferents with a wide 

range of CV were collected at all timepoints, the number and specific CV range were 

significantly different between time points. CV of tactile afferents from sham animals were 

significantly (p<0.001) faster (Aβ and Aδ ranges only) than nociceptive afferents (LTMR 

sham: 14.2±1.7 m/s [Aβ: median 21.6 m/s [range 14.5 to 35]; Aδ: median 7.5 m/s [range: 

1.5 to 11.2 m/s] vs AHTMR sham: 5.1±0.9 m/s [Aβ: median 12.2 m/s [range 12 to 12.3 

m/s]; Aδ median: 5.7 m/s [range 1.5 to 10.4 m/s]). However, 2 weeks after L5 pSNL the 

composition of detectable afferents in both modalities are significantly (p<0.05) biased 

towards specific CV ranges. As show in Fig. 7A at W2, recorded tactile afferents were 

restricted to the Aβ range but significantly (p<0.05) restricted to slow CV within this range 

(Aβ LTMR sham: 22 m/s [range 15 to 35 m/s] vs Aβ LTMR W2: 14 m/s [range: 11.3 to 18.6 

m/s]). This transient change in the composition of mechanically sensitive afferents recovered 
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at W4 (p<0.05, tactile) (Aβ LTMR W4: median 22 m/s [range: 13 to 31 m/s]; Aδ LTMR 

W4: median 5 m/s [range: 3.5 to 7.9 m/s]) and W12 (p<0.05, nociceptive) (Aβ AHTMR 

W12: median 16.8 m/s [range 14.8–18.8 m/s]; Aδ AHTMR W12: median 4.2 m/s [range 1.7 

to 10.9 m/s]).

3.3.10 CV vs AP duration (D50) after L5 pSNL—In sham animals a correlation 

between CV and AP duration (D50) was found between neurons, both in the LTMR and 

AHTMR neuron groups. Faster conducting fibers corresponded to somas with shorter APs 

(LTMR: r2 = −0.45, p<0.01 and HTMR: r2=−0.24, p<0.05) (Fig. 7B). While this relationship 

was upheld for LTMR at all timepoints (W2-W12), at W2 AHTMR showed a significant 

inversion of this correlation as cells with faster conducting fibers show longer APs (r2=0.53, 

p<0.01). This inversion on the CV/AP duration correlation was transient (W2 only) and 

recovered in following time points (W4-W12).

Summary/interpretation:  Partial-SNL injury results in the transient modulation of somatic 

electrical properties in both LTMR and AHTMR mechanoreceptors. Overall, these changes 

reflect an increase in electrical excitability in nociceptive afferents (e.g. greater neuronal 

activity) and a widespread disruption in baseline electrical stability (e.g. altered Em) for both 

LTMR and AHTMR afferents. Some of these changes do not completely revert to normal 

after behavioral recovery indicating the history-dependent, additive electrical effects of 

injury on these afferents membranes.

4. Discussion

This report addresses two fundamental aspects of tactile hypersensitivity after nerve injury 

and during recovery: the identity of primary sensory afferent subtype changes from injury 

and the reliance of behavioral hypersensitivity on abnormal peripheral signaling over time 

during resolution. These results corroborate previous work [4] which showed opposing 

actions of nerve injury on tactile afferents (LTMRs) and nociceptive afferents (HTMRs) 

which are desensitized and sensitized, respectively. This result argues against a primary role 

of sensitized LTMRs in hypersensitivity. On the contrary, LTMR desensitization may 

contribute to behavioral hypersensitivity indirectly. The strong relationship between the time 

courses of recovery of tactile and nociceptive afferents and of resolution from 

hypersensitivity, although alone not proving causality, suggests strongly that behavioral 

hypersensitivity in this surgical model requires both abnormal tactile and nociceptive 

peripheral input.

Peripheral nerve injury affects thresholds of specific fibers and also electrical excitability of 

dorsal root ganglion cells from mechanical activation within their receptive fields. In pSNL 

animals the likelihood of finding cells with N-RF or UNEX is increased relative to sham. 

These are cells that both have no detectable receptive field, one electrically excitable (N-RF) 

and the other unable to be depolarized (UNEX). The increase in “silent” cell numbers 

following injury is interesting, and may represent an injured phenotype that cannot transmit 

information effectively. The reduced input from these cells may alter integration of input 

from remaining cells, potentially leading to increased behavioral response to activation. 

Consistent with these notions is that “silent” cells tend to disappear as the resolution of the 
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injury progresses over time approaching the sham distribution. It is also possible that the 

UNEX cells represent non neuronal cells, although the membrane potential is greater than 

would be expected from a glia cell. There may also be an artifactual increase in the 

probability of impaling neurons resulting from injury induced changes in cellular 

morphology or volume [24; 41]. Further studies to definitively identify the “silent” cells 

using simultaneous staining and electrophysiologic identification will be informative to 

understand the nature of these cell populations.

The electrical properties of both AHTMR and LTMR neurons are extensively changed by 

injury [15; 29; 31]. Baseline resting membrane potential (Em) is more negative in LTMR 

compared to AHTMR while initially after injury the AHTMR Em depolarizes while the 

LTMR Em does not. Following injury the changes occur in concert with a similar slope in 

changes over time. However, the reason is likely different; LTMR trying to increase 

information due to failing conduction and AHTMR increasing activity due to injury and 

sensitization. Simultaneously resistance decreases as the rheobase changes likely reflecting 

effects of inflammation and cellular changes from injury [18; 24; 41]. Changes in sodium 

channel expression may alter excitability, but other channels may play a role and be targets 

for intervention [2; 33; 36]. Interestingly, despite the resolution of behavior and some 

electrical changes over time, many altered electrical properties persist and may suggest a 

vulnerable period between resolution of behavior and normalization of neuronal electrical 

activity. Understanding how these long lasting changes in the electrical properties of 

AHTMR and LTMR afferents are integrated at the spinal level may be important for 

understanding their individual or combined roles in resolution of pain at a behavioral level.

Sensitization of AHTMRs in creating a nociceptive signal after injury is well accepted in 

nerve injury, incisional models, and inflammatory models of pain [16; 18; 31]. However, 

LTMR desensitization from injury has not been reported until recently. This likely relates to 

technologic difficulties in assessing LTMR sensibility and through assuring the lack of 

injury effect in sham or naïve animals during electrophysiologic recording [16; 18; 31; 44]. 

MT in LTMRs from sham animals in previous studies is similar our pSNL injured animals, 

possibly reflecting injury from the recording preparation. [44]. Other technical nuances may 

contribute including differences in temperature, whether in vivo and/or in situ, and 

disruption of proximal and distal connections. Washout of inflammatory mediators around 

the DRG with artificial CSF perfusion in our studies compared to paraffin which traps these 

molecules and provides for their build up in proximity to the cell bodies and axons could 

also contribute. These technical difficulties make assessment of normal LTMR sensibility 

very difficult requiring extensive assurance to maintain temperature, assure the lack of 

inflammatory mediator building, and a limited search paradigm that reduces peripheral 

sensitization, or in the case of LTMR, desensitization process. One of the unique findings in 

all of our studies is the lack of spontaneous activity in A-fibers. A-fiber mediated 

spontaneous activity could reflect injury during the preparation and may not be a result of 

nerve injury itself [29; 31; 44]. This acute injury is another reason that LTMR 

desensitization has not been reported as the baseline encountered is desensitization from the 

acute injurious effects of the prep, nerve injury or denervation, and inflammation masking 

changes from nerve injury.

Boada et al. Page 12

Pain. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The loss of LTMR sensibility is of interest in that the same injury produces a significant 

decrease in threshold in one fiber type and significant increase in the other. This underscores 

the differences in the two nerve fiber types that are poorly understood. Nevertheless, LTMR 

desensitization in perception of nociceptive information and ultimately pain is not novel [26; 

30; 34]. Loss of fiber function may be associated with pain, but many examples exist where 

this does not routinely occur [17; 35; 40]. Additionally, tactile input has been cast as a driver 

for nociception in the chronic states where allodynia is present [13; 28]. At the same time, 

tactile inputs have also been reported to have important inhibitory effects on nociceptive 

throughput in the dorsal horn thus affecting central processing and pain perception [21; 32]. 

LTMR are activated by vibratory stimuli over a discrete frequency range within their 

receptive field and this is used to distinguish LTMRs from AHTMRs, particularly following 

injury [4; 8; 9]. Activating LTMR via vibration produces a shift in perceived pain perception 

of noxious stimuli and is likely the fundamental effect of transcutaneous nerve stimulation 

used for pain relief [30]. The mechanism of this modulatory effect on noxious input is 

unclear, but could be peripheral, cortical, the dorsal horn of the spinal cord, or a combination 

of these locations [23; 38]. Thus activation of LTMRs and resulting modulation of 

perception from other neurons may be valuable to recovering normal sensibility and pain 

free function.

Peripheral LTMR desensitization appears to part of the injury process and as such may play 

a role in perception of the noxious stimuli acutely and over time until resolution of injury. 

This role of LTMRs in pain signaling, at least acute pain signaling, has been validated 

recently using advanced optogenetic approach and suggests that pain from A-fiber 

nociceptors is alleviated with concurrent activation of LTMRs [1]. Just like selective 

activation of LTMR does not cause pain, selective deactivation does not cause pain and the 

response may be related to integration of other inputs [25]. Furthermore the mechanically 

sensitive neurons are likely to respond to more than mechanical stimuli rendering input and 

activity in the dorsal horn modulated by other modalities simultaneously [3]. Thus, loss of 

large fiber input is not sufficient to cause pain, but may be a modulator or even act as an 

accelerator of other noxious inputs. This furthers the notion that neural activity in different 

sensory neuron subpopulations is important to the perception of pain and further suggests 

that the most effective pain treatment regimens will require altering input in various neuronal 

subpopulations simultaneously or at least in a deliberate and targeted fashion.

Limitations of this investigation are the focus on fast conducting afferents and their response 

to mechanical activation. Slow conducting C-high threshold mechanoreceptors were found 

incidentally, but we did not study C-fibers and made no conclusions based on the limited 

number. Further study of C-fiber changes would more completely delineate changes of 

afferent inputs, as they play a role in nociception as well. Additionally, the reliance solely on 

mechanical activation without incorporation of non-reflexive behavioral pain measures is 

also a limitation and further studies to understand the role of fast conducting afferent subsets 

in non-reflexive behaviors will be important to more completely understanding the 

implications of their inputs.

These data highlight and validate the rapid injury-induced sensitization and desensitization 

process that occurs in different subtypes of mechano-sensitive peripheral sensory neurons. 
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There is likely a pivotal role for the change in specific subpopulations of mechanosensitive 

neurons during the resolution of injury induced pain behavior that underlies the animals’ 

recovery pattern. Likely the full recovery of the behavior requires the normalization of both 

types of alterations in mechanical sensibility. The incomplete resolution of specific changes 

in electrical properties with the normalization of behaviors and the neural input alterations 

point to the complexity of successfully addressing effective management for nerve injury 

induced pain. We speculate that these persistent electrical changes and excitation changes in 

the peripheral neurons after apparent resolution of behavioral hypersensitivity may result in 

an underlying vulnerability to subsequent injury that could result in disruption of resolution 

and predispose to persistent or chronic pain states.
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Figure 1. 
A. Schematic diagram of the in vivo ePhys rat L4 preparation (lateral view) after pSNL in 

L5. Diagram of lateral flank illustrates the areas where the neuronal receptive field (RF) of 

the studied afferents were found in hairy skin and glabrous skin (Circles: tactile; Triangles: 

nociceptors) over time (red: week 2; blue: week 4; green: week 8 and black: week 12). B. 
Flowchart of animals studied and classification of the neurons included in the study per 

week (W): with mechanical RF (P-RF): low threshold mechanoreceptors (LTMR, black), 

high threshold mechanoreceptor with A fibers (AHTMR, dark gray), high threshold 

mechanoreceptor with C fibers (CHTMR, light gray) muscular spindle (MS) and without RF 

(N-RF): fast AP dynamic mechanically unresponsive (F-type), slow AP dynamics 

mechanically unresponsive (S-type), unresponsive (mechanically and electrically) (UNEX).
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Figure 2. 
A. Effect of L5-pSNL in the L4 percent distribution of mechanically sensitive (LTMR, 

AHTMR, CHTMR and MS) and insensitive (F-type, S-type and UNEX) afferents over time 

(weeks: W) after L5-pSNL (#: S-type). There is a significant difference in distribution of N-

RF and P-RF cells (p<0.001). The distribution is significantly different at 2 weeks after 

pSNL compared to control and remains different through 8 weeks (p=0.02), but is no 

different from control at 12 weeks after pSNL (p=0.09). B. Effects of the L5-pSNL in the 

mechanical sensitivity of L4 afferents over time (W). Numbers indicate medians (on top), 

with boxes representing the 25 and 75 percentiles. LTMR: low-threshold mechanoreceptor 

and AHTMR: A-fiber high-threshold mechanoreceptor. (*=p<0.05; **=p<0.01; 

***=p<0.001).
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Figure 3. 
Trajectory of L5-pSNL on paw withdrawal threshold (PWT) over time. The trajectory of the 

PWT recovery is nonlinear with a significant difference for the change trajectories between 

the sham and pSNL groups (p < 0.0001). Both sham and pSNL groups have a PWT that is 

not different at baseline. After the pSNL there is an immediate decrease in PWT (*, 

p<0.001). The difference in PWT persists through 13 weeks after the injury.
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Figure 4. 
Correlation of single neuronal mechanical thresholds (MT) and behavior paw withdrawal 

thresholds (PWT). There is a negative correlation between LTMR MT and PWT with LTMR 

MT desensitizing (increasing thresholds) with sensitization (decreased PWT) (Spearman 

non-parametric correlation, r = −0.32, p = 0.012). At the same time there is a positive 

correlation between the AHTMR MT and the PWT with the AHTMR sensitizing 

(decreasing thresholds) with sensitization (decreasing PWT) (Spearman non-parametric 

correlation, r = 0.35, p = 0.011). The correlations for AHTMR MT and LTMR MT with 

PWT follow a non-linear pattern when compared to the AHTMR MT to PWT (blue lines).
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Figure 5. 
Effect of L5-pSNL in the L4 mechanosensitive afferent active electrical signature of evoked 

action potentials over time in weeks (W): spike ((A) amplitude [AP amplitude] and (B) 

duration [AP duration; D50]) and AHP: ((E) amplitude and (F) duration [AHP50]). 

Representative traces of these effects are presented (black sham and red W2) in tactile (C) 
and nociceptive (D) afferents that demonstrate the changes after injury. Boxes represents 25 

and 75 percentiles (black: LTMR; gray: AHTMR). (*=p<0.05; **=p<0.01; ***=p<0.001).
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Figure 6. 
Effect of L5-pSNL in the L4 mechanosensitive afferents passive electrical properties over 

time in weeks (W): (A) membrane potential (Em), (B) input resistance (Ri), (C) time 

constant (τ) and (D) membrane capacitance (Cm). Data are medians ± SE. Regression lines 

and r2 values are shown for Em in LTMRs (black circles) and AHTMR (gray triangles) 

(*=p<0.05; **=p<0.01; ***=p<0.001).

Boada et al. Page 22

Pain. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
A. Effect of L5-pSNL in the L4 mechanosensitive afferents CV (black circles: LTMR and 

gray triangles: AHTMR) over time and B. its effects on the relationship between CV and the 

spike duration (D50) (linear regression and r2 values) two weeks after injury (red circles: 

LTMR and red triangles: AHTMR). *=p<0.05.
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Table 1.

Summary changes with injury and recovery

Outcome Measure Injury Recovery

PWT ↓ ↑

AHTMR Threshold ↓ ↑

LTMR Threshold ↑ ↓

Cells Character:

N-RF ↑ ↓

P-RF ↓ ↑

UNEX ↑ ↓

Cell Type Distribution:

AHTMR NC NC

LTMR ↓ ↑

CHTMR ↓ ↑

MS ↓ ↑

F-type ↑ ↓

S-type ↑ ↓

Active Electrical Properties AHTMR:

AP Amplitude ↓ ↑

AP Duration NC NC

AHP Amplitude ↓ ↑

AHP50 ↓ ↑

Active Electrical Properties LTMR:

AP Amplitude ↓ ↑

AP Duration ↑ ↓

AHP Amplitude ↓ ↓

AHP50 NC NC

Passive Electrical Properties AHTMR:

Em (mV) ↑ ↑

Ri (MΩ) ↓ ↓

τ (ms) ↓ ↑

Cm (pF) NC NC

Passive Electrical Properties LTMR:

Em (mV) ↑ ↑

Ri (MΩ) NC NC

τ (ms) ↓ ↑

Cm (pF) NC ↑
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