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Abstract 

Nociceptors with somata in dorsal root ganglia (DRGs) exhibit an unusual readiness to switch 

from an electrically silent state to a hyperactive state of tonic, nonaccommodating, low-

frequency, irregular discharge of action potentials (APs). Ongoing activity (OA) during this state 

is present in vivo in rats months after spinal cord injury (SCI), and has been causally linked to 

SCI pain. OA induced by various neuropathic conditions in rats, mice, and humans is retained in 

nociceptor somata after dissociation and culturing, providing a powerful tool for investigating its 

mechanisms and functions. An important question is whether similar nociceptor OA is induced 

by painful conditions other than neuropathy. The present study shows that probable nociceptors 

dissociated from DRGs of rats subjected to postsurgical pain (induced by plantar incision) 

exhibit OA. The OA was most apparent when the soma was artificially depolarized to a level 

within the normal range of membrane potentials where large, transient depolarizing 

spontaneous fluctuations (DSFs) can approach AP threshold. This latent hyperactivity persisted 

for at least 3 weeks, whereas behavioral indicators of affective pain – hindpaw guarding and 

increased avoidance of a noxious substrate in an operant conflict test – persisted for 1 week or 

less. An unexpected discovery was latent OA in neurons from thoracic DRGs that innervate 

dermatomes distant from the injured tissue. The most consistent electrophysiological alteration 

associated with OA was enhancement of DSFs. Potential in vivo functions of widespread, low-

frequency nociceptor OA consistent with these and other findings are to amplify hyperalgesic 

priming and to drive anxiety-related hypervigilance. 
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1. Introduction 

Pain after bodily injury is often accompanied by complex behavioral and neural alterations that 

are poorly understood 12, 58, and may cause clinical problems long after surgery or trauma 28, 37, 

59. Ongoing behavioral effects manifested acutely after significant tissue injury include 

spontaneous grimacing, guarding behavior, and reduced locomotor activity 12, 60, 67, 73, while a 

prominent ongoing neural effect is spontaneous electrical activity in primary afferent neurons 10, 

25, 39, 62, 75. Many painful effects require extrinsic stimulation to reveal altered sensation and 

behavior, including allodynia during innocuous stimulation and hyperalgesia during noxious 

stimulation. Although injury that causes nerve damage can induce chronic neuropathic pain 27, 

injuries that spare larger nerve branches produce ongoing pain, hyperalgesia, and allodynia that 

often resolve within a week or two 60. Nevertheless, latent effects may remain for additional 

weeks or longer, as illustrated by persistent hyperalgesic priming (revealed during subsequent 

inflammatory challenge) 36, 64 and by persistent latent sensitization of nocifensive reflexes 

masked by constitutive activity of endogenous analgesic systems 20, 48.   

 

Although both hyperalgesic priming and latent sensitization are associated with alterations 

within the central nervous system (CNS) 19, 20, 36, 57, 65, each has also been linked to alterations in 

primary nociceptors 30, 38, 50, 64, 66. Indeed, allodynia and hyperalgesia in many painful conditions 

depend upon central sensitization induced and/or maintained by ongoing primary afferent 

activity 7, 13, 32, 49. For injuries such as incision in which hyperalgesic priming and latent 

sensitization outlast ongoing pain, a logical possibility is that persistent readiness to re-enter a 

painful sensitized state might be promoted by hyperexcitable primary nociceptors poised to 

generate sustained ongoing activity (OA). Transition from latent hyperactivity to tonic OA in a 

sufficient number of nociceptors for a sufficient period could redrive central sensitization to 
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promote the allodynia, hyperalgesia, and ongoing pain that sometimes return after healing and 

resolution of pain 28, 64. Consistent with this possibility is enhancement of hyperexcitability 

(indicated by decreased action potential threshold) reported in nociceptors during in vitro 

application of PGE2 8 days after in vivo induction of hyperalgesic priming by fentanyl, although 

this effect was attributed to altered PGE2 signaling in nociceptors rather than an alteration of 

intrinsic excitability 38. For tissue injury, evidence is lacking for electrophysiological alterations in 

nociceptors that persist in latent form after the resolution of ongoing pain and behavioral 

sensitization, and especially for alterations that enable a transition from electrical silence to 

sustained OA (hyperactivity).  

Making use of the unusual and experimentally useful capacity of nociceptor somata to retain 

hyperexcitable alterations induced in vivo after subsequent cellular dissociation and culturing 10, 

42, 43, 45, 52, 68, 70, 72, we show that a latent hyperactive state persists in widespread nociceptors for 

weeks after unilateral or bilateral hindpaw incision injury, outlasting ongoing mechanical 

allodynia and hyperalgesia that are evident in voluntary avoidance behavior. Several 

unexpected features of latent hyperactivity after injury point to nociceptor functions that go 

beyond ongoing stimulation of affective pain. 

 

 

2. Methods 

2.1. Animals 

All procedures followed the guidelines of the International Association for the Study of Pain and 

were approved by the McGovern Medical School Animal Care and Use Committees. Male 

Sprague-Dawley rats (Envigo, USA), 8-9 weeks old, 250-300g, housed 2 per cage were used 

for the entire study. We elected to postpone investigation of potential sex differences to reduce 

the number of factors that could interact with many other potential factors in vivo and in vitro that 
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might impact the expression of electrophysiological effects of plantar incision. In our initial sets 

of experiments, all on unilateral plantar incision (Sections 4.1, 4.2, 4.3), animals acclimated to a 

12-hour reversed light/dark cycle for at least four days before beginning experiments, and the 

rats received all manipulations and tests in their dark active phase. In the remaining studies, the 

rats were on a normal light/dark cycle, and all manipulations and tests occurred in the rats’ 

inactive light phase.  

  

2.2. Surgical procedures 

Animals were randomly assigned to surgical and naïve control groups. Previous studies of 

plantar incision have shown no effects of sham treatment (reproducing all procedures but 

omitting incision) on behavioral, physiological, or cellular measures. Unilateral plantar incision 

was performed using a standard procedure 14, 15, 82. Briefly, anesthesia was induced by placing 

the rat in a chamber filled with 4% isoflurane in air followed by 2% isoflurane via a nose cone 

maintained during surgery. The left hind paw was sterilized with alternating iodine swabs and 

alcohol pads. Beginning 0.5-1 cm from the proximal edge of the heel, a longitudinal incision was 

made through the skin and fascia with a no. 10 scalpel blade. The flexor digitorum brevis 

muscle was then elevated and incised longitudinally (~1 cm), leaving intact the muscle origin 

and insertion. The skin was closed with two absorbable sutures.  

A novel bilateral extended plantar incision (EPI) model included the same longitudinal 

incision through skin, fascia, and flexor digitorum brevis muscle as in the unilateral plantar 

incision model, but this was given to both hindpaws. Each plantar injury was then extended 

modestly by making a small incision transversely across the widest part of each of the two most 

distal pads (the second and third interdigital volar pads, see schematic diagrams in Figures 1-6) 

through the thick pad epidermis and the underlying adipose tissue without cutting into 
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underlying tendons and bone. The pad incisions were not sutured, but hemostasis was 

promoted by gentle pressure on the wound.  

Following surgery, the rat remained on an insulated heating pad until full recovery from 

anesthesia before being moved back to its cage and observed periodically until full ambulatory 

recovery. All wounds stopped bleeding within ~5 minutes and appeared outwardly to have 

largely healed within 5-6 days, similar to what has been described for unilateral plantar incision 

15, 31. Simple schematic diagrams are included in each results figure to show the type of incision 

injury used. 

 

2.3. Dissociation and culture of DRG neurons  

A dissociated DRG neuron preparation was used that we have repeatedly found in nociceptors 

from rats, mice, and humans to retain injury-induced, pain-related hyperexcitability for more than 

24 hours in culture after in vivo induction of persistent neuropathic pain 8–11, 42, 52, 53, 81, 84. Rats 

were euthanized using intraperitoneal injection of pentobarbital/phenytoin solution (Euthasol, 

0.9 ml, Virbac AH, Inc.) followed by transcardial perfusion of ice-cold phosphate buffered saline 

(PBS, Sigma-Aldrich). DRGs were harvested from below the vertebral T10 level to L6. Ganglia 

were surgically desheathed before transfer to high-glucose DMEM culture medium (Sigma-

Aldrich) containing trypsin TRL (0.3 mg/ml, Worthington Biochemical Corporation) and 

collagenase D (1.4 mg/ml, Roche Life Science). After 40-min incubation under constant shaking 

at 34°C, digested DRGs were washed by two successive centrifugations and triturated with two 

fire-polished glass Pasteur pipettes of decreasing diameters. Cells were plated on 8-mm glass 

coverslips (Warner Instruments) coated with poly-L-ornithine (Sigma-Aldrich) 0.01% in DMEM 

without serum or growth factors, and incubated overnight at 37°C, 5% CO2 and 95% humidity. 

 

2.4. Recording from dissociated DRG neurons 
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Recordings were made from isolated neurons with soma diameters ≤ 30 µm, which under our 

conditions are capsaicin-sensitive in ~70% and bind isolectin B4 in >30% of sampled neurons 10, 

53, 81. We did not sample larger neurons because our major goal was to define mechanisms 

important for SA in probable nociceptors that have been linked to ongoing neuropathic pain, and 

in vivo recordings after SCI in rats showed that chronic, low-frequency SA was only generated 

in the somata of C-fiber and Ad-fiber DRG neurons, which have relatively small soma diameters 

10. Whole-cell patch-clamp recordings were performed at room temperature (~ 21°C) 18-30 

hours after dissociation using an EPC10 USB (HEKA Elektronik) amplifier and a Multiclamp 

700B (Molecular Devices). Neurons were observed at 20x magnification on an IX-71 (Olympus, 

Japan) inverted microscope and recorded in an extracellular solution (ECS) containing (in mM) 

140 NaCl, 3 KCl, 1.8 CaCl2, 2 MgCl2, 10 HEPES, and 10 glucose, which was adjusted to pH 7.4 

with NaOH and to 320 mOsM with sucrose. Patch pipettes were made of borosilicate glass 

capillaries (Sutter Instrument) with a horizontal P-97 puller (Sutter Instrument) and fire polished 

with a MF-830 microforge (Narishige) to a final pipette resistance of 3-8 MΩ when filled with an 

intracellular solution composed of (in mM) 134 KCl, 1.6 MgCl2, 13.2 NaCl, 3 EGTA, 9 HEPES, 4 

Mg-ATP, and 0.3 Na-GTP, which was adjusted to pH 7.2 with KOH and 300 mOsM with 

sucrose. After obtaining a tight seal (>3 GΩ), the plasma membrane was ruptured to achieve 

whole-cell configuration under voltage clamp at -60 mV. Recordings were acquired with 

PatchMaster v2x90.1 (HEKA Elektronik) and Clampex 10.7 (Molecular Devices). The liquid 

junction potential was calculated to be ~4.3 mV and this estimate was not corrected, meaning 

the actual potentials were up to ~4.3 mV more negative than indicated in the recordings and 

reported membrane potentials. Identification of nonaccommodating (NA) and rapidly 

accommodating (RA) neurons was done by stimulating primary neurons with an ascending 

series of 2-second pulses (increment 5-20 pA) to two times rheobase 53. If repetitive discharge 

was observed, the neuron was classified as NA. If only a single AP was observed (at the 
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beginning of the step), the neuron was classified as RA. RA neurons, which appear to lack the 

capacity for OA 53 and always represented a minority of sampled neurons, were excluded from 

further analysis. AP voltage threshold and rheobase (current threshold) were also determined 

during the 2-second depolarizing step protocol. OA at RMP (intrinsically generated spontaneous 

activity [SA]) was defined as any discharge occurring during the 60-second current clamp 

recording (I = 0) after first switching to current clamp mode 10. OA at -45 mV was defined as any 

discharge occurring during a 30-second current clamp recording with the neuron artificially held 

at -45 mV. This test was performed 1-2 minutes after the 2-second depolarizing step protocol 53. 

 

2.5. Quantifying depolarizing spontaneous fluctuations of membrane potential (DSFs) 

Whole-cell current-clamp recordings were analyzed using the Frequency-Independent Biological 

Signal Identification (FIBSI) program 17. FIBSI was written using the Anaconda (v2019.7.0.0, 

Anaconda, Inc) distribution of Python (v3.5.2) with dependencies on the NumPy and 

matplotlib.pyplot libraries. It incorporates the previously published algorithm used to analyze 

DSFs in our prior publications 11, 29, 42, 47, 53. FIBSI uses the Ramer-Douglas-Peucker algorithm to 

detect DSFs, which were obtained from 30-s recordings sampled at 10 kHz with PatchMaster 

v2x90.1 (HEKA Elektronik) or Clampex 10.7 and filtered with a 10 kHz Bessel filter. A user-

defined 1-s sliding median function built into FIBSI was used to estimate resting membrane 

potential (RMP) at each coordinate, and then FIBSI returned the coordinates, amplitudes, and 

durations of identified APs and DSFs and hyperpolarizing spontaneous fluctuations (HSFs) 

(each type with minimum amplitude and duration of 1.5 mV and 5 ms, respectively). Amplitudes 

for the suprathreshold DSFs eliciting APs were estimated conservatively as the difference 

between the most depolarized potential reached by the largest subthreshold DSF within the 

recording and the sliding median at that point. A minimal interval of 200 ms between any two 

APs was required for the second AP to be substituted by the maximal suprathreshold DSF 
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amplitude in the recording period. If the interval between two APs was less than 200 msec, then 

a substitution was performed only if a clear peak of a separate DSF or HSF was detected 

between the APs 53. The FIBSI source code and detailed tutorial are freely available for use, 

modification, and distribution on a Github (GitHub, Inc.) repository titled “FIBSI Project” by user 

“rmcassidy” (https://github.com/rmcassidy/FIBSI_program).  

 

2.6. Behavioral testing 

Measurement of guarding behavior 

Guarding was assessed using methods adapted from previous reports 15, 83. Each rat was 

placed on an elevated wire mesh surface (6 x 6 mm grid size) and confined by a clear plastic 

cage top (20.5 x 20.5 x 13.5 cm). Both hind paws were assessed by a blinded observer during 

twelve 1-minute periods every 3 to 4 minutes for 36 to 48 minutes, which were conducted 1, 7, 

and in some cases 14 days after either deep plantar incision, skin incision, or no treatment 

(naïve group). The position and condition of each hind paw maintained for at least 30 seconds 

in each 1-minute observation period were scored on a combined 3-point scale. A score of 0 was 

given if the incised area was touching and blanched or distorted by the mesh, 1 if the incised 

area was touching the mesh without blanching or distortion, and 2 if the incised area was 

elevated entirely off the mesh. For each hind paw the 12 scores were summed and the 

normalized guarding score was obtained for each rat by subtracting the summed score of the 

uninjured paw from that of the contralateral injured paw. 

 

Operant mechanical conflict (MC) test. The 3-chambered Mechanical-Conflict System (MCS, 

Coy Laboratory Products; now sold by Noldus, Wageningen, the Netherlands) was used for 

operant assessment of aversion to noxious mechanical stimulation of the paws 33, 54, 56. Unlike 

other studies, which measure the latency of extensively habituated rats to cross noxious probes 
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a single time, our major measure of altered pain sensation was the number of times a rat 

voluntarily crossed a chamber containing a dense array of sharp probes elevated to either 4 mm 

(previously shown to be noxious, providing a measure of mechanical hyperalgesia), 1 mm 

(innocuous, providing a measure of mechanical allodynia), or 0 mm (absent) 54. Furthermore, 

we departed from our earlier study and other studies using the MCS by omitting the light that 

triggers photophobia, which had been assumed to be the major motivator for crossing the sharp 

probes. Instead, our MC test relies solely on the conflict between aversive pain evoked by 

stepping on noxious probes and a rat’s strong drive to exhaustively explore a relatively 

unfamiliar environment. On Day 1 rats were acclimated to the dark testing room (illuminated by 

red light) for 1 h before being placed into end-chamber A. Fifteen seconds later, if the rat was 

facing the door to the middle chamber B, the door was lifted. Videorecording continued for 5 min 

during free exploration of all 3 chambers. This procedure was performed twice daily, with the 

probe heights on each trial indicated in each figure. The first three 5-minute trials were 

performed with 0-mm probe heights, to provide limited familiarization with the MCS apparatus in 

the absence of painful stimulation. The rats were acclimated to the testing room for 1 hour 

before each test. In addition, the rats had been habituated previously to the tester and testing 

room (outside of the MCS) for 6-7 hours over 2 days. After each test in the MCS, the device was 

sprayed and wiped with RescueTM disinfectant cleaner (Covetrus). All trials were captured at 

1080p, 120 fps using a Sony FDR-AX43 UHD 4K Handycam® camcorder. During the first 

crossing, the crossing latency was defined as the time from lifting the door between chambers A 

and B until all four paws were placed in chamber C. Each subsequent crossing was counted 

when two or more paws and the head of the rat entered the opposite end-chamber, A or C 54. 

 

Protections against unconscious experimenter bias 

Animals were randomly assigned to experimental and control (naïve) groups. All control animals 

received handling, acclimation, and testing identical to the experimental animals. Guarding 
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behavior was tested by a blinded observer, although during the 1-day post-injury tests the 

wound was visible to the tester. It was unnecessary to conduct the mechanical conflict (MC) 

tests blinded for the following reasons: 1) each crossing of the middle chamber is an all-or-none 

event that is impossible to miss, making counts of the number of crossings extremely reliable, 2) 

no explicit test stimuli were delivered by the tester, eliminating the possibility of unconscious 

bias in test stimulus delivery, 3) after initiating the trial, the tester remained at least 6 feet from 

the MCS device, receiving no apparent attention from animals, all of which had been habituated 

to the tester, and 4) all trials were videotaped. Nevertheless, a subset of MC tests was 

conducted by a blinded tester, and some tests were scored from the video records by a blinded 

observer to confirm unblinded counts of crossings. We have never found any differences in the 

number of crossings counted by blinded and unblinded observers. 

 

2.7. Data analysis 

Statistical analyses of raw electrophysiological data and FIBSI output were performed using 

Prism (GraphPad Software, La Jolla, CA). Summary data are presented as medians, means ± 

SEM, or percentage of neurons sampled. Datasets were tested for normality with the Shapiro–

Wilk test. The behavioral data were normally distributed and tested with two-way ANOVA 

followed by Bonferroni multiple comparisons tests. The significance levels indicated by asterisks 

for the behavioral data presented in the figures are *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** 

P < 0.0001. Most of the electrophysiological data were not normally distributed, so in every case 

we tested the hypothesis that multiple groups differed from the values of a naïve control group 

using nonparametric Fisher’s exact tests (categorical variables) or Mann-Whitney U tests. To 

adjust for multiple comparisons, the significance values were lowered appropriately with 

Bonferroni corrections. All of these tests involved comparisons of a naïve group to 3 other 

groups, so significance levels indicated by asterisks in the figures are *, P < 0.0167; **, P < 

0.0033; ***, P < 0.0003. To indicate possible trends and allow readers to weigh for themselves 
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the risks of type 1 versus type 2 errors in interpretation of the results, we also report any 2-tailed 

P values < 0.10 that did not meet the criteria for significance after Bonferroni corrections.  

 

3. Results 

3.1. Unilateral plantar incision induces bilateral latent hyperactivity in dissociated DRG 

neurons that lasts at least two weeks  

Given the in vivo and in vitro evidence for nociceptor somata being a significant locus for 

generating SA linked to other forms of pain in rats 10, 84 and humans 51, 52, we began by asking 

whether plantar incision enhances the generation of SA in the somata of neurons dissociated 

from L4-L6 DRGs 1, 7, or 14 days later. Because dissociation removes most of the tonic in vivo 

neuromodulatory influences that might normally depolarize nociceptor somata under conditions 

such as bodily injury, we also asked whether plantar incision would enhance the generation of 

OA during prolonged artificial depolarization to a membrane potential, -45 mV, which may occur 

naturally under inflammatory conditions and is usually subthreshold for AP generation 9, 11, 29, 47, 

53. On the basis of the reported behavioral and neural effects of the unilateral plantar incision 

model 4, 15, 35, 83, 85, 86, we hypothesized that hyperactivity (SA or latent OA requiring added 

depolarization to reach AP threshold) in small DRG neurons would last up to 1 week and be 

restricted to neurons ipsilateral to the injury. Examples of SA and OA during 10-second 

segments from 30-second recordings at either RMP (SA) or a holding potential of -45 mV (OA) 

are shown in Figure 1A, which also show the DSFs (see following sections) that trigger APs 

during SA and OA. Whereas none of the neurons sampled from uninjured “naïve” rats exhibited 

SA at RMP, some of the neurons sampled both ipsilateral and contralateral to the incision site 

exhibited SA at each time point tested (1, 7, and 14 days post-injury). The proportion of neurons 

exhibiting SA at RMP was significantly greater than that of naïve controls at every time point 

tested post-injury (Fig. 1B). The proportion of neurons exhibiting OA at -45 mV (revealing latent 
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hyperactivity) was also significantly increased ipsilaterally compared with naïve controls at each 

time point (Fig. 1C). In contrast to our initial prediction, significant enhancement of the incidence 

of neurons exhibiting SA and/or OA was also found in contralateral DRG neurons for at least 14 

days post-injury (Fig. 1B, 1C). For both SA and OA ipsilateral and contralateral to the incision, 

the sustained discharge frequencies were low, within the same range (0.02-2 Hz in nearly all 

cases), as previously described for tonic ongoing discharge (observed over periods of ≥ 30 

seconds) in probable nociceptors after isolation from rats, mice, or humans with various 

neuropathic conditions 8–11, 42, 52, 53, 74. These findings show that incisions penetrating skin and 

muscle induce low-frequency SA and OA in DRG neurons that last longer (for at least 2 weeks) 

and is more widespread (including contralateral DRG neurons) than predicted from previously 

reported effects of unilateral plantar incision.  

 

3.2. Hyperactivity after unilateral plantar incision is associated with multiple 

hyperexcitable alterations in dissociated DRG neurons  

What are electrophysiological alterations that underlie the somal hyperactivity that persists in 

dissociated DRG neurons for 1 to 2 weeks after unilateral plantar incision? In terms of 

membrane potential, tonic SA or OA can be produced by one or more of three alterations in an 

isolated neuronal soma: sustained depolarization of RMP up to AP threshold, hyperpolarization 

(reduction) of AP threshold down to RMP, or enhancement of DSFs that transiently bridge the 

gap between RMP and AP threshold 53. Ipsilateral to the incision site, no significant change in 

RMP was found, although a weak trend for depolarized RMP was present 7 days post-injury 

(Fig. 2A). In this and all other figures, we indicate trends (potentially deserving further 

investigation) by reporting P values <0.10, including values <0.05 that are not statistically 

significant after Bonferroni corrections for multiple comparisons. Significant hyperpolarization of 

AP threshold was found 7 days post-injury, along with a trend in that direction 14 days post-
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injury (Fig. 2B). More consistent effects were found on DSFs measured at a holding potential of 

-45 mV, which were significantly enhanced 1, 7, and 14 days post-injury (Figs. 1A, 2C). In 

addition, the fraction of neurons that had any large DSFs (≥ 5 mV) at a holding potential of -45 

mV was significantly increased 7 days post-injury (Fig. 2D). Input resistance, which has a major 

influence on DSF amplitude 74, was measured with 0.5-second hyperpolarizing pulses and 

showed no significant differences from naïve values, although there was a trend for it to 

increase 7 days post-injury (Fig. 2E). There also were no significant differences in input 

resistance measured with subthreshold 2-second depolarizing pulses (data not shown). 

Rheobase measured with the 2-second depolarizing current pulses was significantly decreased 

1, 7, and 14 days post-injury (Fig. 2F). 

Dissociated neurons from DRGs contralateral to the incised paw also showed evidence of 

hyperexcitability after injury. Contralateral DRG neurons exhibited significantly larger DSFs 14 

days post-injury (Fig. 2C), and trends for effects in the same direction as those in the ipsilateral 

DRG neurons in AP threshold 7 days post-injury (Fig. 2B), in DSF amplitude 7 days post-injury 

(Fig. 2C), and in rheobase 7 and 14 days post-injjury. These results show that unilateral plantar 

incision can produce bilateral, long-lasting enhancement of DSFs in addition to ipsilateral 

reduction of AP threshold and rheobase.   

 

3.3. Unilateral plantar incision enhances guarding behavior but not avoidance behavior 

assessed with a mechanical conflict test pitting exploratory activity against pain 

The finding of hyperactivity in DRG neurons at unexpected times and locations after unilateral 

plantar incision raised questions about its relationship to behaviorally expressed pain. Most 

plantar incision studies have relied on reflexive tests of cutaneous hypersensitivity using 

withdrawal responses of the injured hindlimb and reductions in either mechanical threshold or 

the duration of radiant heat stimulation for evoking a response compared to contralateral 
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responses 60. Because these segmental nocifensive reflexes can occur independently of 

affective pain, nocifensive behaviors that depend on emotional processing by the brain are 

considered better indicators of affective pain experience 26, 56. We examined two indicators of 

affective pain after unilateral paw incision: spontaneous guarding behavior of the incised paw 

and voluntary avoidance of a noxious substrate revealed with a mechanical conflict (MC) test.  

Guarding behavior triggered by plantar incision is sometimes considered an indication of 

ongoing affective pain and is closely associated with SA in C-fiber and Ad-fiber nociceptors 

generated within the injured paw 83. Using the same scoring scale, we replicated the finding 83 

that deep incision significantly increased guarding behavior of the injured hind paw 1 day but not 

7 days post-injury when compared to pretest scores (Fig. 3A). No guarding was observed in the 

contralateral hind paw. In contrast to the previous study 83, significant guarding behavior was 

also found 1 day after skin incision alone, perhaps because our rats were not tested 2 hours 

after injury, and thus had less opportunity to habituate to the testing conditions, or because the 

rats were tested in the dark phase rather than light phase of their circadian cycle. None of the 

groups (deep incision, skin incision, or uninjured naive groups) exhibited increased guarding 7 

days after injury (Fig. 3A). Moreover, a subset of 4 rats examined from each group 14 days 

after injury showed no differences in mean guarding scores compared to pretest or day 7 scores 

(not shown). The occurrence of guarding 1 but not 7 days post-injury corresponds to the period 

reported for mechanical and thermal hypersensitivity after plantar incision 4, 15, 35, 83, 85, 86 and to 

nociceptor SA generated within the hind paw and recorded from teased filaments under general 

anesthesia in vivo 4, 5, 83. 

We used the MC test as our primary indicator of affective pain because it utilizes voluntary 

behavior (avoidance of noxious probes) to assess increased aversiveness of a noxious 

stimulus; i.e., mechanical hyperalgesia. Unlike previously reported tests, we omitted the 

aversive bright light in an end-chamber and relied solely on the rats’ strong exploratory drive to 
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motivate crossing of the middle chamber. Twice-daily 5-minute tests were given, without the 

probes elevated (0 mm) in the morning and 3 hours later with the probes elevated to 4 mm. The 

mean number of complete crossings of the middle chamber by the naïve and deep plantar 

incision groups are plotted across all test days in Figure 3B. During the first 3 pretests with the 

0-mm probe height, the numbers of crossings were stable and not significantly different between 

the groups, which then showed parallel decreases in crossings during the single 4-mm probe 

pretest. Unexpectedly, deep plantar incision produced no statistically significant alterations of 

crossing numbers during any of the tests, yielding little or no evidence of sensitization or 

habituation across the 12-day test period. The apparent lack of mechanical hyperalgesia is 

especially clear when the responses to the 4-mm probes are plotted by themselves (Fig. 3C). 

This surprising result led us to examine more closely our video recordings of the rats’ behavior 

on the elevated probes. Although the resolution of the recordings was not sufficient for 

quantitative analysis, two apparent differences in stepping suggested that rats quickly learn to 

reduce noxious stimulation of the incised heel region of the hind paw when crossing an array of 

sharp probes. First, longer, higher lifting of the injured hind paw when crossing suggested that 

the rats shifted weight support to the contralateral paw. Second, the rats often planted the 

anterior part of the incised hind paw between the probes without lowering the rest of the paw, 

tiptoeing through the probes and avoiding contact between the sharp probes and the injured 

heel. These considerations led us to modify the plantar incision model that was used 

subsequently in order to enable the MC test to reveal potentially long-lasting or rekindled 

mechanical hyperalgesia. 

 

3.4. Bilateral extended plantar incision induces mechanical hyperalgesia manifested as 

enhanced avoidance behavior that is prolonged by testing for hyperalgesia 

Our novel extended plantar incision (EPI) model mitigated limitations of the conventional plantar 

incision model for indicating affective pain in the MC test. Incision into the plantar flexor 
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digitorum brevis muscle was augmented with a separate, shallower incision across each of the 

two most anterior footpads (see Methods), and these 3 incisions were made in each of the hind 

paws. Bilateral EPI makes it much more difficult for a rat to avoid noxious stimulation near an 

incision site when crossing elevated probes, and it also increases the total amount of tissue 

damage. Twice-daily 5-minute tests were given, using 1-mm probes in the morning and 4-mm 

probes 3 hours later. We previously found that, compared to 0-mm probe heights, 1-mm 

elevations produced no significant reduction in crossings by naïve rats, whereas 4-mm 

elevations strongly reduced crossings 54. Thus, we used reduced voluntary crossing of 1-mm 

probes as an operant measure of mechanical allodynia and reduced voluntary crossing of 4-mm 

probes for mechanical hyperalgesia. 

The number of crossings of the 1-mm probes was significantly reduced 1 and 5 days after 

the bilateral EPI procedure compared to naïve controls (Fig. 4A). In addition, bilateral EPI 

significantly reduced crossings of the 4-mm probes 1, 9, and 13 days post-injury, with a strong 

trend for reduction 5 days post-injury (Fig. 4B). These alterations in voluntary crossing of 

innocuous and noxious surfaces suggest that bilateral EPI induced both mechanical allodynia 

lasting for close to a week and mechanical hyperalgesia lasting for about 2 weeks.  

The allodynia and hyperalgesia observed 5 days or later post-injury might have been 

influenced by possible nociceptive sensitization from stepping on noxious 4-mm probes during 

earlier tests. To examine this possibility, we repeated the experiments on separate groups of 

naïve and EPI rats but delayed the first test until either 5 or 9 days post-injury. Significantly 

reduced crossings across the 1-mm probes were still found 5 days (and 1 day, replotting the 

corresponding data from Fig. 4A) but not 9 days post-injury (Fig. 4C), indicating that bilateral 

EPI induced allodynia lasted close to 1 week and was independent of previous testing with 

noxious probes. Significantly reduced crossings across the first test with 4-mm probes were 

found 1 and 5 days but not 9 days post-injury (Fig. 4D). In combination with the significant 
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suppression of crossings at 9 and 13 days post-injury shown in Figure 4B, these results 

suggest that bilateral EPI alone induces mechanical hyperalgesia lasting about 1 week, but 

repeated testing for hyperalgesia with 4-mm probes adds sensitization that can prolong 

hyperalgesic behavior for at least 8 more days.  

 

3.5. Latent hyperactivity in dissociated DRG neurons persists for 3 weeks after bilateral 

extended plantar incision 

Neurons from bilateral lumbar DRGs (L4-L5) were dissociated 1 day, or 1, 2, 3, or ≥ 4 weeks 

after bilateral EPI. No differences in the properties of neurons from naïve rats across this 

extended period were evident, so these neurons were pooled into a single control group. 

Compared with naïve controls, no significant increases were found in the proportion of neurons 

exhibiting SA at RMP at any time point (Fig. 5A). In contrast, the proportion of neurons 

exhibiting OA at -45 mV was increased at each time point tested except for 4 weeks or longer 

post-injury (8% naïve [N=13], 79% 1 day [N=14], 75% 1 week [N=16], 58% 2 weeks [N=33], 

73% 3 weeks [N=15], 10% ≥ 4 weeks [N=20]; P = 0.0003, 0.0005, 0.0026, 0.0006, respectively, 

all significant by Fisher’s exact tests versus naïve after Bonferroni corrections). Because the 

proportion of neurons with OA was approximately the same 1, 2, and 3 weeks post-injury, and 

these time points occur after the 1-day point when previous plantar incision studies would 

predict significant primary afferent neuron hyperexcitability, we pooled the data from 1 to 3 

weeks post-injury in order to increase statistical power for revealing long-lasting excitability 

alterations in DRG neurons that are retained after dissociation. The proportion of neurons 

exhibiting OA at -45 mV 1 day and 1 to 3 weeks post-injury was significantly increased (Fig. 

5B).     

Compared with naïve control values, no significant differences at any time point after the 

incisions were found in RMP (Fig. 5C) or AP threshold (Fig. 5D), although a trend for 

depolarized RMP was observed 1 to 3 weeks post-injury. Trends for increased DSF amplitude 
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were found 1 day and 1 to 3 weeks post-injury (Fig. 5E). The largest effects were found in the 

proportion of DRG neurons exhibiting large DSFs (≥ 5 mV), with significantly increased 

incidence of these neurons 1 day and 1 to 3 weeks post-injury (Fig. 5F). No significant effects 

were found on input resistance measured with hyperpolarizing pulses (Fig. 5G) or with 

subthreshold depolarizing pulses (data not shown), while rheobase was significantly reduced 1 

day post-injury (Fig. 5H).  

These results suggest that the most consistent persistent electrophysiological alteration 

promoting OA at -45 mV after bilateral EPI is an increase in large DSFs, and especially the 

number of DRG neurons exhibiting large DSFs that may drive widespread, low-frequency tonic 

activity under conditions that depolarize DRG neurons. Unexpectedly, the number of OA-related 

excitability properties that were persistently altered was larger after unilateral plantar incision 

than after bilateral EPI, an observation consistent with the much higher incidence of persistent 

SA (overt hyperactivity) found in the experiments on unilateral plantar incision (Fig. 1B, D) than 

bilateral EPI (Fig. 5A). These differences might be related to differences in the circadian timing 

between the two sets of experiments; the rats used in the unilateral incision experiments were 

both injured and later euthanized for DRG collection during the active dark phase of their 

circadian cycle whereas these manipulations occurred in the inactive light phase in the rats 

used for bilateral EPI experiments. Other potential differences between sets of experiments 

could also be at play, such as different personnel handling and testing the rats over the period 

of this study, and inadvertent differences in DRG neuron isolation, culturing, and recording 

procedures (e.g., differences between batches of the same reagents, differences in mechanical 

forces applied by different personnel when triturating cells during dissociation). Small 

differences in such factors might have substantial effects, especially if subsets of the sampled 

neurons have stress-detecting functions that make them highly sensitive to various stressors in 

vivo and/or in vitro. Nevertheless, our results show that the effects of in vivo hindpaw incision 

are robust enough to consistently enhance OA in subsequently dissociated DRG neurons. 
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3.6. Latent hyperactivity in dissociated DRG neurons after bilateral extended plantar 

incision occurs in thoracic as well as lumbar DRG neurons 

The finding of significant OA at -45 mV in neurons from L4-L6 DRGs contralateral to a unilateral 

plantar incision (Fig. 2C, E) suggested that latent hyperactivity in nociceptors may be a 

widespread consequence of bodily injury. To explore this possibility further, we examined 

neurons from more rostral DRGs that innervate dermatomes outside the injured regions on the 

hind paws. Neurons from bilateral L3-L5 DRGs, T13-L2 DRGs, and T10-T12 DRGs were 

dissociated in separate groups 1 week after bilateral EPI. No differences in the properties of 

neurons from naïve rats across these DRG levels were evident, so these neurons were pooled 

into a single control group. No significant increases were found in the proportion of neurons 

exhibiting SA at RMP at any of the DRG levels (Fig. 6A). The proportion of neurons exhibiting 

OA at -45 mV was significantly increased in neurons from T13-L2 and T10-T12 DRGs, while a 

trend was observed in neurons from L3-L5 DRGs (Fig. 6B). No significant differences between 

neurons from any of the DRG levels compared with the naïve group were found in RMP (Fig. 

6C) or AP threshold (Fig. 6D). However, DSF amplitudes (Fig. 6E) and the proportion of 

neurons exhibiting large DSFs (≥ 5 mV) (Fig. 6F) were significantly increased in neurons from 

T13-L2 and T10-T12 DRGs. No significant alterations in neurons from any of the DRG levels 

were found in input resistance (Fig. 6G) or rheobase (Fig. 6H).  

These results confirm that latent hyperactivity, assessed as OA at -45 mV in dissociated 

DRG neurons, is widespread 1 week after bilateral EPI, occurring in neurons from DRGs that 

innervate dermatomes distant from the plantar incision sites. The finding of distant latent 

hyperactivity is striking because in this study the OA and associated excitability alterations in 

neurons from lumbar DRGs were less pronounced than in the time course study (see Fig. 5 and 

Discussion). These results also add to our evidence that enhanced DSFs are the most 

consistent somal correlate of tissue injury among the excitability properties measured in 
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dissociated DRG neurons. An important implication is that enhancement of DSFs generated 

within nociceptor somata may be especially important in vivo for latent hyperactivity and 

possible low-frequency ongoing discharge lasting weeks after bodily injury.  

  

4. Discussion 

This study revealed latent hyperactivity in DRG neuron somata that is retained for 1 day after 

dissociation and for weeks after tissue injury occurs. Unexpected findings of somal 

hyperexcitability in nociceptors isolated from DRGs innervating non-painful dermatomes and 

persisting after the apparent resolution of pain suggest possible functions of widespread 

nociceptor hyperactivity in addition to driving ongoing pain.  

 

4.1. Nociceptor somata exhibit widespread, long-lasting latent hyperactivity after incision 

injury 

Most neurons examined under our standard experimental conditions are nociceptors, as 

indicated by their relatively small soma diameters (<30 µm) and previous demonstrations that 

most are excited by capsaicin and many bind isolectin B4 10, 53, 81. Earlier studies showed that 

neuropathic insults producing widespread persistent pain, namely SCI 8–11, 29, 53, 80, 81, 84 and 

treatment with the chemotherapeutic agent cisplatin 42, induce SA and hyperexcitability that is 

later expressed in dissociated nociceptor somata. SA and hyperexcitability in dissociated 

nociceptors have also been linked to neuropathic pain in dermatomes innervated by DRGs or 

spinal nerves subject to compression by tumors later excised along with the affected DRGs in 

human cancer patients 51, 52. We have now found persistent hyperexcitability of nociceptor 

somata following peripheral tissue injury.    

Three major findings were unexpected. First, somal “memory” of surgical injury in probable 

nociceptors could be considered unlikely because sensitization and SA generation found in 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2024. ; https://doi.org/10.1101/2024.01.30.578108doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.30.578108
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

peripheral terminals of primary nociceptors provide a sufficient explanation for driving reflex 

sensitization and guarding behavior following plantar incision in rats 4, 5, 60, 83. Furthermore, 

transcriptomic 69, 76 and proteomic 61 analyses of rodent DRGs containing nociceptor somata 1 

day after plantar incision have revealed changes in expression of relatively few molecules, 

which we confirmed with RNA-seq (unpublished data). Very few differentially expressed genes 

and proteins in these studies directly impact excitability, although one study 71 reported 

upregulation of mRNA and protein for the pain-linked ion channel Nav1.7 after plantar incision. 

Second, previous studies have found that nociceptor sensitization and SA in nociceptor 

terminals last less than 1 week 4, 5, 62, 82, 83, whereas we find that latent hyperactivity in 

dissociated nociceptors continues for at least 3 weeks. Third, to our knowledge, all behavioral 

and electrophysiological alterations reported for rodent plantar incision models have been 

localized to the incised region. Surprisingly, we found hyperactivity in probable nociceptors 

having somata in DRGs contralateral and rostral to the DRGs innervating incision sites. 

 

4.2. Bilateral extended plantar incision reveals mechanical hyperalgesia manifested in 

voluntary behavior temporally uncorrelated with nociceptor hyperactivity 

An important question concerns the relationship between latent nociceptor hyperactivity and 

affective pain. Incision studies in rats consistently report that hypersensitivity to weak tactile 

stimulation and/or hypersensitivity to radiant heat (both utilizing paw withdrawal reflexes) persist 

for ~4-10 days and only occur in the injured hind paw 2, 15, 35, 55, 63, 71, 82, 86, although additional 

responses to stimulation of the hypersensitive hind paw may be expressed in other parts of the 

body 16, 24. We chose to examine two behaviors considered better indicators of affective pain 

than reflexive tests. First, we replicated previous studies 6, 63, 82, 83 showing that plantar incision 

induces guarding behavior that lasts at least 1 day but not 7 days after injury. Although this non-

evoked behavior is consistent with transient spontaneous pain, it does not show that an incision-
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induced state is aversive, which is a defining property of affective pain. To investigate the 

aversiveness of the central state induced by plantar incision, we used the operant MC test 

where a rat may voluntarily choose to repeatedly cross an array of sharp probes, with the rat’s 

drive to explore 54 conflicting with pain evoked by the probes. Unilateral plantar incision had no 

apparent effect on the number of crossings. However, closer inspection of the rats’ behavior 

suggested that rats minimized noxious stimulation near the incision site by transferring weight to 

the contralateral hind limb and “tiptoeing” with the injured paw. In contrast, bilateral EPI revealed 

mechanical allodynia (fewer crossings of 1-mm probes) and hyperalgesia (fewer crossings of 4-

mm probes) that lasted at least 5 days but was resolving by 9 days post-injury. The ~1-week 

allodynic-hyperalgesic period after bilateral EPI is roughly the same as described previously for 

sensitization of guarding and withdrawal reflexes after unilateral plantar incision, but less than 

the ~3-week period of latent hyperactivity we found in nociceptors after unilateral or bilateral 

plantar injury. The longer persistence of nociceptor OA demonstrates an important temporal 

dissociation between latent hyperactivity and pain behavior. 

 

4.3. Plantar incision consistently increases the incidence of DRG neurons exhibiting 

large, low-frequency DSFs 

Are there associations between specific electrophysiological properties and the latent 

hyperactivity revealed by OA at -45 mV? Unlike SCI 9, 11, 53, cisplatin treatment 42, or neuropathy 

in humans 51, 52, neither unilateral nor bilateral plantar incisions produced all three of the basic 

excitability alterations that can drive SA in the absence of transient excitatory inputs such as 

synaptic potentials or sensory generator potentials: depolarized RMP, reduced AP voltage 

threshold, and enhanced DSFs. We failed to find significant depolarization of RMP in any of our 

incision experiments. While enhanced OA was consistently found, many of the other excitability 

properties tested varied across experiments, perhaps because of the sensitivity of nociceptors 
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to varying bodily stressors in vivo or cellular stressors in vitro. AP voltage threshold was 

significantly reduced after unilateral but not bilateral incision. Rheobase was significantly 

reduced ipsilaterally at every time point after unilateral incision, but in just one of the two sets of 

bilateral incision experiments. Most consistently altered was the proportion of DRG neurons 

exhibiting large DSFs, which was significantly increased ipsilaterally in the unilateral incision 

experiments and in both sets of bilateral incision experiments. Furthermore, the median 

amplitude of all DSFs either significantly increased or tended to increase (P < 0.05 after 

Bonferroni corrections) in most groups after unilateral or bilateral incisions. Significant DSF 

enhancement was also found in DRG neurons contralateral to the unilateral incision site and 

was significant in DRG neurons from thoracic DRGs innervating dermatomes distant from 

bilateral plantar incision sites. Enhancement of DSFs was not primarily a consequence of 

increased input resistance 74, which did not significantly increase in any group. Thus, increased 

incidence of infrequent large DSFs that approach AP threshold 9, 11, 53, 74 appear especially 

important for enhanced low-frequency OA and SA after bodily injury.  

 

4.4. What are the functions of latent hyperactivity in nociceptors? 

Latent hyperactivity, manifested as tonic, nonaccommodating, low-frequency discharge of 

nociceptors during modest depolarization delivered by experimental current injection or 

application of a low concentration of capsaicin, increases after SCI 11, 53, 80, cisplatin treatment 

42, or plantar incision injury. It seems likely to be present after other bodily insults, but tonic OA 

during prolonged depolarization and the occurrence of large DSFs are rarely examined in 

studies of DRG neurons. While SA at RMP is likely to be an important contributor to chronic 

spontaneous pain after SCI 43, 80, 84 and perhaps to brief spontaneous pain after plantar incision 

23, our findings after plantar incision show that an enhanced but latent capacity for hyperactivity 

remains for weeks after the normalization of ongoing and sensitized pain behavior, and this 
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increased readiness to generate OA occurs in nociceptors from DRGs innervating regions 

distant from an injury site. While the functions of low-frequency nociceptor hyperactivity 

subthreshold for evoking pain are unknown, two possibilities are suggested by our findings 

when combined with other observations.   

First, enhanced readiness of nociceptors to generate nonaccommodating OA when tonically 

depolarized is likely to amplify mechanisms of hyperalgesic priming 1, 30, 36, 41, 64, 87 (Fig. 7) and to 

promote ongoing pain under conditions that unmask latent sensitization 20, 66. Hyperalgesic 

priming and latent sensitization may be protective during periods of increased vulnerability after 

bodily injury and/or infection 77–79. In our experiments (Fig. 4), injury-induced hyperalgesic 

priming interacting with further noxious stimulation during repeated crossing of sharp probes in 

the MC test might have induced sufficient peripheral and central sensitization (promoted by 

nociceptor OA) to extend hyperalgesia from 5 days to 13 days after plantar injury.  

Second, although nociceptors showing latent hyperactivity in vitro after incision usually 

require experimental depolarization to reach AP threshold, the same nociceptors in vivo might 

be tonically depolarized by modulators in the blood and/or CSF to generate low-frequency OA 

77, 78. An intriguing possibility is that low-frequency OA generated in the somata and terminals of 

numerous nociceptors may produce diffuse excitation of spinal pathways having a role in 

addition to stimulation of pain: stimulation of anxiety-related hypervigilance (Fig. 7). Anxiety is a 

common comorbidity of persistent human pain 18, 34 and occurs after incision injury in rats 3, 40, 44. 

Anxiety-like hypervigilance that promotes survival after injury has been associated with 

widespread nociceptor OA in squid 21, 22, and analogous hypervigilance was found after nerve 

injury in mice 46, 79. These observations, together with our finding of low-frequency nociceptor 

OA remaining after the resolution of pain, raise the possibility that spinal pathways driving 
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anxiety-related hypervigilance might be activated by non-painful, low-frequency OA in 

nociceptors. 
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Figure Legends 

 

Figure 1. Unilateral plantar incision induces long-lasting, widespread hyperexcitability that can 

be observed after dissociation of DRG neurons. (A) Representative 5-second traces from somal 

recordings of neurons isolated from DRGs of naïve rats or DRGs ipsilateral or contralateral to a 

unilateral plantar incision (schematic on left) made 7 days before dissociation. Recordings in the 

upper panels were made at RMP and show the entire APs, while those in the lower panels were 

made at a holding potential of approximately -45 mV, where large DSFs can sometimes reach 

AP threshold, and are enlarged (clipping APs and afterhyperpolarizations) to be better show 

individual DSFs. The largest subthreshold DSF in each trace is indicated by a red arrow. (B) 

Proportion of neurons exhibiting SA (OA at RMP) when dissociated after the indicated number 

of postinjury days (PID) following unilateral deep plantar incision. Above each bar are the 

number of neurons exhibiting SA/the number of neurons sampled for that group. Fisher’s exact 

tests versus naïve group were performed at 3 time points, and with the significance levels 

Bonferroni-corrected for multiple comparisons. (C) Proportion of the same neurons as in panel B 

that exhibited OA at -45 mV. AHP, afterhyperpolarization; AP, action potential; Co, contralateral 

to injury; DSF, depolarizing spontaneous fluctuation; Ip, ipsilateral; Nv, naïve; MP, membrane 

potential; NS, not significant; OA, ongoing activity; PID, postinjury day; SA, spontaneous 

activity.  

 

Figure 2. Hyperexcitable alterations found in dissociated DRG neuron somata up to 2 weeks 

after unilateral plantar incision in vivo. (A) Lack of significant alterations in RMP. In all panels, 

bars represent medians or proportions; dashed line is the value for the naïve group. Points in a 

panel represent values for individual neurons. Comparisons by Mann-Whitney U tests with 

Bonferroni corrections were made for each time point versus naïve group performed separately 

for the ipsilateral and contralateral groups. Here and in all figures, any numeric P values <0.10 
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are reported to document possible trends. (B) Alterations in AP voltage threshold. Separate 

comparisons for ipsilateral and contralateral groups were made at each time point versus naïve 

group by Mann-Whitney U tests with Bonferroni corrections. Note that a numeric P value <0.05 

reported in the figure means that the comparison did not meet statistical significance after 

Bonferroni correction. (C) Alterations in DSF amplitude, with separate comparisons made for 

ipsilateral and contralateral groups at each time point versus naïve group by Mann-Whitney U 

tests with Bonferroni corrections. (D) Alterations in the proportion of DRG neurons exhibiting 

large DSFs (≥ 5 mV). Separate comparisons were made for ipsilateral and contralateral groups 

at each time point versus naïve group by Fisher’s exact tests. (E) Lack of alterations in input 

resistance assessed by Mann-Whitney U tests with Bonferroni corrections. (F) Alterations in 

rheobase. Separate comparisons for ipsilateral and contralateral groups at each time point 

versus naïve group by Mann-Whitney U tests with Bonferroni corrections. AP, action potential; 

Co, contralateral to injury; DSF, depolarizing spontaneous fluctuation; Ip, ipsilateral; Nv, naïve; 

NS, not significant; PID, postinjury day. 

 

Figure 3. Unilateral plantar incision induces short-lasting guarding behavior but no reduction in 

crossings of a noxious surface during the operant mechanical conflict (MC) test. (A) 

Enhancement of mean guarding scores for the injured hindpaw after deep (skin plus muscle) 

incision or skin incision alone. The guarding score is normalized by subtracting the score of the 

uninjured hindpaw in each animal. Two-way ANOVA followed by Bonferroni multiple comparison 

tests: treatment, F(2,79) = 51.5, P < 0.0001; test, F(2,79) = 14.0, P < 0.0001; asterisks indicate 

differences compared to pretests on day 0. (B) Lack of effects of unilateral plantar incision on 

the mean number of crossings of noxious 4-mm probes during 5-minute MC test. Two-way 

ANOVA followed by Bonferroni tests: test x treatment, F(5,70) = 1.82, P = 0.02; test, 

F(5.74,132) = 20, P < 0.0001; treatment, F(1,23) = 4.16, P = 0.557. (C) The same data, showing 

only the crossings of the 4-mm probes. Red arrow indicates the time of incision in each panel.  
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Figure 4. Mechanical allodynia and hyperalgesia after bilateral extended plantar incision (EPI) 

as revealed by the operant MC test (inset, diagram of the EPI model).  (A) Mechanical allodynia 

indicated by reduced number of crossings of innocuous 1-mm probes. Two-way ANOVA 

followed by Bonferroni tests: test x treatment, F(5,70) = 4.53, P = 0.0012; test, F(2.95, 41.3) = 

6.72, P = 0.0009; treatment, F(1,14) = 4.16, P = 0.060. Asterisks indicate differences between 

naïve and EPI groups. (B) Mechanical hyperalgesia indicated by reduced number of crossings 

of noxious 4-mm probes. Two-way ANOVA followed by Bonferroni tests: test x treatment, 

F(4,56) = 1.81, P = 0.139; test, F(2.95, 41.4) = 5.15, P = 0.0042; treatment, F(1,14) = 14.75, P = 

0.0018. Asterisks indicate differences between naïve and EPI groups. (C) Mechanical allodynia 

when the first test was given 5 but not 9 days post-injury. The hypothesis that allodynia would 

be present during the first test post-injury was tested with unpaired t-tests for each initial test 

time (day 5 or day 9) versus the naïve group at the same test time. Results from the first test at 

day 1 are replotted from panel A for comparison. (D) Mechanical hyperalgesia when the first test 

was given 5 but not 9 days post-injury. The hypothesis that hyperalgesia would be present 

during the first test post-injury was tested with unpaired t-tests versus the naïve group at the 

same initial test time. Results from the first test at day 1 are replotted from panel B for 

comparison. Averages in all panels are mean values. EPI, extended plantar injury (bilateral); 

PID, postinjury day. 

 

Figure 5. Bilateral extended plantar incision (EPI) induces long-lasting hyperexcitability that is 

retained after dissociation of DRG neurons. (A) Proportion of neurons exhibiting SA (OA at 

RMP) when dissociated at the indicated number of postinjury days or weeks following bilateral 

EPI. Above each bar are the number of neurons exhibiting SA/the number of neurons sampled 

for that group. Comparisons of EPI with the naïve group at each time period were made with 

Bonferroni-corrected Fisher’s exact tests. (B) Proportion of the same neurons as in panel A that 
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exhibited OA at -45 mV, assessed with Bonferroni-corrected Fisher’s exact tests. (C) Lack of 

significant alterations in RMP. Bars and dashed line (naïve group) represent medians. 

Comparisons by Mann-Whitney U tests with Bonferroni corrections for each time period versus 

naïve group. (D) Lack of significant alterations in AP voltage threshold as indicated by Mann-

Whitney U tests with Bonferroni corrections. (E) Lack of significant alterations in DSF 

amplitudes (with a possible trend for enhancement). Comparisons were made at each time 

period versus naïve group with Mann-Whitney U tests with Bonferroni corrections. (F) 

Alterations in the proportion of DRG neurons exhibiting large DSFs (≥ 5 mV). Comparisons for 

each time period versus naïve group were made with Fisher’s exact tests. (G) Lack of 

alterations in input resistance, as assessed wiith Mann-Whitney U tests with Bonferroni 

corrections. (H) Alterations in rheobase (AP current threshold) assessed for each time period 

versus naïve group by Mann-Whitney U tests with Bonferroni corrections.  AP, action potential; 

D, day; DSF, depolarizing spontaneous fluctuation; Nv, naïve; NS, not significant; W, weeks. 

 

Figure 6. Bilateral extended plantar incision (EPI) induces widespread hyperexcitability of 

neurons retained after dissociation from thoracic and lumbar DRGs. (A) Proportion of neurons 

exhibiting SA (OA at RMP) when dissociated from DRGs at the indicated spinal levels. 

Comparisons of EPI with the naïve group were made at each time period with Bonferroni-

corrected Fisher’s exact tests. (B) Proportion of the same neurons as in panel A that exhibited 

OA at -45 mV assessed with the same statistical tests. (C) Lack of significant alterations in 

RMP. Bars and dashed line (naïve group) represent medians. Comparisons were made by 

Mann-Whitney U tests with Bonferroni corrections for each time period versus naïve group. (D) 

Lack of significant alterations in AP voltage threshold as indicated by Mann-Whitney U tests with 

Bonferroni corrections. (E) Alterations in DSF amplitudes. Comparisons at each time period 

versus naïve group were made with Mann-Whitney U tests with Bonferroni corrections at each 

time period. (F) Alterations in the proportion of DRG neurons exhibiting large DSFs (≥ 5 mV) as 
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assessed with Bonferroni-corrected Fisher’s exact tests. (G) Lack of alterations in input 

resistance as assessed with Mann-Whitney U tests with Bonferroni corrections. (H) Lack of 

alterations in rheobase (AP current threshold) as assessed wiith Mann-Whitney U tests with 

Bonferroni corrections.  AP, action potential; DRG, dorsal root ganglion; DSF, depolarizing 

spontaneous fluctuation; L, lumbar; Nv, naïve; NS, not significant; T, thoracic. 

 

Figure 7.  Hypothesis about functions of nociceptor OA based on effects of hindpaw incision 

injury found to be retained in vitro and on related findings in vivo (see text). Incision induces 

extrinsic OA stimulated by humoral factors plus intrinsic SA for several days in nociceptors 

innervating the injured hindpaw (L3-L5 DRGs), with the nociceptor OA activating pathways in 

the spinal cord that drive pain and/or hypervigilance/anxiety. When ongoing pain ends, lower-

frequency OA continues in L3-L5 nociceptors along with hyperalgesic priming for several weeks. 

Low-frequency OA occurs during the entire ~3-week period in widespread nociceptors, including 

those with somata in T13-L2 and T10-T12 DRGs and, if the injury is unilateral, in some 

contralateral DRGs (not shown). Low-frequency nociceptor OA is proposed to drive general 

hypervigilance/anxiety more readily than behaviorally significant pain, and to contribute to 

hyperalgesic priming, especially in the injured region. Higher frequency OA drives ongoing pain 

as well as anxiety. Red indicates components that drive pain. Pink indicates components with 

activity subthreshold for driving pain, but which are sufficient to drive hypervigilance/anxiety 

after hindpaw injury. Solid lines indicate suprathreshold pathways for driving brain-mediated 

affective states (pain, anxiety, perhaps other negative states); dashed lines are subthreshold. 

Some electrically silent nociceptors are found in all DRGs after incision injury, but silent 

nociceptors may be most common in DRGs farthest from the injury. L, lumbar, OA, ongoing 

activity, T, thoracic. 
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