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Abstract

Tissue damage is one of the major etiological factors in the emergence of chronic/persistent pain, 

although mechanisms remain enigmatic. Using incision of the back skin of adult rats as a model 

for tissue damage, we observed sensitization in a nociceptive reflex enduring to 28 days post-

incision (DPI). To determine if the enduring behavioral changes corresponded with a long-term 

impact of tissue damage on sensory neurons, we examined the temporal expression profile of 

injury-regulated genes and the electrophysiological properties of traced dorsal root ganglion 

(DRG) sensory neurons. The mRNA for the injury/stress-hub gene Activating Transcription Factor 
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3 (ATF3) was upregulated and peaked within 4 DPI, after which levels declined but remained 

significantly elevated out to 28 DPI, a time when the initial incision appears healed and tissue-

inflammation largely resolved. Accordingly, stereological image analysis indicated that some 

neurons expressed ATF3 only transiently (mostly medium-large neurons), while in others it was 

sustained (mostly small neurons), suggesting cell-type-specific responses. In retrogradely-traced 

ATF3-expressing neurons, Calcium/calmodulin-dependent protein kinase type IV (CAMK4) 

protein levels and isolectin-B4 (IB4)-binding were suppressed whereas Growth Associated 

Protein-43 (GAP-43) and Neuropeptide Y (NPY) protein levels were enhanced. 

Electrophysiological recordings from DiI-traced sensory neurons 28 DPI showed a significant 

sensitization limited to ATF3-expressing neurons. Thus, ATF3 expression is revealed as a strong 

predictor of single cells displaying enduring pain-related electro-physiological properties. The 

cellular injury/stress response induced in sensory neurons by tissue damage and indicated by ATF3 

expression is positioned to contribute to pain which can occur after tissue damage.
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1. Introduction

A wide variety of tissue damage, including surgery and what could be considered minor 

damage, can lead to painful conditions that remain long after the wound has apparently 

healed. Commonly-performed surgical procedures often carry persistent post-surgical pain 

(e.g., Kehlet et al., 2006; Borsook et al., 2013), and many of the most difficult-to-treat pain 

conditions arise after tissue damage (e.g., de Mos et al., 2009; Goebel, 2011; Huge et al., 

2011). It is clear that peripheral sensory neurons, with cell bodies located in the dorsal root 

ganglia (DRGs), play an important role in the development of this persistent pain (Woolf and 

Salter, 2000; Gold and Flake, 2005; Ellis and Bennett, 2013).

Experimental models of chronic/persistent pain (C/PP) using nerve injury have identified 

changes in DRG neuron gene expression and electrophysiological properties, some of which 

are long-lasting and may contribute to C/PP (e.g., Van der Zee et al., 1989; Chong et al., 

1992; Costigan et al., 2002; Ma et al., 2003). Experimental models of tissue damage have 

revealed important and tractable mechanisms of short-term hyperalgesia and pain, but have 

been less revealing of feasible mechanisms of persistent pain (e.g., Brennan et al., 1996; 

Perkins and Kehlet, 2000; Pogatzki et al., 2002a, 2002b; Buvanendran et al., 2004).

Identifying important biological responses in sensory neurons which may contribute to C/PP 

is made more difficult in tissue damage models because these generate mixed populations. 

Some neurons are directly affected by the damage and others are indirectly affected by 

subsequent tissue inflammation, etc., yet both have a combined influence on the sensory 

system. Also, many models use animals that have endogenous analgesic mechanisms which 

can mask persistent sensory pathologies (Solway et al., 2011). Further, many experimental 

approaches screen for C/PP-like states using withdrawal reflexes which may not detect 

changes in animals which could nonetheless represent important phenomena for 
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understanding the human condition (Vierck and Yezierski, 2015). Combined, these issues 

may have prevented the detection of underlying nervous system responses in animal models 

which may contribute to C/PP-like states in humans.

In an effort to identify additional potential models of tissue damage in which C/PP-related 

conditions might be detectible in animals, we used incision of the back hairy skin of adult 

rats. We examined whether skin incision resulted in enduring behavioral changes using the 

cutaneous trunci muscle reflex (CTMr; Petruska et al., 2014). This nociceptive reflex system 

differs in important ways from the commonly-used hindlimb and tail withdrawal reflexes. 

Notably, the strength of the CTMr lies in quantifying the magnitude and duration of the 

response whereas hindlimb withdrawal reflexes are better-suited than the CTMr for 

quantifying threshold changes. The CTMr system revealed a sensitization induced by 

incision that persisted beyond resolution of tissue-inflammation.

In an effort to identify additional potential mechanisms which might contribute to C/PP we 

moved away from the conceptual framework of tissue-inflammation. Instead, we considered 

that tissue-damage likely injures sensory axons and induces a cellular stress/injury response 

in sensory neurons although their axons remain in contact with their target tissue. This 

framework is understudied in relation to pain mechanisms after tissue damage, but has been 

well-considered in nerve injury-related pain. We previously determined that some of the 

same gene regulation which occurs after peripheral nerve injury also occurs after skin 

incision, including de novo expression of Activating Transcription Factor 3 (ATF3; Hill et 

al., 2010) and other stress/injury/regeneration-associated genes in sensory neurons 

innervating the incision-associated skin.

In the current study our findings suggest that a cellular stress/injury response may persist in 

many (but not all) incision-associated sensory neurons. Further, only neurons which express 

ATF3 also display persistent electrophysiological sensitization. This suggests that ATF3 and 

the cellular stress/injury response it represents may effectively segregate a mixed population 

of neurons innervating the peri-wound skin. Such prolonged expression of a cellular stress/

injury response and sensitization could represent an additional mechanism which contributes 

to persistent sensory pathologies after tissue damage.

2. Material and methods

2.1. General animal care

Animal care and procedures were carried out at the University of Louisville, and were in 

accord with approved IACUC protocols. Sixty-six age-matched adult female Sprague-

Dawley rats (180–200 g; Taconic, Indianapolis, Indiana) were used for these studies [Real-

time quantitative PCR (RT-qPCR): n = 20; immunohistochemistry: n = 26; 

electrophysiology: n = 12; behavior: n = 8]. For all surgeries, rats were anesthetized with 

ketamine/xylazine (i.p. injection; 80 mg/kg ketamine; 10 mg/kg xylazine) and body 

temperature was monitored and maintained at 36 °C throughout the surgeries which lasted 

20–30 min. Puralube ointment (Dechra) was used to protect the rat’s eyes during surgery. 

Following surgery, rats were given lactated ringer’s solution (5 cm3, i.p.) to prevent 

dehydration, and gentamycin (Gentafuse; 0.1 cm3, i.m., every other day for 7 days) to 
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prevent infection. Rats were monitored daily and housed individually throughout the 

experiment.

2.2. Surgical procedures

Incisions involved cutting the full thickness of both the hairy skin and the underlying 

attached cutaneous trunci muscle. Following incision, the skin was closed with Ethilon 

nylon suture (5-0, Ethicon), and coated with Bacitracin antibiotic ointment (Actavis) to 

prevent infection.

2.2.1. Experimental incision—The experimental incision used to examine the 

molecular, histological and physiological changes in the DRG neurons, as well as behavioral 

changes in the CTMr, was made on the left side of the rats. It was located 1 cm lateral to the 

vertebral column and extended parallel to the vertebral column for 3 cm (including 

approximately the T7–12 dermatomes). The location of the incision ensured that the dorsal 

cutaneous nerves were not damaged by the incision. See Fig. 1.

2.2.2. Tracer incision—For rats in which DRGs were to be examined histologically or 

electrophysiologically, an additional skin incision was made, on the right side, seven days 

prior to the experimental skin incision to allow for tracer injection and transport. This skin 

incision to enable tracer injection was placed on the right side to prevent damage to the 

axons of interest on the left side. Following incision on the right side, the skin was reflected 

to expose the underside of the contralateral (left) skin. 0.5% DiI (1,1′-dilinoleyl-3,3,3′,3′-

tetramethylindocarbocyanine perchlorate; 5 mg FastDiI dissolved in 1 ml methanol; 

Invitrogen) was injected into the subdermal layer using a Hamilton syringe. Ten injections of 

1 μl each, were used to target the terminal field as described previously (Jiang et al., 2006; 

Rau et al., 2007). The Experimental Incision was approximately 5 mm distal to, and 

extended at least two dermatomes rostral and caudal from the DiI injected region (see Fig. 

1). Preliminary studies indicated that this method maximized the percentage of DiI-labeled 

cells that were injured by incision, as indicated by ATF3/DiI co-localization.

2.3. Behavioral analysis

The CTMr was used to assess pain-related behavioral changes after incision. Use of this 

reflex as a model system has been described in detail previously (Petruska et al., 2014). Prior 

to recording, animals were sedated with pentobarbital (35 mg/kg), to which the CTMr is 

highly resistant. A standardized matrix of dots (5 mm apart) was drawn on the back skin 

(Fig. 2A). Calibrated Adson forceps were used to apply a standardized noxious mechanical 

stimulus to select points on the left side of the animal, adjacent to the incision site (or 

equivalent in non-incised animals). Adson forceps (dull tips) were used as opposed to #5 

Dumont forceps (sharp tips). This prevented dual-activation of the CTMr which occurs with 

Dumont forceps — first by “pin-prick” stimulus when the sharp tips contact the skin, and 

second by the pinch. Use of the Adson forceps significantly reduced the variability in the 

reflex data. Video capture and semi-automated biokinematic processing of the reflex 

movement was acquired using MaxTRAQ software (Innovision Systems). Video motion data 

was compiled using a custom plug-in for Microsoft Excel.
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2.4. Sample generation

It is important to note for the following sections that the thoracic DRG used to assess the 

effects of skin incision do not contain neurons innervating the underlying CTM. The sensory 

innervation of the thin CTM that is inserted along the back skin differs from the overlying 

skin – it arises from DRG in the brachial region (see Petruska et al., 2014).

The range of time points examined (4–28 days post-incision) encompasses both sub-acute 

time points in which inflammation-related mechanisms are known to be at play, and later 

times points when inflammation has typically resolved (≥ 10–14 days). This range also 

encompasses the majority of the wound healing process. The skin is closed (surface wound 

contraction) to the point where sutures and/or staples can be removed by 7–10 days. 

Numerous prior studies using the same back skin-incision model indicate that the majority 

of injury conditions (e.g., hypoxia) and the microscale repair processes (e.g., vascular 

remodeling) are completed between 14 and 21 days after incision and closure (e.g., Lokmic 

et al., 2006; Soybir et al., 2012; Gong et al., 2013; Kang et al., 2013; Farahpour et al., 2015), 

though other aspects take longer. For example, the vascular volume density and vascular 

proliferation return to non-injured levels within 10–14 days after injury, although refined 

remodeling continues for up to 16 weeks (Lokmic et al., 2006). By day 21 the stiffness of 

healed skin tissue recovers to 97% of its pre-wounded state and the tensile strength 

approaches 50% (Chao et al., 2013).

2.4.1. Tissue for RT-qPCR analysis—Rats received an experimental incision (n = 16) 

and tissue was collected 4, 7, 14 or 28 days post-incision (DPI: n = 4/time point). A control 

group of rats received no experimental incision (n = 4). For tissue collection, rats were 

euthanized with an overdose of pentobarbital and transcardially exsanguinated with 

heparinized phosphate buffered saline (PBS; pH 7.4). This was followed by 33% vol/vol 

RNAlater (Qiagen) in heparinized PBS to help preserve the RNA. Three adjacent DRGs 

with projections to the incision site (typically T10–T12; innervation of incision site 

confirmed by gross-anatomical dissection) were collected, pooled together, and placed in 

100% RNAlater overnight at 4 °C and then stored at −80 °C until RNA isolation.

2.4.2. Tissue for histological analysis—A group of rats (n = 6) received a tracer 

incision and an injection of 0.5% DiI into the future site of the experimental incision. Seven 

days later, the time required for the injected tracer to be transported back to the cell-bodies 

in the DRG, half of the rats received the experimental incision (n = 3). The remaining rats (n 

= 3) served as no skin-incision controls. Seven days after the experimental incision, tissue 

was collected (see below). Tissue from this group of rats was used to examine the 

neurochemical response of DRG neurons innervating the site of injection/incision.

A second group of rats received an experimental incision (without tracer injection) and 

tissue was collected 4, 7, 14 or 28 days post-incision (DPI: n = 4/time point). An additional 

cohort of rats in this group received no skin-incision (n = 4) and served as no skin-incision 

controls. Tissue from these rats was assessed using stereology.

For tissue collection for histology, rats were euthanized with an overdose of pentobarbital 

and transcardially exsanguinated with heparinized PBS (pH 7.4) followed by 4% 
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paraformaldehyde (PFA) in PBS. DRGs with anatomically-confirmed projections to the site 

of skin incision were collected, post-fixed in 4% PFA overnight and cryopreserved in 30% 

sucrose-PBS prior to embedding in OCT matrix.

2.4.3. Tissue for electrophysiological studies—Rats (n = 12) received a tracer 

incision and injection of 0.5% DiI into the future site of the experimental incision. Seven 

days later, half of the rats received an experimental incision (n = 6). The remaining rats (n = 

6) served as no experimental skin-incision controls. Twenty-eight days post skin incision, 

rats were terminally euthanized and exsanguinated as described above (without PFA). DRGs 

with anatomically-confirmed projections to the DiI-labeled zone were retrieved and 

processed for patch clamping and subsequent immunohistochemistry.

2.5. RNA isolation

To isolate RNA from the DRGs, samples were placed on ice and 350 μl RLT lysis buffer 

(Qiagen) and 2-mercaptoethanol was added. Tissue was homogenized for 1 min using a 

motorized dual Teflon glass homogenizer (Kontes). RNA was extracted using the RNeasy 

plus micro kit (Qiagen) as per manufacturer’s protocol. Genomic DNA was removed using 

the DNA eliminator affinity spin column and RNA was purified by affinity purification 

using RNA spin columns. Samples were eluted in 14 μl of nuclease free water. RNA 

integrity was assessed by UV spectrometry and the Bioanalyzer (Agilent Technologies). 

RNA samples with 260 nm/280 nm ratios above 1.9 and 260 nm/230 nm ratios and RNA 

integrity numbers above 1.8 were used for RT-qPCR.

2.6. RT-qPCR

RT-qPCR was used to quantify the expression of genes within DRGs following skin incision. 

We examined ATF3, Growth Associated Protein-43 (GAP-43) and Neuropeptide Y (NPY) 

within the DRGs, which are all known to be upregulated after nerve injury, and are involved 

in neural plasticity (Van der Zee et al., 1989; Tsujino et al., 2000; Tsai et al., 2007). We 

previously reported an acute increase in ATF3 and GAP-43 in DRGs following skin incision 

(Hill et al., 2010).

cDNA was generated from the RNA samples using the Quantitect first strand synthesis kit 

(Qiagen) according to the manufacturer’s protocol. For each PCR reaction, 5 ng of cDNA 

template was used. Samples were run in triplicate, and control reactions (without template) 

were included with every amplification run. SYBR green RT-qPCR was carried out using a 

Rotorgene real time PCR detection instrument (Corbett Research, now Qiagen, Inc.). 

Relative fold-changes of RNA were calculated by the ΔΔCT method using GAPDH as the 

stable internal reference gene. Small differences in RT-qPCR reaction efficiency between 

primer sets were accounted for using the standard curve quantification methods. Primer 

details are shown in Table 1.

2.7. Cryosectioning

DRGs were embedded in OCT compound and cryostat sectioned at 14 μm. For DiI-labeled 

DRG, serial sections were mounted across 6 slides. This yielded individual slides with 

sections sampling the DRG every 84 μm. For studies using non-DiI-traced DRGs, serial 
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sections were mounted on 8 slides, such that there was at least 112 μm between each section 

on a given slide. The spacing between sections ensured that no single neuron could be 

counted more than once on any given slide.

2.8. Histochemistry

In order to determine if skin incision induced an injury-like response in sensory neurons we 

assessed the expression of markers known to be affected by nerve-injury. ATF3, GAP-43 and 

NPY are upregulated after nerve injury. We also assessed the expression of two other 

markers in the DRG whose expression decreases in response to nerve injury —calcium/

calmodulin-dependent protein kinase type IV (CAMK4; Ji et al., 1996) and isolectin B4 

(IB4)-binding (Bennett et al., 1998). Reagents used were: ATF3 (Santa Cruz Biotechnology, 

rabbit polyclonal, Catalog # SC-188), GAP-43 (EnCor Biotech. Inc., chicken polyclonal, 

Catalog # CPCA-GAP-43), NPY (Neuromics, Guinea pig polyclonal, Catalog # GP14017), 

CAMK4 (BD Biosciences, mouse monoclonal, Catalog # 610275), Neuronal Nuclei (NeuN; 

Millipore, mouse monoclonal, Catalog # MAB377), and IB4-binding (Invitrogen, lectin IB4-

Alexa-488, Catalog # I21411). All primary antibodies were used at 1:1000 and the lectin at 

1:100. Appropriate Alexa-conjugated secondary antibodies (Invitrogen, Alexa-350 or 

Alexa-488) were used at 1:100 for ATF3, NPY, CAMK4, and NeuN staining. Biotin-

conjugated goat-anti-mouse (Jackson ImmunoResearch) was used for GAP-43 

immunohistochemistry and visualized as described below.

Sections were blocked with 3.3% normal goat serum, 0.4% Triton-X 100, and PBS for 1 h to 

prevent non-specific binding. All wash steps following antibody application used this same 

blocking solution. Primary antibodies for ATF3 and one of the other protein markers were 

applied overnight, rinsed the next morning, and appropriate species-specific secondary 

antibodies were then applied for 3 h. Detection of GAP-43’ involved additional 

amplifications steps, in which the secondary antibody step was followed by sequential 

applications of Avidin-Biotin Complex reagent (Vectastain ABC kit, Vector Labs), 

biotinylated tyramide signal amplification reagent (Molecular Probes TSA-biotin, 

Invitrogen), and Dylight-488 conjugated to Steptavidin (1:100; Jackson ImmunoResearch). 

Controls included performing a dilution series of primary antibody, and omission of 

individual steps (i.e. primary antibody, secondary antibody, amplification). For some 

sections, Hoechst dye (1:1000) was applied after incubation of the secondary antibodies to 

visualize all nuclei. Immunoreactivity is defined as antigen-like.

2.9. Microscopy and image analysis

Two different sets of DRG sections were used to make two separate assessments of the 

neurochemical response of sensory neurons to incision of the skin they innervated. One 

approach used stereological methods to quantify the number of ATF3-expressing neurons in 

the DRG. The other approach assessed the relative intensity of four different injury-related 

markers in retrogradely-traced neurons. Both methods also assessed the size distribution of 

the quantified neurons. All procedures were carried out by experimenters blinded to the 

treatment group.
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2.9.1. Stereological quantification of ATF3 expression—Tissue sections were 

examined on an inverted Zeiss 200 M microscope equipped with digital image acquisition 

and StereoInvestigator software (MicrobrightField, Inc., Williston, VT). StereoInvestigator 

was used to quantify the number of neurons expressing specific markers as previously 

described (Hill et al., 2010), and also characterize the neurons according to size. For each 

DRG, every 4th tissue section was traced at 10× magnification using DAPI visualization to 

define neurons and subsequently quantified at 63×.

2.9.1.1. Number of ATF3+ neurons: Sections were immunolabeled as described above to 

simultaneously visualize ATF3 and GAP-43 proteins. The number of ATF3+/GAP-43+ and 

ATF3+/GAP-43− neurons within the DRGs was quantified in tissue samples from skin-

incision rats (4, 7, 14 and 28 days post-skin-incision) as well as non-skin-incision rats (n = 

4/condition). The optical fractionator function was used to õdetermine the number of 

neurons that expressed ATF3 and classify them based on whether or not they also expressed 

GAP-43, a second marker of neuronal injury (counting frame = 100 μm × 100 μm; grid size 

= 200 μm × 200 μm).

2.9.1.2. Somal size of ATF3+ neurons: The volume of the ATF3+ neurons (GAP-43+ and 

GAP-43−), initially identified with the optical fractionator function, were subsequently 

quantified using the nucleator function.

2.9.2. Relative expression intensity of injury-related markers—We also 

determined the relative staining intensity of GAP-43, NPY, CAMK4 and IB4-binding for 

DiI-labeled neurons. Images were acquired using a Nikon TiE automated inverted 

microscope with a Digital Sight DS-Ri1 Digital Camera and Nikon Elements BR software 

and analyzed using methods similar to those previously described (Burgess et al., 2010). 

Four to 8 sections per animal were used for imaging. Individual cells to be quantified were 

identified and manually outlined. Cells were included if they had a visible nucleus (indicated 

by ATF3 and/or NeuN) and were DiI+. For DRG serving incised skin (Incision group), only 

neurons with both DiI and ATF3 were counted (n = 1590). For DRG serving non-incised 

skin (Control group), all DiI-labeled cells were counted (n = 2603 cells).

Background corrections were used to normalize staining intensities across slides and groups. 

First, background-subtraction was performed on a per-section basis. A region of each section 

(about the size of 3 neurons) with no staining was selected. This was usually in the ventral 

root, and manual comparisons were made to ensure this region had the lowest-intensity of 

the section. The mean intensity value of this “background” region was then calculated and 

this was subtracted from the raw intensity values of all neurons in that section.

Because the slide is the fundamental unit of histological processing, the range of 

background-corrected intensity values for each channel was normalized on a per-slide basis 

according to the equation:

Rau et al. Page 8

Exp Neurol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For this, “minimum-intensity” is the mean somal intensity of the neuron with the weakest 

staining for GAP-43, NPY, CAMK4 or IB4-binding, and “maximum-intensity” is the mean 

somal intensity of the neuron with the strongest staining for GAP-43, NPY, CAMK4 or IB4-

binding. Thus, the raw mean-intensity value (the mean intensity of the entire somal area) for 

each neuron was converted to a percentage value, with the weakest-labeled-neuron defining 

0%, and the strongest-labeled-neuron defining 100%. This normalizes any slide-to-slide 

variation inherent in the procedures. This approach of background-correction and 

normalization provides an indication of relative intensity without making any claims about 

the positivity/negativity of expression for any given neuron.

The size of each counted cell was calculated as the average between the minimum and 

maximum cell diameters. Based on the average diameter of the soma, DRG neurons were 

classified as either small (<30 μm), medium (30–45 μm) or large (>45 μm) for subsequent 

analysis.

2.10. DRG dissociations for electrophysiology

DRGs were isolated, dissociated and plated as previously described (Petruska et al., 2000, 

2002). DRGs were digested enzymatically with dispase (neutral protease, 5 mg/ml; 

Boehringer Mannheim) and collagenase (type 1, 2 mg/ml; Sigma) in Tyrode’s solution for 

90 min (35 °C). The DRGs were gently triturated every 30 min to dissociate the cells. 

Following enzymatic treatment and dissociation, cells were pelleted by centrifugation (800 

rpm, 3 min), resuspended in fresh Tyrode’s solution and plated onto poly-L-lysine (Sigma)-

coated dishes. Prior to recording, dishes were kept in an aerated holding bath for at least 2 h. 

All recordings were made within 10 h of DRG retrieval from the animal, a time frame prior 

to translation of ATF3 (Rau et al., 2014) – i.e., the ATF3 expression in dissociated/recorded 

neurons we described was due to the skin incision and not to the dissociation process.

2.11. Electrophysiology

Whole-cell patch recording was used to determine the electrophysiological properties of 

individually isolated DiI-labeled neurons (i.e., those that had projected to the site of the skin 

incision). In total 55 DRG neurons were assessed [skin-incision (incision group): n = 23; no-

skin incision (control group): n = 32]. Electrophysiology was performed as previously 

described in detail (Petruska et al., 2000, 2002). Recordings were performed with a 

Scientifica SliceScope Pro system. Electrodes were prepared (2–4 MΩ) from glass pipettes 

using a horizontal puller (Sutter model P1000). Electrophysiology solutions: Extracellular 

(Tyrode’s) solution consisted of 140 mM NaCl, 4 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 

mM glucose, and 10 mM HEPES, adjusted to pH 7.4 with NaOH. The recording electrodes 

were filled with 120 mM KCl, 5 mM Na2-ATP, 0.4 mM Na2-GTP, 5 mM EGTA, 2.25 mM 

CaCl2, 5 mM MgCl2, and 20 mM HEPES, adjusted to pH 7.4 with KOH; osmolarity was 

~315–325 mOsm.

DiI-labeled neurons were identified by briefly illuminating the dish using epifluorescence 

microscopy (total exposure of field <1 min). Once identified, whole cell recordings were 

made with an Axoclamp 2B (Molecular Devices). Stimuli were controlled and digital 

records captured with pClamp10 software and a Digidata 1440 (Molecular Devices). Series 
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resistance (RS) was compensated 50–70%. Whole cell resistance (RM) and capacitance was 

assessed by pClamp software from voltage transients associated with small step commands 

(10 mV). All experiments were conducted at room temperature. Only cells having a resting 

membrane potential (RMP) of −40 to −70 mV were included in this study.

After obtaining and stabilizing individual DRG neurons under whole cell patch clamp in 

voltage-clamp mode, cells were brought into current-clamp mode to assess changes in 

membrane potential. In order to assess cellular excitability we determined rheobase (the 

minimum current needed for action potential generation). In order to assess cellular 

responsiveness we determined action potential frequency (mean, maximum and 

instantaneous) in response to standardized depolarizing current steps. In order to determine 

if there were changes to the currents underlying action potentials, we measured certain 

parameters. Action potentials were evoked through a 1 ms, 2 nA current step. The average of 

ten action potentials was used to determine after-hyperpolarization duration of 80% recovery 

to baseline (Djouhri et al., 1998), and after-hyperpolarization amplitude (decrease in voltage 

from RMP to the lowest point of the after-hyperpolarization). After-hyperpolarization 

parameters can affect the firing frequency of the neuron. Action potential threshold and 

action potential duration at threshold (APDt) were determined at rheobase on top of 500-ms 

square pulses increased in 50-pA increments every 2 s (and further refined using 5-pA 

increments). Threshold was defined as the membrane potential at which the rate of voltage 

change exceeded 5 V/s, and was determined using the first derivative of the action potential 

waveform (Davidson et al., 2014). Action potential threshold dictates how easily the neurons 

can be induced to fire. APDt was measured as the time from the first upward deflection of 

the action potential waveform to its return to the threshold membrane potential. APDt can 

influence maximum firing frequency. Numbers of evoked action potentials and peak 

instantaneous frequency were determined using increasing voltage steps (1-second stimulus 

duration, 10-second interstimulus duration; stimuli were increased in 50-pA steps over 20 

sweeps, resulting in evoked current recordings from 50 to 1000 pA). All measurements of 

electrophysiological recordings were performed using Clampfit analysis software.

Only one cell was recorded per dish. After recording was completed, the recorded cell was 

marked for later identification by physically marking the cell location on the underside of 

the plastic culture dish and capturing a digital image with a Scientifica monochrome camera 

using SCIght 2.0 image capture software. The bath solution was replaced with 4% PFA in 

PBS for 10 min and then repeatedly rinsed and replaced with a 100% PBS solution. Cells 

were stored at 4 °C until the immunolabeling procedures were performed. 

Immunocytochemistry procedures to examine ATF3 expression within individual DRG 

neurons in dishes following electrophysiological recordings were performed as described 

above for tissue sections. Recorded/immunolabeled cells were then located and 

characterized as described in the Microscopy and Image Analysis section above. Eighty-four 

percent of recorded neurons were subsequently recovered and analyzed by 

immunohistochemistry. The electrophysiological data for those neurons not recovered for 

immunohistochemistry are included in the “all” group data listed in Fig. 6.
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2.12. Statistical analyses

Statistical analyses were performed using SigmaPlot/SigmaStat (Systat Software, San Jose, 

CA, USA). First-pass analysis to examine differences between the skin-incised and control 

groups for all assessments was done using one-way analysis of variance (ANOVA), and was 

followed by pair-wise comparisons (Student-Newman-Keuls). ANOVA on ranks was used to 

compare distributions that failed normality testing (common for gene expression that is “off-

to-on” as it is for ATF3 expression), and was followed either by the Kolmogorov-Smirnov 

test or Holm-Sidak method. For some comparisons, other methods were also used and are 

indicated in the text and/or figure legends.

For image analysis, some comparisons synthesized the data from individual neurons into a 

representative value for the animal. This value was then used as the single-animal-value for 

comparisons in which the degrees of freedom equaled the number of animals and the groups 

were compared (i.e., skin-incised vs. control). For other comparisons, such as the relative-

intensity of the various markers in individual cells, the degrees of freedom equaled the 

number of cells. Where degrees of freedom equal number of cells, we have ensured (by 

ANOVA) that the number of cells/animal are statistically equivalent in terms of 1) the 

number of cells, and 2) their size/frequency distribution. This reduces the opportunity for 

data from any given animal to bias the overall data. For electrophysiological comparisons, 

one-way ANOVA with Dunnett’s post-hoc t-test was used to compare properties between the 

skin-incised and control groups as a whole, as well as to compare the groups using neuron 

populations broken up based on ATF3 expression (i.e., ATF3+ cells in skin-incised group vs. 

control group and ATF3− cells in skin-incised group vs. control group). Analysis of potential 

differences in electrophysiological properties between ATF3+ and ATF3− neurons was 

performed using the binomial proportion test (Siegel and Castellan, 1988). Differences were 

considered to be statistically significant if p < 0.05. Data is presented as mean ± standard 

error.

3. Results

3.1. Sensitization in a nociceptive reflex

The pain field in general, both clinical and basic science, recognizes that most animal 

models of the human chronic neuropathic pain condition are limited in many ways, but are 

nonetheless necessary and are still useful (Mogil et al., 2010; Berge, 2011). Skin incision 

serves as a model of post-surgical pain (Brennan et al., 1996). Skin incision can also serve as 

a relatively simple model of tissue damage generally. Chronic pain after apparently-minor 

tissue damage remains one of the most enigmatic conditions and is in great need of new 

insights regarding potential mechanisms (Kehlet et al., 2006; Arroyo-Novoa et al., 2009).

Just as many models are limited but useful, so too are the assessment tools. The most 

frequently-used nociceptive behavioral tests for pain-related sensitization are the Hargreaves 

test (for thermal sensitivity) and the von Frey test (for mechanical sensitivity), both of which 

are performed on the hindpaws. These tests are strong for determining the latency/threshold 

for reflex activation, but are generally weak for quantifying amplitude or duration of 

response. Although highly useful for many purposes, these tests may give false-negative 
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results if the characteristics being studied affect something other than response latency/

threshold. Sensory neuron mechanisms of persistent pain might affect the amplitude and 

duration of nociceptive responses, either in addition to or instead of affecting response-

threshold. We therefore used a different reflex system, the CTMr (Fig. 2A; Petruska et al., 

2014), which has strength for quantifying the characteristics for which Hargreaves and von 

Frey are weak.

The CTMr is a puckering of the back skin induced by noxious stimuli. The CTMr was 

induced by applying standardized noxious pinch to peri-incisional skin (on left side) and to 

the corresponding right-side non-incised skin, and equivalent areas in control animals which 

received no incision. Reflex parameters were assessed by measuring the distance between 

dots placed on the back skin and their movement over time after stimulation. We compared 

the biokinematic characteristics of the CTMr between non-incision animals and those 28 

days after experimental incision. We found that the reflex magnitude, represented by the 

maximum contraction distance and by the contraction speed, was significantly increased 

(Fig. 2B, C) after peri-incisional stimulation. Further, the response duration, measured as the 

relaxation time (time from stimulus-end to return to 80% of pre-stimulus dot-distance; Fig. 

2D) was increased after peri-incisional stimulation. Given the common characteristic of 

spontaneous pain in many neuropathic pain conditions, it is worth noting that we did not 

observe any spontaneous CTMr contractions, including on the incisional side, though our 

recording sessions were not ideally-designed for this assessment. These data suggest that 

there is a prolonged sensitization of a nociceptive-specific reflex, at least out to 28 days post-

incision.

3.2. Temporal expression of injury/stress-associated genes in the DRG following skin 
incision

Genes associated with cellular injury/stress, including regeneration-associated genes 

(RAGs), are regulated in neurons following nerve injury and some are associated with 

neuropathic pain. ATF3, a major hub-regulator of the cellular injury/stress response, is 

induced de novo and remains elevated in many DRG neurons for months after nerve injury 

(Tsujino et al., 2000), one of the principle models of chronic neuropathic pain. Previously, 

we demonstrated that several injury/stress/RAGs, including ATF3, are increased early (3–4 

days) following skin incision (Hill et al., 2010). In the current study we used multiple 

approaches to determine the time course and extent of skin incision-induced regulation of 

ATF3 and other injury/stress/RAGs (Table 2). To do this we used real-time qPCR to assess 

mRNA levels (Fig. 2), and two different immunohistochemical and image analysis 

approaches to assess protein – a stereological approach to assess the number of neurons 

expressing genes, and a separate system to assess the relative-intensity of protein expression 

(Figs. 3 and 4). NPY or GAP-43 mRNA was not examined at the 7-day time point.

3.2.1. ATF3—The transcription factor ATF3 is not normally expressed in adult neurons, but 

is rapidly induced in response to cellular stress/injury (Tsujino et al., 2000). Expression of 

ATF3 influences axon growth (Seijffers et al., 2006, 2007), including the growth of afferent 

pain fibers (Aoki et al., 2007). Early after skin incision (3–4 days), ATF3 is increased in 
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DRG neurons to a level comparable to that observed following nerve transection (Hill et al., 

2010).

To determine if ATF3 expression persisted after incision, ATF3 mRNA was quantified by 

qPCR of DRG from non-injured rats and rats 4, 7, 14 and 28 DPI. ATF3 mRNA was 

significantly elevated following skin-incision at all time points examined (Fig. 3A). The 

level of ATF3 mRNA was highest 4 days following skin incision (~14 fold above control). 

From 4 to 14 days, ATF3 mRNA levels decreased but then plateaued from 14 to 28 days. 

Thus is appears that ATF3 mRNA levels increase in DRG following skin incision and 

although they decrease from the peak they remain elevated long after the skin incision has 

healed.

To determine the nature of the decrease in ATF3 between 4 and 14 days we addressed 

whether the decrease was due to a reduction in the number of neurons expressing ATF3 or to 

a reduction in ATF3 across many/all neurons with little/no change in the number expressing. 

Stereological image analysis was used to quantify the number of ATF3 expressing neurons 

within the DRGs 4, 7, 14 and 28 days after incision. The change in the stereologically-

estimated total number of ATF3+ neurons over time followed a pattern similar to that of 

mRNA expression (Fig. 3A). This pattern of expression was maintained when expressing the 

number of ATF3+ neurons as a proportion of the entire DRG population, with ATF3+ 

neurons representing 12.9 ± 4.4%, 8.6 ± 4.0%, 4.2 ± 2.2%, 4.5 ± 1.9% of the total DRG 

neuron population at 4, 7, 14 and 28 DPI, respectively (post-hoc t-test indicates p < 0.001 

versus naïve for all time points). Thus it appears that the reduction of ATF3 mRNA 

corresponds with a decrease in the number of neurons expressing ATF3 over time.

To determine if ATF3 was expressed in the neurons with axons affected by the incision, the 

retrograde-tracer DiI was injected into the skin 7 days prior to the incision in a separate set 

of rats. Expression of ATF3 in DiI-labeled neurons was then assessed at various times after 

incision of the DiI-injected skin area (control animals had no incision). ATF3 was expressed 

in the majority of DiI-labeled neurons in the incision animals (72.9%), and less than 0.05% 

of ATF3-expressing neurons lacked DiI (Fig. 4). Thus, ATF3 appeared to be almost 

exclusively expressed by neurons with axons projecting to the region of incised skin. 

Retrograde transport of DiI and expression of ATF3 (for incision rats only) were 

subsequently used as references for examining the expression and regulation of other genes/

markers following incision.

3.2.2. GAP-43—GAP-43 is constitutively expressed in many small/medium-diameter 

neurons, but not typically in large diameter neurons (Verge et al., 1990; Schreyer and Skene, 

1993). After nerve injury GAP-43 expression is upregulated in small/medium neurons and it 

is expressed de novo in large diameter neurons during axon regeneration (Van der Zee et al., 

1989; Verge et al., 1990; Schreyer and Skene, 1993). Previously we demonstrated that 

GAP-43 mRNA levels increase in the DRG 4 days following skin-incision (Hill et al., 2010). 

To determine if the increase in GAP-43 expression persisted after incision, GAP-43 mRNA 

was quantified by qPCR of DRG from non-injured and incision rats. After incision, GAP-43 

mRNA levels were slightly elevated but were not significantly different versus non-injured 
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controls [Non-injured (set to 1): 1.00 ± 0.06; 4 DPI: 1.27 ± 0.12; 14 DPI: 1.33 ± 0.09; 28 

DPI: 1.09 ± 0.04; ANOVA p = 0.106].

The lack of difference vs. control in GAP-43 mRNA expression over time could result from 

the high constitutive expression of GAP-43 and/or because the proportion of DRG neurons 

responding is small (i.e., low signal-to-noise). However, larger changes could be possible 

when considering only the ATF3-expressing neurons. To assess the expression of GAP-43 in 

injured neurons two methods were used. First, those DRG sections prepared for 

stereological analysis were stained not only for ATF3 (described above), but were also co-

labeled for GAP-43 to allow a direct estimation of the number of neurons expressing ATF3 

and GAP-43 alone or together. Next, we separately prepared DRG sections from animals 

that had received DiI injection into their skin followed 7 days later by an incision into the 

DiI-injection field (controls had no incision), after which the rats survived 7 days and were 

then euthanized. This was done to determine the effect of incision on the intensity of protein 

expression.

Both quantitative immunohistochemistry and stereological quantification indicated that there 

was an increase in the number of DRG neurons expressing GAP-43 following skin incision 

(Fig. 3A; Table 3). In addition, we determined that most of the ATF3+ neurons were also 

GAP-43+. Only a small number of ATF3+ neurons lacked detectible GAP-43. For all time 

points, the majority of these ATF3-expressing neurons also expressed GAP-43. This 

includes a notable proportion of the small group of ATF3-expressing large-diameter neurons 

(particularly at early time points), which do not normally express GAP-43 (Verge et al., 

1990) (Table 3). This expression of GAP-43 in large-diameter neurons constitutes a de novo 

expression, just as occurs after nerve injury.

Next we determined if the incision-induced shift in the population of neurons expressing 

GAP-43 was accompanied by an increase in the magnitude of GAP-43 expression on a per-

neuron basis. The relative intensity of GAP-43 expression within DiI-traced DRG neurons 

was assessed 7 days after skin-incision (Fig. 4A–F). The intensity of GAP-43 within DiI-

labeled neurons was significantly increased throughout the size range of neurons following 

skin incision (Fig. 4AA; Table 4). Together these multiple approaches indicate that 

expression of the injury-regulated gene GAP-43 is increased in neurons involved in skin 

incision.

The discrepancy between the qPCR data and the immunohistochemical data is undoubtedly 

due to the difference in sensitivity of the techniques to a condition in which the gene-

expression changes in a small number of cells occurs against a background of high-

expression by many cells. In this situation quantitative histochemistry, in which the cell-by-

cell resolution is maintained, is far more sensitive than qPCR of tissue homogenates. 

Alternatively or concurrently, the level of mRNA may not have changed much at all in the 

cells that were already expressing it, and protein-production could have been increased 

through post-translational mechanisms.

3.2.3. NPY—NPY is normally expressed at very low levels by DRG neurons but is one of 

the most highly-upregulated genes after nerve injury (Wakisaka et al., 1991, 1992; Zhang et 
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al., 1994; Brumovsky et al., 2004; Tsai et al., 2007). It also appears to be part of a 

mechanism masking long-lasting hyperalgesia following nerve injury (Solway et al., 2011). 

To determine if NPY expression is regulated in the DRG following skin-incision, NPY 

mRNA was quantified by qPCR in DRG from control rats and those receiving skin incision 

(Fig. 3B). NPY mRNA levels were dramatically-and significantly-increased at all times after 

incision (Fig. 3B).

To determine if the increase in NPY mRNA in response to skin incision corresponded to an 

increase in NPY protein expression in injured DRG neurons, we assessed the relative 

intensity of NPY immunostaining within DiI-traced neurons from control rats and those 7 

days after skin-incision (Fig. 4G–L, BB; Table 4). As expected, NPY intensity was low in 

DRGs from control rats. However, skin incision resulted in an increased NPY relative 

intensity within small and medium sized DRG neurons. This indicates that skin incision is 

sufficient to induce NPY expression similar to the regulation which occurs after nerve injury.

3.2.4. CAMK4—To determine if skin incision also leads to persistent downregulation of 

proteins whose expression is typically decreased by nerve injury, the level of CAMK4 within 

DRG neurons was examined 7 days following skin-incision. CAMK4 is a regulator of 

transcription and alternative splicing in neurons (Wayman et al., 2008; Yu et al., 2009). It 

also has a non-nuclear role and is enriched in small diameter, primarily cutaneous, sensory 

neurons (Harrison et al., 2014), and is down-regulated by nerve injury (Ji et al., 1996). The 

intensity of CAMK4 was high in small, medium and large DiI-labeled DRG neurons 

projecting to the skin in control animals (Fig. 4M–R, CC; Table 4). Following skin incision, 

CAMK4 staining intensity was reduced by approximately 50% in both small and medium 

diameter neurons containing DiI and ATF3. Expression and changes in intensity in large 

diameter neurons was more variable. Thus, skin incision leads to a reduction of CAMK4 

expression within DRG neurons projecting to the site of skin incision, consistent with skin 

incision inducing injury-like responses in DRG neurons. This change was restricted to 

neurons projecting to the site of incision as non-DiI labeled neurons (not quantified) clearly 

maintained CAMK4 expression.

3.2.5. IB4—The isolectin B4 (IB4) from Griffonia simplicifolia binds to glycoproteins and 

is used as a marker for a subset of small-to-medium diameter nociceptive neurons (Petruska 

et al., 1997, 2000, 2002; Fang et al., 2006). Lectin-positive and -negative sensory neurons 

represent two functionally distinct classes of nociceptors (Molliver et al., 1997; Snider and 

McMahon, 1998; Stucky and Lewin, 1999) and IB4-binding is reduced in DRG neurons 

after injury (Bennett et al., 1998). To assess how IB4-binding changes within the DRGs 

following skin incision IB4-binding was examined via immunohistochemistry 7 days 

following skin incision. The intensity of IB4-binding was highest in small diameter neurons 

in DiI-labeled DRGs from control rats with some expression detected in medium sized 

neurons (Fig 4S–X, DD; Table 4). Following skin-incision the intensity of IB4 staining 

decreased significantly in DiI-labeled neurons regardless of size. Thus, skin incision leads to 

a reduction of IB4-binding within DRG neurons projecting to the site of skin incision, 

consistent with skin incision inducing injury-like responses in DRG neurons. This change 
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was restricted to neurons projecting to the site of incision as non-DiI labeled neurons (not 

quantified) clearly maintained IB4-binding.

Taken together, the changes in ATF3, GAP-43, NPY, CAMK4, and IB4-binding suggest that 

skin incision is sufficient to induce a persistent change in the sensory neurons consistent 

with that observed following nerve injury.

3.3. Enhanced excitability of sensory neurons traced from incised skin

Peripheral injury-related pain involves the sensory neuron almost necessarily (Reichling et 

al., 2013). Incision-induced changes in the electrophysiological properties of DRG sensory 

neurons are correlated with induction and persistence of neuropathic pain (Hämäläinen et 

al., 2002; Pogatzki et al., 2002b). At the single cell level, neuropathic pain is associated with 

sensitization of sensory neurons, in which there is a lower threshold for activation (in some 

cases spontaneous activity is observed). Neuropathic pain is also associated with hyper-

responsiveness, which includes changes in the transduction properties of the neurons such 

that they fire more action potentials and/or fire action potentials at higher frequency, all of 

which can lead to pathologic pain states if other conditions allow. To determine if the 

molecular changes observed within the DRG neurons were accompanied by functional 

changes 28 days after incision, their electrophysiological properties were assessed in 

acutely-dissociated DRG neurons retrogradely-traced from the incision site or equivalent 

control skin. Although we measured many electrophysiological properties, most relevant 

here were the assessments of neuronal excitability (as measured by rheobase) and neuronal 

responsiveness to sustained stimuli of varying levels of depolarization (action potential 

metrics).

Only DiI-traced neurons less than 45 um were selected for recording, as this was the 

population in which the persistent neurochemical effects were most pronounced and most 

consistently-observed. Because one goal was to determine if any persistent 

electrophysiological changes might be related to the persistent ATF3-expression, post-hoc 

immunohistochemistry for ATF3 expression was performed on recorded neurons (Fig. 5A). 

Importantly, as outlined in the Methods, all recordings were completed well before the 

dissociation process would have induced ATF3 (Rau et al., 2014), so any ATF3-expression 

observed in these neurons was due to stress/injury that had occurred in vivo prior to 

euthanasia and dissociation. Recordings were made from 23 neurons from the incision group 

and 32 neurons from the control group (tracer-only, no experimental incision), only some of 

which were successfully recovered for immunohistochemistry. Of the DRG neurons from 

skin-incision rats successfully recovered for immunocytochemistry, most were ATF3-

positive (n = 13/20). Only a minority of those recovered from the control rats were ATF3-

positive (n = 9/26; Fig. 5B).

Not all neurons from control animals lacked ATF3. This is not unexpected and was observed 

in histochemical analyses as well. Because there is precedent for induction of ATF3 by 

stimuli which may damage axons yet not overtly destroy the skin (Bráz and Basbaum, 

2010), it is reasonable to expect that this is most-likely due to axonal damage induced by 

injection of the tracer. These neurons were included in the analysis to determine if injury 

induced by tracer injection might affect the neurons. Conversely, not all DiI-traced neurons 
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from the incision animals expressed ATF3 and likely is due to the tracer spreading into skin 

regions innervated by axons that are not injured by the incision. According to the 

histochemical analysis nearly 80% of DiI neurons from incision animals also expressed 

ATF3. The DiI-traced neurons lacking ATF3 from incision animals provide an excellent, if 

unintended, control and comparison population which allowed us to determine whether skin 

incision induced a long-term effect on non-injured neurons that project to the region of the 

skin incision. Although DiI helped to define the neurons innervating tissue near the incision, 

the DiI-labeled population was clearly mixed with regard to ATF3-expression. We therefore 

performed our analyses on data from both the entire population of DiI+ neurons – the 

standard experimental design in this model – and from DiI-labeled neurons segregated based 

on ATF3 expression.

3.3.1. Rheobase—Rheobase was used to assess excitability of DiI-labeled neurons with or 

without skin incision. When considering all DiI+ neurons of each group (i.e., without regard 

to their ATF3-expression), rheobase is significantly lower in the incision group, suggesting a 

long-term increase in excitability of sensory neurons induced by skin incision. We also 

analyzed the results with neurons separated by their ATF3-expression in addition to their 

incision group. As expected, the greatest difference in rheobase was detected between the 

ATF3-expressing neurons from incision animals (ostensibly the “true experimental group 

neurons”) and the ATF3-negative neurons from the control animals (ostensibly the “true 

control neurons”). Intriguingly, ATF3-positive DRG neurons had a lower rheobase (i.e., were 

more excitable) than ATF3-negative neurons regardless of skin-incision (Figs. 5C and 6A, 

Table 5). Further, rheobase did not differ between ATF3-expressing neurons from control 

and incision animals, nor did rheobase differ between ATF3-negative neurons from control 

and incision animals. Thus, although skin incision induced an increase in neuronal 

excitability, ATF3-expression itself, regardless of incision, also acted as a strong 

discriminator for long-term excitability increases.

3.3.2. Action potential kinetics—In addition to cellular excitability, we also measured 

responsiveness via two parameters. We assessed the mean spike-rate in response to 1 s 

depolarizing pulses of different amplitude, with rate expressed as the total number of action 

potentials fired during the pulse, not considering instantaneous frequency. We also assessed 

the maximum number of action potentials fired during any depolarizing pulse, regardless of 

the pulse amplitude.

ATF3-positive neurons had a higher maximum firing rate than ATF3-negative neurons (Fig. 

6B) for both control animals and incision animals. Further, maximum action potentials did 

not differ between ATF3-expressing neurons from control and incision animals, nor did 

maximum action potentials differ between ATF3-negative neurons from control and incision 

animals. As we found for rheobase, maximum action potentials were significantly higher in 

the ATF3-expressing neurons from incision animals when compared to the ATF3-negative 

neurons from the control animals. However, when considering all neurons of each group 

(i.e., DiI-labeled but without regard to their ATF3-expression – the standard experimental 

design for this model), there was no difference between incision and control groups for the 

maximum number of action potentials (Fig. 6B).
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ATF3-positive neurons also had higher mean spike rates than ATF3-negative neurons (Fig. 

6C) for both control animals and incision animals. Further, spike rates did not differ between 

ATF3-expressing neurons from control and incision animals, nor did spike rates differ 

between ATF3-negative neurons from control and incision animals. As we found for 

rheobase and maximum action potentials, spike rates were significantly higher in the ATF3-

expressing neurons from incision animals when compared to the ATF3-negative neurons 

from the control animals. When considering all DiI-labeled neurons of each group 

irrespective of their ATF3-expression (the standard experimental design for this model), 

there was again no difference between incision and control groups in mean spike rates across 

all stimulation amplitudes (i.e., without regard to their ATF3-expression; Fig. 6C). Together 

these data indicate that the hyper-responsive neurons could be discriminated from a mixed 

population by their expression of ATF3.

No differences were found between groups, or between ATF3-positive neurons and ATF3-

negative neurons, for the other electrophysiological parameters assessed (Table 5). Similar to 

the CTMr observations, we also did not observe any neurons displaying spontaneous 

activity.

Our electrophysiological assessments support the behavioral and molecular data and 

demonstrate the existence of a long term cellular injury/stress-like state in neurons induced 

by skin incision. However, these differences are not detected using only the standard 

experimental design of recording from DiI-traced neurons, but emerge only when including 

the additional criterion of ATF3-expression.

4. Discussion

There is a desperate need for the development of preclinical models which more accurately 

reflect the development of C/PP. To date, the majority of basic science investigations into 

potential mechanisms of long-term pain after tissue damage focus on damage-induced tissue 

inflammation and its impact on sensory transduction (Amaya et al., 2013). This is in spite of 

the fact that one of the hallmarks of chronic neuropathic pain is resistance to anti-

inflammatory treatments provided before or during the pain state (Reichling et al., 2013; 

Sutherland, 2014). In addition, there has been a broad reliance on observing significant 

effects with the withdrawal reflex in order for new potential mechanisms to be considered 

feasible and worthy of more in-depth study. This reliance on the withdrawal reflex remains 

in spite of its significant limitations and work demonstrating that withdrawal reflex-

sensitization can be masked in rodents over the same time course as chronic neuropathic 

pain would develop (Solway et al., 2011; Taylor and Corder, 2014). The number of animal 

models in which human-like chronic neuropathic pain is observed is far fewer than the 

number of conditions known to be associated with chronic pain in humans. This is a 

frustration to researchers, clinicians, and patients alike. It has resulted in a call from the 

profession to explore new model systems and mechanisms (IOM (U.S.). Committee on 

Advancing Pain Research Care and Education., 2011; Gereau et al., 2014).

Here we examined the long-term effects of skin incision, a model of surgery and tissue 

damage which does not involve damage to the gross peripheral nerve. Surgical incision and 
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tissue damage lead to chronic neuropathic pain in only a proportion of humans but 

mechanisms underlying this etiology of pain are elusive. Using a nociceptive reflex system 

with strengths complementing those of the withdrawal reflex system we detected long-term 

effects of incision. We also pursued potential mechanisms contributing to the behavioral 

effects from the perspective of sensory neuron cellular-injury/stress, and not necessarily the 

perspective of tissue-inflammation which has largely ended by 28 days after incision.

Most considerations of the biological processes underlying pain-conditions associated with 

tissue damage focus on tissue-inflammation and the impact on sensory transduction (Amaya 

et al., 2013). Because inflammatory mediators can induce electrophysiological sensitization 

in non-injured neurons (e.g., Fukuoka and Noguchi, 2002; Gold and Flake, 2005) similar to 

that observed here in injured neurons, sensitization could be due to inflammation of the 

incised skin as opposed to the neuron-intrinsic injury-response. This is unlikely because the 

majority of tissue-inflammation appears resolved by 21 DPI (Agaiby and Dyson, 1999; 

Banik et al., 2005; Kim et al., 2008; Kagawa et al., 2009; Ji et al., 2011; Spofford and 

Brennan, 2012). Further, if inflammation were involved, 1) one would expect all DiI-labeled 

neurons would be affected similarly and 2) electrophysiological properties would not be so 

tightly-linked to ATF3 expression even in non-incision groups. This suggests that the 

neuron-intrinsic injury response, regardless of the source (i.e., incision, dye-injection, etc.), 

is the primary factor in establishing the long-lasting electrophysiological sensitization we 

observe, even if other factors such as inflammation may contribute to some degree. To 

determine the possible contribution to C/PP of the responses we have described herein it will 

be necessary to determine if ATF3-expression can be alleviated by standard clinical 

treatments such as anti-inflammatories and local anesthetics.

Peripheral nerve injury is the single most reliable etiological factor for development of 

chronic neuropathic pain (Kehlet et al., 2006). Our examination of the effects of skin 

incision on DRG neurons was from the perspective that tissue damage likely injures sensory 

axons and induces an intrinsic cellular stress/injury response despite their axons remaining 

in contact with their target tissue. Some of the same gene regulation induced by nerve injury 

occurs and persists in sensory neurons innervating incision-associated skin, including de 

novo expression of ATF3 (Hill et al., 2010) and other stress/injury/regeneration-associated 

genes. This is true also of degenerating joints (Orita et al., 2011; Ferreira-Gomes et al., 

2012), though some of the degenerative models also carry an extended tissue-inflammation 

component (Orita et al., 2011; Zhang et al., 2013). Interestingly, treatment with adjuvants 

can also induce expression of ATF3 in sensory neurons (Frezel et al., 2016). This may 

suggest that inflammation, perhaps via damage to inflamed tissue, might be sufficient to 

trigger ATF3 expression. Some of the same gene regulation induced by nerve injury occurs 

and persists in sensory neurons innervating incision-associated skin, and also degenerating 

joints (Orita et al., 2011; Ferreira-Gomes et al., 2012), though some of the degenerative 

models also carry an extended tissue-inflammation component (Orita et al., 2011; Zhang et 

al., 2013). This includes de novo expression of ATF3 (Hill et al., 2010) and other stress/

injury/regeneration-associated genes. Our examination of the effects of skin incision on 

DRG neurons was from the perspective that tissue damage likely injures sensory axons and 

induces an intrinsic cellular stress/injury response despite their axons remaining in contact 

with their target tissue.
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In the current study we determined that genes associated with nerve injury are similarly-

affected by skin incision. This is true for genes both upregulated (ATF3, NPY) and 

downregulated (CAMK4, IB4-binding), and the change in expression persisted for weeks 

after incision. This suggests maintenance of a neuronal stress/injury response well beyond 

tissue healing, a response that may be unique to at least some sensory neurons. After sciatic 

nerve injury, ATF3 expression in spinal sensory neurons continues out to 72 days, the 

longest time examined, while expression in motoneurons returns to baseline (Tsujino et al., 

2000). Sensory neurons thus appear to maintain at least a portion of their response to axonal 

injury regardless of whether this injury came about from damage to a nerve or to the target 

tissue (and by extension the axons innervating that tissue).

Histological analysis indicated that the dynamic regulation of ATF3 mRNA over the post-

incision time could be accounted for, at least in part, by the number of neurons expressing 

ATF3. That is, there are clearly fewer neurons of all sizes expressing ATF3 at the later times 

than the earlier. This does not preclude the possibility that there may also be a change in 

ATF3 mRNA expressed by individual neurons. It is also unclear if the cells expressing ATF3 

at later time points are the same as those expressing ATF3 during the peak of mRNA 

expression in the whole DRG, though it is reasonable to presume so. It is interesting that the 

only large-diameter neurons expressing ATF3 at the later times are those which also express 

GAP-43, another gene expressed de novo in large-diameter DRG neurons. This may suggest 

a different response to incision in some large-diameter neurons, with one response signified 

by short-term ATF3 expression without GAP-43, and another by sustained ATF3 and 

GAP-43 expression. There is precedent for different ATF3 expression patterns in different 

cells in the same condition (Ohba et al., 2003; Hai et al., 2010; Siebert et al., 2010; Yin et 

al., 2010). This may be impactful for post-incision sensation because different types of 

sensory neurons drive different aspects of sensory perception. It will therefore be important 

to determine whether the transient- vs. persistent-expression of ATF3 follows with cell-type 

or some other damage-related factor such as proximity to the incision, etc.

The characteristics of the electrophysiological changes suggest potential mechanisms. The 

major changes were reduced rheobase and increased numbers of action potentials fired in 

response to depolarization, but not other measures of excitability such as action potential 

threshold or resting membrane potential, and not action potential properties. Thus, perhaps 

involvement of T-type voltage-gated Ca++ channels (known to regulate action potential 

bursting behavior; Todorovic and Jevtovic-Todorovic, 2006; Cain and Snutch, 2010) may be 

more involved than Na+ channels which set action potential threshold and many action 

potential properties (Lai et al., 2004; Chahine and O’Leary, 2014). As far as cellular-

electrophysiology may correspond to reflex-behavior, one could expect the properties we 

recorded to drive a reflex with unchanged threshold but with increased magnitude and 

duration. The CTMr as implemented here cannot speak to threshold, but did reveal 

sensitized magnitude/duration. Response-duration has been examined with the Hargreaves 

test in the past (Ren and Dubner, 1999) but magnitude and duration are generally not 

measured for withdrawal reflexes. It is therefore understandable that the long-term post-

incision sensitization we observed here could have been overlooked thus far.
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Post-incision molecular and electrophysiological changes are highly correlated with ATF3-

expression, irrespective of experimental group. It remains uncertain how the 

electrophysiological properties of those neurons with transient ATF3-expression might have 

been affected. Further, the direct role of ATF3, presumably by regulating transcription, is 

unclear. The function of ATF3 is context-dependent (Hai et al., 1999), with different cellular 

temporal and magnitude profiles of ATF3-expression leading to different outcomes after 

stress/injury, including regulating a cellular survival-or-apoptosis decision point. Thus this 

unique temporal profile of ATF3 expression in some DRG neurons is intriguing and may be 

an important clue for understanding how they contribute to sensory pathologies long after 

the initial insult has resolved.

NPY was also highly upregulated by skin incision, with a temporal pattern of mRNA 

regulation similar to that described after nerve injury and a cellular distribution selective for 

ATF3-expressing neurons. NPY-immunoreactivity is extremely low in the non-injured 

animal, with very few neurons expressing. Peripheral nerve injury produced dramatic 

increases in the transcription and translation of NPY in large-and medium-diameter DRG 

neurons (Frisen et al., 1992; Wakisaka et al., 1992; Noguchi et al., 1993), but only rarely in 

small neurons (Wakisaka et al., 1992; Tsai et al., 2007).

The involvement of NPY may have particular functional importance in relation to persistent 

pain, and why there are no robust animal models of long-term post-incision pain. Degree of 

NPY-expression is inversely-correlated with behavioral signs of neuropathic pain 

(Ruscheweyh et al., 2007). In a limited nerve injury model, NPY acted as an endogenous 

braking mechanism exerting a tonic and long-lasting inhibitory control of spinal nociceptive 

transmission, apparently inhibiting the emergence of behavioral signs of chronic pain 

(Solway et al., 2011). In this model, the delayed administration of NPY receptor antagonists 

resulted in the “unmasking” of pain-like behaviors, a finding recently replicated in a model 

of skin incision (Yalamuri et al., 2013) and observed previously with galanin (Hao et al., 

1999), another nerve injury-induced neuropeptide upregulated by skin incision (Hill et al., 

2010). This indicated that persistent pain-associated changes were subliminally present. The 

cellular substrate(s) for this masking effect has yet to be identified. The changes we describe 

here suggest that sensory neurons stressed/injured by tissue damage may be a legitimate 

substrate for this persistent, yet subliminal, pain-like plasticity. Thus tissue damage – a 

known etiological factor for C/PP with unknown mechanisms (Kehlet et al., 2006) – induces 

1) prolonged sensitization of a no-ciceptive reflex, 2) prolonged sensitization of sensory 

neurons with ongoing cellular stress/injury response, and 3) prolonged expression of the 

stress/injury regulator ATF3 and the injury-regulated factor NPY, a molecule capable of 

suppressing nerve injury-induced pain-behaviors.

5. Conclusions

The full etiological profile of C/PP is unknown, but tissue damage is a major factor. Tissue 

damage injures and/or stresses sensory axonal endings in the tissue, and this injury/stress 

phenotype extends to individual cell bodies of the DRG. Sensory neurons innervating 

damaged tissue express stress/injury/regeneration-associated genes and display electro-

physiological and behavioral hypersensitivity similar to that associated with C/PP. These 
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changes are maintained in some neurons beyond tissue-healing, suggesting that persistent 

responses may be cell-type-dependent. Expression of ATF3 is highly predictive of which 

individual sensory neurons display C/PP-related neurochemical and electrophysiological 

changes, offering a discriminator to use with the mixed population of neurons present in 

most clinically-relevant models. These data suggest that injury/stress-response processes in 

single cells may provide a new potential mechanism for the development of C/PP after tissue 

damage.
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Fig. 1. 
Schematic diagrams of skin incision as a model of tissue injury. Animal models used for 

histology/electrophysiology (A–C) and qPCR/behavior (D) are shown. Sites of skin incision 

and DiI injection in relation to the dorsal root ganglion (DRG), cutaneous trunci muscle 

(CTM), and dorsal (DCn), lateral (LCn) and ventral (VCn) cutaneous nerves are indicated in 

D. In the histology/electrophysiology studies, an initial skin incision was made through the 

hairy skin (A) to allow DiI injections into the contralateral skin (B). Ten days later, the 

experimental incision was made immediately lateral to the site of DiI injection (C). For the 

qPCR/behavior studies (D), a single incision was made through the hairy skin.
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Fig. 2. 
Skin incision induces long-term sensitization of a nociceptive reflex. Schematic shows key 

aspects of CTMr biokinematics (A). Mechanical pinch is applied to the skin (red square) 

adjacent to the incision site (red line). Movement of the dots is quantified rostral to the 

stimulus site (blue circles; focus of CTMr is 1 mm rostral to stimulus). Mean contraction 

distance (B), contraction rate (C), and post-stimulus relaxation time (D), are shown for the 

regions of interest (blue circles in A), in control and skin incised animals (n = 4 animals per 

group; 28 DPI). Error bars are SEM; significance determined by ANOVA. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)

Rau et al. Page 29

Exp Neurol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Molecular assessment of the expression of stress/injury-regulated genes. ATF3 expression 

(A) by qPCR (y-axis on left, black bars) and by IHC (y-axis on right, white/gray bars) in 

DRG housing neurons serving incised skin at various days post incision (DPI). ATF3 in 

control DRG is essentially absent, and is set to “1” (dotted line; refers to qPCR). Total 

percentage of ATF3+ cells per injured DRG (y-axis on right) is depicted with (white bars) 

and without (gray bars) GAP-43 co-expression. NPY mRNA expression (B) is also shown 

for time points relative to non-incised control level (dotted lines). Asterisks indicate 

significant difference versus uninjured control by ANOVA [p < 0.001 (***)]. Lines above 

bars indicate the statistical analyses for each time point compared to the others. Error bars 

are SEM. Non-injured controls are set to 1.00 fold change, and ±SEM is indicated by a gray 
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bar behind the black dotted line, which is ±0.19 for ATF3 and ±0.20 for NPY. n.s. = not 

significant.
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Fig. 4. 
Immunohistochemical detection of ATF3 and other cellular stress/injury markers after skin 

incision. Examples of protein expression of ATF3 (B, E, H, K, N, Q, T, W), GAP-43 (C, F), 

NPY (I, L) and CAMK4 (O, R), and IB4-binding (U, X) is shown in sectioned DRG, for 

control group and 7 DPI. Arrows indicate DiI+ neurons (A, D, G, J, M, P, S, V) that do not 
express ATF3. Arrowheads indicate DiI+ neurons that co-express ATF3. Scatterplots 

showing the relative intensities (arbitrary scale, normalized to a scale of 100) versus average 

cell diameter are shown for every cell analyzed for GAP-43, NPY, and CAMK4 expression, 

and IB4-binding (AA, BB, CC, and DD, respectively). Scale bar for all images is located in 

panel X. Refer also to Table 4.
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Fig. 5. 
Electrophysiological recordings from DRG neurons retrogradely traced from the back hairy 

skin of control non-incised animals and from those with skin incision. An example of a 

recorded neuron is shown (A), including brightfield view (left panel), as well as fluorescent 

views of DiI labeling (center panel) and ATF3 immunoreactivity (right panel). Scale bar for 

all images is located in the right panel. Percent population of ATF3 immunoreactivity for 

control and skin-incised animals (B), as well as examples of the action potentials evoked by 

increasing current stimuli (250, 500, 750 and 1000 pA; all 1000 ms duration) are shown for 

a control ATF3-negative neuron and an incised ATF3-positive neuron (C).
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Fig. 6. 
Electrophysiological characteristics of recorded DRG neurons retrogradely traced from the 

back hairy skin of control and skin-incised animals. Data are from all neurons recorded from 

control and incision animals (group comparison, indicated as “all”), as well as subsets of 

neurons from each of these groups segregated based on ATF3 immunoreactivity. Rheobase 

(A), maximum number of action potentials evoked for each recorded neuron regardless of 

stimulus intensity (B), and mean action potential spike rate for each stimulus intensity (C), 

are shown. Relationships between groups are indicated with bars. Differences are indicated 
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by p value or n.s. (no significance). All error bars indicate SEM; significance determined by 

ANOVA. Refer also to Table 5.
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Table 2

Organization of assessments. Each assessment/column used separate samples, but assessments within each 

column were made from the same samples.

mRNA

Protein

Number Intensity

4–28 d 4–28 d 7 d

ATF3 X X

GAP-43 X X X

NPY X X

CAMK4 X

IB4 X
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Table 4

Relative-intensity of immunolabeling in DRG neurons from control non-incised rats and from rats with skin 

incision (7 DPI). The same data set shown in Fig. 4 is analyzed here. Cell diameter is defined as small (<30 

μm), medium (30–45 μm) and large (>45 μm). ANOVA indicated significant differences existed between 

groups (p < 0.001). Where applicable, t-tests were used to determine if the difference between the control and 

incision groups reached significance (“p-value” column). The range of mean fluorescence intensity of each 

neuron was normalized to a scale of 0–100 for each marker, regardless of cell size or group. Intensity values 

are listed as the average ± SEM, followed by the total number of cells per group in parentheses.

IHC marker Cell diameter Control group mean intensity Incision group mean intensity p value

GAP-43 Small 17.31 ± 0.40 (446) 57.92 ± 1.17 (268) <0.001

Medium 16.19 ± 0.67 (171) 52.26 ± 2.81 (49) <0.001

Large 10.82 ± 1.45 (20) 35.22 ± 4.81 (5) <0.001

NPY Small 14.05 ± 0.33 (439) 24.33 ± 0.78 (330) <0.001

Medium 12.16 ± 0.58 (136) 44.85 ± 3.84 (42) <0.001

Large 7.29 ± 0.91 (22) 15.42 ± 0.00 (1) NA

CaMK4 Small 36.44 ± 1.59 (192) 26.92 ± 0.73 (266) <0.001

Medium 33.46 ± 1.51 (145) 24.59 ± 1.47 (40) 0.002

Large 32.23 ± 3.65 (27) 19.18 ± 3.41 (4) 0.149

IB4 Small 30.49 ± 1.34 (353) 4.04 ± 0.14 (252) <0.001

Medium 9.85 ± 0.79 (265) 2.78 ± 0.34 (25) <0.001

Large 2.74 ± 0.24 (40) 1.75 ± 0.24 (10) 0.014
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