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Abstract 26 

Neuropathic pain is a major, inadequately treated challenge for people with spinal cord injury 27 

(SCI). While SCI pain mechanisms are often assumed to be in the central nervous system, rodent 28 

studies have revealed mechanistic contributions from primary nociceptors. These neurons 29 

become chronically hyperexcitable after SCI, generating ongoing electrical activity (OA) that 30 

promotes ongoing pain. A major question is whether extrinsic chemical signals help to drive OA 31 

after SCI. People living with SCI exhibit acute and chronic elevation of circulating levels of 32 

macrophage migration inhibitory factor (MIF), a cytokine implicated in preclinical pain models. 33 

Probable nociceptors isolated from male rats and exposed to a MIF concentration reported in 34 

human plasma (1 ng/ml) showed hyperactivity similar to that induced by SCI, although, 35 

surprisingly, a ten-fold higher concentration failed to increase excitability. Conditioned 36 

behavioral aversion to a chamber associated with peripheral MIF injection suggested that MIF 37 

stimulates affective pain. A MIF inhibitor, Iso-1, reversed SCI-induced hyperexcitability. Unlike 38 

after SCI, acute MIF-induced hyperexcitability was only partially abrogated by inhibiting ERK 39 

signaling. Unexpectedly, MIF concentrations that induced hyperactivity in nociceptors from 40 

Naïve animals, after SCI induced a long-lasting conversion from a highly excitable 41 

nonaccommodating type to a rapidly accommodating, hypoexcitable type, possibly as a 42 

homeostatic response to prolonged depolarization. Treatment with conditioned medium from 43 

cultures of dorsal root ganglion (DRG) cells obtained after SCI was sufficient to induce MIF-44 

dependent hyperactivity in neurons from Naïve rats. Thus, changes in systemic and DRG levels 45 

of MIF may help to maintain SCI-induced nociceptor hyperactivity that persistently promotes 46 

pain. 47 

 48 
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 51 

Significance Statement 52 

Chronic neuropathic pain is a major challenge for people with spinal cord injury (SCI). Pain can 53 

drastically impair quality of life, and produces substantial economic and social burdens. 54 

Available treatments, including opioids, remain inadequate. This study shows that the cytokine 55 

macrophage migration inhibitory factor (MIF) can induce pain-like behavior and plays an 56 

important role in driving persistent ongoing electrical activity in injury-detecting sensory 57 

neurons (nociceptors) in a rat SCI model. The results indicate that SCI produces an increase in 58 

MIF release within sensory ganglia. Low MIF levels potently excite nociceptors, but higher 59 

levels trigger a long-lasting hypoexcitable state. These findings suggest that therapeutic targeting 60 

of MIF in neuropathic pain states may reduce pain and sensory dysfunction by curbing 61 

nociceptor hyperactivity. 62 

  63 
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Introduction 64 

Chronic neuropathic pain affects more than half of people with spinal cord injury (SCI) (Hunt et 65 

al., 2021). It can be highly debilitating and a major clinical complaint (Störmer et al., 1997; 66 

Finnerup et al., 2001; Masri and Keller, 2012). Despite recent advances, the mechanisms of 67 

neuropathic SCI pain remain elusive and largely resistant to available treatments (Widerström-68 

Noga, 2017; Bryce, 2018). While opioids are often prescribed, they usually become ineffective 69 

and have many adverse effects (Bryce, 2018).  70 

Most mechanistic studies have investigated alterations in the spinal cord or brain 71 

(Hulsebosch et al., 2009; Kramer et al., 2017), but findings in rodents indicate that mechanisms 72 

promoting chronic SCI pain are also located within neuronal somata in dorsal root ganglia 73 

(DRGs) (Bedi et al., 2010) and in sensory terminals (Carlton et al., 2009). Following moderate 74 

spinal contusion at the thoracic level, probable nociceptors exhibit hyperexcitability and 75 

spontaneous discharge of action potentials (APs) for months after the injury (Bedi et al., 2010; 76 

Yang et al., 2014; Bavencoffe et al., 2016; Berkey et al., 2020). In the absence of classical 77 

synaptic or sensory inputs, ongoing electrical activity (OA, which includes spontaneous activity 78 

[SA]) can only be generated in a neuron by sustained depolarization of RMP, hyperpolarization 79 

of AP voltage threshold, and/or enhancement of depolarizing spontaneous fluctuations (DSFs) 80 

that bridge the gap between RMP and AP threshold – all of which contribute to OA after SCI 81 

(Odem et al., 2018). Preventing OA by knocking down Nav1.8 channels (preferentially 82 

expressed in primary nociceptors and important for the generation of their APs) was found to 83 

alleviate chronic pain after SCI (Yang et al., 2014). Thus, defining the mechanisms that promote 84 

nociceptor hyperactivity may reveal promising targets to treat chronic SCI pain. 85 
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Persistent activity of the cAMP pathway (PKA and EPAC) and activation by C-Raf of 86 

ERK are necessary for nociceptor hyperactivity after SCI (Bavencoffe et al., 2016; Berkey et al., 87 

2020; Garza Carbajal et al., 2020). Hyperactivity after SCI may involve intrinsic alterations that 88 

include increased sensitivity to extrinsic excitatory signals (Walters, 2012, 2019), as was shown 89 

by hypersensitivity to the TRPV1 agonist, capsaicin, after SCI (Wu et al., 2013). However, little 90 

is known about the roles of extrinsic signals in promoting nociceptor hyperactivity after SCI. 91 

Extrinsic stimulation may occur in peripheral terminals and in nociceptor somata, which are 92 

exposed to CSF and blood because of their intrathecal location and lack of an effective vascular 93 

permeability barrier (Abram et al., 2006; Jimenez-Andrade et al., 2008). 94 

Macrophage migration inhibitory factor (MIF) is an evolutionarily conserved, pleiotropic 95 

cytokine expressed in numerous cell types, including T cells, macrophages, astrocytes, and DRG 96 

neurons (Calandra and Roger, 2003; Alexander et al., 2012; Jankauskas et al., 2019). MIF can 97 

contribute to hypersensitivity in rodent peripheral pain models (Wang et al., 2010, 2011; 98 

Alexander et al., 2012). Importantly, circulating levels of MIF are increased in the plasma of 99 

people with acute and chronic SCI (Stein et al., 2013; Bank et al., 2015). MIF expression is also 100 

elevated at the spinal lesion site in a mouse SCI model (Koda et al., 2004). These observations 101 

suggest that MIF could be a significant contributor to nociceptor hyperactivity and consequent 102 

pain after SCI. 103 

Here we test the predictions that MIF can induce an aversive behavioral state and, at 104 

physiologically relevant concentrations, induce nociceptor hyperexcitability, and that it 105 

contributes to the nociceptor hyperactivity previously linked to ongoing pain after SCI. In 106 

addition to obtaining evidence supporting these predictions, we found that a modest further 107 

increase in MIF concentration decreases nociceptor excitability, and that prior SCI greatly 108 
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increases the potency of MIF in decreasing excitability, perhaps as a protective response to 109 

prolonged depolarization. MIF’s hyperactive effects were partially dependent on ERK signaling. 110 

Ongoing MIF activity in cultures of DRG cells from previously injured rats produced 111 

hyperexcitability in nociceptors derived from uninjured animals, suggesting that MIF secreted 112 

within the DRG may enhance the effects of circulating MIF to promote pain. 113 

 114 

Material and Methods  115 

Animals 116 

All procedures followed the guidelines of the International Association for the Study of Pain and 117 

were approved by the McGovern Medical School Animal Care and Use Committees. Male 118 

Sprague-Dawley rats (Envigo, USA) were used for the entire study. After arrival at the 119 

McGovern Medical School animal facility, male rats (8-9 weeks old, 250-300g, 2 per cage) were 120 

allowed to acclimate to a 12-hour reversed light/dark cycle for at least four days before 121 

beginning experiments. Possible sex differences in the effects reported here will be the subject of 122 

a separate study. A modest sex difference in nociceptor hyperactivity after SCI was reported 123 

previously (Bedi et al., 2010). 124 

Spinal cord injury procedure 125 

Rat SCI surgeries (SCI group) were performed as previously described (Bedi et al., 2010; 126 

Bavencoffe et al., 2016; Berkey et al., 2020; Garza Carbajal et al., 2020). Animals were 127 

anesthetized with isoflurane (induction 4 -5 %; maintenance 1 -2 %, Covetrus) before a 128 

laminectomy at the vertebral T10 level was performed, followed by a dorsal contusive spinal 129 

impact (150 kilodyne, 1 s dwell time) using an Infinite Horizon Spinal Cord Impactor (Precision 130 
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Systems and Instrumentation). Sham-operated rats (Sham group) received the same surgical 131 

procedure without the spinal impact. Uninjured, age-matched rats (Naïve group) were also 132 

examined. Postoperative care consisted of analgesic buprenorphine hydrochloride (0.03 mg/kg in 133 

2 ml saline; Buprenex, Reckitt Benckiser Healthcare) and the antibiotic enrofloxacin (2.5 mg/kg 134 

in 2 ml saline; Enroflox, Norbrook) injected intraperitoneally twice daily for 5 d (buprenorphine) 135 

or 10 d (enrofloxacin). Manual bladder evacuations were performed twice daily until rats 136 

recovered neurogenic bladder voiding. Animals had access to food and water ad libitum. The 137 

effectiveness of the SCI procedure in producing hindlimb paralysis was shown in all rats 138 

included in this study by standard scoring of motor function in both hindlimbs 1 d after surgery. 139 

All accepted SCI animals had scores of 0 or 1 (versus 21 in the Sham group) on the Basso, 140 

Beattie, and Bresnahan (BBB) locomotor rating scale (Basso et al., 1995). An independent 141 

indicator of spinal damage was the occurrence of persistent hyperexcitability in nociceptors 142 

dissociated from SCI animals (Bedi et al., 2010; Odem et al., 2018). 143 

Dissociation and culture of primary sensory neurons 144 

An in vitro model was employed to test dissociated DRG neurons that we have repeatedly found 145 

(in nociceptors from rats, mice, and humans) to retain injury-induced and pain-related 146 

hyperexcitability for more than 24 h in culture following in vivo conditions that produce 147 

persistent neuropathic pain (Bedi et al., 2010; Wu et al., 2013; Yang et al., 2014; Bavencoffe et 148 

al., 2016; Odem et al., 2018; Berkey et al., 2020; Laumet et al., 2020; North et al., 2022). Rats 149 

were euthanized using intraperitoneal injection of pentobarbital/phenytoin solution (Euthasol, 150 

0.9 ml, Virbac AH, Inc.) followed by transcardial perfusion of ice-cold phosphate buffered saline 151 

(PBS, Sigma-Aldrich). DRGs were harvested below vertebral T10 level down to L6. Ganglia 152 

were surgically desheathed before transfer to high-glucose DMEM culture medium (Sigma-153 
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Aldrich) containing trypsin TRL (0.3 mg/ml, Worthington Biochemical Corporation) and 154 

collagenase D (1.4 mg/ml, Roche Life Science). After 40-min incubation under constant shaking 155 

at 34°C, digested DRGs were washed by two successive centrifugations and triturated with two 156 

fire-polished glass Pasteur pipettes of decreasing diameters. Cells were plated on 8-mm glass 157 

coverslips (Warner Instruments) coated with poly-L-ornithine 0.01% (Sigma-Aldrich) in DMEM 158 

without serum or growth factors, and incubated overnight at 37°C, 5% CO2 and 95% humidity. 159 

For high-content microscopy, an additional step of BSA-gradient filtration was introduced after 160 

DRG cell dissociation to eliminate debris in the culture. Dissociated DRG cells were 161 

centrifugated in 15% BSA, the cell pellet resuspended in DMEM without supplements and plated 162 

on poly-L-ornithine coated (0.01%, Sigma-Aldrich) 96 well clear bottom plates for imaging 163 

(Corning Inc.). Neuron density ≈ 300-500 neurons per well. Cultures were incubated overnight in 164 

DMEM at 37°C, 5% CO2 and 95% humidity in absence of growth factors or supplements. 165 

Whole-cell patch electrophysiology 166 

Whole-cell patch-clamp recordings were performed at room temperature (~ 21°C) 18-30 h after 167 

dissociation using an EPC10 USB (HEKA Elektronik) amplifier. Isolated primary sensory 168 

neurons with a soma diameter ≤ 30 µM were observed at 20x magnification on an IX-71 169 

(Olympus, Japan) inverted microscope and recorded in an extracellular solution (ECS) 170 

containing (in mM) 140 NaCl, 3 KCl, 1.8 CaCl2, 2 MgCl2, 10 HEPES, and 10 glucose, which 171 

was adjusted to pH 7.4 with NaOH and 320 mOsM with sucrose. Patch pipettes were made of 172 

borosilicate glass capillaries (Sutter Instrument) with a horizontal P-97 puller (Sutter Instrument) 173 

and fire polished with a MF-830 microforge (Narishige) to a final pipette resistance of 3-8 MΩ 174 

when filled with an intracellular solution composed of (in mM) 134 KCl, 1.6 MgCl2, 13.2 NaCl, 175 

3 EGTA, 9 HEPES, 4 Mg-ATP, and 0.3 Na-GTP, which was adjusted to pH 7.2 with KOH and 176 
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300 mOsM with sucrose. After obtaining a tight seal (>3 GΩ), the plasma membrane was 177 

ruptured to achieve whole-cell configuration under voltage clamp at -60 mV. Recordings were 178 

acquired with PatchMaster v2x90.1 (HEKA Elektronik). The liquid junction potential was 179 

calculated to be ~4.3 mV and this estimate was not corrected, meaning the actual potentials were 180 

up to ~4.3 mV more negative than indicated in the recordings and measurements presented 181 

herein. Identification of nonaccommodating (NA) and rapidly accommodating (RA) neurons was 182 

done by stimulating primary neurons with a 2-s step protocol of injected currents (increment 5-183 

20 pA) to two times rheobase (Odem et al., 2018). If repetitive discharge was observed, the 184 

neuron was classified as NA. If only a single AP was observed (at the beginning of the step), the 185 

neuron was classified as RA. Rheobase and AP voltage threshold were determined during this 2-186 

s step protocol. Ongoing activity (OA) at rest (equivalent to spontaneous activity [SA] if no 187 

extrinsic stimulation was applied) was defined as any discharge occurring during the 60-s current 188 

clamp recording (I = 0) after first switching to current clamp mode (Bedi et al., 2010). OA at -189 

45 mV was defined as any discharge occurring during a 30-s current clamp recording with the 190 

neuron artificially held at -45 mV. This recording was made 1-2 minutes after the 2-s step 191 

protocol described above (Odem et al., 2018). 192 

Measurement of depolarizing spontaneous fluctuations of membrane potential (DSFs) 193 

Whole-cell current-clamp recordings were analyzed using the Frequency-Independent Biological 194 

Signal Identification (FIBSI) program. FIBSI was written using the Anaconda (v2019.7.0.0, 195 

Anaconda, Inc) distribution of Python (v3.5.2) with dependencies on the NumPy and 196 

matplotlib.pyplot libraries (Cassidy et al., 2020). The FIBSI program incorporates the previously 197 

published algorithm used to analyze DSFs in our prior publications (Odem et al., 2018; Berkey et 198 

al., 2020; Garza Carbajal et al., 2020; Lopez et al., 2021; North et al., 2022). FIBSI uses the 199 
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Ramer-Douglas-Peucker algorithm to detect DSFs, which were obtained from 30-s recordings 200 

sampled at 10 kHz with PatchMaster v2x90.1 (HEKA Elektronik) and filtered with a 10 kHz 201 

Bessel filter. A user-defined 1-s sliding median function built into FIBSI was used to estimate 202 

resting membrane potential (RMP) at each coordinate, and then FIBSI returned the coordinates, 203 

amplitudes, and durations of identified APs and DSFs and hyperpolarizing spontaneous 204 

fluctuations (HSFs) (each type with minimum amplitude and duration of 1.5 mV and 5 ms, 205 

respectively). Amplitudes for the suprathreshold DSFs eliciting APs were estimated 206 

conservatively as the difference of the most depolarized potential reached by the largest 207 

subthreshold DSF within the recording from the sliding median at that point. A minimal interval 208 

of 200 ms between any two APs was required for the second AP to be substituted by the 209 

maximal suprathreshold DSF amplitude in the recording period. If the interval between two APs 210 

was less than 200 msec, then a substitution was performed only if the peak of a separate DSF or 211 

HSF was detected between the APs (Odem et al., 2018).  212 

Code accessibility 213 

The FIBSI source code and detailed tutorial are available for free use, modification, and 214 

distribution on a Github (GitHub, Inc.) repository titled “FIBSI Project” by user “rmcassidy” 215 

(https://github.com/rmcassidy/FIBSI_program).  216 

Behavioral Testing 217 

Testers were always blinded to the treatments. In most cases, the personnel doing the testing 218 

were different from those giving injections. No tested animals were excluded from analysis. A 219 

table summarizing the experimental design for all behavioral testing is provided in Table 1.  220 
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Operant mechanical conflict (MC) test. The 3-chambered Mechanical-Conflict Avoidance 221 

System (Coy Laboratory Products, Inc.) was used for operant assessment of aversion to noxious 222 

mechanical stimulation of the paws (Harte et al., 2016; Pahng et al., 2017; Odem et al., 2019). 223 

End-chamber A contained a mildly aversive bright white light, the floor of connecting chamber 224 

B had a dense array of sharp probes that could be elevated from 0 to 5 mm, and end-chamber C 225 

was dark. On Day 1 rats were acclimated to the dark testing room (illuminated by red light) for 1 226 

h before being placed into end-chamber A. Fifteen seconds later, the white light was turned on, 227 

and then after 35 s the door between chambers A and B was lifted (when the rat faced the door). 228 

The rat was videorecorded for 5 min as it explored all three chambers. This procedure was 229 

performed three times on Day 1 with the probes retracted (0 mm). After each test, the MC device 230 

was sprayed and wiped with RescueTM disinfectant cleaner (Covetrus). On Day 2, the test 231 

procedure was repeated once with the probes at 0 mm. Naïve rats were then injected with 40 µl 232 

of either MIF (50 ng) or vehicle (0.9% NaCl solution) into an anterior footpad on each hindpaw 233 

under isoflurane anesthesia. After 1 h, each rat was placed into the MC device and the test 234 

repeated with a 4 mm probe height. The 4-mm test was then given again, 60 min later. For SCI 235 

rats, injured animals were injected intrathecally after the first 4 mm probe test with either Iso-1 236 

(30 µg) or vehicle (0.9% NaCl solution with 10% DMSO) between the L4 and L5 vertebrae 237 

under isoflurane anesthesia. After 30 min, each SCI rat was tested again with the 4 mm probe 238 

height. The minimum weight of the rats included in this study was 320 g, which was large 239 

enough to minimize chances for paws going between the probes. All trials were captured in 240 

1080p at 120 fps with a Sony FDR-AX43 UHD 4K Handycam® camcorder and scored by a 241 

blinded observer. The first crossing latency was defined as the time from lifting the door until all 242 
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four paws were placed in chamber C. Each subsequent crossing was counted when two or more 243 

paws and the head of the rat entered the opposite chamber.  244 

Conditioned Place Avoidance (CPA) test. Each day of testing, rats in the Naïve group were 245 

acclimated to the behavior room for 1 h. On Day 1 the rats were placed in a 3-compartment 246 

conditioned place preference (CPP) test device (Med Associates inc. MED-CPP-3013), 247 

containing white, gray, and black chambers. Light levels were set for 50% intensity in the white 248 

chamber, 90% in the gray chamber, and 40% in the black chamber. The test was designed so that 249 

differences among the chambers in color and illumination would add a competing motivation 250 

when rats decided which chamber to occupy. For rats, the brighter white chamber should be 251 

innately aversive compared with the darker black chamber, so a rat choosing to spend more time 252 

in the white chamber after an experience in the black chamber (in this case, a preceding injection 253 

of MIF) would indicate that the experience was sufficiently aversive to override the rat's innate 254 

preference, providing additional evidence for a strong aversive (presumably painful) state 255 

induced by the MIF injection. Rats were first given unrestricted access to all compartments for 256 

15 min, and their movements recorded with an automated photodetection system. On the 257 

morning of Day 2 each rat was anesthetized with isoflurane and injected subcutaneously with 40 258 

µl of vehicle (0.9% NaCl sterile solution) into right and left hindpaw anterior footpads. After 259 

injection, the rats acclimated to the testing room. Each rat was then placed into their non-260 

preferred chamber (based on relative times spent in the white and black chambers on Day 1) with 261 

the gate closed so the rat was confined to that chamber. Only the black and white chambers were 262 

used for conditioning because none of the rats preferred the gray chamber. Four hours later, each 263 

rat was injected in the previously injected footpads with MIF (50 ng in 40 µl 0.9% NaCl sterile 264 

solution). After acclimation, the rats were placed in their preferred chamber, which was now 265 



 

13 
 

marked with a scent from Kiwi Lipsmackers chapstick on a piece of tape (Griggs et al., 2015). 266 

Two variants of this experiment were run on Naïve rats, differing in the interval between 267 

injection and placement in the paired chamber, and in the time spent in the paired chamber. In 268 

one, the interval was 30 min and the duration was 30 min. In the second variant, the interval was 269 

1 h and the duration was 2 h. These temporal parameters were based on the long latency between 270 

intraplantar injection of MIF and mechanical hypersensitivity reported in mice (Alexander et al., 271 

2012). On Day 3, rats were given unrestricted access to all three chambers for 15 min, with the 272 

chamber previously paired with MIF injection again marked with the same scent. Between each 273 

test, the chambers were cleaned thoroughly with 70% ethanol. The room lights were off during 274 

all tests, and the experimenter left the room after each rat was placed in the test device. 275 

Conditioned Place Preference (CPP) test. A single-trial conditioning procedure was modified 276 

from those used previously to assess spontaneous pain in rats (King et al., 2009; Yang et al., 277 

2014; Wu et al., 2017). CPP testing was performed on both Naïve and SCI (1-2 months post 278 

injury) rats. Procedures were the same as used for CPA with the following differences. On the 279 

morning of Day 2 rats were injected intrathecally between the L4 and L5 vertebrae with 30 µl 280 

vehicle (0.9% NaCl sterile solution with 10% DMSO). After injection, rats acclimated to the 281 

testing room for 30 min. Each rat was then placed into its preferred chamber (based on relative 282 

times spent in each chamber on Day 1) for 30 min with the door closed. Four hours later, each rat 283 

was injected intrathecally with 30 µl of the MIF inhibitor Iso-1 (30 µg in 0.9% NaCl sterile 284 

solution with 10% DMSO). After 30 min acclimation, the rat was transferred into the non-285 

preferred chamber containing the scent mark for 30 min. On Day 3, the rats were tested with 286 

access to all three chambers, including the scent-marked non-preferred chamber.  287 

Drug administration 288 
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Rats were anesthetized with isoflurane (4% induction and 2% maintenance) in a separate room 289 

from the behavior testing room, injected, and observed for complete recovery before being 290 

moved to the testing room. For CPA and MC tests, MIF was prepared in sterile saline solution 291 

(0.9% NaCl) at a final concentration of 50 ng in 40 µl. Corresponding vehicle treatment 292 

consisted of 40 µl saline injections. MIF or vehicle was injected subcutaneously into an anterior 293 

footpad on each hindpaw using an insulin syringe (28 G needle, BD U-100). For CPP, Iso-1 was 294 

prepared in DMSO at a concentration of 10 mg/ml and then diluted to a final concentration of 295 

30 µg in 30 µl of saline. Vehicle consisted of 30 µl saline with 10% DMSO. Iso-1 or vehicle was 296 

injected intrathecally using insulin syringes (28 G needle, BD U-100) in the gap between the L4 297 

and L5 vertebrae, delivering the drugs close to the DRGs innervating the hindlimbs (L4-L6). 298 

Intrathecal injection of agents at the lumbar vertebral level has been shown previously to result 299 

in diffusion up to cervical levels (Gustafsson et al., 1985). Observation of a brisk tail flick during 300 

an injection indicated successful delivery of the drug or vehicle (Stokes et al., 2011; Njoo et al., 301 

2014; Thomas et al., 2016). 302 

Pharmacological agents 303 

Recombinant human MIF was purchased from PeproTech, dissolved with sterile water at a 304 

50 µg/ml stock concentration and stored at -80°C. MIF inhibitor Iso-1 was obtained from Sigma-305 

Aldrich, reconstituted in dimethyl sulfoxide (DMSO, Sigma-Aldrich) and stored at 42 mM in the 306 

dark at -20°C. Adenylyl cyclase activator forskolin was purchased from Cayman Chemicals, 307 

prepared in DMSO at a stock concentration of 10 mM and stored at -20°C. For 308 

electrophysiology, reagents were diluted in ECS by a minimum factor of 1/1000. UO126 was 309 

purchased from Selleck Chemicals and prepared at a 50 mM stock solution in DMSO, 310 
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Recombinant Murine β-NGF was purchased from PeproTech and reconstituted at 20 µg/ml stock 311 

solution. UO126 and NGF stock solutions were aliquoted and stored at -80°C. 312 

While any drug may have off-target effects, the efficacy and specificity of Iso-1 for 313 

blocking MIF signaling is well established. Iso-1 has been shown to bind specifically within the 314 

hydrophobic pocket of MIF, blocking both the tautomerase activity and MIF’s binding to its 315 

receptors (Al-Abed and VanPatten, 2011). The specificity of recognition of the MIF “pocket” 316 

structure by Iso-1 was shown by X-ray crystallography of Iso-1 bound to MIF (Lubetsky et al., 317 

2002; Trivedi-Parmar and Jorgensen, 2018), reinforcing the widespread use of Iso-1 as the 318 

canonical MIF inhibitor. Iso-1 has been employed extensively in preclinical studies as a MIF 319 

inhibitor, including rodent pain experiments (Wang et al., 2010, 2018; Alexander et al., 2012). 320 

Cell treatments and immunofluorescence staining for high-content microscopy (HCM) 321 

Pharmacological treatments were performed at 37°C, 5% CO2 as previously described (Isensee et 322 

al., 2014; Garza Carbajal et al., 2020). In brief, DRG neurons isolated from Naïve rats were 323 

pretreated with U0126 (3 µM) or vehicle (DMSO) for 30 min, followed by stimulation with the 324 

different compounds or vehicle for additional 30 min (MIF 1 ng/ml, NGF 30 ng/ml or PBS). 325 

Drugs and corresponding vehicles were added to individual culture wells as 2x stock solutions 326 

dissolved in 50 µl culture supernatant (final volume per well 100 µl, final DMSO ≤ 0.1%). 327 

Treatments were terminated by fixation with 4% paraformaldehyde (10 min at 22°C) followed 328 

by two PBS washes. Blocking and permeabilization of fixed cells were performed in a single 329 

step using blocking buffer (1% BSA, 0.075% Triton X-100, 1 h, room temperature). Plates were 330 

incubated with the primary antibody overnight at 4°C, followed by incubation with the 331 

secondary antibodies and DAPI for 1 h at room temperature. Both primary and secondary 332 

antibodies were prepared in blocking buffer. After a final wash, plates were sealed and imaged. 333 
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Primary antibodies used for HCM were mouse monoclonal anti phospho-p44/42 MAPK 334 

(T202/Y204) (1:1000, clone E10, Cell Signaling), anti-PGP9.5 (1:4000, Novus Biologicals). 335 

Secondary antibodies (all 1:1000) were goat anti-chicken DyLight 755, Goat anti-mouse Alexa 336 

Fluor 568 from ThermoFisher as well as DAPI (1:1000). 337 

Quantitative HCM  338 

The protocol used was described in (Garza Carbajal et al., 2020). Stained cultures in 96-well 339 

plates were scanned using a Cellomics CX5 microscope (Thermo scientific). Images of 340 

1104x1104 pixels were acquired with a 10X objective and analyzed using the Cellomics 341 

software package (Thermo scientific). After background correction, neurons were identified 342 

based on PGP 9.5 staining intensity. Object segmentation was performed using the geometric 343 

method. Results for each condition consist of at least 3 different replicate experiments performed 344 

on different days. 345 

Experimental design and statistical analysis 346 

The general experimental design was 1) to use MIF-treated and vehicle-treated groups of 347 

neurons or rats to test the sufficiency of MIF to produce nociceptor hyperactivity and ongoing 348 

pain, and 2) to use a MIF inhibitor to test the necessity of MIF function for nociceptor 349 

hyperactivity and ongoing pain induced by SCI. Summary data are presented as medians, means 350 

± SEM, or incidence expressed as percentage of neurons sampled. Datasets were tested for 351 

normality with the Shapiro–Wilk test. Normally distributed data were tested with one-way 352 

ANOVA or Brown-Forsythe and Welch ANOVA (when standard deviations were unequal) 353 

followed by Dunnett’s multiple comparisons tests using Prism version 8.3 (GraphPad Software) 354 

or with paired Student's t-tests. Non-normally distributed datasets were tested with the Kruskal–355 
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Wallis test followed by Dunn’s multiple comparison test. Comparisons of incidence were made 356 

using Fisher’s exact test with Bonferroni corrections for multiple comparisons. Detailed 357 

statistical results are reported in the figures and their legends. Statistical significance was 358 

considered as p < 0.05, except after Bonferroni corrections, as stated in the legends and indicated 359 

by asterisks in the figures. 360 

 361 

Results 362 

Physiologically relevant concentrations of MIF induce hyperactivity in probable 363 

nociceptors with a narrow dose dependence 364 

We first asked whether primary sensory neurons isolated from Naïve rats and incubated with 365 

physiologically relevant concentrations of recombinant human MIF for 15 to 60 min would 366 

produce hyperactivity resembling that observed after SCI (Bedi et al., 2010). Sampling was 367 

restricted to neurons with soma diameters of 20-30 µm, ~70% of which we showed previously to 368 

exhibit properties of nociceptors under our culture conditions, specifically, sensitivity to 369 

capsaicin and/or binding of isolectin B4 (Bedi et al., 2010; Odem et al., 2018). Probable 370 

nociceptors in vitro were subclassified according to their AP accommodation properties when 371 

stimulated by a 2-s pulse of depolarizing current at twice rheobase as either rapidly 372 

accommodating (RA) or nonaccommodating (NA) types (see also Fig. 3A for examples of NA 373 

and RA neurons). Only NA neurons have been found to exhibit SA (defined in vitro as ongoing 374 

discharge at RMP in the absence of a source of extrinsic excitation applied by the experimenter) 375 

and OA (defined as any ongoing discharge; i.e., SA is a subset of OA) (Odem et al., 2018). 376 

Except where otherwise stated, all the data presented in this paper were obtained from NA 377 

neurons. 378 
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NA neurons were given 10- to 15-min applications of MIF at doses of 0.1 to 10 ng/ml 379 

(Fig. 1 and Table 2) prior to recording, and MIF remained in the chamber for the duration of the 380 

recordings from each coverslip (up to 60 min). These concentrations overlap the range reported 381 

in human plasma acutely and chronically after SCI (medians ~1 ng/ml in each case, total range 382 

0.1-8.6 ng/ml) (Stein et al., 2013; Bank et al., 2015). The 1 ng/ml dose increased the incidence of 383 

sampled neurons exhibiting OA at RMP from 0% (vehicle treatment) to 72% (Fig. 1A, B), while 384 

during artificial depolarization to -45 mV (Fig. 1B), the 0.5 and 1 ng/ml doses increased the 385 

incidence of OA from 8% (vehicle treatment) to 67% and 89%, respectively. 386 

In terms of membrane potential, there are only three possible electrophysiological 387 

changes that can drive OA in the absence of transient depolarizing inputs such as sensory 388 

generator potentials or synaptic potentials: depolarization of RMP, hyperpolarization of AP 389 

voltage threshold, and enhancement of DSFs (Fig. 1A, red arrowheads) that bridge the gap 390 

between RMP and AP threshold (Odem et al., 2018; North et al., 2022). The effects of MIF on 391 

RMP and on AP voltage threshold and current threshold (rheobase) are shown in Figure 1 and 392 

Table 2, and the effects on DSFs are analyzed in a subsequent section. MIF significantly 393 

depolarized RMP to median values of -49.3 mV at 1 ng/ml and -57 mV at 10 ng/ml versus -394 

65.3 mV during vehicle treatment (Fig. 1C). MIF hyperpolarized the AP voltage threshold from -395 

31.6 mV during vehicle treatment to -34.9 mV (0.5 ng/ml) and -36.7 mV (1 ng/ml) (Fig. 1D). 396 

MIF (1 ng/ml) also reduced rheobase (the minimum current needed to reach AP threshold) from 397 

115 pA during vehicle treatment to 50 pA (Fig. 1E). No significant effects of MIF treatment 398 

were found on RA neurons (Table 3). 399 

An unexpected finding was the unusually steep and narrow dose dependence of MIF’s 400 

induction of hyperexcitability. As just described, OA, RMP, AP voltage threshold, and rheobase 401 
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first showed clear changes when exogenous MIF was increased from 0.1 to either 0.5 or 1 ng/ml 402 

(Fig. 1). Surprisingly, a further increase in concentration to only 10 ng/ml reversed all of these 403 

changes (Fig 1A-E). When compared with 1 ng/ml MIF, the 10 ng/ml dose significantly 404 

hyperpolarized RMP (p = 0.0068, Welch’s t-test), depolarized AP voltage threshold (p = 0.0062, 405 

Welch’s t-test), and increased rheobase (p = 0.0023, Welch’s t-test) (Fig. 1C-E).  406 

We found that MIF’s effects on nociceptor excitability can be rapidly reversed. Neurons 407 

from Naïve rats were treated with MIF (1 ng/ml) for 15 min, which was then washed away 408 

before recording 5 to 60 min later. After MIF washout, no OA was recorded at RMP (data not 409 

shown, 0 of 10 neurons sampled compared with 13 of 18 exhibiting OA when MIF was not 410 

washed out, p = 0.0003, Fisher’s exact test). MIF-induced OA recorded at -45 mV was also 411 

eliminated by MIF washout (1 out of 10 with OA compared with 16 out of 18 when MIF 412 

remained present, p < 0.0001).  413 

Because our intracellular pipette solution contained 3 mM EGTA, we considered the 414 

possibility that some of the observed effects could have been caused by chelation producing an 415 

abnormally low intracellular Ca2+ concentration. However, when we used a pipette solution with 416 

only 0.1 mM EGTA, no significant differences were observed on basal electrophysiological 417 

properties (RMP, rheobase, AP voltage threshold, and OA incidence) of NA neurons from Naïve 418 

rats (n = 14 and 10 neurons for pipette solutions containing 3 and 0.1 mM EGTA, respectively). 419 

Furthermore, we observed the same nociceptor hyperactivity triggered by MIF (1 ng/ml) with the 420 

low-EGTA pipette solution, expressed as a significant increase in OA incidence measured at rest 421 

(50% of neurons with OA) and -45 mV (83% of neurons with OA) (Fig. 1F). 422 

Sham surgery can enhance nociceptor hyperactivity induced by MIF 423 
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The sham surgery that exposes the spinal cord for contusive SCI experiments (injuring bone, 424 

muscle, and skin) was found to produce modest but significant nociceptor hyperexcitability in 425 

the absence of SCI (Odem et al., 2018) and to enhance pain-related behavior (Odem et al., 2019) 426 

months after injury. Given these observations and the induction of hyperactivity by MIF in 427 

neurons from Naïve rats (Fig. 1), we predicted that nociceptors in the Sham group would display 428 

greater electrophysiological responsiveness to MIF compared with Naïve controls. When tested 429 

3-5 months after surgery at RMP, NA neurons isolated from Sham rats and exposed to doses of 430 

MIF that did not elicit OA in neurons from Naïve rats exhibited a small but significant increase 431 

in OA at 0.5 ng/ml compared with vehicle treatment (0% for vehicle treatment versus 29% for 432 

0.5 ng/ml MIF) (Fig. 2A). When tested at -45 mV, the incidence of OA in the Sham group was 433 

14% for vehicle treatment versus 47% for 0.5 ng/ml MIF (Fig. 2A). The promotion of 434 

hyperexcitability in NA neurons by MIF was relatively weak, as it failed to significantly alter 435 

RMP, AP voltage threshold, or rheobase (Table 2). The weakness of these effects might be 436 

explained by most of the neurons being sampled from DRGs that innervate tissues other than 437 

those injured during the sham surgery. The excitability properties of RA neurons showed no 438 

significant effects in the Sham group (Table 3). 439 

MIF application after SCI fails to further increase nociceptor hyperactivity and promotes 440 

the transition from an NA state to an RA state 441 

Increased sensitivity of nociceptor somata to extrinsic signals following SCI has been implied by 442 

the upregulation of growth factor receptors TrkA and TrkB in DRG neurons (Qiao and Vizzard, 443 

2002) and the upregulation of TRPV1 in DRGs and enhanced responsiveness of nociceptors to 444 

capsaicin (Wu et al., 2013). As reported previously (Bedi et al., 2010; Bavencoffe et al., 2016; 445 

Odem et al., 2018; Berkey et al., 2020; Garza Carbajal et al., 2020), we found 1-4 months after 446 
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SCI that NA neurons were significantly more likely to exhibit OA at RMP (i.e., SA), with 63% 447 

of neurons active in the SCI group (Fig. 2B) versus 0% in the Naïve group (Fig. 1B). When 448 

tested at -45 mV, 84% of neurons in the SCI group had OA versus 8% in the Naïve group (Fig. 449 

1B and 2B). The increase in OA in the SCI group compared with the Naïve group was 450 

accompanied by a significant depolarization of RMP (p < 0.0001, Brown-Forsythe and Welch 451 

ANOVA test followed by Dunnett’s T3 multiple comparison test F(2, 41.07) = 20.03, 452 

p < 0.0001), hyperpolarization of AP voltage threshold (p = 0.0005, Kruskal-Wallis test followed 453 

by Dunn’s multiple comparison test), and reduction in rheobase (p < 0.0001, Brown-Forsythe 454 

and Welch ANOVA test followed by Dunnett’s T3 multiple comparison test, F(2, 38.05) = 455 

15.74, p < 0.0001) (Figs. 1 and 2 and Table 2). Unexpectedly, these chronic hyperexcitable 456 

effects of SCI were not further enhanced by MIF at any of the tested concentrations. Indeed, 457 

although our sample size was severely limited at the highest MIF concentration (for reasons 458 

described below), OA appeared to decrease (Fig. 2B) and rheobase increased (Table 2) when NA 459 

neurons were tested in the presence of 1 ng/ml MIF. This indicates the neurons had become less 460 

excitable. 461 

 The failure of MIF to further increase OA (Fig. 2B) or to enhance other measures of 462 

excitability in neurons from the SCI group (Table 2) might reflect a ceiling effect or a simple 463 

shift in the dose-response relationship for MIF induced by SCI. However, combining persistent 464 

depolarization and hyperexcitability induced by SCI with strong acute depolarization of NA 465 

neurons by added MIF might induce a hypoexcitable state. To test this possibility, we perfused 466 

MIF (1 ng/ml) on NA nociceptors isolated from SCI rats. In the 20-s period following the 467 

beginning of MIF application, a pronounced depolarization of membrane potential occurred (Fig. 468 

2C, D) often accompanied by a burst of APs (Fig. 2C, E). This discharge was followed within 60 469 
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s by inactivity that persisted during slow recovery towards the initial membrane potential (Fig. 470 

2C-E). This pattern is consistent with a secondary response of long-lasting hypoexcitability 471 

induced during prolonged exposure to MIF at concentrations that strongly depolarize nociceptors 472 

isolated from injured animals.  473 

In principle, the delayed inactivity observed during prolonged depolarization (Figs. 2C, 474 

2E) might function in vivo to protect nociceptors and/or their postsynaptic targets from excessive 475 

activation and excitotoxicity during prolonged depolarizing conditions such as inflammation. 476 

This idea raised the possibility that the intense depolarization produced by MIF in neurons from 477 

the SCI group could trigger a transition of highly excitable NA nociceptors to much less 478 

excitable RA nociceptors during the 5-60-min period when the neurons were incubated with MIF 479 

prior to electrophysiological testing. The characteristic excitability differences between these 480 

nociceptor types are illustrated by the responses of NA and RA nociceptors in Figure 3A (see 481 

also Odem et al., 2018), showing the higher rheobase current, apparently higher AP threshold, 482 

and lack of repetitive discharge in the RA neuron but not the NA neuron when each was 483 

stimulated at a holding potential of -60 mV by a depolarizing current that was twice the rheobase 484 

value. A depolarization-induced shift between nociceptor types would be consistent with the lack 485 

of significant differences between NA and RA neurons in somal size, membrane capacitance, 486 

capsaicin sensitivity, and IB4 binding, and with observations that, unlike NA neurons, RA 487 

neurons never exhibit OA and are significantly less excitable than NA neurons on all tested 488 

metrics (Odem et al., 2018). 489 

 Support for a MIF-induced transition from NA to RA types came from a significant 490 

change in the relative distributions of NA and RA neurons triggered by pretreatment with lower 491 

concentrations of MIF applied to the SCI group, and also by our highest applied MIF 492 
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concentration to the Naïve group. Among nociceptors with a diameter ≤ 30 µm isolated from 493 

SCI rats (all of which were classified as either NA or RA), 17% were the RA type (meaning 83% 494 

were NA) in the absence of MIF treatment (Fig. 3B, C), which was similar to the 23-29% 495 

incidence of RA neurons after SCI we found previously in vehicle conditions for Naïve and 496 

Sham groups or after SCI (Odem et al., 2018). When exposed to 1 ng/ml of MIF, the RA 497 

incidence increased to 81% (i.e., 19% were NA) in the SCI group (Fig. 3B, C). In contrast, only 498 

33% of sampled neurons in the Naïve group were the RA type at the same MIF concentration 499 

(1 ng/ml MIF). The RA incidence increased to 54% in the Naïve group treated with 10 ng/ml 500 

MIF, which was significantly elevated compared with vehicle (Fig. 3B, C), showing that in the 501 

absence of prior injury to the animal, a sufficiently high concentration of MIF can also increase 502 

the proportion of RA neurons. The minimum doses of MIF that significantly increased RA 503 

neuron incidence was 0.1 ng/ml in the SCI group and 10 ng/ml in the Naïve group (Fig. 3B, C). 504 

These results demonstrate that either a high dose of MIF by itself, or the combination of a much 505 

lower dose of MIF with prior SCI can dramatically increase the incidence of RA neurons (with a 506 

corresponding decrease of NA neurons), supporting the hypothesis that the NA and RA 507 

electrophysiological signatures in our experimental conditions primarily represent different 508 

functional states rather than fixed excitability phenotypes, and that nociceptors can be induced to 509 

transition from a highly excitable NA state to a much less excitable RA state by sufficiently 510 

prolonged and intense depolarization. 511 

MIF enhances large DSFs without apparent further amplification by SCI or sham surgery 512 

In addition to depolarization of RMP and hyperpolarization of AP voltage threshold, the third 513 

logically possible electrophysiological change that can generate OA in isolated neurons is 514 

enhancement of DSFs (Fig. 1A, red arrowheads) that transiently exceed AP threshold (Odem et 515 
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al., 2018). Automated analysis of DSFs in recordings of NA neurons from Naïve rats indicated 516 

that MIF tends to increase DSF amplitudes measured at RMP at the 1 ng/ml dose, although this 517 

effect was not statistically significant (Fig. 4A). When NA neurons were artificially depolarized 518 

to -45 mV, DSF amplitudes were significantly increased by treatment with 1 ng/ml MIF in the 519 

Naïve group, and a trend was seen for larger DSF amplitudes at the 0.5 ng/ml dose (Fig. 4A). 520 

While SCI increased DSF amplitudes in NA neurons measured at RMP and at -45 mV in the 521 

absence of applied MIF relative to the Naïve group (0 ng/ml; Fig. 4A), no significant further 522 

increase was produced by any concentration of MIF. This might be because: 1) too few NA 523 

neurons could be found in the SCI group after treatment with 0.1 or 1 ng/ml of MIF (Fig. 2B) for 524 

sufficient statistical power, 2) a ceiling effect, 3) the few NA neurons remaining after exposure 525 

to higher MIF concentrations were a subpopulation that was unresponsive to MIF (e.g., because 526 

they did not express MIF receptors), or 4) these few NA neurons were recorded during their 527 

transition to the RA state and had become less excitable without yet losing some of their NA 528 

properties. 529 

 The clearest effect of MIF on DSFs was on the incidence of large DSFs, defined as 530 

having amplitudes > 5 mV, which is sufficient sometimes to elicit APs (Odem et al., 2018). In 531 

the Naïve group, after treatment with 1 ng/ml MIF at RMP, the incidence of sampled neurons 532 

with at least one large DSF increased from 24% in vehicle-treated neurons to 73% in neurons 533 

treated with 1 ng/ml MIF (Fig. 4B). At a holding potential of -45 mV, both 0.5 and 1 ng/ml doses 534 

of MIF increased the incidence of neurons with large DSFs, from 19% to 64% and 91%, 535 

respectively (Fig. 4B), paralleling the increase in OA at -45 mV (Fig. 1B). However, no further 536 

increase in the incidence of large DSFs at RMP or -45 mV was found at any MIF dose compared 537 

with vehicle in the SCI group (Fig. 4B). Similar to the reversal in effects observed in Naïve 538 
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neurons when comparing the 10 to 1 ng/ml doses on RMP (Fig. 1C), AP voltage threshold (Fig. 539 

1D) and rheobase (Fig. 1E), we found a reversal across these doses in the relative DSF 540 

amplitudes (Fig. 4A, measured at RMP, p = 0.0098, Welch’s t-test; at -45 mV, p = 0.0019, 541 

Mann-Whitney t-test) and in the relative incidence of neurons with large DSFs (Fig. 4B, 542 

measured at RMP, p = 0.0075 and -45 mV, p = 0.024, Fisher’s exact test). 543 

Treatment with a MIF inhibitor in vitro eliminates SCI-induced hyperexcitability 544 

To assess the necessity of MIF activity in vitro for the occurrence of SCI-induced hyperactivity, 545 

we treated nociceptors isolated 1-4 months after surgery with a MIF inhibitor, Iso-1 (40 µM). 546 

Iso-1 is reported to be highly specific to MIF, inhibiting MIF tautomerase activity (Lubetsky et 547 

al., 2002; Senter et al., 2002; Cheng and Al-Abed, 2006) and blocking the binding of MIF to its 548 

receptors, principally CD74, preventing activation of MIF and its downstream signaling (Al-549 

Abed and VanPatten, 2011; Leng et al., 2011; Georgios Pantouris et al., 2015; Trivedi-Parmar 550 

and Jorgensen, 2018). Pretreatment of cultures in the SCI group with Iso-1 either overnight or 551 

beginning 1 h before testing (in both cases Iso-1 remained present during testing) dramatically 552 

decreased the incidence of OA measured at RMP and at -45 mV (Fig. 5A). This reversal of SCI-553 

induced hyperactivity was associated after one or both durations of Iso-1 treatment with 554 

significant alterations that would reduce hyperexcitability, including hyperpolarization of RMP 555 

(Fig. 5B), hyperpolarization of AP voltage threshold (Fig. 5C), and increased rheobase current 556 

(Fig. 5D). Moreover, DSF amplitudes were reduced by Iso-1 treatment when measured at RMP 557 

or -45 mV (Fig. 5E), as was the incidence of large DSFs (> 5mV) measured at -45 mV (Fig. 5F). 558 

These results show that Iso-1-sensitive signaling (probably through MIF; see Materials and 559 

Methods section) in the culture dish is required for the expression of nociceptor hyperactivity 560 

induced by prior SCI in vivo. 561 
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MIF inhibition does not alter basal excitability or acute cAMP-induced hyperexcitability in 562 

nociceptors isolated from Naïve animals 563 

An important question is how specific the strong suppression of SCI-induced hyperexcitability 564 

by MIF antagonist Iso-1 is to the hyperexcitability found after SCI. Arguing against a general 565 

neuronal effect of Iso-1 independent of SCI-induced hyperexcitability were three findings. First, 566 

while OA and hyperexcitability in neurons from the SCI group were abrogated by co-application 567 

of Iso-1 (Fig. 5), no effects on OA incidence or RMP were found after co-application of Iso-1 568 

(40 µM, 1 h) with MIF (1 ng/ml) on nociceptors from the Naïve group (Fig. 6A, B), suggesting 569 

that the inhibitory effects may be specific to the increase in excitability induced by SCI. Second, 570 

pretreatment of neurons from the Naïve group with Iso-1 in the absence of MIF caused no 571 

significant alterations of OA (Fig. 6C), RMP (Fig. 6D), AP voltage threshold (Fig. 6E), or 572 

rheobase (Fig. 6F). Third, as part of the experiments in Figure 6C-F, we combined Iso-1 with the 573 

adenylyl cyclase activator, forskolin (1 µM, 15 min). As we published previously, the cAMP 574 

pathway and its downstream effectors (PKA, EPAC) are important contributors to the 575 

maintenance of nociceptor hyperactivity induced 1-8 months earlier by SCI (Bavencoffe et al., 576 

2016; Berkey et al., 2020; Garza Carbajal et al., 2020) or acutely by serotonin (Lopez et al., 577 

2021). Interestingly, Iso-1 failed to prevent forskolin from dramatically increasing OA measured 578 

at -45 mV (Fig. 6C) and depolarizing RMP acutely (Fig. 6D) in neurons from Naïve rats. While 579 

no significant effect of Iso-1 was found on AP voltage threshold after forskolin treatment (Fig. 580 

6E), Iso-1 did not prevent the reduction in rheobase current by forskolin (Fig. 6E). These 581 

findings indicate that Iso-1 has selective effects on nociceptors, inhibiting chronic 582 

hyperexcitability after SCI but not affecting basal excitability under Naïve conditions or acute 583 

hyperexcitability induced by the stimulation of cAMP signaling by forskolin. 584 
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Conditioned medium from cultures of DRG cells isolated from SCI rats triggers MIF-585 

dependent nociceptor hyperactivity 586 

The inhibitory effects of Iso-1 on SCI-induced hyperactivity in dissociated nociceptors (Fig. 5) 587 

indicated that MIF function in vitro is necessary for promoting this hyperactivity. We next 588 

looked for evidence that MIF released into the medium from cells dissociated from SCI rats can 589 

induce hyperactivity in nociceptors dissociated from Naïve rats. Our cultures include various cell 590 

types reported to express (and in some cases, release) MIF, including DRG neurons, satellite 591 

glial cells, fibroblasts, and macrophages (Abe et al., 2000; Vera and Meyer-Siegler, 2003; 592 

Alexander et al., 2012; Lee et al., 2016), and previous studies have detected MIF expression in 593 

DRG neurons from uninjured rodents (Vera and Meyer-Siegler, 2003; Alexander et al., 2012). 594 

We first exposed nociceptors isolated from Naïve rats to culture medium conditioned by 595 

overnight (~18 h) incubation of DRG cells isolated from either Naïve or SCI rats (Fig. 7A). After 596 

1 h treatment with conditioned medium, we transferred each coverslip of neurons to ECS and 597 

recorded from several sampled neurons over a period of 30 to 60 min. A significant increase in 598 

OA measured at -45 mV but not at RMP occurred following exposure to the SCI conditioned 599 

medium (Fig. 7B). Exposure to the Naïve conditioned medium had no significant effect on OA at 600 

RMP or at -45 mV (Fig. 7B). The SCI conditioned medium produced a trend to depolarize RMP 601 

(Fig. 7C), but it had no significant effect on AP voltage threshold (Fig. 7D) or rheobase (Fig. 602 

7E). Incubation with SCI conditioned medium increased DSF amplitudes recorded at -45 mV 603 

(Fig. 7F) and caused a large increase in the incidence of neurons with large DSFs recorded 604 

at -45 mV (Fig. 7G). Addition of Iso-1 to conditioned medium after removal of the medium from 605 

dishes containing cells from SCI animals and prior to transfer to dishes containing cells from 606 

Naïve animals prevented the increase in OA at -45 mV (Fig. 7B), weakened the trend for 607 
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depolarized RMP (Fig. 7C), and eliminated both the increase in DSF amplitude (Fig. 7F) and the 608 

increased incidence of neurons with large DSFs recorded at -45 mV (Fig. 7G). These results 609 

indicate that after SCI, an Iso-1-sensitive factor (probably MIF) is continuously released by 610 

unknown populations of dissociated DRG cells, reaching levels in the medium sufficient to 611 

induce hyperactivity lasting at least 30 to 60 min after washout in nociceptors isolated from rats 612 

that had not experienced SCI. 613 

Excitation of probable nociceptors by MIF partially depends upon the extracellular signal-614 

regulated kinase (ERK) pathway 615 

MIF stimulation of DRG neurons has been reported to involve Iso-1-sensitive binding to CD74 616 

receptors and transactivation of the ERK pathway (Alexander et al., 2012). We recently showed 617 

that activation of the ERK pathway downstream of C-Raf is required to maintain the 618 

depolarization of RMP (into the range of ~-55 to -50 mV) and hyperactivity in nociceptors 619 

induced by SCI (Garza Carbajal et al., 2020). Thus, we tested a possible role of the ERK 620 

pathway in the excitation of probable nociceptors by MIF shown in Fig. 1. Neurons isolated from 621 

Naïve rats were pretreated with an inhibitor (UO126, 3 µM) of the upstream activator of ERK, 622 

MEK (Mitogen-activated protein kinase kinase), or with its corresponding vehicle (extracellular 623 

recording solution with 0.03% DMSO) for 15 min alone and then for an additional 15 min in 624 

combination with MIF (1 ng/ml). Co-incubation with UO126 prevented MIF-induced OA at 625 

RMP but not at -45 mV (Fig. 8A). This effect was probably from blocking the depolarizing 626 

effects of MIF (Fig. 8B) because UO126 treatment did not significantly impact AP voltage 627 

threshold (Fig. 8C) or rheobase (Fig. 8D). Because co-application of the vehicle for UO126 did 628 

not alter the effects of MIF (1 ng/ml), we pooled these data with the 1 ng/ml MIF data shown in 629 

Fig. 1 to increase statistical power for DSF analysis. UO126 significantly decreased DSF 630 
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amplitudes at rest and at -45 mV (Fig. 8E), but did not decrease the incidence of neurons with 631 

large DSFs recorded at rest or when artificially depolarized to -45 mV (Fig. 8F).  632 

The limited impact of UO126 treatment on the hyperexcitable effects of MIF in our 633 

conditions was somewhat surprising, given that transactivation of the ERK pathway has been 634 

reported in DRGs following MIF treatment. Therefore, we determined by high-content 635 

microscopy (HCM) whether MIF treatment (1 ng/ml, 15 min) increases phospho-ERK (pERK) 636 

levels acutely in sensory neurons isolated from Naïve rat DRGs (Fig. 8G). We used NGF (nerve 637 

growth factor, 30 ng/ml, 30 min treatment) as a positive control (Garza Carbajal et al., 2021). 638 

While pERK levels were significantly elevated following NGF treatment compared to the control 639 

condition, there was no increase following MIF application. As expected, NGF-induced pERK 640 

elevation was prevented by 30-min treatment with UO126 (3 µM), and trends were seen for 641 

UO126 to decrease pERK in basal and MIF-stimulated conditions. These HCM data extend our 642 

electrophysiological observations of limited effects of UO126 and, together, they suggest that the 643 

ERK pathway contributes partially to the hyperexcitable effects of MIF on NA neurons by 644 

promoting depolarization without affecting other electrophysiological properties. 645 

MIF can trigger an aversive behavioral state 646 

Our observations of MIF-induced hyperexcitability and OA in probable nociceptors (see also 647 

Alexander et al., 2012) plus previous reports of MIF-induced reflex hypersensitivity (Wang et 648 

al., 2010, 2011; Alexander et al., 2012) suggested that experimental delivery of MIF in vivo 649 

might produce affective pain and that inhibition of MIF activity might reduce ongoing pain. 650 

However, complexities in MIF’s known actions pose challenges to documenting behavioral 651 

consequences of its activity. First, our findings of both positive and negative effects of MIF on 652 

nociceptor excitability means that injection of exogenous MIF in vivo might produce either net 653 
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excitatory or inhibitory effects on nociceptor activity and consequent pain-related behavior, and 654 

different effects at different times and distances from an injection site. Second, previously 655 

reported behavioral effects of MIF injection in vivo develop over hours (Alexander et al., 2012) 656 

and possibly days (Wang et al., 2011). Slow development of complex MIF-dependent effects that 657 

might persist in the absence of MIF activity after development make testing the behavioral roles 658 

of MIF difficult. 659 

 Our clearest indication that MIF stimulates pain was finding learned aversion to a place 660 

associated with MIF injection (conditioned place aversion, CPA). CPA provides strong evidence 661 

for the affective-motivational component of pain in animals (Hummel et al., 2008). On Day 1, all 662 

Naïve rats were exposed to a three-chamber apparatus in a pretest to determine their preferred 663 

chamber. On Day 2, each rat hindpaw was injected with vehicle and the rat placed later into the 664 

non-preferred chamber as determined on Day 1 (vehicle pairing). Four hours later, each rat 665 

received hindpaw injections of MIF (50 ng each) and was later transferred to its previously 666 

preferred chamber (MIF pairing). On Day 3, rats received a posttest identical to the pretest. In 667 

one variant of this CPA procedure, the interval between each injection and placement in the 668 

paired chamber was 30 min and the duration in the chamber was 30 min. This variant failed to 669 

produce CPA (Fig. 9A). Importantly, this experiment showed that non-specific aspects of the 670 

protocol, such as where the most recent injection occurred, did not produce place aversion. The 671 

second variant of our CPA procedure assumed a longer latency and duration of MIF effects; the 672 

interval between each injection and placement in the paired chamber was 1 h and the duration in 673 

the chamber was 2 h. This variant produced significant CPA to the MIF-paired chamber (Fig. 674 

9A2), revealing that stimulation by MIF can produce an aversive state resembling pain.  675 
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We used a different test of voluntary behavior to investigate potential enhancement of 676 

evoked pain (hyperalgesia) by MIF injection. A modified version (Odem et al., 2019) of a 677 

previously described operant mechanical conflict (MC) test (Harte et al., 2016; Pahng et al., 678 

2017) gave rats a choice to cross sharp probes to explore a relatively novel environment and 679 

avoid a bright light. Mechanical hyperalgesia, as indicated by rats voluntarily choosing to spend 680 

more time under the light and to cross the probes less frequently was revealed previously by the 681 

MC test in rats given thoracic spinal contusion or sham surgery (Odem et al., 2019). After four 5-682 

min trials in the MC apparatus with the probes retracted (0 mm), both hindpaws of Naïve rats 683 

were injected with either vehicle or MIF (50 ng). Beginning 60 min later they were tested with 684 

the probes elevated to 4 mm, and this test was repeated after an additional 60 min. MIF injection 685 

produced no significant effects compared to vehicle on either the latency for the first crossing or 686 

the number of crossings during the 5-min tests with elevated probes (Fig. 9B-C), although a very 687 

weak trend to reduce the number of crossings at 0 mm and 4 mm may have been present. 688 

We also used the MC test to see whether inhibiting MIF function would reduce evoked 689 

pain after SCI. Because the pain induced by thoracic SCI is widespread and expressed by 690 

hypersensitivity in all four limbs (Bedi et al., 2010), and because, to our knowledge, the only 691 

previous study that tested MIF inhibitors on rats’ pain behavior utilized intrathecal injection 692 

(Wang et al., 2010), we injected either Iso-1 (30 µg, n = 8) or vehicle (saline with 10% DMSO, n 693 

= 3) by lumbar puncture. Neither Iso-1 nor vehicle injected intrathecally after the first 4-mm 694 

probe exposure decreased the first crossing latency or increased the number of crossings during 695 

the second 4-mm probe exposure (data not shown). These results indicate that MIF injected 696 

subcutaneously into the plantar surface of a paw does not enhance affective pain evoked by 697 
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stepping on sharp probes in Naïve rats, and that intrathecal inhibition of MIF does not reduce 698 

chronic mechanical hyperalgesia induced by SCI.  699 

To begin to test the hypothesis that continuing MIF activity in the DRG and/or spinal 700 

cord is required to maintain chronic ongoing pain after SCI, we used a conditioned place 701 

preference (CPP) test with nearly the same schedule as our CPA tests (see Fig. 9A). Previous 702 

work demonstrated a strong correlation between the incidence of SA (OA at RMP) in dissociated 703 

nociceptors and chronic reflex hypersensitivity after SCI (Bedi et al., 2010). In vivo interventions 704 

inhibiting SA in nociceptors (antisense knockdown of Nav1.8 channels or delivery of a KCNQ 705 

channel opener) had alleviated not only reflex hypersensitivity but also ongoing pain as indicated 706 

by a CPP test (Yang et al., 2014; Wu et al., 2017, 2020). After giving SCI rats a pretest on Day 1 707 

identical to that used in the CPA test, on Day 2 vehicle was injected intrathecally 30 min before 708 

placing them into their preferred chamber for 30 min. Four hours later, the procedure was 709 

repeated with Iso-1 (30 µg) injected intrathecally before transfer into the non-preferred chamber. 710 

This intrathecal dose of Iso-1 was reported to reduce reflex hypersensitivity in rat models of 711 

peripheral inflammation and nerve injury (Wang et al., 2010, 2011). In the posttest on Day 3, the 712 

SCI rats exhibited a very weak, statistically insignificant trend to spend more time in the 713 

chamber previously paired with Iso-1 than the chamber previously paired with vehicle injection 714 

(Fig. 9D; p = 0.123). The same CPP procedure on Naïve rats revealed no evidence of a 715 

conditioned preference for the Iso-1-paired chamber (Fig. 9E, paired t-test). Thus, while our 716 

CPA results show that MIF application can produce a pain-like aversive state, our MC and CPP 717 

tests confirm that the behavioral actions of MIF are complex, and their potential contributions to 718 

the maintenance of persistent pain after SCI require further investigation. 719 

 720 
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Discussion 721 

This study has revealed complex roles of MIF in pain-related nociceptor activity. Importantly, 722 

conditioned avoidance of a place paired with MIF injection showed that MIF can produce an 723 

aversive, pain-like state. Physiologically relevant concentrations of MIF induced hyperactivity in 724 

dissociated nociceptors by multiple neurophysiological mechanisms. The complexity of MIF’s 725 

actions was indicated by the narrow dose dependence of nociceptor hyperactivity induced by 726 

exogenous MIF, and the switch to induce hypoactivity after prior SCI. A MIF inhibitor blocked 727 

SCI-induced nociceptor hyperexcitability, and also blocked hyperexcitability induced by medium 728 

conditioned by DRG cells from SCI rats, but it did not alter basal excitability under normal 729 

conditions or forskolin-induced acute hyperexcitability.  730 

MIF injection can produce an aversive, pain-like state 731 

The sufficiency of MIF to induce reflex hypersensitivity was indicated previously in mice by 732 

intraplantar injection (Alexander et al., 2012) and intrathecal injection (Wang et al., 2011), which 733 

reduced paw withdrawal thresholds for several hours and 1 week, respectively. In contrast, we 734 

found only weak hints using the MC test in rats that intraplantar injection of MIF might induce 735 

mechanical hyperalgesia. Furthermore, plantar MIF injection failed to produce heat hyperalgesia 736 

or mechanical allodynia in tested rats (A. Bavencoffe, E. Walters, unpublished observations). 737 

Although this discrepancy might represent species differences, it might also reflect complicated 738 

temporal, regional, and dose dependencies of MIF actions. Importantly, we found that 739 

intraplantar MIF injection produced significant CPA, showing for the first time that MIF can 740 

induce an aversive, pain-like state. On the other hand, we did not find alleviation of SCI-induced 741 

mechanical hyperalgesia by Iso-1, nor statistically significant CPP to a chamber paired with MIF 742 
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inhibitor, Iso-1, after SCI. Nevertheless, the weak trend observed for Iso-1-induced CPP 743 

encourages systematic exploration of factors (temporal, dose, route of delivery) in MIF inhibitor 744 

experiments that may reveal specific contributions of ongoing MIF activity to SCI pain that can 745 

be correlated with altered excitability of nociceptors. 746 

MIF potently induces hyperactivity in dissociated nociceptors 747 

While plasma levels of MIF have not been reported in rats, in humans circulating MIF levels 748 

increase from ~0.5 ng/ml in the absence of injury to ~1 ng/ml both in the first week after SCI 749 

(Bank et al., 2015) and chronically (years to decades) after SCI (Stein et al., 2013). We found 750 

that nociceptors in the Naïve group showed increased OA at these same concentrations (0.5 and 751 

1 ng/ml), accompanied by corresponding alterations in neurophysiological mechanisms 752 

promoting OA: depolarization of RMP, hyperpolarization of AP voltage threshold, and 753 

enhancement of DSFs. These same alterations occur after SCI (Odem et al., 2018; Berkey et al., 754 

2020) and cisplatin treatment (Laumet et al., 2020) in rodents, and in human DRG neurons 755 

associated with patient-reported pain (North et al., 2022). The only previous evidence for MIF 756 

altering sensory neuron excitability (also at 1 ng/ml) was an increase in discharge frequency of 757 

OA recorded at a holding potential of ~-30 mV in neurons isolated from Naïve mice (Alexander 758 

et al., 2012).  759 

MIF concentrations that normally produce hyperexcitability can convert NA nociceptors 760 

that are already hyperexcitable into a hypoexcitable RA state 761 

An unusual feature of MIF’s effects on the excitability of nociceptors from Naïve rats was the 762 

steep and narrow dose dependence, going from no effect to maximal effect and back to no effect 763 

over less than a 100-fold concentration range. For comparison, serotonin increases excitability 764 
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without any decrease over a 1000-fold range as assessed with the same tests (Lopez et al., 2021). 765 

A possible explanation is that additional depolarization evoked by MIF concentrations above 766 

1 ng/ml in vitro trigger a hypoexcitable state. Our recordings from SCI neurons before and 767 

during MIF perfusion support this interpretation. Serotonin may be less likely to induce 768 

hypoexcitability because, while it decreases AP threshold and enhances DSFs, it fails to 769 

depolarize nociceptors (Lopez et al., 2021). An inverted U-shaped dose-response relationship 770 

was also described for ectopic firing of C- and Aδ-fibers exposed sequentially to increasing 771 

doses of TNFα in vivo (Sorkin et al., 1997), supporting the possibility that nociceptors become 772 

less excitable when overstimulated by cytokines. Moreover, hypoexcitability of dissociated 773 

nociceptors after 24-hour depolarization produced by KCl has been described in a preliminary 774 

report (McIlvried et al., 2018). If prolonged depolarization of nociceptors induces a 775 

hypoexcitable state, one would predict that conditions that cause hyperexcitability, such as SCI, 776 

combined with excitatory stimulation by MIF, would increase the incidence of hypoexcitable 777 

nociceptors. RA nociceptors appear identical to NA nociceptors, even in the amplitudes and 778 

durations of their APs, but they are far less excitable and fail to discharge repetitively (Odem et 779 

al., 2018). Thus, the increase in the incidence of RA neurons (and corresponding decrease in NA 780 

neurons) at the highest MIF concentration applied to the Naïve group and the dramatic, long-781 

lasting (for at least tens of minutes) shift in the hyperexcitable SCI group from NA neurons to 782 

RA neurons after treatment with lower doses of MIF are striking. These observations suggest 783 

that prolonged depolarization of sufficient amplitude and/or duration by MIF, especially when 784 

amplified by preexisting hyperexcitability induced by SCI, triggers a hypoexcitable state. This 785 

inducible state might be a dysfunctional consequence of abnormal depolarization, but it might 786 

also have protective, homeostatic functions. 787 
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MIF may be released by DRG cells to promote nociceptor hyperactivity 788 

Nociceptor hyperactivity induced in vitro by concentrations of MIF found in the plasma of 789 

people with SCI (Stein et al., 2013; Bank et al., 2015) suggests that circulating MIF contributes 790 

to ongoing SCI pain driven by nociceptor OA. Unexpectedly, we found evidence that MIF may 791 

also be released by cells within the DRG. First, Iso-1 addition to DRG cultures from SCI rats 792 

inhibited nociceptor hyperexcitability. Second, conditioned medium from cultures of DRG cells 793 

from SCI rats induced a high incidence of OA and enhanced DSFs in nociceptors from Naïve 794 

rats, and both effects were prevented by addition of Iso-1 to medium taken from the SCI-795 

associated cultures. This indicates that MIF is continuously released into the medium bathing 796 

cells dissociated from SCI rats, where it helps to maintain nociceptor hyperexcitability. The 797 

potency of MIF or other factors released into the medium in response to local MIF release for 798 

driving hyperactivity is suggested by the ability of the SCI conditioned medium to promote 799 

nociceptor hyperactivity despite likely dilution of MIF compared to in situ conditions. Among 800 

the potential sources of MIF in our cultures are DRG neurons, satellite glial cells, fibroblasts, and 801 

macrophages, all of which may express MIF (Abe et al., 2000; Vera and Meyer-Siegler, 2003; 802 

Alexander et al., 2012; Lee et al., 2016). Because MIF can stimulate numerous cell types 803 

(Calandra and Roger, 2003), it might exert some of its effects by triggering the release of other 804 

signals. For example, sensory neurons exposed to conditioned media from synoviocytes 805 

stimulated by TNFα, or satellite glial cells after cisplatin treatment, exhibited hyperexcitability 806 

potentially mediated by IL-6 (Chakrabarti et al., 2020; Leo et al., 2021). Thus, an important 807 

question concerns the extent to which MIF’s effects on nociceptors represent direct excitation as 808 

opposed to indirect effects from MIF triggering the release of excitatory factors from other cell 809 

types, such as myeloid cells (Alexander et al., 2012; Cox et al., 2013). 810 
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ERK signaling is necessary for MIF-induced depolarization of nociceptors 811 

Little is known about intracellular mechanisms for MIF’s hyperexcitable effects on nociceptors. 812 

Iso-1 blocks the tautomerase activity of MIF, preventing its binding to receptors such as CD74 813 

and activation of pathways including ERK1/2 (Al-Abed and VanPatten, 2011; Leng et al., 2011; 814 

Georgios Pantouris et al., 2015). CD74 receptors are expressed in rodent DRGs (Mecklenburg et 815 

al., 2020; Sun et al., 2020), with increased levels after injury (Sun et al., 2020). Interestingly, 816 

ERK activity has been implicated in MIF effects on DRG (Alexander et al., 2012) and spinal 817 

neurons (Wang et al., 2010, 2011). We found that ERK inhibitor UO126 reversed MIF-induced 818 

OA at rest, depolarization of RMP, and enhancement of DSF amplitude, supporting a role for 819 

ERK signaling. However, no significant effects were observed on AP threshold, rheobase, or OA 820 

at -45 mV, indicating that ERK signaling may primarily be involved in depolarization of RMP, 821 

which then enables OA at rest (SA) and may enhance DSF amplitudes (Odem et al., 2018), This 822 

partial contribution of ERK signaling to MIF-induced hyperexcitability extends our recent 823 

finding that ERK signaling maintains SCI-induced depolarization in nociceptors (Garza Carbajal 824 

et al., 2020). An interesting possibility is that MIF-dependent depolarization helps to maintain a 825 

positive feedback loop between ERK activity and depolarization in nociceptors (Garza Carbajal 826 

et al., 2020), which contributes to persistent pain states.  827 

In sum, MIF potently excites nociceptors and can stimulate a pain-like aversive state. An 828 

inhibitor of MIF attenuates nociceptor hyperexcitability induced by SCI, but not basal 829 

excitability or forskolin-induced hyperexcitability, suggesting a role of MIF released by DRGs 830 

(in addition to blood-borne MIF) for maintaining pain-related nociceptor hyperactivity after SCI. 831 

Given that neutralization of MIF reduces pathophysiology in diverse models of chronic 832 
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inflammation (e.g., (Stosic-Grujicic et al., 2009; Sinitski et al., 2019)), inhibiting MIF may be a 833 

useful approach to treat chronic pain in SCI and related neuropathic conditions.  834 
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Figure Legends 1038 

Figure 1. Brief treatment (15-60 min) of physiologically relevant concentrations of MIF 1039 

increases the excitability of nonaccommodating (NA) nociceptors isolated from Naïve rats. A, 1040 

Representative current clamp recordings (I = 0, 10 sec) from neurons during the indicated 1041 

treatments. Inset, expanded view of a 4-s segment to highlight DSFs (red arrowheads) during 1042 

1 ng/ml MIF treatment. Note that the illustrated APs have been clipped at -20 mV to permit an 1043 

enlarged view of the underlying DSFs. The actual peaks of the APs were ~+50 mV. B, Effects of 1044 

different doses of MIF on the incidence of neurons exhibiting OA at RMP or when artificially 1045 

depolarized to -45 mV. Comparisons of OA at each concentration versus vehicle treatment (0 1046 

ng/ml) were performed with Fisher’s exact test (* p < 0.012 considered significant after 1047 

Bonferroni correction for 4 comparisons, ** p < 0.0025, *** p < 0.00025). Numbers over each 1048 

bar represent the number of neurons exhibiting OA/the total number sampled. C-E, Effects of 1049 

different doses of MIF on excitability properties of NA neurons from Naïve rats. C, RMP. D, AP 1050 

voltage threshold. E, rheobase. Each circle represents 1 neuron. Bars represent medians. 1051 

Comparisons between each dose and vehicle were performed by Kruskal-Wallis tests followed 1052 

by Dunn’s multiple comparison tests, with corresponding p values indicated on the figure. F, 1053 

Lack of effects of different intracellular concentrations of EGTA (0.1 mM and 3 mM) on the 1054 

incidence of neurons exhibiting OA at RMP or when artificially depolarized to -45 mV in the 1055 

absence and presence of MIF (1 ng/ml). Comparisons of OA between basal conditions or with 1056 

0.1 mM EGTA with and without MIF were performed with Fisher’s exact tests (* p < 0.05, ** p 1057 

< 0.01). Numbers over each bar represent the number of neurons exhibiting OA/total number 1058 

sampled. AP, action potential; MIF, macrophage migration inhibitory factor; OA, ongoing 1059 

activity; RMP, resting membrane potential. 1060 
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Figure 2. NA neurons isolated from injured rats exhibit complex responses to MIF. A, Effects of 1061 

different doses of MIF (15-60 min pretreatment) on the incidence of NA neurons with OA when 1062 

isolated 3-5 months after sham surgery. OA was measured at RMP and when artificially 1063 

depolarized to -45 mV. Comparisons of OA at each concentration versus vehicle treatment (0 1064 

ng/ml) were performed with Fisher’s exact test (p < 0.025 considered significant after Bonferroni 1065 

correction for 2 comparisons). B, Effects of MIF on the incidence of neurons with OA 1-4 1066 

months after SCI surgery (p < 0.017 considered significant after Bonferroni correction for 3 1067 

comparisons). C, Representative recording at RMP of a hyperactive NA neuron isolated from an 1068 

SCI rat and exposed to MIF starting at t = 0. D, Effect of MIF exposure on mean membrane 1069 

potential at different time points (n = 11). Comparison between control period (t = -10 s) with 1070 

subsequent time points was performed with Friedman test followed by Dunn’s multiple 1071 

comparisons test. Data are represented as mean ± SEM. E, Effect of MIF exposure on AP firing 1072 

frequency measured by 20 sec. time bins (n = 11). Comparison between control period (-20 : 0 1073 

sec.) with subsequent time bins was performed with Friedman test followed by Dunn’s multiple 1074 

comparisons test. Each circle represents 1 neuron. Bars represent medians. AP, action potential; 1075 

MP, membrane potential; MIF, macrophage migration inhibitory factor; OA, ongoing activity; 1076 

SCI, spinal cord injury. 1077 

Figure 3. MIF causes a shift from NA to RA neurons after SCI. A, Representative traces of 1078 

recordings from NA and RA neurons during a 2-s pulse of injected current at 2x rheobase. DSF 1079 

indicated by red arrowhead. Note that the illustrated APs have been clipped at 0 mV to show the 1080 

DSFs. B, Effects of different doses of MIF on the incidence of RA neurons dissociated from 1081 

Naïve, Sham, and SCI rats compared to vehicle treatment. All neurons sampled were either RA 1082 

or NA. Comparisons of RA incidence at each concentration versus vehicle treatment were 1083 
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performed with Fisher’s exact test. After Bonferroni correction for multiple comparisons, the 1084 

significance level * was p < 0.012 in the Naïve group, p < 0.025 in the Sham group, and 1085 

p < 0.017 in the SCI group. *** was p < 0.00033 in the SCI group. C, Dose-effect relationships 1086 

between MIF and the incidence of RA neurons sampled from control (Naïve and Sham) and SCI 1087 

groups. AP, action potential; MIF, macrophage migration inhibitory factor; NA, 1088 

nonaccommodating; OA, ongoing activity; RA; rapid accommodating; SCI, spinal cord injury. 1089 

Figure 4. MIF treatment enhances DSFs in NA neurons from Naïve but not SCI rats. A, Effects 1090 

of different doses of MIF on DSF amplitudes in NA neurons isolated from Naïve and SCI rats 1-1091 

4 months after surgery. Median DSF amplitudes (bars) are shown when measured at RMP and 1092 

when artificially depolarized to -45 mV. Each circle represents the mean DSF amplitude 1093 

measured in a 30-s recording from 1 neuron. Comparisons between each dose and vehicle (0 1094 

ng/ml) were performed by Kruskal-Wallis tests followed by Dunn’s multiple comparison tests. 1095 

Comparison among Naïve and SCI groups during vehicle treatment was also performed using 1096 

Kruskal-Wallis tests followed by Dunn’s multiple comparison tests, with corresponding p values 1097 

indicated on the figure. p < 0.05 was considered significant. B, Effects of different doses of MIF 1098 

on the incidence of sampled neurons (same neurons as in A) with large DSFs (>5 mV) measured 1099 

at RMP and when depolarized to -45 mV. Comparisons between each dose and vehicle were 1100 

performed by Fisher’s exact test. After Bonferroni correction for multiple comparisons, the 1101 

significance level * was p < 0.012 in the Naïve group and p < 0.017 in the SCI group. *** was 1102 

p < 0.00025 in the Naïve group. Comparisons between Naïve and SCI vehicle conditions were 1103 

also performed with Fisher’s exact test with p < 0.025 considered significant after Bonferroni 1104 

correction. For these comparisons, the significance level *** was p < 0.0005. DSF, depolarizing 1105 

spontaneous fluctuation; MIF, macrophage migration inhibitory factor; SCI, spinal cord injury. 1106 
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Figure 5. MIF inhibitor Iso-1 reverses hyperactivity in NA neurons from SCI rats. A, Effect of 1107 

Iso-1 (40 µM) treatment overnight (ov) or for 1 h before (and during) testing versus vehicle 1108 

(Veh, 0.1% DMSO in ECS) on the incidence of OA recorded from NA neurons isolated from 1109 

SCI rats at RMP and when depolarized to -45 mV. Comparisons of OA in each Iso-1 treatment 1110 

group versus vehicle were performed with Fisher’s exact test (*, p < 0.025 considered significant 1111 

after Bonferroni correction for 2 comparisons; **, p < 005 and ***, p < 0005). B, Effects of the 1112 

same treatments on median RMP. C, Effects on mean (+/- SEM) AP voltage threshold. D, 1113 

Effects on median rheobase. E, Effects on median DSF amplitude. F, Effects on incidence of 1114 

neurons with large (> 5 mV) DSFs. Comparisons between vehicle and both Iso-1 treatments 1115 

were performed by Kruskal-Wallis tests followed by Dunn’s multiple comparison tests in B and 1116 

D, and by Brown-Forsythe and Welch ANOVA test followed by Dunnett’s T3 multiple 1117 

comparison test (F(2, 25.81 = 3.83), p = 0.035) in C. For B-D, p < 0.05 was considered 1118 

significant. E, Effects of Iso-1 on median DSF amplitude measured at RMP and -45 mV. F, 1119 

Effects of Iso-1 on the incidence of neurons with large DSFs. Comparisons between vehicle and 1120 

both Iso-1 treatments was performed by Kruskal-Wallis tests followed by Dunn’s multiple 1121 

comparison tests in E and Fisher’s exact test in F. For E, p < 0.05 was considered significant and 1122 

for F, *, p < 0.025 was considered significant after Bonferroni correction; **, p < 005 and ***, p 1123 

< 0005. AP, action potential; DSF, depolarizing spontaneous fluctuation; OA, ongoing activity; 1124 

ov, overnight; MIF, macrophage migration inhibitory factor; RMP, resting membrane potential; 1125 

SCI, spinal cord injury; Veh, vehicle. 1126 

Figure 6. MIF inhibitor Iso-1 does not alter basal excitability or acute cAMP-induced 1127 

hyperexcitability in NA neurons dissociated from Naïve rats. A, Lack of effect from co-1128 

incubating NA neurons with MIF (1 ng/ml, 15 min) and inhibitor Iso-1 (40 µM, 1 h) compared to 1129 



 

53 
 

vehicle (0.1% DMSO in ECS) with on OA incidence at RMP and when depolarized to -45 mV 1130 

(Fisher’s’ exact test). B, Lack of effect on median RMP (Mann-Whitney U test). C, Failure of 1131 

Iso-1 (40 µM, 1 h) co-application to prevent increased OA incidence at -45 mV by adenylyl 1132 

cyclase activator forskolin (1 µM, 15 min) (Fisher’s exact test, ** p < 0.005 after Bonferroni 1133 

correction). D, Failure of Iso-1 to prevent depolarization of mean (± SEM) RMP by forskolin (1-1134 

way ANOVA and Dunnett’s test, F(2, 27) = 0.19, p = 0.82). E, Lack of apparent effect of Iso-1 1135 

on mean (± SEM) AP voltage threshold with or without forskolin (Brown-Forsythe and Welch 1136 

ANOVA test and Dunnett’s test, F(2, 24.34) = 1.15, p = 0.33). F, Failure of Iso-1 to prevent 1137 

reduction of median rheobase by forskolin (Kruskal-Wallis test and Dunn’s test) For B and D-F, 1138 

p < 0.05 was considered significant. AP, action potential; Fsk, forskolin; OA, ongoing activity; 1139 

MIF, macrophage migration inhibitory factor; RMP, resting membrane potential; Veh, vehicle. 1140 

Figure 7. NA neurons dissociated from Naïve rats exhibit MIF-dependent hyperactivity after 1141 

exposure to conditioned medium bathing DRG cells dissociated from SCI rats. A, Experimental 1142 

design. B-G, MIF-dependent effects of SCI conditioned media (“SCI”) versus either Naïve 1143 

conditioned media (“N”) or SCI conditioned medium plus Iso-1 (40 µM) after 1 h on nociceptors 1144 

isolated from Naïve rats. B, Increased incidence of neurons with OA at -45 mV but not at RMP, 1145 

which was prevented by Iso-1 (Fisher’s exact test, * p < 0.025, ** p < 0.005 after Bonferroni 1146 

correction). C, Lack of strong effect on mean RMP (Brown-Forsythe and Welch ANOVA test 1147 

followed by by Dunnett’s T3 multiple comparison test, F(2, 56.49) = 2.5, p = 0.091). D, Lack of 1148 

effect on mean AP voltage threshold (1-way ANOVA followed by Dunnett’s multiple 1149 

comparison test, F(2, 60) = 0.97, p = 0.38). E, Lack of effect on median rheobase (Kruskal-1150 

Wallis test followed by Dunn’s multiple comparison test), F, Increased median DSF amplitude 1151 

measured at -45 mV but not RMP, which was prevented by Iso-1 (Kruskal-Wallis test followed 1152 
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by Dunn’s multiple comparison test). For C-F, p < 0.05 was considered significant. G, Increased 1153 

incidence of neurons with large DSFs, which was prevented by Iso-1 (Fisher’s exact test, * p < 1154 

0.025, ** p < 0.005 after Bonferroni correction). AP, action potential; DSF, depolarizing 1155 

spontaneous fluctuation; ECS, extracellular solution; OA, ongoing activity; MIF, macrophage 1156 

migration inhibitory factor; RMP, resting membrane potential; SCI, spinal cord injury. 1157 

Figure 8. Partial effects of MEK/ERK inhibition on the hyperexcitable effects of MIF on NA 1158 

neurons isolated from Naïve rats. A, Effect of UO126 (3 µM) 30 min treatment versus vehicle 1159 

(Veh, 0.03% DMSO in ECS) on the incidence of OA at RMP and when depolarized to -45 mV 1160 

during treatment with MIF (1 ng/ml) in NA neurons from Naïve rats. Neurons were treated first 1161 

with vehicle or UO126 for 15 min then co-incubated with MIF for 15 min. Comparisons of OA 1162 

in each treatment group versus vehicle were performed with Fisher’s exact test (*, p < 0.05; **, p 1163 

< 0.01). B-D, Effects of the same treatments on mean ± SEM RMP (B), AP voltage threshold. 1164 

(C) and rheobase (D). Comparisons were performed by Welch’s t-test. E, Effects on median DSF 1165 

amplitude. F, Effects on incidence of neurons with large (> 5 mV) DSFs. Numbers over each bar 1166 

represent the number of neurons exhibiting large DSFs/total number sampled. Comparisons of 1167 

DSF amplitudes between both conditions were performed by Welch’s t-test while comparisons 1168 

of incidence of neurons with large DSFs were done by Fisher’s exact test. G, Effect of UO126 (3 1169 

µM) treatment versus vehicle (Veh, 0.03% DMSO in PBS) on pERK levels measured by high-1170 

content microscopy (HCM) in control (PBS), MIF (1ng /ml, 30 min) and NGF (30 ng/ml, 30 1171 

min) conditions. UO126 or vehicle was given 30 min beforehand. Comparisons of UO126 1172 

effects in each condition were performed by 2-way ANOVA with Sidak’s multiple comparisons 1173 

test (F(2,12) = 25.26, p = 0.0005). Comparisons of pERK levels in vehicle conditions were done 1174 

by RM one-way ANOVA with Geisser-Greenhouse correction followed by Dunnett’s multiple 1175 
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comparisons test (F(1.013, 2.026) = 98.39 p = 0.0096). AP, action potential; DSF, depolarizing 1176 

spontaneous fluctuation; MIF, macrophage migration inhibitory factor; NGF, nerve growth 1177 

factor; OA, ongoing activity; pERK, phospho extracellular signal-regulated kinase; RMP, resting 1178 

membrane potential; Veh, vehicle. 1179 

Figure 9. MIF can trigger an aversive behavioral state as indicated by conditioned place aversion 1180 

(CPA) but other pain-related tests did not reveal significant effects. A (left panel), Lack of CPA 1181 

to a chamber paired for a shorter period (30 min) and shorter time (30 min) after intraplantar 1182 

injection of MIF (50 ng in each hindpaw). Rats received MIF in their initially preferred chamber 1183 

as defined on Day 1 and vehicle in their non-preferred chamber (n = 6). The median times in the 1184 

initially preferred chamber are shown as bars, individual values as open circles and differences 1185 

tested by paired t test. A (right panel), Significant CPA to a chamber paired for a longer period 1186 

(2 h) and longer time (1 h) after the MIF injections (n = 17). B-C, Lack of effect on the 1187 

mechanical conflict (MC) test from hindpaw injections of MIF (50 ng, n = 12) or vehicle 1188 

(n = 12). Results from the last 3 of 6 tests are shown; only the last 2 had the sharp probes 1189 

elevated to 4 mm. Injections (dashed line) were given 1 h prior to the first 4-mm test. B, Latency 1190 

for the first crossing of the connecting chamber either without (0 mm) or with (4 mm) probe 1191 

elevation. Both groups showed an increase in latency to cross the probes, but there were no 1192 

significant treatment differences (Mixed-effects 2-way ANOVA with Sidak’s multiple 1193 

comparisons test, F (1, 22) = 0.27, p = 0.6). C, The number of crossings in 5 min. Both groups 1194 

showed a decrease in crossings, but there were no significant treatment differences (2-way 1195 

ANOVA with Sidak’s multiple comparisons test, F (1, 22) = 2.38, p = 0.14). Bars indicate 1196 

medians and circles represent individual animals. D-E, Results of conditioned place preference 1197 

(CPP) tests on SCI (D) and Naïve rats (E) for a chamber paired with intrathecal injection of MIF 1198 
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inhibitor, Iso-1. On Day 2 SCI (n = 24) or Naïve (n = 6) rats received single-trial differential 1199 

conditioning with intrathecal injection of Iso-1 (30 µg) in the previously less preferred chamber, 1200 

and vehicle in the other. Bars show medians, comparisons by paired t-test. MIF, macrophage 1201 

migration inhibitory factor; SCI, spinal cord injury; veh, vehicle. 1202 

 1203 

Table legends 1204 

Table 1. Experimental design for behavioral tests. CPA, conditioned place avoidance; CPP, 1205 

conditioned place preference; DMSO, dimethyl sulfoxide; MC, mechanical conflict ; MIF, 1206 

macrophage migration inhibitory factor ; SCI, spinal cord injury. 1207 

Table 2. Effects of MIF on electrophysiological measures of excitability in NA neurons isolated 1208 

from Naïve, Sham, and SCI rats. Values are reported as medians (minimum, maximum) (number 1209 

of cells sampled). Each dose of MIF was compared against vehicle treatment (0 ng/ml). 1210 

Statistical tests: BF, Brown-Forsythe and Welch ANOVA test followed by Dunnett’s T3 1211 

multiple comparison test; KW, Kruskal-Wallis test followed by Dunn’s multiple comparison test. 1212 

Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001. AP, action potential; MIF, 1213 

macrophage migration inhibitory factor; RMP, resting membrane potential; SCI, spinal cord 1214 

injury. 1215 

Table 3. MIF has little effect on electrophysiological measures of excitability in RA neurons 1216 

isolated from naïve, sham-operated, and SCI rats. Values are reported as medians (minimum, 1217 

maximum) (number of cells sampled). Statistical analysis was performed by comparing each 1218 

dose of MIF against vehicle (0 ng/ml). Statistical tests: BF, Brown-Forsythe and Welch ANOVA 1219 

test followed by Dunnett’s T3 multiple comparison test; KW, Kruskal-Wallis test followed by 1220 
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Dunn’s multiple comparison test. AP, action potential; MIF, macrophage migration inhibitory 1221 

factor; RMP, resting membrane potential; SCI, spinal cord injury. 1222 
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Table 1. Experimental design for behavioral tests. 

Condition Drug (dose) Vehicle Route of injection Test Figure 

Naïve MIF (50 ng) Saline Hindpaw CPA 9A  

Naïve MIF (50 ng) Saline Hindpaw MC 9B/9C 

SCI Iso-1 (30 µg) Saline/DMSO Intrathecal CPP 9D 

Naïve Iso-1 (30 µg) Saline/DMSO Intrathecal CPP 9E 

 

CPA, conditioned place avoidance; CPP, conditioned place preference; DMSO, dimethyl 

sulfoxide; MC, mechanical conflict ; MIF, macrophage migration inhibitory factor ; SCI, spinal 

cord injury. 
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Table 2. Effects of MIF on electrophysiological measures of excitability in NA neurons isolated 

from naïve, sham-operated and SCI rats. 

N
aï

ve
 

MIF (ng/ml) 0 0.1 0.5 1 10 Test 

RMP (mV) -65.3 

(-77, -51.6) 

(39) 

-63.2 

(-90.7, -58.1) 

(16) 

-64.1 

(-70.9, -53) 

(12) 

-49.3 

(-67, -40) (18) 

*** 

-57 

(-66.1, -44.9) 

(11) * 

KW 

AP voltage 

threshold (mV) 

-31.6 

(-37.2, -16.3) 

(39) 

-33.6 

(-40.2, -21.2) 

(16) 

-34.9 

(-48.6, -27.1) 

(12) 

-36.7 

(-50.1, -27.3) 

(18) ** 

-32.5 

(-40, -23) (11) 

KW 

Rheobase (pA) 115 (15, 240) 

(39) 

160 (5, 275) 

(16) 

85 (5, 225) 

(12) 

50 (5, 180) 

(18) *** 

120 (30, 200) 

(11) 

KW 

 
Sh

am
 

MIF (ng/ml) 0 0.1 0.5 - - Test 

RMP (mV) -60.6 

(-75.6, -50.6) 

(21) 

-60.5 

(-71.4, -40) 

(23) 

-59.5 

(-70, -44) (15) 

- - KW 

AP voltage 

threshold (mV) 

-30.2 

(-38.8, -22.5) 

(21) 

-27.1 

(-39.4, -18.2) 

(23) 

-30.6 

(-53.4, -26.2) 

(14) 

- - KW 

- 

Rheobase (pA) 85 (10, 265) 

(21) 

140 (0, 430) 

(23) 

105 (5, 220) 

(15) 

- - KW 

 
SC

I 

MIF (ng/ml) 0 0.01 0.1 1 - Test 

RMP (mV) -48.4 -54.2 -48.8 -64.3 - BF 
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(-71.4, -40) 

(19) 

(-78.7, -40.3) 

(9) 

(-68.4, -42.1) 

(6) 

(-68.5, -46.4) 

(3) 

AP voltage 

threshold (mV) 

-34.4 

(-47.3, -29.1) 

(19) 

-36.5 

(-46.5, -20.3) 

(9) 

-37.3 

(-45.3, -32.4) 

(6) 

-29.6 

(-34.5, -23.5) 

(3) 

- KW 

Rheobase (pA) 35 (5, 75) (19) 65 (10, 165) 

(9) 

20 (5, 120) (6) 85 (75, 340) 

(3) * 

- KW 

 

Values are reported as medians (minimum, maximum) (number of cells sampled). Each dose of 

MIF was compared against vehicle treatment (0 ng/ml). Statistical tests: BF, Brown-Forsythe and 

Welch ANOVA test followed by Dunnett’s T3 multiple comparison test; KW, Kruskal-Wallis 

test followed by Dunn’s multiple comparison test. Significance levels: * p < 0.05; ** p < 0.01; 

*** p < 0.001. AP, action potential; MIF, macrophage migration inhibitory factor; RMP, resting 

membrane potential; SCI, spinal cord injury. 
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Table 3. MIF has little effect on electrophysiological measures of excitability in RA neurons 

isolated from naïve, sham-operated, and SCI rats. 

N
aï

ve
 

MIF (ng/ml) 0 0.1 0.5 1 10 Test 

RMP (mV) -67.1 

(-80.9, -55.3) 

(11) 

-66.1 

(-73.2, -59.8) 

(10) 

-65.1 

(-66.3, -62) 

(3) 

-70.1 

(-75.2, -52.6) 

(9) 

-61 (-70, -55) 

(13) 

BF 

AP voltage 

threshold (mV) 

-26 

(-32.6, -12.2) 

(11) 

-29.5 

(-34.4, -19.4) 

(10) 

-30.1 

(-32.4, -21.8) 

(3) 

-24.6 

(-31.5, -7) (9) 

-25.3 

(-34, -4.7) 

(13) 

KW 

Rheobase (pA) 240 (40, 460) 

(11) 

175 (100, 

280) (10) 

165 (100, 

210) (3) 

180 (135, 

360) (9) 

160 (40, 400) 

(13) 

BF 

 
S

ha
m

 

MIF (ng/ml) 0 0.1 0.5 - - Test 

RMP (mV) -65.6 

(-71.2, -59) 

(12) 

-64.2 

(-73.5, -57.2) 

(15) 

-61.1 

(-62.5, -60) 

(4) 

- - KW 

AP voltage 

threshold (mV) 

-25.8 

(-31.6, -14.8) 

(12) 

-26.7 

(-34.2, -16.5) 

(15) 

-27.5 

(-31.7, -25.1) 

(4) 

- - KW 

Rheobase (pA) 207.5 (65, 

250) (12) 

215 (55, 480) 

(15) 

172.5 (140, 

260) (4) 

- - KW 

 
S

C
I 

MIF (ng/ml) 0 0.01 0.1 1 - Test 

RMP (mV) -65.4 -68.7 -57.9 -70.5 - BF 
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(-72.2, -60.3) 

(4) 

(-73.3, -64.1) 

(2) 

(-69.1, -46.4) 

(10) 

(-78.1, -52.8) 

(13) 

AP voltage 

threshold (mV) 

-33.9 

(-34.7, -19.2) 

(4) 

-31.4 

(-31.4, -31.4) 

(2) 

-24.7 

(-36.5, -11.3) 

(10) 

-29 

(-37, -23.6) 

(13) 

- BF 

Rheobase (pA) 150 (65, 185) 

(4) 

145 (130, 

160) (2) 

237.5 (100, 

490) (10) 

200 (100, 

420) (13) 

- KW 

 

Values are reported as medians (minimum, maximum) (number of cells sampled). Statistical 

analysis was performed by comparing each dose of MIF against vehicle (0 ng/ml). Statistical 

tests: BF, Brown-Forsythe and Welch ANOVA test followed by Dunnett’s T3 multiple 

comparison test; KW, Kruskal-Wallis test followed by Dunn’s multiple comparison test. AP, 

action potential; MIF, macrophage migration inhibitory factor; RMP, resting membrane 

potential; SCI, spinal cord injury. 

 


