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Abstract
Stress and glucocorticoids exacerbate pain via undefined mechanisms. Macrophage migration
inhibitory factor (MIF) is a constitutively expressed protein that is secreted to maintain immune
function when glucocorticoids are elevated by trauma or stress. Here we show that MIF is
essential for the development of neuropathic and inflammatory pain, and for stress-induced
enhancement of neuropathic pain. Mif null mutant mice fail to develop pain-like behaviors in
response to inflammatory stimuli or nerve injury. Pharmacological inhibition of MIF attenuates
pain-like behaviors caused by nerve injury and prevents sensitization of these behaviors by stress.
Conversely, injection of recombinant MIF into naïve mice produces dose-dependent mechanical
sensitivity that is exacerbated by stress. MIF elicits pro-inflammatory signaling in microglia and
activates sensory neurons, mechanisms that underlie pain. These data implicate MIF as a key
regulator of pain and provide a mechanism whereby stressors exacerbate pain. MIF inhibitors
warrant clinical investigation for the treatment of chronic pain.

© 2012 Elsevier Inc. All rights reserved.

Corresponding author: Phillip G. Popovich, The Ohio State University, 460 West 12th Avenue, 786 Biomedical Research Tower,
Columbus Ohio 43210; ph: 614.688.8576; fax: 614.688.5463; Phillip.Popovich@osumc.edu.
1Present Address: Hospital for Sick Children, Toronto, Ontario, Canada
2Present Address: University of Texas Health Science Center, Houston, Texas, USA

Commercial Interests: Drs. Dagia, Reddy, and Sielecki are employees of pharmaceutical companies that provided reagents.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Neurol. Author manuscript; available in PMC 2013 August 01.

Published in final edited form as:
Exp Neurol. 2012 August ; 236(2): 351–362. doi:10.1016/j.expneurol.2012.04.018.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
MIF; Pain; Stress; Glucocorticoids; Axon; Neuroplasticity; Microglia; Macrophage; Cytokine;
Inflammation

Introduction
There is an urgent need for new treatment options in the prevention and management of
chronic pain. An estimated 20–30% of the world’s adult population experience chronic pain
(Gureje et al., 1998; Harstall, 2003). Present therapies are inadequate and poorly managed
pain leads to physical and psychological disability, reduced quality of life, and significant
cost burden to healthcare providers and society (Katz and Barkin, 2010; Stewart et al.,
2003).

Psychological stress can exacerbate the frequency and severity of pain (Turk et al., 2010).
Exactly how pain is initiated or amplified by stress is poorly understood; however, pre-
clinical data indicate that endogenous glucocorticoids (GCs), the primary stress hormone,
aggravate pain (Alexander et al., 2009; Khasar et al., 2008; Wang et al., 2004). GCs exert
anti-inflammatory and immunosuppressive actions, which are proposed to be
counterbalanced by another hormone, macrophage migration inhibitory factor (MIF). MIF is
a pituitary-derived hormone secreted in tandem with GCs during stress and circadian
pulsatility (Bernhagen et al., 1993; Calandra et al., 1995; Petrovsky et al., 2003). It was first
described as a T cell cytokine, named for its ability to cause macrophage arrest in
inflammatory exudates (Bloom and Bennett, 1966; David, 1966). MIF is now recognized as
a pro-inflammatory cytokine and an endocrine hormone. Basal circulating concentrations of
MIF are ~1000-fold greater than other pro-inflammatory cytokines (e.g., IL-1β, TNF-α,
IL-6) (Aloisi et al., 2005; Bucala, 1996; Calandra and Roger, 2003).

Many cytokines and hormones are released during injury or inflammation, and these factors
regulate neuronal encoding of painful sensations. For example, in pre-clinical models,
inflammatory cytokines cause or amplify nociception by enhancing neuron excitability
(Fukuoka et al., 1994; Jin and Gereau, 2006; Jung et al., 2008; Obreja et al., 2005; Oh et al.,
2001; Ozaktay et al., 2006; Schafers et al., 2003a; von Banchet et al., 2005; Zhang et al.,
2002). Endocrine hormones (e.g., GCs, estrogen) also regulate neuronal activity in painful
states, causing heightened sensitivity or analgesia (Hucho et al., 2006; Wang et al., 2005).
Whether MIF influences pain in the presence or absence of concurrent stress is largely
unknown.

Here, we tested the hypotheses that MIF contributes to the development of pain and also to
the sensitization of pain behaviors by stress. Our data show that MIF is required for the
onset of pain caused by nerve injury or inflammation. Further, MIF alone is algogenic and
acts as a downstream mediator of stress effects on pain; MIF inhibition prevents stress-
induced exacerbation of pain. The robust effects of MIF can be explained by MIF acting on
microglia and neurons; MIF elicits pro-inflammatory signaling in microglia and triggers
functional and anatomical plasticity in sensory neurons. Together, these data implicate MIF
as a key regulator of pain and enhanced pain responses caused by stress.

Materials & Methods
Animals

Adult female (8–10 weeks) MIF-null mutant (Mif−/−) or wild type (WT) mice were used for
most experiments. Mif−/− mice (B6;129S4-Miftm1Dvd) were generated as previously
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described and extensively backcrossed (>10 generations) onto a C57BL/6 background
(Bozza et al., 1999). Offspring were genotyped using PCR to confirm deletion of Mif (Fig.
1). Primers used to amplify DNA were: neo (forward, 5′-
CGTCCAGATCATCCTGATC-3′; reverse, 5′-ATTGAACAAGATGGATTGCAC-3′) and
Mif (forward, 5′-AGACCACGTGCTTAGCTGAG-3′; reverse, 5′-
GCATCGCTACCGGTGGATAA-3′). C57BL/6 WT mice were obtained from Taconic
(Germantown, NY) or in-house colony. Adult or early postnatal female Sprague-Dawley rats
(Harlan, Houston, TX) were a source of tissue or primary microglia, respectively (see Figs.
3&4). Although most data were generated using mice, rats also were used as experimental
subjects because of inherent limitations or issues of feasibility using mouse cells/tissues with
select assays or reagent(s). To the extent possible, data were confirmed in both species.

Animals were group-housed in standard cages with ad libitum access to food and water.
Animals were habituated and maintained in a vivarium with controlled temperature (~20° C)
on a 12 hr light/dark cycle. Behavioral testing was performed during the light cycle by an
experimenter unaware of procedure, genotype, and/or treatment. All procedures were
conducted in accordance with protocols approved by the Ohio State University Institutional
Laboratory Animal Care and Use Committee and with the guidelines of the Committee for
Research and Ethical Issues of International Association for the Study of Pain.

Drugs
Recombinant human MIF (rMIF) was prepared as previously described (Dagia et al., 2009)
(Piramal Life Sciences Limited, Mumbai, India) and delivered in sterile phosphate buffered
saline (PBS) vehicle (Veh). We tested the efficacy of two small molecule MIF inhibitors
(MIFi), Iso-1 (0.5–1 mg/mouse in Fig. 2B; 100 μM in 4B; Calbiochem (Gibbstown, NJ))
and CPSI-1306 (10 mg/kg; Fig. 8A; Cytokine PharmaSciences (King of Prussia, PA)).
Selectivity and potency for these compounds have been described (Aroca et al., 1991;
Kithcart et al., 2010; Lubetsky et al., 2002). The compounds were prepared in 10% DMSO
in sterile PBS. Lipopolysaccharide (LPS; E. coli 055:B5) and complete Freund’s adjuvant
(CFA) were obtained from Sigma. Nerve growth factor (NGF) was obtained from AbD
Serotec (Raleigh, NC).

Restraint stress protocol
Mice assigned to experimental groups incorporating stress were placed individually into
well-ventilated polypropylene tubes (2.8 cm internal diameter, 9.7 cm length) for 60 min.
Mice had no previous exposure to the tube, which permits minimal, confined movement
including postural adjustments. This acute restraint stress paradigm causes circulating levels
of corticosterone to increase ~300–400% with return to pre-stress levels within 2 h
(Alexander et al., 2009; Flint et al., 2005; Qin and Smith, 2008). Mice not subjected to stress
(No Stress groups) remained undisturbed in their home cages.

Peripheral nerve injury
The spared nerve injury (SNI) procedure was performed using aseptic technique as
described previously (Alexander et al., 2009; Shields et al., 2003). This is a widely used
model of neuropathic pain in which the tibial branch of the sciatic nerve is spared. In
contrast to a similar model of SNI where the sural branch of the sciatic nerve is spared
(Bourquin et al., 2006), the duration of peak mechanical hypersensitivity is reduced with
tibial nerve sparing (Alexander et al., 2009; Shields et al., 2003). Mice were anesthetized
(isoflurane anesthesia in oxygen-enriched air; 4% induction/1.5% maintenance) then an
incision of the skin and biceps femoris muscle was made at the upper-thigh level to expose
the sciatic nerve and its three terminal branches. Two of the branches, the sural and common
peroneal nerves, were tightly ligated with 7-0 silk suture (Genzyme Biosurgery, Fall River,
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MA) then transected distal to the ligature. Subsequently, 1–2 mm of each nerve was resected
~1 mm distal to the ligature. The tibial nerve was left intact. The muscle/fascia layer and
skin layer were closed separately with 5-0 nylon suture (Syneture, Norwalk, CT). The same
injury model was applied to rats (n=3) to create injured sciatic nerve specimens for
immunostaining (Fig. 3J).

Intraplantar inflammation and rMIF
A single subcutaneous (s.c.) plantar right hind paw injection (0.02 ml) of complete Freund’s
adjuvant (CFA; 0.5 mg/ml suspension of heat-killed Mycobacterium tuberculosis in mineral
oil; Sigma, St. Louis, MO, USA) was performed using a 26 g sterile needle and syringe
under brief anesthesia with isoflurane in oxygen. Control mice were injected with the same
volume of vehicle (mineral oil). Mice were housed on soft bedding. To assess the onset of
inflammation, hind paw volume was measured.

A single subcutaneous (s.c.) plantar right hind paw injection (0.02 ml) of rMIF (1000 pg) or
Veh (PBS) was performed as described above. Neither CFA nor cytokines caused foot drop
or autotomy and the mice groomed normally and appeared healthy.

Behavioral Testing
Punctate mechanical sensitivity was analyzed by measuring threshold responses to
calibrated von Frey monofilaments (Stoelting Co., Wood Dale, IL). Mice were placed on a
mesh platform in a clear compartment (8 cm × 12 cm × 5.5 cm) that permits unrestrained
exploration, locomotion, and grooming in this space. Monofilaments were applied to the
mid-line of the plantar surface of each hind paw using the up-down method for threshold
sensitivity (Chaplan et al., 1994). The stimulus intensity threshold represents the smallest
force that repeatedly elicits withdrawal of the hind paw during 10 trials (≥ 50% response
sensitivity to smallest force). Threshold values represent von Frey hair handle markings that
correspond to log10 of (10× force in mg) (Loram et al., 2009).

Thermal sensitivity was tested using the Hargreaves’ method using a Plantar Test Apparatus
(UgoBasile, Comerio, Italy) as described previously (Hoschouer et al., 2010). The latency to
withdraw the hind paw from the infrared radiant heat stimulus (25 W) was recorded. Both
hind paws were tested for 5 trials in random order with at least two minutes rest between
trials. To avoid tissue damage in non-responsive mice, the heat stimulus was removed after
30 sec. The average duration across trials was used for data analyses.

Mice were acclimated to the testing procedure for 20 min/day for 2 days prior to the start of
the experiment and for 10 min (von Frey) or 40 min (Hargreaves’) before each session. von
Frey and Hargreaves’ measurements were made on different days to avoid overstimulation
of the hind paws. For mice in Fig. 2B, behavioral testing was completed on days 1 and 3
post-SNI ~2 hours after injecting MIF inhibitor.

In vitro characterization of rMIF-induced microglia activation
Primary microglia were prepared as previously described (McCarthy and de Vellis, 1980;
Yang et al., 2005). Meninges were removed from the brains of postnatal (P2–4) SD rats and
the cerebral cortices were minced and triturated, then digested for 15 min at 37°C in S-MEM
(Invitrogen, Carlsbad, CA) with 0.1% trypsin (Sigma). Trituration was resumed after the
addition of 60 μg/ml DNase I (Sigma) and 10% fetal bovine serum (FBS; Hyclone) in
DMEM (Invitrogen). Dissociated cells were centrifuged for 5–7 min × 1200 rpm and then
cells from 5–6 rats were seeded onto a 75 cm2 tissue culture flask coated with 100 μg/ml
poly L-lysine (PLL; Sigma). Cells were maintained in DMEM containing 10% FBS with 1%
Glutamax™ (Invitrogen) and 1% Pen/Strep at 37°C in a 5% CO2 humidified incubator for 10
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days, with full media changes ~ every 3 days. Cells were rinsed and media replaced after 10
days in culture followed by a 2h equilibration period in the incubator. Then, flasks were
sealed with Parafilm® and shaken (250 rpm ×s ~15 h) in an orbital shaker maintained at 37
°C, and subsequently at 300 rpm for an additional 45 min. Detached cells (consisting of
microglia and oligodendrocyte progenitor cells) were collected in media then plated into 24-
well tissue culture dishes for 30 min at 37 °C, during which time microglia adhere to the
dish. Non-adherent cells (OPCs) were removed after 30 min. The microglia (purity > 97% as
determined by CD11b flow cytometry) were maintained in DMEM containing 10% FBS
with 1% Glutamax™ and Pen/Strep at 37°C in a 5% CO2 humidified incubator for 1–3 days
before use in experiments. Cells incubated at 37°C in a 5% CO2 humidified incubator were
treated with rMIF at indicated concentrations and time points. The Veh control for rMIF was
sterile PBS. RNA was isolated using the Trizol method (Invitrogen) and cytokine mRNA
was measured using qRT-PCR as described below. Because RNA yield from primary mouse
microglia was substantially lower than from rat microglia (e.g., 100 ng/ul in mouse
microglia vs. 200 ng/ul using 50% fewer rat microglia), rat microglia were used for replicate
experiments of dose-response (Fig. 4A) and for evaluating the effects of MIF inhibitor (Fig.
4B). For rMIF dose-response and MIF inhibition assays (Fig. 4A, B), changes in gene
expression were confirmed in three independent experiments. rMIF-induced changes in gene
expression were confirmed in at least one independent experiment using primary mouse
microglia and also an immortalized BV-2 microglia cell line. BV-2 cells were analyzed via
flow cytometry to confirm cytokine synthesis (protein) in response to rMIF (Fig. 4D, E).

Quantitative real time-PCR (qRT-PCR)
Gene-specific primer pairs for IL-1β, TNF-α, CCL2, IL-6, and iNOS were used as described
previously (Kigerl et al., 2007). Gene expression was determined using qRT-PCR and
compared between rMIF and Veh groups. Primer sequence specificity was confirmed by
performing BLAST analysis for similar sequences against known sequence databases. PCR
reactions were carried out in triplicate using 1μL cDNA/reaction and SYBR Green master
mix (Applied Biosystems, Foster City, CA, USA) in 20 μL reactions. PCR product was
measured using SYBR Green fluorescence collected on an Applied Biosystems 7300
system. Melting point analyses were performed for each reaction to confirm single amplified
products. ΔΔCt analysis was used to normalize gene data to 18s ribosomal RNA expression.

Flow cytometry
BV-2 cells were treated with GolgiPlug (BD Biosciences, San Jose, CA) 4 h before they
were collected, washed and stained for CD11b (PacificBlue; BD Biosciences), IL-6 (PE; BD
Bioscience) and CCL2 (FITC; eBioscience, San Diego, CA). Events were acquired on a
FACSCanto II flow cytometer (BD Biosciences). Cells were gated based on forward vs. side
scatter and CD11b expression. IL-6 and CCL2 were analyzed from the CD11b+ gate using
FlowJo software (TreeStar, Ashland, OR). Isotype control mAbs (BD Biosciences) matched
for each fluorochrome were used for cursor placement.

In vitro dorsal root ganglia (DRG) experiments
Adult mouse DRGs were harvested as described previously (Gensel et al., 2009). After 72 h
at 37°C in a 5% CO2 humidified incubator, cells were fixed with 2% paraformaldehyde in
PBS. Coverslips were rinsed with 0.1 M phosphate buffer solution (PBS) and overlaid with
blocking solution for 1 h. To label neurons, coverslips were incubated with anti-chicken
neurofilament heavy and light chains (NF; 1:2000; Aves Labs, Tigard, OR) overnight at
4°C. Coverslips were then rinsed in 0.1 M PBS and incubated for 1 h with AlexaFluor 546-
conjugated antibody in blocking solution (1:1000; Invitrogen), then rinsed in dH2O and
mounted on slides. For Western blot, cellular protein was extracted as described below.
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Measures of in vitro axon growth
Twenty-four hours after plating, mouse DRG cells were treated with rMIF (at indicated
concentrations), NGF (100 ng/ml) or Veh (PBS) in Neurobasal A media supplemented with
2% B27, 1% Glutamax™, and 1% penicillin-streptomycin and maintained for an additional
48 h at 37°C in a 5% CO2 humidified incubator. Cells were then fixed with 2%
paraformaldehyde in PBS and processed for immunohistochemistry as described. Three
coverslips were generated for each experimental condition. At least three independent
experiments were conducted for each in vitro manipulation. All neurons that contained at
least one neurite with a length greater than the diameter of the soma were digitized using a
10x objective. To quantify the growth of individual neurons, isolated neurons were analyzed
using an automated Sholl technique. This is an unbiased method for quantifying both
branching complexity and axon length in vitro (Gensel et al., 2010).

Western Blot
Mouse spinal cord (lumbar region), DRGs (all), cortex (unilateral), hippocampus (bilateral),
and pituitary gland were harvested 5 min or 1, 3 or 24 h after the onset of restraint stress or
no stress. All mice were anesthetized with ketamine/xylazine (80 mg kg−1/10 mg kg−1; i.p.)
prior to transcardial perfusion with 30 ml 0.1 M phosphate-buffered saline (PBS, pH 7.4).
Tissues were collected and homogenized in mammalian protein extraction reagent (M-PER)
lysis buffer (Invitrogen) containing protease and phosphatase inhibitors (Halt Cocktails;
ThermoScientific; Rockford, IL). Adult mouse DRGs (Fig. 6) were plated as described
previously (Gensel et al., 2009) then lysed in M-PER lysis buffer containing protease and
phosphatase inhibitors (Halt Cocktails). Protein concentrations were determined by BCA
Protein Assay (ThermoScientific) and samples (10 μg/well) were separated on 10% Bis-Tris
gels and transferred to a nitrocellulose membrane in a wet-transfer apparatus (Invitrogen).
After protein transfer, membranes were incubated with 5% BSA (ERK) or 5% milk (MIF, β-
actin) for 1 h at room temperature, then with primary antibodies (1:1000 for ERK, pERK
(Cell Signaling, Beverly, MA), MIF (Invitrogen) or β-actin (Sigma)) in the same blocking
solution at 4°C for at least 12 h, and finally with secondary anti-IgG antibodies (1:5000
(ERK, MIF); 1:8000 (β-actin)) in 5% BSA for 1 h at room temperature. The membrane was
washed three times with PBS + 5% Tween for 10 min each between incubations. HRP
activity was visualized using a chemiluminescent substrate and signal density quantified
with a Kodak Image Station 4000MM Pro (Carestream Health, Inc., Rochester, NY).
Because of small sample sizes, heterogeneity in group variances required that data be
transformed [log(10)] for normal distribution and statistical analysis (Osborne, 2002). Data
in Fig. 7B–F represent the relative increase of MIF after stress compared to control (no
stress). Changes in MIF are normalized to β-actin for each replicate.

Prior to lysis, DRG cells (24 h after plating) were treated for 10 min with rMIF (1000 pg/ml)
or Veh (PBS) in Neurobasal A media supplemented with 2% B27, 1% Glutamax™ and 1%
penicillin-streptomycin for 10 min (Fig. 6E).

ELISA
For measurement of plasma MIF, mouse cardiac blood was collected in heparin-coated tubes
prior to transcardial perfusion, as described above. Round-bottom 96-well plates (Costar,
Cambridge, MA) were coated with 1 μg/ml MIF capture antibody (Abcam, Cambridge,
MA) in PBS + 0.02% sodium azide. Plates were incubated overnight at 4°C, washed with
PBS and blocked for 2 h at 37°C with PBS + 1% BSA. Plates were washed with PBS + 0.05
Tween and incubated with 20 μl plasma for 2 h at 37°C. After washing, plates were
incubated with 1 μg/ml detection antibody (biotinylated human anti-MIF, R&D) for 1 h.
After washing, bound antibodies were visualized by incubating in avidin-peroxidase for 30
min followed by ABTS substate (ThermoScientific). Samples were plated in triplicate and
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compared to a serial dilution curve using rMIF (R&D). Spectrophotometric readings were
performed on a microplate reader at 405 nm.

Histological analyses
For cellular localization of MIF, tissues specimens were obtained from both rats and mice.
Initial experiments were carried out using mouse specimens and although clear cellular
labeling was evident in sections from wild type mice (but not Mif−/− mice), it was
accompanied by high background labeling (e.g., Fig 3K). The same cellular distribution of
MIF was observed in rat tissue but with a higher signal:noise ratio (i.e., low background
labeling). Consequently, rat tissues were used to document the distribution of MIF+ cells
throughout spinal cord and peripheral nerve (Fig. 3).

Mice and rats were anesthetized with a ketamine/xylazine (80 mg kg−1/10 mg kg−1; i.p.)
cocktail prior to transcardial perfusion with 30 ml 0.1 M phosphate-buffered saline (PBS,
pH 7.4) followed by 100 ml of 4% paraformaldehyde. After perfusion, tissues were rapidly
removed then post-fixed for 2 h, followed by a rinse and overnight immersion in 0.2
phosphate buffer (PB) solution. Tissues were cryoprotected in 30% sucrose in 0.2 M PB for
48 h. Spinal cords (blocked in 4 mm segments centered on the L-5 level), sciatic nerves, and
L4–6 DRGs were embedded in optimal cutting temperature compound (OCT; Tissue-Tek,
VWR International, West Chester, PA) then frozen at −80°C. Transverse serial sections of
spinal cord and longitudinal serial sections of nerve and DRG (10 μm) were cut using a
cryostat, thaw-mounted on SuperFrost Plus slides (Fisher Scientific, Houston, TX) then
stored at −20°C until use. After drying at room temperature, slides were rinsed with 0.1 M
phosphate buffer solution (PBS) and overlaid with blocking solution (5% bovine serum
albumin and 0.1% TritonX-100 (Sigma) in 0.1 M PBS) for 1 h. To label Iba-1 and MIF,
slides were incubated with rabbit anti-MIF (1:2000; Invitrogen, Gland Island, NY) or rabbit
anti-Iba-1 (1:750; Wako, Richmond, VA) overnight at 4°C. Chicken anti-GFAP (1:500) and
neurofilaments 150 kD and 200 kD (NF; 1:1000; Aves Labs), mouse anti-CC1 (1:1000;
Abcam), NeuN (1:1000; Chemicon) and OX-42 (1:1000; Serotec, Raleigh, NC) were used
as above, prior to MIF. Slides were then rinsed in 0.1 M PBS and incubated with AlexaFluor
488, 546, or 633-conjugated anti-IgG antibody for 1 h at room temperature in blocking
solution (1:500–1000; Invitrogen). DAPI was used when possible as a nuclear counterstain.
Slides were then rinsed in dH2O and coverslipped with Immumount (Fisher Scientific).
Numerous methods were used to validate the specificity of the MIF antibody (Burry, 2000;
Saper and Sawchenko, 2003). First, tissues were stained excluding primary antibodies (no
primary control). No primary controls using serum from the species in which the secondary
antibody was obtained also were tested. Finally, an optimal ratio of primary:secondary
antibodies was applied to tissues from Mif−/− mice. No immunostaining was detected in this
control (Fig. 3L). As an index of consistency of positive labeling, MIF immunoreactivity
was confirmed using MIF-specific antibodies from different commercial sources (Torrey
Pines, East Orange, New Jersey; Abcam) and tissues obtained from several different
experiments. Our lab has validated the specificity of all other antibodies (Almad and
McTigue, 2010; Ankeny et al., 2009; Sroga et al., 2003). Representative images were
collected using an Olympus Flowview 1000 confocal microscope. Analysis of mouse Iba-1
expression was conducted as previously described (Alexander et al., 2009).

Electrophysiology
Coverslips plated with mouse DRG neurons (5–10k neurons/coverslip; as described above,
at 18–24 h) were centered in a perfusion chamber filled with extracellular solution (ECS)
containing (in mM): 145 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 Glucose, 10 HEPES, pH7.4.
rMIF was diluted in ECS and delivered via a pressure-driven perfusion system (SmartSquirt
8, AutoMate Scientific) with the tip positioned so that the DRG neuron was within the direct
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stream of perfusate. Recording pipettes were pulled from micropipette glass (A-M Systems,
Inc., Carlsborg, WA) to 3–5 MΩ and filled with an intracellular solution containing (in
mM): 122 K-gluconate, 9 NaCl, 1.8 MgCl2, 0.9 EGTA, 9 HEPES, 14 Tris-creatinePO4, 4
MgATP, 0.3 Tirs-GTP, pH 7.2). A tight (G Ω) seal and high quality break-in was made by
utilizing the ez-gSEAL pressure controller (NeoBiosystems, Inc. San Jose, CA). Whole cell
recordings were accomplished using an EPC10 amplifier and the PatchMaster 2.2.0 software
(HEKA Electronik, Germany). As soon as the whole cell configuration was established, fast
and slow capacitances were cancelled and the holding potential (Vh) was set to −60 mV.
Resting membrane potential (RMP) and spontaneous firing (SF) were recorded after
switching to current clamp mode, and setting current injection to zero. Depolarization-
induced firing was established by injecting a sufficient current to maintain resting membrane
potential at −30 mV in current clamp mode. Data were filtered at 3 kHz and digitized at 10
kHz. All recordings were made at room temperature (22–24 °C). Only one cell per cover slip
was recorded to avoid possible drug contamination of other cells.

ECS perfusion was initiated when the coverslip was set in the recording chamber. The
recorded neuron was perfused continuously either by ECS or 1 ng/ml rMIF in ECS. SF or
depolarizing-induced firing was recorded for 12 seconds each, before, during (1 min after
initiating rMIF perfusion) and after rMIF treatment.

Data analysis
Behavioral data were analyzed using repeated measures two-way ANOVA. Post-hoc
analyses were conducted using Bonferroni’s test. One-way ANOVA was used to analyze
data with multiple groups, and Student’s t test was used to analyze functional neuron data, or
data with only one comparison. Dunnett’s post-hoc test was used to analyze normalized
Western blot data. An α-level of p< 0.05 was used as an indication of statistical
significance. Statistical analyses and graphing were performed with GraphPad Prism 5
(GraphPad Software, San Diego, CA).

Results
MIF is essential for developing neuropathic or inflammatory pain

MIF is an integral signaling intermediate between the immune and endocrine systems, and
both systems regulate pain (Chapman et al., 2008). As such, the ability of MIF to affect the
onset, magnitude and/or duration of pain-like behaviors was tested in wild type (WT) and
MIF null (Mif−/−) mice subjected to a spared tibial nerve injury (SNI). After SNI, WT mice
consistently developed mechanical hypersensitivity. Conversely, Mif−/− mice did not
develop hypersensitivity (Fig. 2A). These observations were confirmed in three independent
experiments.

Next, we tested whether pharmacological inhibition of MIF would inhibit or reduce
hypersensitivity caused by SNI. Nerve-injured WT mice were treated with a small molecule
MIF inhibitor (MIFi; 1 mg/mouse) or vehicle beginning at 60 min post-SNI then again 1, 2
and 3 days later (0.5 mg/mouse/day). In two independent studies, post-injury inhibition of
MIF was associated with reduced mechanical hypersensitivity for at least 14 days (latest
period tested; Fig. 2B). These data, when considered together with those obtained from
Mif−/− mice, indicate that MIF regulates the development and magnitude of neuropathic
pain.

Inflammation can cause chronic pain in the absence of direct mechanical trauma to the
peripheral or central nervous system. To determine if MIF contributes to the development of
inflammatory pain, complete Freund’s adjuvant (CFA) was injected into the plantar surface
of the hind paw of WT or Mif−/− mice. As described previously (Abbadie et al., 2003), CFA
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produced paw edema, mechanical hypersensitivity and thermal hyperalgesia in WT mice. In
contrast, neither mechanical nor thermal sensitivity developed in Mif−/− mice and paw
edema was significantly reduced relative to WT mice (Fig. 2C–E). The small molecule MIF
inhibitor also reduced allodynia by >50% compared to Veh at 1 and 3 days (data not shown).
MIFi was injected i.p. at the time of i.pl. CFA injection and once daily for 3 days post-CFA.
These results were confirmed in replicate studies for the Mif−/− mice and a single
experiment using the MIF inhibitor.

To determine if a focal increase in MIF is sufficient to cause hypersensitivity (without nerve
injury or inflammatory stimuli), recombinant MIF (rMIF) was injected into the intact hind
paw of WT mice. rMIF induced hypersensitivity to a similar extent as nerve injury or
intraplantar CFA (Fig. 2F). These algogenic effects were dose-dependent (10 pg–10 ng; only
the effects of 1 ng are shown).

Collectively, data in Fig. 2 indicate that MIF is necessary and sufficient for the development
of neuropathic or inflammatory pain; however, it is not known if MIF is acting on cellular
targets within or outside the CNS. To gain insight to MIF’s potential site(s) of action,
immunohistochemical analyses were completed. As shown in Fig. 3, MIF is ubiquitously
distributed throughout the peripheral and central nervous systems, especially within cells
located in regions involved in sensory transmission. In the spinal cord, MIF was observed in
a subset of dorsal horn neurons, axons and cell bodies of astrocytes, microglia and
oligodendrocytes. MIF was not detected in the myelin sheath or ventral horn neurons. In the
peripheral nervous system, MIF was observed in sciatic nerve and DRG. After injury of the
sciatic nerve, MIF-expressing leukocytes accumulate at the site of injury (Fig. 3J). Thus,
MIF is constitutively expressed within the anatomical substrates that are important for
sensory transmission and can be increased at sites of injury by inflammatory cells.

MIF elicits pro-inflammatory signaling in microglia
Microglia, the resident macrophages of the central nervous system, have been implicated as
cellular effectors of pain. Although peripheral macrophages adopt a pro-inflammatory
phenotype in response to MIF (Bernhagen et al., 2007; Calandra et al., 1994; Gregory et al.,
2006; Mitchell et al., 2002; Onodera et al., 1997), it is not known if MIF affects pro-
inflammatory cytokine production by microglia. Accordingly, we tested the ability of MIF
to elicit the synthesis and release of pro-algesic cytokines and chemokines from microglia
(Abbadie et al., 2003; Ramer et al., 1998; Zhang et al., 2007).

rMIF consistently increased expression of TNF-α, IL-1β, IL-6, CCL2 and iNOS mRNA in
primary rat and mouse microglia and immortalized BV-2 microglia (Fig. 4A; rat data
shown). To confirm the specificity and necessity of rMIF for eliciting this response, rMIF
was co-administered with a small molecule MIF inhibitor (MIFi; 100 μM; 6 h) after which a
subset of inflammatory genes was analyzed via real-time PCR. In each case, MIFi reduced
gene expression (Fig. 4B).

The inflammatory effects of rMIF on macrophages have been attributed to endotoxin
contamination in available recombinant protein preparations (Kudrin and Ray, 2008). To
determine whether endotoxin was present in the rMIF samples that we used to stimulate
microglia, an LAL assay was performed. Only trace amounts (0.2 EU/ml or ~17 pg/ml in
100 ng/ml rMIF; Hycult Biotechnology, The Netherlands) of endotoxin were detected.
When applied to BV-2 microglia, this concentration of LPS was unable to reproduce the
pro-inflammatory effects of rMIF or 100 ng/ml LPS (Fig. 4C).

For a subset of cytokines and chemokines (CCL2 and IL-6), MIF-induced changes in
mRNA were confirmed at the protein level using flow cytometry (100 ng/ml for 12 h; Fig.
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4D, E). Lower concentrations of MIF (10 or 30 ng/ml) had no effect on CCL2 or IL-6.
Western blotting for IL-6 confirmed the flow cytometry data (not shown).

Injury to the sciatic nerve causes reproducible changes in the phenotype and morphology of
microglia located in the spinal cord dorsal horn. To determine if morphological parameters
of microglial activation varied between Mif−/− and WT mice after SNI, dorsal horn
microglia were visualized using Iba-1 immunohistochemistry. Reactive microglia were
observed within superficial dorsal horn laminae in both genotypes by 3 days post-SNI;
however, genotype did not affect the magnitude of this response (Fig. 5). These data are
consistent with independent reports showing that morphological indices of microglial
reactivity do not predict the development or extent of behavioral hypersensitivity after nerve
injury (Colburn et al., 1997; Tozaki-Saitoh et al., 2008; Tsuda et al., 2009; Tsuda et al.,
2003).

MIF elicits functional and anatomical plasticity in sensory neurons
Dorsal root ganglia (DRG) are comprised of neurons that convey sensory signals from the
periphery to the CNS. When DRG axons are injured, neuropathic pain develops in parallel
with the onset of marked structural (e.g., sprouting) and functional plasticity in the affected
neurons (Woolf and Salter, 2000). Data above (see Fig. 3) indicate that MIF is co-localized
within DRG and inflammatory leukocytes that accumulate at sites of injury. To determine if
MIF affects DRG neurons directly, rMIF was applied to adult mouse DRG neurons in vitro
after which indices of structural plasticity were measured. rMIF (100–1000 pg/ml)
significantly increased two measures of DRG structural plasticity, i.e., axon sprouting and
overall axon length (Fig. 6A–D). The magnitude of growth was comparable to that caused
by treating DRG neurons with nerve growth factor (NGF), the prototypical neurotrophic
factor for sensory neurons (Fig. 6C).

In non-neuronal cells, MIF activates the extracellular signal-regulated kinase (ERK)
signaling pathway (Lue et al., 2005; Mitchell et al., 1999). In neurons, ERK activation is
critical for stimulating axon growth/regeneration (Zhou and Snider, 2006). As shown in Fig.
6E, rMIF enhances ERK1/2 activation in DRG neurons suggesting that in response to injury,
localized increases in MIF may stimulate structural plasticity.

Small diameter DRG neurons are nociceptors that transmit pain information into the CNS.
To determine how MIF affects the function of presumed nociceptive neurons, we applied
whole-cell patch clamp recording techniques to mouse DRG neurons in culture. Presumed
nociceptive neurons were identified based on cell size (≤ 30 μm diameter) and capacitance
of less than 20 pF (mean 11.5 ± 1.3 S.E.M. pF); data were collected only from DRG neurons
with these characteristics. The average resting membrane potential of recorded cells was −45
± 1.2 mV. Of the neurons tested, ~44% (7/16) fired repetitively in the current clamp mode
when maintained at −30 mV by depolarizing current injection. As shown in Fig. 6F, rMIF (3
min exposure, 1 ng/ml) increased the baseline firing frequency of these neurons ~3-fold.
Non-firing neurons were unaffected by rMIF. These data indicate that MIF increases the
excitability of a subset of presumed nociceptive DRG neurons.

Stress-enhanced pain behaviors are MIF-dependent
The development, persistence and severity of pain are influenced by both biological and
environmental factors. Psychological stress, for example, aggravates pain and pain-related
disabilities (Caceres and Burns, 1997; Hall et al., 2011). Data described above implicate
MIF as a pivotal biological regulator of pain hypersensitivity. Because circulating levels of
MIF are increased after stress (Calandra et al., 1995), it is plausible that the stress-pain axis
is regulated by MIF.
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To determine if stress increases MIF within anatomical regions that are important for
processing or relaying nociception and/or stress, WT mice were subjected to acute restraint
stress, then at various times, semi-quantitative changes in MIF were evaluated by Western
blot. Restraint stress was used because it triggers a consistent increase in circulating GCs
and potentiates neuropathic pain (Alexander et al., 2009).

Five minutes after initiating restraint stress, spinal cord MIF increased 3-fold (Fig. 7A, B).
By 1, 3, and 24 h post-stress, spinal MIF levels had declined but remained elevated (non-
significantly) relative to no-stress control samples. MIF also increased with a similar time
course in DRGs, but the magnitude of change was greater (Fig. 7A, C). In contrast, acute
stress had little effect on MIF in cerebral cortex, hippocampus or pituitary gland (Fig. 7D–
F). Stress increased plasma MIF as much as 300% over baseline (20.77 ng/ml ± 3.37
S.E.M.) within 24 hours (mean range of post-stress plasma MIF = 30.35 – 82.45 ng/ml).

To test the hypothesis that exacerbation of pain by stress is MIF-dependent, loss- and gain-
of-function experiments were conducted. First, to block stress-induced activity of MIF, WT
mice were injected with either a pharmacological inhibitor of MIF (MIFi) or vehicle 30
minutes prior to restraint stress. After 60 min of restraint, nerve injury was induced by the
SNI procedure. Consistent with our previously published data (Alexander et al., 2009),
stress exacerbated mechanical hypersensitivity in vehicle-treated SNI mice (measured on
days 1 and 3 post-SNI; Fig. 8A). In contrast, the stress exacerbated pain-like response was
prevented in mice treated with MIFi (Fig. 8A), indicating that stress-induced pain
enhancement is MIF-dependent. Consistent with the pharmacological inhibition
experiments, stress does not cause or enhance hypersensitivity after SNI in the absence of
MIF (Mif−/−) (Fig. 8A), presumably because MIF is needed to initiate a pain-like response
(see Fig. 1).

Next, WT mice were subjected to restraint stress followed immediately by an intraplantar
injection of rMIF. No nerve injury was superimposed. In this experiment, injection of rMIF
was intended to mimic the focal accumulation of MIF that occurs in the periphery after
nerve injury (see Fig. 3J). Indeed, based on data in Figs. 1 and 5 (see above), focal injection
of rMIF will activate putative nociceptors and elicit pain-like behaviors without causing
trauma. Hind paw sensitivity to rMIF was measured beginning 1 h after rMIF injection.
Consistent with data in Fig. 2G, rMIF alone caused mechanical hypersensitivity but this
response was significantly increased by prior stress (vs. no stress; Fig. 8B).

Discussion
We hypothesized that MIF, an injury- and stress-inducible cytokine and hormone, would
contribute to persistent pain caused by inflammation or nerve damage. Here, we show that
MIF is necessary for the development of pain hypersensitivity. Mice lacking MIF do not
develop hypersensitivity after intraplantar CFA or nerve injury, and pharmacological
inhibition of MIF in wild type mice suppresses hypersensitivity elicited by these stimuli.
MIF is also sufficient to elicit pain-like behavior. Injection of rMIF into the hind paw of
mice causes mechanical hypersensitivity that lasts for several hours. These data
independently verify those reported in recent publications (Wang et al., 2010; Wang et al.,
2011b) using different pain models applied to animals of different sex or species.
Collectively, our data with Wang et al. demonstrate that MIF is an important determinant of
pain hypersensitivity in rats and mice, in males and females, and in multiple models of
inflammatory (e.g., CFA and formalin) and neuropathic pain (nerve transection and
constriction).
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Here, we also present novel data showing that stress effects on pain are dependent on MIF.
The unexpected action of GCs, that are typically anti-inflammatory and immunosuppressive,
to induce MIF (Calandra et al., 1995) suggests that MIF may underlie stress effects ascribed
to GCs. Stress or elevated GCs prior to nerve injury exacerbate pain hypersensitivity
(Alexander et al., 2009), therefore we predicted that stress effects on pain hypersensitivity
would be influenced by MIF. We show that stress causes MIF to increase in plasma, DRG
and spinal cord. Injection of a MIF inhibitor prior to stress prevents the effect of stress on
nerve injury induced hypersensitivity. Thus, MIF is a potential target for therapeutic
modulation of persistent pain or stress-related pain exacerbations. Based on its constitutive
expression and widespread distribution throughout the central and peripheral nervous
systems, MIF is poised to influence pain pathophysiology in a cell- and context- (e.g., stress)
dependent manner. Data presented in this report indicate a role for MIF in regulating the
function of sensory neurons and microglia, i.e., cells that play a pivotal role in regulating the
onset, maintenance and severity of pain. However, the mechanism by which MIF influences
pain, whether caused by inflammation or trauma, is still not clear. Techniques (e.g.,
transgenic and conditional knockout mice) are being developed to reveal mechanisms of
action and the cell-specific role of MIF in chronic pain.

MIF could indirectly cause pain by stimulating microglia and/or macrophages to release
cytokines (or other proteins) that enhance neuron excitability (Fukuoka et al., 1994; Oh et
al., 2001; Ozaktay et al., 2006; Schafers et al., 2003b). Macrophages can release
inflammatory mediators in response to MIF (Calandra et al., 1994; Dagia et al., 2009;
Mitchell et al., 2002). In microglia, rMIF increases production of prostaglandin E2 (Wang et
al., 2011a). In this report, we extend already published data by showing that MIF causes
microglia to increase expression of TNF-α, IL-1β, IL-6, CCL2 and iNOS, and the effects of
MIF can be blocked with a small-molecule MIF inhibitor. These inflammatory mediators are
known to regulate the onset and/or severity of neuropathic pain. Interestingly, many
intracellular signaling pathways (e.g., ERK, p38, Src, Jab-1, PI3K) and transcription factors
(e.g., AP-1, NF-κB, NURR1, and STAT3) triggered by MIF binding to CD74, CXCR2 and/
or CXCR4 on microglia and macrophages also regulate neuropathic pain states (Bernhagen
et al., 2007; Crown et al., 2008; Jin et al., 2003; Mitchell et al., 1999; Onodera et al., 2004;
Roger et al., 2001; Stojanovic et al., 2009; Tsuda et al., 2003; Zernecke et al., 2008; Zhuang
et al., 2005). Thus, MIF likely represents an important upstream mediator of the
neuroinflammatory cascades that cause or contribute to pain. MIF may also act as a
paracrine or autocrine regulator of neuron function. MIF is present in sensory neurons and
axons (Fig. 3), and neurons express putative MIF receptors (e.g., CD74, CXCR2 and
CXCR4) (Bryan et al., 2008; Meucci et al., 1998). Novel data presented here indicate that
MIF dramatically affects the structure and function of DRG neurons in vitro, likely via ERK
activation (Fig. 6). The MIF-induced neuritogenesis in cultured DRG neurons is reminiscent
of the increase in sensory afferent sprouting that occurs after nervous system injury. This
form of anatomical plasticity has been implicated in the onset of neuropathic pain and
spasticity (Deumens et al., 2008; Devor and Wall, 1976; McLachlan and Hu, 1998). In our
studies, not only did MIF enhance structural plasticity in DRG neurons, it increased the
firing rate of presumed nociceptive neurons (Fig. 6F). Accordingly, the behavioral
hypersensitivity that was induced by subcutaneous injection of rMIF could be explained by
local activation of nociceptors (rather than microglia or macrophages).

The circadian rhythm of MIF mirrors that of GCs (Petrovsky et al., 2003) and non-circadian
triggers of GC synthesis (e.g., stress, injury, disease) also increase MIF in the circulation
(Calandra et al., 1995). Since GCs and MIF have opposing effects on immune function, their
concurrent regulation has been proposed as a mechanism to maintain immune homeostasis
(Calandra et al., 1995). The effects of these hormones on neuronal structure and function are
less clear. Although we show that sensory neurons are highly responsive to MIF, it is not
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clear why tissue concentrations of MIF increase preferentially in DRGs and spinal cord,
despite rising levels of MIF in plasma. Perhaps MIF and GC signaling mechanisms are
enhanced in DRG and spinal cord relative to other sites in the body in order to protect the
organism from potentially dangerous and painful sensory stimuli. Indeed, preliminary data
from our lab indicate that GC receptors are markedly increased in DRG neurons relative to
other areas of the nervous system (unpublished data). In light of the sensitivity of
nociceptors to rMIF and MIF-dependent stress effects on pain, further investigation is
needed to understand the mechanisms that regulate the recruitment of MIF-expressing cells,
sequestration of plasma MIF, or storage of MIF mRNA in these particular regions in
response to nerve injury and stress.

In summary, our results show that MIF is required for the development of persistent pain
behaviors and the enhancement of pain responses by stress. As such, MIF represents a novel
therapeutic target for analgesic drug development. In addition, because stress affects the
severity of most health conditions, including cancer, HIV, cardiac and autoimmune diseases,
the consideration of MIF as a stress-related therapeutic target could extend beyond chronic
pain. The basis for the prominence of this cytokine/hormone in pain regulation requires
further research. It is a highly unusual cytokine, having enzyme functions, a circadian
rhythm, broad and constitutive expression, and that it is inducible by GCs (Flaster et al.,
2007). The largely unexplored endocrine nature of this pro-inflammatory cytokine is likely
to contribute to its role in pain. High basal expression and circulating levels underscore the
importance of this cytokine, and its fluctuations, for instance during stress or circadian
regulation, could produce physiological manifestations highly relevant to clinical pain
presentation.
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Figure 1.
All offspring from a colony of Mif−/− mice were genotyped via PCR to confirm deletion of
Mif. The presence of the neo cassette indicates gene deletion (representative screen from a
Mif−/− mouse generated at OSU). See Methods for primers used to amplify Mif and neo
cassette.
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Figure 2.
MIF regulates the onset and magnitude of neuropathic or inflammatory pain-like behaviors.
A, Unlike wild type (WT) mice, Mif−/− mice do not develop mechanical hypersensitivity
after nerve injury. B, Systemic injection of a MIF inhibitor (MIFi) after nerve injury reduces
hypersensitivity (treatments indicated by arrow (60 min post-SNI) and arrowheads (days 1–3
post-SNI)). C, Edema caused by i.pl. CFA is reduced in Mif−/− mice at post-injection day
(PID) 1. D, CFA induces mechanical hypersensitivity and E, thermal hyperalgesia in WT
mice but not Mif−/− mice. F, Intraplantar injection of rMIF (1000 pg) produces mechanical
hypersensitivity. A, B, D, F: y-axis values represent von Frey hair handle markings where
4.31=2 grams of force and 2.83=0.07 grams of force. N=5/group. Results are expressed as
mean ± SEM. Statistical comparisons are between Mif−/− and WT mice (A, C, D, E), or
SNI, Veh and SNI, MIFi (B) or Saline and rMIF (F) groups., *p<0.05; **p<0.01;
***p<0.0001. In E, # denotes p<0.05 when comparing WT Baseline vs. PID 5.
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Figure 3.
MIF is constitutively expressed in the rat spinal cord (A–F) and rat peripheral nervous
system (G–I). Superimposed confocal images showing MIF (red) and cell-specific markers
(green or blue). A,B MIF is expressed in a subset of spinal cord dorsal horn (A) neurons
(green; NeuN) but not ventral horn motor neurons (B). C–F, MIF is also expressed in spinal
cord axons (C, green: neurofilament (NF), astrocytes (D, green: GFAP), microglia (E, green:
OX-42) and oligodendrocytes (F, blue: CC1). G–I, In peripheral nervous system, MIF is
expressed in DRG neurons (G, green: NF) and sciatic nerve axons (H, green: NF) but not
the myelin sheath (I, green: myelin basic protein (MBP)). J, After nerve injury (12 h post-
injury), MIF is expressed by leukocytes, primarily macrophages (green, OX-42) at the
epineurium-nerve interface (demarcated by arrows). In the DRG (G), MIF is also apparent in
satellite cells (NF-negative cells cuffing neurons, demarcated by arrows). A–J: Scale bars =
20 μm. K, L, Specificity of anti-MIF labeling was confirmed in Mif−/− mouse spinal cord
tissue. Despite high background in wild type C57BL/6 mouse tissue, positive labeling is
discernible and shown here in dorsal horn cells, including neurons (arrowheads) (K). This
labeling is absent in Mif−/− tissue (L). Scale bar for K, L=50 μm.
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Figure 4.
MIF elicits inflammatory signaling in microglia. A, Treatment of rat primary microglia with
rMIF (10, 30 or 100 ng/ml) for 6 h increases iNOS, IL-1β, TNF-α, CCL2, and IL-6 mRNA
expression. Data are normalized to an internal control gene (18s) then are expressed relative
to mRNA changes elicited by media. Data are representative of three independent
experiments. B&C, Specificity of rMIF effects on microglia phenotype. B, Co-application of
MIF inhibitor (MIFi; 100 μM) with rMIF for 6 h reduces rMIF-induced cytokine gene
expression. C, rMIF effects on microglia phenotype are not due to endotoxin contamination
- only trace amounts (17 pg/ml) of endotoxin were detected in rMIF. When treated with 17
pg/ml LPS for 6 h, BV-2 microglia did not increase expression of iNOS or TNF-α.
Conversely, 6 h of stimulation with rMIF (100 ng/ml) or high concentrations of LPS (100
ng/ml) markedly induced expression of cytokines (***p < 0.0001 vs. Veh and 17 pg/ml
LPS). D&E, rMIF treatment of BV-2 microglia for 12h increases CCL2 and IL-6 protein.
Representative contour plots show relative expression profiles for D, CCL2 and E, IL-6 in
CD11b+ BV-2 microglia after 12 h of stimulation with media or rMIF (100 ng/ml). The
mean percent of CCL2 or IL-6 expressing CD11b+ cells is indicated for each group. Dot
plots are representative of two independent replicate experiments. Results are expressed as
mean ± SEM.
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Figure 5.
Spinal cord dorsal horn microglial activation ipsilateral to nerve injury (SNI). Iba-1
immunoreactivity is increased by nerve injury compared to sham at 3 days (* vs. sham of
same genotype). The microglial response to injury (or sham) does not differ between WT
and Mif −/− mice. N=3 sham; N=5 SNI. PA: proportional area. Scale bar = 100 μm. Results
are expressed as mean ± SEM. ***p<0.0001
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Figure 6.
rMIF increases structural and functional plasticity in sensory neurons. Twenty-four hours
after plating, adult DRG neurons were treated with rMIF (10, 100, 1000 pg/ml). Forty eight
hours later, the overall length and branching complexity of DRG axons was examined by
Sholl analysis. A, rMIF (1000 pg/ml) increased long-distance axon growth and B, sprouting/
branching complexity. C, A composite view of axon length (distance) and sprouting shows
that rMIF and NGF have nearly identical effects on promoting DRG axon growth (***: vs.
Veh; p>0.05 rMIF vs. NGF.) D, Representative DRG neurons (arrows delineate somata)
treated with vehicle (Veh) or rMIF (1000 pg/ml) illustrate the neurotrophic effects of rMIF.
Data in A–D obtained from n= 75–100 neurons per group (see Methods). Scale bar in D =
100μm. E, ERK activation in DRG neurons after 10 min Veh or rMIF (1000 pg/ml)
treatment. F, MIF increases the excitability of small diameter DRG neurons. Current-clamp
recordings from the same neuron showing the effects of exposure to rMIF (1 ng/ml). Mean
neuron spike frequency measured after current clamp at −30 mV and after 3 min rMIF
exposure (n=7 neurons). Results are expressed as mean ± SEM. Unless noted otherwise
above, all statistical comparisons were made between rMIF vs. Veh treatments; *p<0.05;
**p<0.01; ***p<0.0001.
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Figure 7.
Tissue MIF levels are increased by acute stress. A, Western blot analysis of MIF in spinal
cord and DRG after stress. B–F, Quantitation of stress-induced MIF expression. Tissue MIF
levels were normalized to β-actin and expressed relative to No Stress samples (NS) then log
transformed to normalize distribution. Samples were collected 5 min or 1, 3 or 24 h after the
onset of restraint stress or no stress. N=3 mice/per time point. Data expressed as mean ±
SEM. *p<0.05
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Figure 8.
MIF inhibition prevents stress-enhanced mechanical hypersensitivity. A, A single systemic
injection of MIFi prior to stress (demarcated by arrow) prevents stress-enhanced
hypersensitivity caused by nerve injury. (#: Veh, No Stress (NS) vs. Veh, Stress; *: Veh,
Stress vs. MIFi, Stress). Pain-like responses cannot be elicited by SNI nor are they enhanced
by stress in Mif−/− mice. B, Acute stress prior to i.pl. rMIF (1000 pg) increases mechanical
hypersensitivity (* vs. rMIF, No Stress (NS); #: Veh, NS vs. rMIF, NS). y-axis values
represent von Frey hair handle markings where 4.31=2 grams of force and 2.83=0.07 grams
of force. N=5/group. Results are expressed as mean ± SEM. #/*p<0.05; ##/**p<0.01; ###/
***p<0.0001
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