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Differential Impact of miR-21 on Pain and Associated Affective and Cognitive Behavior after Spared Nerve Injury in B7-H1 ko Mouse
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MicroRNAs (miRNAs) are increasingly recognized as regulators of immune and neuronal gene expression and are potential master switches in neuropathic pain pathophysiology. miR-21 is a promising candidate that may link the immune and the pain system. To investigate the pathophysiological role of miR-21 in neuropathic pain, we assessed mice deficient of B7 homolog 1 (B7-H1), a major inhibitor of inflammatory responses. In previous studies, an upregulation of miR-21 had been shown in mouse lymphocytes. Young (8 weeks), middle-aged (6 months), and old (12 months) B7-H1 ko mice and wildtype littermates (WT) received a spared nerve injury (SNI). We assessed thermal withdrawal latencies and mechanical withdrawal thresholds. Further, we performed tests for anxiety-like and cognitive behavior. Quantitative real time PCR was used to determine miR-21 relative expression in peripheral nerves, and dorsal root ganglia (DRG) at distinct time points after SNI. We found mechanical hyposensitivity with increasing age of naïve B7-H1 ko mice. Young and middle-aged B7-H1 ko mice were more sensitive to mechanical stimuli compared to WT mice (young: p < 0.01, middle-aged: p < 0.05). Both genotypes developed mechanical and heat hypersensitivity (p < 0.05) after SNI, without intergroup differences. No relevant differences were found after SNI in three tests for anxiety like behavior in B7-H1 ko and WT mice. Also, SNI had no effect on cognition. B7-H1 ko and WT mice showed a higher miR-21 expression (p < 0.05) and invasion of macrophages and T cells in the injured nerve 7 days after SNI without intergroup differences. Our study reveals that increased miR-21 expression in peripheral nerves after SNI is associated with reduced mechanical and heat withdrawal thresholds. These results point to a role of miR-21 in the pathophysiology of neuropathic pain, while affective behavior and cognition seem to be spared. Contrary to expectations, B7-H1 ko mice did not show higher miR-21 expression than WT mice, thus, a B7-H1 knockout may be of limited relevance for the study of miR-21 related pain.
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INTRODUCTION

Lesions or diseases of the somatosensory nervous system may lead to neuropathic pain (Treede et al., 2008), which is a major burden to the afflicted patients, and may entail depression and anxiety (Jain et al., 2011). Neuropathic pain has a strong negative impact on everyday life activities and working performance and immensely reduces patients’ health related quality of life (Blyth et al., 2003). Neuro-immune interactions may be crucial for the development of neuropathic pain (Ellis and Bennett, 2013), and similar pathomechanisms have been implied for depression (Furtado and Katzman, 2015). Interactions between pro- and anti-inflammatory systems seem to play a major role (Üçeyler et al., 2009), which is underlined by data on disturbed pain behavior in animal models of cytokine or immune component deficiency (Cunha et al., 1999; Vale et al., 2003; Schoeniger-Skinner et al., 2007; Karam et al., 2011; Üçeyler et al., 2011; Sun et al., 2016).

B7 homolog 1 (B7-H1; synonyms: PD-L1, CD274) is a type 1 transmembrane protein and a member of the B7/CD28 family (Dong et al., 1999; Ostrand-Rosenberg et al., 2014). B7-H1 was identified as a ligand for the programmed-death receptor-1 (PD-1) and its interaction with the B7-H1 receptor dampens T cell proliferation and cytokine production. Using the model of chronic constrictive nerve injury (CCI), we have previously shown that B7-H1 deficiency leads to an excessive pro-inflammatory response and prolonged and enhanced pain behavior after peripheral nerve lesion (Üçeyler et al., 2010). Others reported that intraplantar injection of B7-H1 causes analgesia in an inflammatory mouse model (Chen et al., 2017). These results propose B7-H1 as an interesting candidate to study neuropathic pain pathomechanisms and potentially associated symptoms of depression and anxiety.

MicroRNAs (miRNAs; 19–25 nucleotides) negatively regulate gene expression by translational inhibition or degradation of the targeted mRNA (Ha and Kim, 2014). Since the miRNA-mRNA functional pairing does not need a fully complementary sequence, miRNAs are able to bind to several mRNAs and thus can simultaneously influence multiple mediators in different pathways (Lewis et al., 2005; Bali and Kuner, 2014). Their potential to regulate neuronal and immune gene expression simultaneously makes miRNAs promising candidates for master switches that might be of particular importance in neuropathic pain pathophysiology (Soreq and Wolf, 2011; Wanet et al., 2012). Indeed, recent research has identified miRNAs that are crucially involved in pain pathways (Kusuda et al., 2011; Yu et al., 2011; Lin et al., 2014), including miRNA-21 (miR-21). miR-21 controls pro- and anti-inflammatory responses in leukocytes and non-hematopoietic cells (Sheedy, 2015), it was upregulated in the dorsal root ganglia (DRG) of neuropathic rats after spinal nerve ligation and neuropathic pain behavior was relieved by intrathecal administration of a miR-21 inhibitor (Sakai and Suzuki, 2013). An upregulation of miR-21 has been shown in T cells of PD-1 ko mice (Iliopoulos et al., 2011). We thus hypothesized that the lack of B7-H1 together with miR-21 upregulation might determine the pain phenotype in B7-H1 knock-out (ko) mice. We used the spared nerve injury (SNI) model to analyze a lesioned and an unlesioned nerve branch separately for potential changes in miR-21 expression.

MATERIALS AND METHODS

Ethics Statement

All experiments were approved by the Bavarian State authorities (Regierung von Unterfranken, #3/12). Mice were housed in the animal facilities of the University of Würzburg (Department of Neurology, Center for Experimental Molecular Medicine) with food and water access ad libitum. Animal use and care were in accordance with the institutional guidelines.

Animals

A total of 290 male and female mice (188:102) were investigated. B7-H1 ko mice were generated by L. Chen, Baltimore, MD, USA (Dong et al., 2004), breeding pairs were supplied to us, and inbred wild-type littermates (WT) of C57Bl/6J background served as controls.

Behavioral Testing

All behavioral tests were performed by an experienced investigator (FK) blinded to the genotype. We examined several age groups due to known age-dependent alterations in pain, affective and cognitive behavior (Crisp et al., 2003; Lemmer et al., 2015; Shoji et al., 2016; Üçeyler et al., 2016). For mechanical and thermal sensitivity mice of three age-groups were investigated: young (8 weeks), middle-aged (6 months), and old (12 months) mice. For affective and cognitive behavior we concentrated on young and old mice.

Mechanical and Thermal Sensitivity

To obtain baseline values and allow the animals to adapt to the testing apparatus, all animals were tested three times before surgery. After SNI (see below), behavioral tests were performed at designated time points (3, 7 and 14 days after surgery, n = 6 mice/genotype and age-group). The von-Frey test based on the up-and-down-method was used to investigate the paw withdrawal thresholds upon mechanical stimulation (Chaplan et al., 1994). Animals were placed in plexiglass cages on a wire mesh. After 45 min of adaptation, the lateral plantar surface of the hind paws (i.e., sural nerve innervation territory) was touched with a von-Frey filament starting at 0.69 g. If the mouse withdrew its hind paw, the next finer von-Frey filament was used. If the mouse did not show any reaction, the next thicker von-Frey filament was applied. Each hind paw was tested six times. The 50% withdrawal threshold (i.e., force of the von-Frey hair to which an animal reacts in 50% of the administrations) was calculated.

To determine the sensitivity to thermal heat stimuli we used the Hargreaves method applying a standard Ugo Basile Algesiometer (Comerio, Italy; Hargreaves et al., 1988). Mice were placed on a glass surface. After a 45 min adaption period, a radiant heat stimulus (25 IR) was applied to the lateral plantar surface of the hind paw and the withdrawal latency was automatically recorded. To prevent tissue damage by heat, we used a stimulus cutoff time of 16 s. Each hind paw was consecutively tested three times.

Paw withdrawal latencies to cold stimuli were determined using the cold plantar test (Brenner et al., 2012). Mice were placed in plexiglass cages on a glass surface (1/4″) and a dry ice stick was applied against the glass at the lateral plantar side of the hind paw (i.e., sural nerve innervation territory). Time until paw withdrawal was recorded with a maximum time limit for stimulus application of 20 s to avoid tissue damage.

Tests for Affective and Cognitive Behavior

Mice were housed in a reversed light-dark cycle (light cycle: 7 p.m.–7 a.m.; dark cycle: 7 a.m.–7 p.m.) and were tested during their active phase under infra-red light. Behavioral tests were performed in a black box, to avoid interference with other mice and the investigator. All tests were video recorded for further analysis (see below).

Anxiety- and depression-like behavior

We performed three different tests for anxiety-like behavior: light-dark box (LDB; Crawley and Goodwin, 1980), elevated plus maze (EPM; Pellow et al., 1985), and open field (OF; Prut and Belzung, 2003) to assess the intra-individual variation in affective behavior. EPM and OF were also used to investigate exploratory behavior of the mice. Each mouse was tested once for 5 min in each apparatus.

The LDB consisted of an illuminated (40 cm × 20.5 cm) and a dark compartment (40 cm × 19.5 cm). Each mouse was first placed into the lit box. Mice could freely explore the apparatus and choose between the two inter-connected compartments. The percentage of time spent in the dark box was recorded.

The EPM apparatus consisted of two opposite open arms (66.5 cm) and two closed arms (65.5 cm), separated by a junction area. Mice were placed individually in the middle of the apparatus, facing an open arm. The total time spent in closed arms, the entries into open arms, and the total distance traveled were determined.

The OF (40 cm × 40 cm) consisted of two areas: the center zone (20 cm × 20 cm) and the surrounding area. Mice were individually placed in the middle of the center zone; time spent in the center zone, the total distance traveled and the average speed were recorded.

To test for depression-like behavior we performed the forced-swim test (FST; Porsolt et al., 1977). Mice were placed in a glass cylinder, filled with water (diameter of cylinder: 11.5 cm; water height: 12.5 cm; water temperature: 20°C ± 2°C). Time spent immobile during 5 min of observation was recorded within a 6 min testing phase.

Cognitive behavior

The Morris water maze (MWM) test (Morris, 1984) was used to investigate learning behavior and memory. Tests were performed in a cylindrical plastic pool (diameter: 118.5 cm), filled with opaque water (temperature: 20°C ± 2°C) just covering the platform (diameter: 8 cm). The pool was divided into four quadrants and the platform was placed in the south-east quadrant (= target quadrant). Mice had four daily trails with different starting points (located in the middle of each quadrant) on four consecutive training days. We measured the time mice needed to reach the platform and calculated the daily average time for every group. Mice that did not find the platform within 60 s were placed on the platform for 15 s for orientation in the pool. On the 5th day, we performed the probe trial (PT) for memory performance, during which the platform was removed. For the PT a new starting point on the opposite side of the target quadrant was chosen. Time mice spent in the target quadrant, the total distance they traveled and the average speed was measured during a 30 s observation period.

Spared Nerve Injury (SNI)

Naïve mice were anesthetized with isoflurane (2% induction, 1.5% maintenance) in a 50% O2/room air mixture. SNI or a sham surgery was performed as described (Decosterd and Woolf, 2000). Skin on the lateral surface of the right thigh was incised and the sciatic nerve and its three branches were exposed by a blunt dissection through the biceps femoris muscle. Distal to the trifurcation of its branches, the common peroneal and the tibial nerves were ligated (using 7.0 silk) and axotomized, removing a 2–4 mm piece of each distal nerve stump. Care was taken to keep the sural nerve untouched. Incisions were closed with muscle and skin sutures. In sham surgery, the sciatic nerve branches were exposed, but not injured. Behavioral experiments were conducted 3–21 days after surgery.

Tissue Collection

At the end of the experiments, mice were sacrificed in deep isoflurane anesthesia and the ipsilateral nerve stump (common peroneal and tibial nerve) of the sciatic nerve (proximal to the nerve injury), the sural nerve, and the L4 and L5 DRG were dissected for quantitative real-time-PCR (qRT-PCR) using a dissection microscope (Zeiss, Oberkochen, Germany) at the following time points: baseline, 5, 7, 15 days after SNI (n = 6 mice/age-group). Tissue from naïve mice served as controls. Tissue was shock frozen in liquid nitrogen and was stored at −80°C before further processing. For immunohistochemistry the ipsilateral nerve stump (common peroneal and tibial nerve) of the sciatic nerve and the sural nerve (n = 5 per group) were dissected 7 days after SNI. Tissue was embedded in Tissue Tek, optimal cutting temperature (OCT) medium (Sakura, Staufen, Germany), frozen in 2-methylbutane cooled in liquid nitrogen and stored at −80°C until further processing.

qRT-PCR Studies

Total RNA isolation from dissected tissue was performed using the miRNeasy Micro Kit (Qiagen, Hilden, Germany). RNA concentration was quantified spectrophotometrically with the NanoPhotometer Pearl® (Implen, Munich, Germany).

TaqMan qRT-PCR (Applied Biosystems, Darmstadt, Germany) was used for gene expression analysis of B7-H1 levels (Cd274, Assay ID: Mm03048248_m1). PCR reagents were used from Life Technologies (Carlsbad, CA, USA). RNA (150 ng) was reversed transcribed using TaqMan Reverse Transcription Reagents, following manufacturer’s protocol. For each sample 5 μl cDNA was applied. 18sRNA (Assay ID: Hs99999901_s1) was used as an endogenous control and data were assessed using the ΔΔCt method.

For miRNA-specific synthesis of first strand cDNA, 5 ng of total RNA was transcribed applying the Universal cDNA Synthesis kit II (Exiqon, Vedbaek, Denmark) following the manufacturer’s recommendations. For each reaction 4 μl of diluted (1:80) cDNA was PCR amplified applying the corresponding miRNA and reference primer sets, using the miCURYLNATM Universal microRNA PCR (Exiqon, Vedbaek, Denmark) and following the manufacturer’s protocol. The expression levels of miR-21–5p (5′-3′ TAGCTTATCAGACTGATGTTGA) were normalized to the expression of the endogenous control Sno202 (5′-3′ GCTGTACTGACTTGATGAAAGTACTTTTGAACCCTTTTCCATCTGATG). Sno202 was chosen as an endogenous control for individual target normalization since it showed the most stable qRT-PCR results among several different candidates tested (U5, Snord65, U1A1, 5S, Snord110, RNU5G, Sno234, Sno202). miRNA-21 was amplified in triplicate and threshold cycle (Ct) values were obtained. Fold changes in miRNA expression among groups were calculated using the ΔΔCt method.

Immunohistochemistry

Ten-micrometer cryosections of the common peroneal/tibial nerve and the sural nerve were prepared using a cryostat (Leica, Blenheim, Germany). Immunohistochemical staining with antibodies against CD11b (rat, 1:250, Serotec, MCA711, Puchheim, Germany) for the detection of monocytes/macrophages (further referred to in the text as “macrophages”) and CD 3 (rat, 1:100, Serotec, MCA1477, Puchheim, Germany) for the detection of T cells were performed following standard methods using 0.02% diaminobenzidine (DAB) as chromogen and hemalaun as a counter staining. Anti-rat IgG were used as secondary antibodies. On negative control sections the primary antibody was omitted. Images were acquired using an Axiophot 2 microscope (Zeiss, Oberkochen, Germany) equipped with a CCD camera (Visitron Systems, Tuchheim, Germany). Immunopositive profiles were quantified manually in at least three sections for each mouse and related to the area of the sections. Data were analyzed using SPOT software (software version 5.2, Spot Software BV, Amsterdam, Netherlands) and ImageJ free software version 1.51f (National Institute of Health, Staten Island, NY, USA).

Video Processing and Statistical Analysis

Recorded videos were analyzed using the ANY-maze video tracking software (system version: 4.99 m, Stoelting, Wood Dale, IL, USA). For statistical analysis and graph design SPSS IBM software Version 23 was employed (Ehningen, Germany). The non-parametric Mann-Whitney U test was applied, since data were not normally distributed in the Kolmogorov-Smirnov test. The Bonferroni-Holm procedure was applied to correct for multiple comparisons as appropriate. Data are illustrated as box plots, bar graphs or line charts as appropriate (SPSS IBM software version 23 and GraphPad Prism, software version 5.03, San Diego, CA, USA). Data were stratified for age (young: 8 weeks, middle-aged: 6 months, old: 12 months) and treatment groups (naïve, sham, SNI). P values < 0.05 were considered statistically significant. Data of the qRT-PCR are illustrated as box plots, representing the median value and the upper and lower 25% and 75% quartile. All other data were expressed in bar graphs or line charts as mean with standard error of the mean (SEM).

RESULTS

Mechanical and Heat Hypersensitivity in B7-H1 ko and WT Mice after SNI

Naïve young (p < 0.01) and middle-aged (p < 0.05) B7-H1 ko mice showed mechanical hypersensitivity compared to WT mice, while mechanical thresholds were normal in old B7-H1 ko mice (Figure 1A). After SNI, young, middle-aged and old B7-H1 ko and WT mice developed mechanical hypersensitivity that was already detectable on day 3 after surgery (young B7-H1 ko: p < 0.05, young WT: p < 0.01, middle-aged B7-H1 ko and WT: p < 0.01 each, old B7-H1 ko: p < 0.05, old WT: p < 0.01, Figures 1B–D) without differences between genotypes. Heat withdrawal latencies did not differ between genotypes at baseline in any age-group, and both genotypes developed heat hypersensitivity after SNI without intergroup differences (young B7-H1 ko: p < 0.05, young WT, middle-aged and old B7-H1 ko and WT p < 0.01 each, Figure 2). Cold withdrawal latencies were not different at baseline and after SNI between genotypes and age-groups (data not shown).
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FIGURE 1. Paw withdrawal thresholds to mechanical stimulation. Bar graph and line charts show the results of the von-Frey test in young (8 weeks), middle-aged (6 months), and old (12 months) B7-H1 knock-out (ko) and wild-type littermate (WT) mice at baseline and 3, 7 and 14 days after spared nerve injury (SNI) or sham surgery. (A) Naïve young (p < 0.01) and middle-aged (p < 0.05) B7-H1 ko mice showed mechanical hypersensitivity compared to WT mice. At baseline young (B) and middle-aged (C) B7-H1 ko mice displayed lower mechanical thresholds compared to WT mice (p < 0.01, p < 0.05). Old (D) B7-H1 ko and WT mice did not differ in mechanical perception at baseline. Young, middle-aged and old B7-H1 ko and WT mice developed mechanical hypersensitivity 3 days (young: B7-H1 ko p < 0.05, WT p < 0.01; middle-aged: B7-H1 ko and WT p < 0.01 each; old: B7-H1 ko p < 0.05, WT p < 0.01), 7 days (young: B7-H1 ko p < 0.05, WT p < 0.01; middle-aged: B7-H1 ko and WT p < 0.01 each; old: B7-H1 ko p < 0.01, WT p < 0.05), and 14 days (young: B7-H1 ko p < 0.05, WT p < 0.01; middle-aged: B7-H1 ko and WT p < 0.01 each; old: B7-H1 ko p < 0.05, WT p < 0.001) after SNI without intergroup differences. Mechanical withdrawal thresholds of sham operated B7-H1 ko and WT mice did not differ from baseline values 3, 7 and 14 days after surgery. B7-H1 ko: young (8 weeks; SNI: 4 males, 2 females; sham: 2 males, 2 females), middle-aged (6 months; SNI: 3 males, 3 females; sham: 3 males, 3 females), old (12 months, SNI: 3 males, 5 females; sham: 3 males, 3 females). WT: young (8 weeks; SNI: 3 males, 3 females; sham: 3 males, 3 females), middle-aged (6 months; SNI: 3 males, 3 females; sham: 3 males, 3 females), old (12 months, SNI: 3 males, 5 females; sham: 3 males, 4 females). *,#p < 0.05; **,##p < 0.01.
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FIGURE 2. Paw withdrawal latencies to heat stimulation. Line charts show the results of the Hargreaves test in young (8 weeks), middle-aged (6 months), and old (12 months) B7-H1 ko and wild-type littermate (WT) mice at baseline and 3, 7 and 14 days after SNI or sham surgery. At baseline young (A) middle-aged (B) and old (C) B7-H1 ko and WT mice did not differ for paw withdrawal latencies to heat stimulation. Young, middle-aged and old B7-H1 ko and WT mice developed hypersensitivity to heat stimuli 3, 7 and 14 days after SNI without intergroup differences (young B7-H1 ko: p < 0.05, young WT, middle-aged B7H1 ko and WT, old B7-H1 ko and WT: p < 0.01). Sham operated B7-H1 ko and WT mice did not show differences 3, 7 and 14 days after surgery. B7-H1 ko: young (8 weeks; SNI: 4 males, 2 females; sham: 2 males, 2 females), middle-aged (6 months; SNI: 3 males, 3 females; sham: 3 males, 3 females), old (12 months, SNI: 3 males, 5 females; sham: 3 males, 3 females). WT: young (8 weeks; SNI: 3 males, 3 females; sham: 3 males, 3 females), middle-aged (6 months; SNI: 3 males, 3 females; sham: 3 males, 3 females), old (12 months, SNI: 3 males, 5 females; sham: 3 males, 4 females). #p < 0.05; **,##p < 0.01.



No Influence of SNI on Anxiety-Like Behavior

In the LDB, no difference in anxiety-like behavior, as evaluated by time spent in the dark box, was detected between both genotypes in the naïve state and after SNI surgery (Figure 3A). Also, in the EPM, time spent in the closed arms and entries into the open arms did not differ between young B7-H1 ko and WT mice (Figures 3B,C). Exploratory behavior, as determined by the total distance traveled in the EPM, decreased in WT mice after SNI (p < 0.05, Figure 3D) without intergroup difference.
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FIGURE 3. Anxiety-like behavior and locomotor activity in the elevated plus maze (EPM) and light-dark box (LDB). Bar graphs show the results of the EPM and LDB in 8 weeks old, male B7-H1 ko and WT littermates. Mice were investigated in the naïve state, after sham surgery and after SNI. No differences were detected in the time naïve B7-H1 ko mice spent in the dark box of the LDB (A) and in the closed arms of the EPM (B) compared to WT mice. SNI did not lead to differences in time spent in the dark box and closed arms compared to naïve mice. There was also no intergroup difference after SNI. B7-H1 ko and WT mice did not differ in the number of entries (C) into the open arms after SNI. After SNI B7-H1 ko mice showed no alteration in the distance traveled (D), whereas WT mice traveled less compared to naïve mice (p < 0.05 each). No intergroup difference was found after SNI. B7-H1 ko: young (8 weeks, naïve: 11 males, sham/SNI: 6 males/ group). WT: young (8 weeks, naïve: 11 males, sham/SNI: 6 males/ group). *p < 0.05.



Equally, in the complementary test for anxiety-like behavior using the OF, time spent in the center zone did not differ between genotypes, age-groups, and at baseline or after surgery (Figures 4A,B), except for a longer distance traveled by young naive WT mice compared to WT mice after SNI (p < 0.05, Figure 4C). Old naïve B7-H1 ko mice traveled a longer distance and displayed a higher average speed compared to naïve WT mice (p < 0.05 each, Figures 4D,E).
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FIGURE 4. Anxiety-like behavior and locomotor activity in the open field (OF). Bar graphs show the results of the OF test. Male young (8 weeks) and old (12 months) B7-H1 ko and WT were investigated naïve, after sham surgery and after SNI. No difference between genotypes and surgeries was found in the time young (A) and old (B) mice spent in the center zone and in the total distance young B7-H1 ko mice traveled. Only WT mice traveled less after SNI compared to the naïve state (p < 0.05). (C,D) The total distance traveled was longer in old, naïve B7-H1 ko mice compared to WT mice. (E) Old, naive B7-H1 ko mice displayed a higher average speed compared to old, naïve WT mice. B7-H1 ko: young (8 weeks, naïve: 11 males, sham/SNI: 6 males) and old (12 months, 6 males). WT: young (8 weeks, naïve: 11 males, sham/SNI: 6 males) and old (12 months, 6 males /group). *p < 0.05.



In the FST, young and old B7-H1 mice did not show any indications for depression-like behavior in the naïve state or after surgery (Figure 5).
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FIGURE 5. Depression-like behavior in the forced swim test (FST). Bar graphs show the results of depression-like behavior in the FST in young (8 weeks) and old (12 months), male B7-H1 ko and WT, naïve, after sham surgery and after SNI. The time spent immobile did not differ between genotypes and surgeries in young (A) and old (B) mice. B7-H1 ko: young (8 weeks, naïve: 11 males, sham/SNI: 6 males) and old (12 months, 6 males). WT: young (8 weeks, naïve: 11 males, sham/SNI: 6 males) and old (12 months, 6 males /group).



No Influence of SNI on Learning Behavior and Memory

In both genotypes and age groups, the time mice needed to reach the hidden platform in the MWM was similar and did not change after surgery. Even the slope of the learning curves (i.e., decrease in test duration over time) did not differ between genotypes and age groups (Figure 6).
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FIGURE 6. Cognitive behavior in the Morris water maze (MWM). Bar graphs show the results of the training in the MWM in young (8 weeks) and old (12 months), naïve, sham or SNI treated B7-H1 ko and WT were tested on four consecutive days. No difference between genotype and treatment was found in the time mice needed to reach the platform in young (A) and old (B) mice. B7-H1 ko: young (8 weeks, naïve: 11 males, sham/SNI: 6 males) and old (12 months, 6 males). WT: young (8 weeks, naïve: 11 males, sham/SNI: 6 males) and old (12 months, 6 males /group).



Time spent swimming in the target quadrant did not differ between genotypes and age groups (Figures 7A,B), nor did the total distance swum by young mice of both genotypes before and after surgery (Figure 7C). Old naïve B7-H1 mice swam shorter distances than their WT littermates (p < 0.05, Figure 7D), while the further decrease in swimming distance after SNI did not differ from WT mice (p < 0.05 each, Figure 7D). While young mice of both genotypes did not differ in swimming velocity before and after SNI (Figure 7E), old naïve B7-H1 mice swam slower than their WT littermates (p < 0.05), however, a further decrease in swimming speed after SNI was similar in both genotypes (p < 0.05 each, Figure 7F).
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FIGURE 7. Memory and locomotor impairment in MWM. Bar graphs show the results of the probe trial (PT) in the MWM. Young (8 weeks) and old (12 months) B7-H1 ko and WT were investigated naïve, after sham and after SNI. No difference was found in the time swimming in the target quadrant between genotypes and surgery of young (A) and old mice. (B,C) Also, the total distance traveled did not differ in young B7-H1 ko and WT mice after SNI (D) The total distance traveled was shorter in old, naïve B7-H1 ko compared to WT mice (p < 0.05). Both genotypes traveled less after SNI (p < 0.05 each). (E) Average speed did not differ between genotypes and surgeries. (F) Average speed of naïve old B7-H1 ko mice was lower compared to naïve WT mice (p < 0.05). After SNI B7-H1 ko and WT mice were slower than naïve mice (p < 0.05). B7-H1 ko: young (8 weeks, naïve: 11 males, sham/SNI: 6 males) and old (12 months, 6 males). WT: young (8 weeks, naïve: 11 males, sham/SNI: 6 males) and old (12 months, 6 males/group). *p < 0.05.



miR-21 Expression Is Increased 7 Days after SNI in the Injured Tibial and Common Peroneal Nerve of B7-H1 ko and WT Mice

No differences in B7-H1 expression levels were detected in the sural nerve of WT mice between different age-groups (data not shown).

miR-21 baseline expression levels did not differ in the tibial and common peroneal nerves of naïve B7-H1 ko and WT mice, and miR-21 levels were increased on day 7 after SNI in both genotypes without intergroup difference (p < 0.01 each, Figures 8A,B). miR-21 expression was also elevated on day 15 after SNI in both genotypes (young, old B7-H1 ko, and middle-aged WT: p < 0.01 each, old WT: p < 0.05, Figures 8A,B) except for middle-aged B7-H1 and young WT mice. No difference was detected in miR-21 expression between B7-H1 ko and WT mice of all age-groups on day 15 after SNI.


[image: image]

FIGURE 8. Relative gene expression of miR-21 in the tibial and common peroneal nerve. Boxplots show the miR-21 relative expression as measured by quantitative real-time-PCR (qRT-PCR) in young (8 weeks), middle-aged (6 months) and old (12 months) B7-H1 ko and wild-type littermate (WT) mice at baseline, 7 days and 15 days after SNI. (A) In young, middle-aged and old B7-H1 ko mice miR-21 was upregulated 7 days after SNI (p < 0.01 each). Young and old B7-H1 ko mice showed higher mir-21 expression levels 15 days (p < 0.01 each) after SNI. (B) In young, middle-aged and old WT mice miR-21 was upregulated 7 (p < 0.01 each) and 15 days (middle-aged: p < 0.01, old: p < 0.05) after SNI. Data were normalized to naïve WT mice. B7-H1 ko: young (naïve, n = 6; 7 days SNI, n = 6; 15 days SNI, n = 6), middle-aged (naïve, n = 6; 7 days SNI, n = 6; 15 days SNI, n = 6), old (naïve, n = 7; 7 days SNI, n = 6; 15 days SNI, n = 8). WT: young (naïve, n = 6; 7 days SNI, n = 6; 15 days SNI, n = 2), middle-aged (naïve, n = 6; 7 days SNI, n = 6; 15 days SNI, n = 6), old (naïve, n = 6; 7 days SNI, n = 6; 15 days SNI, n = 4). $p < 0.05; **,##,$$p < 0.01.



After SNI miR-21 Is Upregulated Only in the Uninjured Sural Nerve of WT Mice

In the sural nerve of naïve, young B7-H1 ko, and WT mice miR-21 expression was not different between genotypes at baseline and did not change after surgery (Figure 9A). Middle-aged B7-H1 ko mice showed a 3-fold higher baseline miR-21 expression in the sural nerve compared to WT mice (p < 0.05) which did not change after surgery (Figures 9A,B), while miR-21 expression was increased on day 7, and 15 after SNI in middle-aged WT mice (p < 0.01 each, Figure 9B). In naïve old B7-H1 mice miR-21 expression was not different from WT littermates and did not change after surgery, however, in WT mice miR-21 expression was increased on day 7 after SNI (p < 0.01) and again showed a higher miR-21 expression compared to baseline values on day 15 (middle-aged: p < 0.01, old: p < 0.05, Figures 9A,B). There were no differences between genotypes of any age group, except for middle-aged WT mice displaying higher miR-21 expression levels than B7-H1 ko mice 7 days after SNI (p < 0.01). In summary miR-21 is upregulated after SNI in the sural nerve of WT mice, while B7-H1 ko mice seem to be spared. In the L4 and L5 DRG, miR-21 expression did not differ between naïve B7-H1 ko and WT mice at baseline and after surgery for all age-groups (Figure 10).
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FIGURE 9. Relative gene expression of miR-21 in sural nerve. Boxplots show the miR-21 relative expression as measured by quantitative real-time-PCR (qRT-PCR) in young (8 weeks), middle-aged (6 months) and old (12 months) B7-H1 ko and wild-type littermate (WT) mice at baseline, 7, and 15 days after SNI. (A) Young, middle-aged and old B7-H1 ko mice did not show changes in miR-21 expression levels 7 and 15 days after SNI. In middle-aged mice B7-H1 mice showed a higher miR-21 baseline level in the sural nerve compared to WT mice (p < 0.05). (B) miR-21 was upregulated 7 (p < 0.01 each) and 15 (middle-age: p < 0.01, old p < 0.05) days after SNI in the sural nerve of middle-aged and old WT mice. Data were normalized to naive WT mice. B7-H1 ko: young (naïve, n = 6; 7 days SNI, n = 5; 15 days SNI, n = 6), middle-aged (naïve, n = 6; 7 days SNI, n = 5; 15 days SNI, n = 6), old (naïve, n = 7; 7 days SNI, n = 6; 15 days SNI, n = 8). WT: young (naïve, n = 6; 7 days SNI, n = 2; 15 days SNI, n = 2), middle-aged (naïve, n = 6; 7 days SNI, n = 6; 15 days SNI, n = 6), old (naïve, n = 6; 7 days SNI, n = 6; 15 days SNI, n = 5). $p < 0.05; ##,$$p < 0.01.
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FIGURE 10. Relative gene expression of miR-21 in the dorsal root ganglia (DRG). Boxplots show the miR-21 relative expression as revealed by quantitative real-time-PCR (qRT-PCR) in young (8 weeks), middle-aged (6 months) and old (12 months) B7-H1 ko and WT littermate mice at baseline, 7 days, and 15 days after SNI. (A) miR-21 relative expression did not differ 7 days and 15 days after SNI in young, middle-aged and old B7-H1 ko mice. (B) Young, middle-aged and old WT mice did not show changes in miR-21 expression levels 7 and 15 days after SNI. Data were normalized to naive WT mice. B7-H1 ko: young (naïve, n = 6; 7 days SNI, n = 6; 15 days SNI, n = 6), middle-aged (naïve, n = 6; 7 days SNI, n = 6; 15 days SNI, n = 6), old (naïve, n = 7; 7 days SNI, n = 6; 15 days SNI, n = 8). WT: young (naïve, n = 6; 7 days SNI, n = 6; 15 days SNI, n = 6), middle-aged (naïve, n = 6; 7 days SNI, n = 6; 15 days SNI, n = 6), old (naïve, n = 5; 7 days SNI, n = 5; 15 days SNI, n = 5).



SNI Induces Invasion of Macrophages and T Cells into the Injured Peroneal and Tibial Nerve

Immunohistochemistry with antibodies against CD11b for the detection of macrophages (Figure 11) in the tibial and common peroneal nerve of young B7-H1 ko and WT mice showed an increased number of macrophages 7 days after SNI in the tibial and common peroneal nerves of B7-H1 ko mice (p < 0.05), while WT mice only displayed a trend to higher numbers of macrophages (Figure 12A). The number of T cells also increased in the tibial and common peroneal nerve of WT mice (p < 0.05), whereas B7-H1 ko mice showed a trend to more T cells, which did not reach significance (Figure 12C). No differences were found in the number of macrophages and T cells in the sural nerve when comparing B7-H1 ko and WT mice in the naïve state and after SNI (Figures 12B,D).
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FIGURE 11. Representative photomicrographs of peroneal and tibial nerve frozen sections immunostained against CD11b for the detection of macrophages in young, naive B7-H1 ko (A,E), and WT (B,F) mice, and 7 days after SNI (n = 4–5/genotype). Immunoreactivity for macrophages (arrows) was enhanced in B7-H1 ko (C,G) and WT (D,H) mice 7 days after SNI. Scale bars represent 50 μm. B7-H1 ko: young (8 weeks; naïve: 2 males, 3 females; sham: 3 males, 2 females; SNI: 5 males). WT: young (8 weeks; naïve: 3 males, 2 females; sham: 4 males, 1 females; SNI: 5 females).
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FIGURE 12. Quantification of the immunohistochemical staining of CD11b for the detection of macrophages and for the detection of T cells (CD3). (A) Increased number of macrophages in the tibial and common peroneal nerve of B7-H1 ko mice compared to naïve mice (p < 0.05). (B) No differences in number of macrophages in the sural nerve of B7-H1 ko and WT mice after SNI. (C) Increased number of T cells in the tibial and common peroneal nerve of WT mice after SNI (p < 0.05). (D) No differences in number of T cells in the sural nerve of B7-H1 ko and WT mice after SNI. B7-H1 ko: young (8 weeks; naïve: 2 males, 3 females; sham: 3 males, 2 females; SNI: 5 males). WT: young (8 weeks; naïve: 3 males, 2 females; sham: 4 males, 1 females; SNI: 5 females). *p < 0.05; n.s. not significant.



DISCUSSION

We investigated a potential link between B7-H1 and miR-21 as key players in inflammation and neuropathic pain (Sheedy, 2015) and found a potential interplay between miR-21 induction in the tibial and common peroneal nerve after SNI and pain behavior.

Previously, we described an association between enhanced neural inflammation and sustained pain behavior in B7-H1 ko mice following chronic constriction injury (CCI; Üçeyler et al., 2010). To further characterize potential neuro-immune influences on the development and maintenance of pain and affective behavior, we applied the SNI model that leads to long lasting pain behavior (Decosterd and Woolf, 2000). We found mechanical hypersensitivity of young and middle-aged B7-H1 ko mice compared to WT mice at baseline. Differences in pain thresholds with ageing are in line with results of several studies reporting that age-dependent sensitivity in pain may develop inconsistently (Kim et al., 1995; Wang et al., 2006; Wang and Albers, 2009). Anatomical and functional changes, like reduction of nerve fibers and increased nerve damage with ageing (Chakour et al., 1996; Ceballos et al., 1999) may lead to higher nociceptive thresholds. Our results are in line with our previous study, where young B7-H1 ko mice also showed mechanical hypersensitivity (Üçeyler et al., 2010). In contrast to the CCI model, where B7-H1 ko mice showed sustained mechanical hyperalgesia after surgery, B7-H1 ko and WT mice of all age-groups developed mechanical hypersensitivity in the sural nerve territory without differences between genotypes after SNI. This may be due to the fact that pain behavior resolves within few weeks after CCI, while pain remains permanent after SNI (Decosterd and Woolf, 2000) and thus no recovery phase is reached in which differences between genotypes could be detected.

Chronic pain patients often report of anxiety, depression and cognitive impairment (Argoff, 2007; Moriarty et al., 2011). We therefore investigated anxiety and depression-like behavior in our mouse model before and after SNI. To cover the potential intra-individual variation and different facets of affective behavior, we performed three different exploration-based anxiety tests (Ramos, 2008). An influence of SNI on anxiety-like behavior was not detected in the performed tests, in any genotype or age-group. Previous studies reported increased anxiety in mice at later time points (30 days) after SNI in the LDB (Palazzo et al., 2016) and age-dependent increase in anxiety behavior (Lamberty and Gower, 1993; Boguszewski and Zagrodzka, 2002), which may be explained by the later time points investigated and different mouse strains used. To assess the influence of neuropathic pain on cognition, mice underwent the MWM test. Naïve, sham and SNI mice were equally good performers in the MWM training. These results are in line with studies in rats, displaying no influence of neuropathic pain on MWM test results (Leite-Almeida et al., 2009). Also, memory studied in the PT was not influenced by SNI surgery. In contrast to a study that identified young mice to be better performers than old ones (Francia et al., 2006), we also did not detect age differences.

Treating chronic neuropathic pain is a challenge and diagnostic biomarkers and new treatment options are warranted. miRNAs have been suggested as potential biomarkers in migraine, spinal cord injury and Parkinson’s disease (Andersen et al., 2016; Cosin-Tomás et al., 2016; Martirosyan et al., 2016). Since it is unclear, why individual patients are susceptible to developing neuropathic pain, whereas others are not, biomarkers for the identification of patients at risk would be helpful. miRNAs involved in cellular plasticity underlying neuropathic pain (Andersen et al., 2014) are thus promising candidates. Besides, silencing or mimicking an individual miRNA could be a potential strategy for treatment of neuropathic pain. We therefore explored the link between B7-H1 and miR-21, to gain new insight into this neuro-immune connection and its relevance for neuropathic pain. miR-21 is a downstream target of the B7-H1 receptor programmed-death 1 (PD-1). The lack of the PD-1 receptor causes enhanced binding of STAT5 in the miR-21 promotor area, which then leads to increased miR-21 expression. An upregulation of miR-21 has been shown in T cells of PD-1 ko mice (Iliopoulos et al., 2011). We used the B7-H1 ko mouse as a potential model of miR-21 overexpression, but did not detect miR-21 upregulation in the nervous tissue of our mice. One explanation might be that PD-1 has two ligands, B7-H1 and PD-L2 (Latchman et al., 2001). We speculate that a compensatory increase in PD-L2 expression might shift B7-H1 to subordinate relevance in miR-21 regulation.

miR-21 was the micro-RNA with the highest upregulation in mouse sciatic nerve after crush in a miRNA microarray (Wu et al., 2011). The same study showed an upregulation of several components of microRNA biosynthesis, like elements of the RISC complex and P-bodies (Wu et al., 2011), indicating a regulation of peripheral nerve regeneration processes by miRNA pathways. Others reported an upregulation of miR-21 in the spinal cord after CCI (Genda et al., 2013), suggesting a potential role of miR-21 in neuropathic pain. Furthermore, an upregulation of miR-21 was reported in the injured DRG after spinal nerve ligation and nerve resection in mice and rats (Strickland et al., 2011; Hori et al., 2016). Here, we show an upregulation of miR-21 in the injured tibial and common peroneal nerves of B7-H1 ko and WT mice after SNI surgery, and in the uninjured sural nerve only in middle-aged and old WT mice. These results suggest that miR-21 upregulation is related to the locus of injury and could also be associated with inflammation. We hypothesize that inflammatory cells may be the source of miR-21 (Figure 13), since macrophages infiltrate the peripheral nerve after axon injury and release cytokines and chemokines that contribute to peripheral sensitization (Calvo et al., 2012). Here, we found that immune cells infiltrated the injured tibial and common peroneal nerves of young B7-H1 ko and WT mice 7 days after surgery, while no changes were detected in the number of macrophages and T cells in the spared sural nerve. Another possibility for increased miR-21 levels could be that miR-21 is produced in the somata of the neurons and is transported along the axon as was shown for some miRNAs by others (Bicker et al., 2013; Ingoglia and Jalloh, 2016).
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FIGURE 13. miR-21 as a potential mediator of neuropathic pain. After SNI miR-21 expression changes might influence neuronal functions and pain behavior. miR-21 is upregulated in the injured nerve. Immune cells (macrophages and T cells) infiltrate the injured nerve and are potential sources of miR-21. Additionally, immune cells release pro-inflammatory mediators (e.g., cytokines and chemokines), which contribute to neuropathic pain. Several targets of miR-21 influence neuronal associated pathways, and their inhibition is leading to pain.



miR-21 upregulation might influence pain behavior by translational downregulation of multiple targets. The underlying mechanisms connecting miR-21 and pain are incompletely understood and only a few targets involved in nerve fiber sensitization and de- and regeneration have been described so far. One of these targets is the tumor suppressor phosphatase and tensin homolog (PTEN). A previous study identified PTEN as an important regulator of nociceptive behavior in a rodent model of neuropathic pain (Huang et al., 2015). Besides, miR-21 suppresses the production of tumor necrosis factor alpha (TNF) via PTEN (Sheedy, 2015) and inhibition of PTEN enhances outgrowth of adult peripheral axons (Yu et al., 2011), suggesting an additional role for PTEN in neuron sprouting. Another downstream target of miR-21 is programmed cell death 4 (PDCD4). A recent study showed that miR-21 induction in macrophages leads to a downregulation of PDCD4, which in turn results in an enhanced production of the anti-inflammatory cytokine interleukin-10 (IL-10; Das et al., 2014).

Our study has several limitations. We used the SNI model that induces severe and sustained pain behavior, thus, we may have missed mild intergroup differences. We restricted our analyses to miR-21, while many other miRNAs may be involved in neuropathic pain induction (Bali and Kuner, 2014; Norcini et al., 2014). Also, our data do not allow the cellular localization of miR-21 expression. Furthermore, contrary to expectations, expression levels of miR-21 did not differ between WT and B7-H1 ko mice limiting the relevance of the latter for miR-21 related pain. However, our data spot miR-21 as a promising candidate to determine potentially druggable downstream targets for future neuropathic pain treatment and add to the growing evidence on the crucial role of miRNAs in the regulation of neuro-immune circuits contributing to neuropathic pain.
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