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Abstract

Microglial cells are critical in the pathogenesis of neuropathic pain and several microglial 

receptors have been proposed to mediate this process. Of these receptors, the P2Y12 receptor is a 

unique purinergic receptor that is exclusively expressed by microglia in the central nervous system 

(CNS). In this study, we set forth to investigate the role of P2Y12 receptors in microglial 

electrophysiological and morphological (static and dynamic) activation during spinal nerve 

transection (SNT)-induced neuropathic pain in mice. First, we found that a genetic deficiency of 

the P2Y12 receptor (P2Y12−/− mice) ameliorated pain hypersensitivities during the initiation 

phase of neuropathic pain. Next, we characterized both the electrophysiological and 

morphological properties of microglia in the superficial spinal cord dorsal horn following SNT 

injury. We show dramatic alterations including a peak at 3 days post injury in microglial 

electrophysiology while high resolution two-photon imaging revealed significant changes of both 

static and dynamic microglial morphological properties by 7 days post injury. Finally, in P2Y12−/− 

mice, these electrophysiological and morphological changes were ameliorated suggesting roles for 

P2Y12 receptors in SNT-induced microglial activation. Our results therefore indicate that P2Y12 

receptors regulate microglial electrophysiological as well as static and dynamic microglial 

properties after peripheral nerve injury, suggesting that the microglial P2Y12 receptor could be a 

potential therapeutic target for the treatment of neuropathic pain.
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1. INTRODUCTION

Neuropathic pain is a condition in which, following an initial injury to the somatosensory 

nervous system, non-physiological pain develops that is characterized by hyperalgesia, 

allodynia and spontaneous pain. Therapies for neuropathic pain based on neurocentric 

mechanisms have not been entirely effective in its treatment and require alternative 

approaches (Baron, 2006; Gu et al., 2012). Glial cells of the central nervous system (CNS) 

have received increasing attention in the pathological mechanisms underlying the 

development of such pain conditions (Liu and Yuan, 2014; Old et al., 2015; Vallejo et al., 

2010). Specifically, microglia, the immunocompetent cells of the CNS, are activated 

following peripheral nerve injury and promote neuropathic pain through releasing various 

factors, such as pro-inflammatory mediators, ROS, and BDNF (Clark et al., 2013; Ferrini 

and De Koninck, 2013; Inoue and Tsuda, 2012; Kim et al., 2010). However, the molecular 

mechanism underlying nerve injury-induced microglial activation in the spinal dorsal horn 

remains largely unknown and a better understanding of microglial mechanisms of 

neuropathic pain development are required.

Microglial purinergic receptors, including metabotropic P2Y12 receptors and ionotropic 

P2X4 and P2X7 receptors, have been implicated in the pathogenesis of neuropathic pain 

(Trang et al., 2012; Tsuda et al., 2013). Although extensive work has been carried out on 

P2X4 and P2X7 regulation of microglial phenotypes and function during neuropathic pain, 

there has been less understanding of the contribution of P2Y12 receptors to pain 

hypersensitivities. Moreover, unlike the ionotropic P2X receptors, P2Y12 receptors are 

exclusively expressed on microglia but not in other glial cells and neurons in the CNS. 

Previous studies have shown that both pharmacological (Kobayashi et al., 2008) and genetic 

(Tozaki-Saitoh et al., 2008) inhibition of microglial P2Y12 receptors improve pain 

phenotypes in rodents. Yet, whether these receptors control static and dynamic 

morphological properties and electrophysiological activities in microglia during the 

development of neuropathic pain is not known.

In the present study, employing a genetic approach in a spinal nerve transection (SNT) 

model, we first confirmed that P2Y12−/− mice displayed less pain phenotypes than WT 

mice. Next, whole-cell recording in microglia found dramatic electrophysiological 

activation, while high resolution two-photon imaging revealed that microglial processes 

retracted significantly with heightened dynamics following the SNT surgery. Finally, a 

genetic deficiency of the P2Y12 receptor reduced these SNT-induced microglial activation 

properties. These results indicate that P2Y12 receptors regulate microglial activation and 

thus may serve as a target to limit microglial activation and its detrimental consequences 

during neuropathic pain.

2. MATERIALS AND METHODS

2.1 Animals

Both male and female mice were used in accordance with institutional guidelines, as 

approved by the animal care and use committee at Rutgers University. All animals were 

housed under controlled temperature, humidity, and lighting (light: dark 12:12 hr. cycle) 
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with food and water available ad libitum. GFP reporter mice (CX3CR1GFP/GFP) were 

purchased from the Jackson Laboratory (Jung et al., 2000). Heterozygous (CX3CR1GFP/+) 

were used for all experiments as “wild type” controls by crossing homozygous 

(CX3CR1GFP/GFP) GFP reporter mice that express GFP under control of the fractalkine 

receptor (CX3CR1) promoter with C57BL/6J mice. Although fractalkine signaling is known 

to contribute to pain hypersensitivities (Johnston et al., 2004; Staniland et al., 2010), no 

obvious haplogenic effects of CX3CR1GFP/+ on neuropathic pain were found. 

CX3CR1GFP/+ heterozygous and WT C57BL/6J mice generated similar SNT-induced pain 

phenotypes (Figure S1) and so all mice used for the current studies were on a CX3CR1GFP/+ 

background to facilitate the visualization of GFP-expressing microglia. P2Y12−/− mice, 

generated on a C57BL/6J background (Andre et al., 2003), were originally donated by Dr. 

Michael Dailey at the University of Iowa and were crossed with homozygous 

(CX3CR1GFP/GFP) mice to generate P2Y12−/−; CX3CR1GFP/+ mice. All genotype 

backgrounds of mice used were viable and showed no detectable developmental defects. 

Six- to 9-week-old age-matched CX3CR1GFP/+ and P2Y12−/−; CX3CR1GFP/+ mice were 

used to conduct nerve injury and subsequent pain behavioral test, spinal cord two-photon in 

vivo imaging, or spinal cord two-photon slice imaging experiments.

2.2 Spinal Nerve Transection (SNT)

Mice were anesthetized with isoflurane in O2 (induction: 4–5% isoflurane; maintenance: 

1.5–2.5% isoflurane). Lumbar 4 spinal nerve transection (SNT) surgery was performed as 

previously described (Chung et al., 2004) with slight modifications. Briefly, a small incision 

to the skin overlaying L5-S1 was made, followed by retraction of the paravertebral 

musculature from the vertebral transverse processes. The L4 spinal nerve was identified, 

lifted slightly, transected, and removed 1–1.5 mm from the end to dorsal root ganglia 

(DRG). The wound was irrigated with saline and closed in with a two-layer suture by 

closing the muscles with 6–0 silk sutures and the skin with 5–0 silk sutures. The L4 spinal 

nerve was only exposed without ligation or transection in sham-operated mice.

2.3 Behavioral Tests

Mice were previously acclimated to the environment and the experimenter on three 

successive days just before the SNT or sham operation. The tests were performed in a quiet 

temperature-controlled (23 ± 1 °C) room between the hours of 9:00 and 12:00 A.M. on days 

before and 2, 3, 5, 7 days after the surgery.

Mechanical allodynia was determined by measuring the incidence of foot withdrawal in 

response to mechanical indentation of the plantar surface of each hind paw with a sharp, 

cylindrical probe with a uniform tip diameter of approximately 0.2 mm provided by a set of 

Von Frey filaments (0.04 – 2g; North Coast medical, Inc.) using a protocol similar to that 

described previously (Gu et al., 2012). In brief, the mouse was placed on a metal mesh floor 

and covered with a transparent plastic dome (10 X 15 X 15 cm). The animal rested quietly in 

this situation after an initial few (~15) minutes of exploration. Each filament was applied 

from underneath the metal mesh floor to the plantar surface of the foot. The duration of each 

stimulus was 3s, in the absence of withdrawal, and the interstimulus interval was 10–15s. 

The incidence of foot withdrawal was expressed as a percentage of the 10 applications of 
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each stimulus as a function of force. Fifty percent withdrawal threshold values were 

determined.

Thermal hyperalgesia was assessed by measuring foot withdrawal latency to heat stimulation 

using a protocol that we have described previously (Gu et al., 2012). An analgesia meter 

(Model 336TG, IITC Life Science, Inc.) was used to provide a heat source. In brief, each 

mouse was placed in a box containing a smooth, temperature-controlled glass floor (30°C) 

and allowed to habituate for 20 min. The heat source was focused on a portion of the hind 

paw, which was flush against the glass, and a radiant thermal stimulus was delivered to that 

site. The stimulus shut off when the hind paw moved (or after 6s to prevent tissue damage). 

The intensity of the heat stimulus was maintained constant throughout all experiments. The 

elicited paw movement occurred at a latency between 2.5 and 4s in control animals. Thermal 

stimuli were delivered four times to each hind paw at 5 to 6 min intervals.

2.4 Immunohistochemistry

Mice were deeply anesthetized with isoflurane (5% in O2) and perfused transcardially with 

30ml PBS followed by 30 ml of cold 4% paraformaldehyde (PFA) in PBS containing 1.5% 

picric acid. The spinal cord were removed and post-fixed with the same 4% PFA overnight 

at 4°C. The samples were then transferred to 30% sucrose in PBS for 48 hr. Sample sections 

(20 µm in thickness) were prepared on gelatin-coated glass slide with a cryostat (Leica). The 

sections were blocked with 5% goat serum and 0.3% Triton X-100 (Sigma) in TBS buffer 

for 60 min, and then incubated overnight at 4°C with primary antibody for rabbit-anti-

P2Y12 (1:500, Anaspec Inc.). The sections were then incubated for 60 min at RT with 

secondary antibodies (Alexa Fluor® 594, Life Technologies). The sections were mounted 

with Fluoromount-G (SouthernBiotech) and fluorescent images were obtained with a 

confocal microscope (LSM510, Zeiss). Fluorescent signal intensity was quantified using 

ImageJ software (National Institutes of Health, Bethesda, MD).

To quantify P2Y12 immunoreactivity profiles in the spinal cord, three to five L4–5 spinal 

cord segments per mouse from 4 mice were randomly selected for each group. The P2Y12 

immunoreactivity data in WT Sham tissues was set as the 100% baseline and the data from 

each of the other groups were normalized and compared with this sham data.

2.5 Spinal Cord Slice Preparation

Freshly isolated spinal cord slices were prepared from 6–8-week-old sham mice or mice 

with SNT-induced neuropathic pain at the stated time points. Briefly, mice were deeply 

anesthetized with isoflurane, and lumbosacral laminectomies were performed in an ice-cold 

chamber. The lumbosacral spinal cord was quickly removed and placed in ice-cold, sucrose-

substituted artificial CSF saturated with 95% O2 and 5% CO2 (sucrose ACSF, in mM: 

sucrose, 234; KCl, 3.6; CaCl2, 2.5; MgCl2, 1.2; NaH2PO4, 1.2; NaHCO3, 25; and D-

glucose, 12). Transverse lumbar spinal cord slices (300µm) were also prepared in ice-cold 

sucrose ACSF using a vibrating microtome. The slices were then maintained in a recovery 

chamber for 30 or more minutes at room temperature (23 ± 1°C) in regular ACSF 

equilibrated with 95% O2 and 5% CO2 (ACSF, in mM: NaCl, 125; KCl, 2.5; CaCl2, 2; 
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MgCl2, 1, NaH2PO4, 1.25; NaHCO3, 26; and D-glucose, 25, and sucrose added to make 

300–320 mOsmol) before imaging or electrophysiological studies.

2.6 Two-photon Imaging

2.6.1 Spinal Cord Slice Two-photon Imaging—Experiments were conducted at room 

temperature with slices maintained in oxygenated ACSF with the same composition as 

above in a perfusion chamber at a flow rate of 2 ml/min. GFP-labelled microglia, were 

typically imaged using a two-photon microscope (Scientifica Inc, UK) with a Ti:Sapphire 

laser (Mai Tai; Spectra Physics) tuned to 900nm with a 40X water immersion lens (0.8 NA; 

Olympus). Fluorescence was detected using a photomultiplier tube in whole-field detection 

mode and a 565 nm dichroic mirror with a 525/50 nm emission filter. The laser power was 

maintained at 25 mW or below and images were collected at between 40 and 80 µm from the 

slice surface. For imaging microglial dynamics, 20 consecutive z-stack images were 

collected at 1 µm intervals every minute and combined to make time-lapse movies. 

Microglia imaging was limited to a 3 hr. window after slicing to limit microglial activation 

effects in response to slicing as a confounding variable to data collection.

2.6.2 Spinal Cord In Vivo Two-photon Imaging—As described previously (Davalos et 

al., 2008), an anesthetic mix of ketamine-xylazine-acepromazine was used to anesthetize the 

mouse. The mouse was stabilized using a stabilizing spinal column, head, and tail custom-

ordered clamps (model STS-A; Narishige) to minimize movement associated artifacts. After 

a T12-L1 laminectomy, the lumbar spinal cord was exposed at the L5 level. Under a 

binocular microscope with 8X to 40X magnification, the dura was cut and removed. A small 

well of Gelseal (Amersham Biosciences Corp.) was built around the exposed spinal cord to 

facilitate the maintenance of the tissue in a drop of artificial cerebrospinal fluid (ACSF) and 

for the immersion of the microscope lens in this solution for in vivo imaging. As described 

above, we used a two-photon microscope (Scientifica Inc, UK) with a Ti:Sapphire laser (Mai 

Tai; Spectra Physics) tuned to 900nm for in vivo imaging (Eyo et al., 2015; Eyo et al., 

2014). Images of the superficial dorsal horn were obtained by preparing image stacks (165 X 

165 µm, 1 µm z steps) collected at a depth of 30–80 µm of the spinal surface. At the end of 

the experiments, the mice were given an overdose of anesthetic and then sacrificed by 

cervical dislocation.

2.7 Patch Clamp Recordings

Whole cell patch-clamp recordings were made from dorsal horn microglia located in laminar 

layers I-III of freshly excised spinal cord slices. GFP-labeled microglia were studied in 

voltage-clamp mode (Wu et al., 2012). After establishing the whole-cell configuration, 

microglia were held at either −60 mV or −20mV. The resistance of a typical patch pipette 

was 4–6 MΩ. Recording electrodes contained a K+-based internal solution composed of (in 

mM: 120 K-gluconate, NaCl, 5; MgCl2, 1; EGTA, 0.5; MgATP, 2; Na3GTP, 0.1; and 

HEPES, 10; pH 7.2; 280 –300 mOsmol). Membrane currents were amplified with an 

Axopatch 200B amplifier (Multiclamp 700B, Axon Instruments). Signals were filtered at 2 

kHz and digitized (DIGIDATA 1440A), stored, and analyzed by pCLAMP (Molecular 

Devices, Union City, CA).The membrane capacitance (WT:27.02 ± 1.9 pF, and P2Y12−/−: 

22.76 ± 0.1 pF), the membrane resistance (WT: 1.41 ± 0.07 GΩ and P2Y12−/−: 1.61 ± 0.17 
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GΩ), and the membrane potential (WT: −21.85 ± 1.74 mV, n=10 and P2Y12−/−: −20.93 

± 1.26 mV) were noted. Data were discarded when the input resistance changed >20% 

during recording.

The diameter of the ATP application pipette tip was 3–4 µm. The pressure (10 psi) and 

duration (100 ms) of the puff was controlled and the distance between the patched cell and 

puff pipette was kept constant (~15 µm). This was achieved by marking the position of the 

two pipettes (recording and puff) on the display screen and adjusting the distance of the puff 

pipette until the preferred distance was reached.

2.8 Static Microglial Morphological Properties Quantification

To quantify GFP-positive cells profiles in the spinal cord, two to four L4–5 spinal cord 

segments per mouse from 4–5 mice were randomly selected. An image in a square (165 X 

165 µm2) centered on the superficial dorsal horn (laminas I–III) was captured, and all of the 

intact GFP-positively labeled cells in the frame were analyzed with ImageJ software 

(National Institutes of Health, Bethesda, MD). The data from several slices from different 

mice were analyzed and pooled to determine significance.

2.8.1 Process Length Analysis and End Point Voxel Analysis—A skeleton 

analysis method was developed to quantify microglia morphology from two-photon images 

as previously described (Morrison and Filosa, 2013) with slight modifications. Two-photon 

images (20 µm z-stack at 1 µm intervals) were acquired during 30 min imaging sessions in 

the ipsilateral and contralateral region as identified in Figure S2A–B. Two-dimensional (2D) 

stacked images were made using the ImageJ program. For skeleton analysis, the maximum 

intensity projection image of the GFP signal was de-speckled to eliminate background noise. 

The resulting image was converted to a binary image and skeletonized (Figure S2C). The 

Analyze Skeleton plugin (http://imagejdocu.tudor.lu/) was then applied to all skeletonized 

images to collect data on the number of endpoints per frame (Figure S2C, blue) and process 

length (Figure S2C, orange). With regards to the number of cells quantified for the 

microglial Process Length Analysis and End Point Voxel Analysis, we used all the cells in 

the field of view which ranged from ~40 total cells in control tissues to up to ~120 cells at 

POD7 after SNT. These data were used as measures of microglial morphology based on 

previous reports showing reduced microglia process branching complexity and process 

length during microglial activation (Fontainhas et al., 2011; Orr et al., 2009; Stence et al., 

2001). The number of cell somas per frame was used to normalize all process endpoints and 

process lengths.

2.8.2 Sholl Analysis—For Sholl analysis, z-stacked two photon images (20 µm) were 

acquired at 1µm intervals. Consecutive z-stack images were converted to maximum intensity 

projection images using Image J software. Using the Image5D plugin, z-stack images were 

condensed into a maximum intensity projection images over which concentric circles were 

drawn (concentric circles plugin), centered on the soma, beginning at 7µm radii and 

increasing with every circle. Sholl analysis was manually performed for each cell by 

counting the number of intersections between microglial processes and each increasing 

circle to create a Sholl plot. Because of the nature of our imaging, a small field of view with 
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a few intact cells (3–5 cells) were quantified from each slice in ~5 mice for the Sholl 

analysis.

From these data we determined the process maximum (Nm, the maximum number of 

intersections), the critical radius (Cr, the distance at which the Nm occurred, reflecting sites 

of highest branch density), the maximum branch length (µm, the maximum radius at which a 

branch intersection occurred) and the number of primary branches (Np, the number of 

branches that originated from the microglia soma. Here, we used the number of intersections 

at starting radius). From these parameters, a Shoenen ramification index was calculated 

(Nm/Np) manually to quantify cell branching density.

2.9 Dynamic Microglial Process Motility Analysis

For in vivo imaging experiments, 4 (POD 7) and 6 (sham) mice were used and 6–11 slices 

from 3–6 mice were used for slice imaging experiments. Microglial process motility analysis 

was carried out as described previously (Eyo and Dailey, 2012). Briefly, 3D image stacks 

were combined to make 2D projection images for each time point. Then, to account for any 

x–y tissue drift, 2D projection images from the generated time lapse movies were registered 

using the StackReg plugin. Registered images were then smoothened to reduce background 

noise. To define the cell boundary, an arbitrary threshold was applied uniformly to all 

images in a given time sequence. To generate difference images, the absolute difference 

between two sequential thresholded images in a time series was calculated using the 

“Difference” tool of the “Image Calculator” feature of ImageJ. Sequential difference images 

in a time sequence were used to generate a motility index, which is a percent change in area 

of the cell at adjacent timepoints.

2.10 Statistical Analysis

All data are expressed as mean ± S.E.M. Changes of values of each experimental group were 

tested using Student’s t-test or one way ANOVA, followed by individual post hoc 

comparisons (Fisher’s exact test) to establish significance. Behavioral data were analyzed 

using unpaired Student’s t test (compared different time points in any 2 groups) or Repeated 

Measures ANOVA followed by post-hoc Bonferroni test. A difference was accepted as 

significant if P < 0.05.

3. RESULTS

3.1 Upregulation of the Microglial P2Y12 Receptor and Its Role in Neuropathic Pain 
Hypersensitivities

The P2Y12 receptor is known to be specifically expressed in CNS microglia (Butovsky et 

al., 2014; Haynes et al., 2006; Zhang et al., 2014). Using CX3CR1GFP/+ (henceforth referred 

to as “WT” for simplification) mice where microglia are labeled with GFP, we confirmed 

that P2Y12 expression completely overlaps with GFP and thus is exclusively expressed in 

microglia in the spinal cord (Figure 1A, Figure S3). After SNT surgery, the number of GFP-

expressing microglia was largely increased in the ipsilateral dorsal horn (Figure 1A–B, 

Figure S4). In addition, P2Y12 immunoreactivity in the spinal cord was ~1.4 times and ~2.0 

times significantly upregulated in the ipsilateral spinal cord dorsal horn at post-operative day 
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(POD) 3 and POD 7 following SNT surgery compared with that in WT Sham mice, 

respectively (n=4 mice per group. Figure 1A, C, Figure S4). No significant difference was 

found between WT sham group and the contralateral side at POD 3 and POD 7 following 

SNT surgery (Figure 1A, C). As expected, P2Y12 immunoreactivity was absent in 

P2Y12−/−; CX3CR1GFP/+ (henceforth referred to as “P2Y12−/−“) mice (Figure1B–C). 

Finally, we examined pain behaviors after SNT in WT and P2Y12−/− mice. Consistent with a 

previous report (Tozaki-Saitoh et al., 2008), we found that both thermal hyperalgesia (Figure 

1D) and mechanical allodynia (Figure 1E) were reduced in P2Y12−/− mice at PODs 3, 5, 

and 7 following SNT surgery. Given the evidence of sex differences recently reported in 

established pain (Sorge et al., 2015), we performed experiments to compare pain phenotypes 

between male and female P2Y12−/− and WT mice. No obvious sex differences were found in 

the initiation phase (POD 1–7) of neuropathic pain after SNT surgery (Figure S5). These 

results indicate that the P2Y12 receptor is upregulated in spinal microglia and contributes to 

neuropathic pain hypersensitivities.

3.2 P2Y12 Receptors Contribute to Electrophysiological Activation of Microglia Following 
SNT

The critical role of microglial P2Y12 receptors in neuropathic pain hypersensitivities 

motivated us to investigate its function in microglial activation following SNT surgery. We 

have previously shown that ATP induces inward and outward currents, which are known to 

be mediated by P2X receptors and P2Y receptor-coupled K+ channels, respectively, and the 

P2Y12 receptor is the predominant mediator of outward currents in response to ATP (Wu et 

al., 2007) Using whole-cell patch clamp recording, ATP-induced currents in spinal microglia 

were recorded at a holding potential of −20mV. Indeed, the outward K+ currents were almost 

completely abolished in P2Y12−/− mice (Figure 2A–B). In addition to the use of P2Y12−/− 

mice, we tested PSB0739 (2 µM), a P2Y12 receptor antagonist (Charolidi et al., 2015), 

which was also able to significantly reduce the amplitude of the ATP-induced outward 

current by 50% (n = 5 cells). Consistent with the upregulation of P2Y12 receptors after SNT 

surgery (Figure 1C), we found that there is a significant increase in ATP-induced outward 

K+ currents in ipsilateral microglia (24.46 ± 1.69 pA) compared to contralateral microglia at 

POD 3 (11.71 ± 1.46 pA) after SNT or those in sham WT mice (14.96 ± 2.25 pA,Figure 

2A–B). We also found a similar result at POD 7 (25.74 ± 2.19 pA) after SNT in WT mice.

The potassium current, independent of the response to ATP, is a microglial 

electrophysiological property and an indicator of the activation status of microglia since 

microglial electrophysiological properties are known to change during pathological 

conditions (Avignone et al., 2008; Boucsein et al., 2000; Lyons et al., 2000). Hence, we 

examined the role of P2Y12 receptors in microglial electrophysiological activation in the 

spinal dorsal horn after SNT surgery. To this end, we recorded membrane currents in spinal 

microglial from WT and P2Y12−/− mice following SNT surgery. The cells were held at 

−60mV and depolarization steps (from −100mV to 80mV) evoked small currents in 

microglia from sham mice. However, dramatic outwardly rectifying K+ currents were 

observed in microglia from the ipsilateral but not microglia from the contralateral spinal 

dorsal horn at POD 3 after SNT surgery, suggesting the activation of microglia following 

SNT surgery (Figure 2C–D). Unexpectedly, microglia from POD 7 WT tissues showed 
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significantly reduced outwardly rectifying K+ currents compared to microglia from POD 3 

WT after SNT surgery, but still significantly more than microglia from sham mice (Figure 

S6A). These results indicate that microglia in the ipsilateral POD3 peaked in their 

electrophysiological activation on this day and became less electrophysiologically activated 

by POD7 after SNT. Next, we examined electrophysiological activation of microglia in 

P2Y12−/− mice. There was no difference in the basal currents between WT and P2Y12−/− 

microglia in the dorsal horn (Figure 2C–D). However, we found that SNT-induced outwardly 

rectifying microglial K+ currents were largely decreased at POD 3 (Figure 2C–D) and also 

at POD7 (Figure S6B) in P2Y12−/− mice compared with WT mice, suggesting reduced 

microglial electrophysiological activation after SNT surgery. Together, these results indicate 

that P2Y12 receptors mediate ATP-induced K+ currents and initiates outwardly rectifying 

K+ currents, thereby contributing to electrophysiological activation of spinal microglia 

following SNT.

3.3 P2Y12 Receptors Contribute to Alterations in Static Morphological Properties of 
Microglia Following SNT

Microglia exhibit astounding morphological activation following SNT, which has 

traditionally been characterized in terms of its process retraction during activation (Stence et 

al., 2001). To study the role of P2Y12 in SNT-induced morphological changes, we examined 

microglia from acute spinal cord slices in WT and P2Y12−/− mice using two photon 

microscopy. Here, we analyzed the process length of spinal cord microglia in acute slices 

following SNT surgery. Generally, microglial morphological activation in the ipsilateral 

dorsal horn was evident at POD 3 but became more widespread by POD 7 (Figure 3A). At 

both PODs 3 and 7, we selectively monitored microglial morphologies in areas with 

predominant microglial activation. As expected for microglial activation, microglial process 

length was significantly reduced at both 3 and 7 days after SNT surgery in the ipsilateral 

dorsal horn when compared to the contralateral and sham dorsal horn (Figure 3B–C).

Following this initial characterization in WT mice, we performed similar experiments in 

age-matched P2Y12−/− mice to investigate potential roles of the receptor in SNT-induced 

microglial activation. Because morphological microglial activation was most robust by POD 

7 after SNT surgery, we focused our studies at this time point. In the sham P2Y12−/− dorsal 

horn, microglial process length was not significantly different from WTs. However, 

microglial process length were significantly longer in P2Y12−/− dorsal horn than in WT at 

POD 7 following SNT surgery (Figure 3D).

Furthermore, a Sholl analysis showed similar complexities between microglia in sham WT 

and P2Y12−/− dorsal horn. The analysis also clearly illustrates that the branching profile of 

microglia in the POD 7 WT dorsal horn is shifted to the left, an indication of decreased 

branch complexities, when compared to microglia in sham WT mice. However, 7 days after 

SNT-induced injury, microglia in the ipsilateral dorsal horn of P2Y12−/− mice exhibited 

significantly higher complexity, shifted to the right, than those in POD 7 WT mouse tissues 

(Figure 3E). Data summarized from the Sholl analysis indicates that microglia in the POD 7 

P2Y12−/− dorsal horn have significantly more process maximum, longer critical radius and 

significantly less reduced maximum branch length when compared to cells in the POD 7 WT 
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dorsal horn. Meanwhile, the Schoenen ramification index also reveals that microglia are 

more ramified by 27% in the POD7 P2Y12−/− dorsal horn when compared POD 7 WT 

(Table 1).

Finally, end point voxel analysis was performed as an alternative method to assess microglial 

structural complexity. We found that even though microglia from sham P2Y12−/− tissues 

showed significantly lower end point voxels than microglia from sham WT tissues, they 

displayed greater end point voxels by POD 7 of SNT surgery in the ipsilateral dorsal horn of 

P2Y12−/− tissues (Figure 3F). These data are consistent with those obtained from the 

skeleton analysis of process length done on an individual cell-by-cell analysis (Figure 3C–

D). Together, these results indicate that microglia lacking P2Y12 receptors show reduced 

activation morphologically compared with those in WT microglia by POD 7 of SNT surgery.

3.4 P2Y12 Receptors Contribute to Alterations in the Dynamic Morphological Properties of 
Microglia Following SNT

Microglia are known to play a critical role in tissue surveillance in both the brain and spinal 

cord (Davalos et al., 2005; Dibaj et al., 2010). Having observed differences in static 

microglial morphologies between WT and P2Y12−/− mice, we next investigated microglial 

dynamic motilities following SNT using high resolution two-photon imaging. We began by 

performing imaging in vivo in the WT spinal cord. Interestingly, we found that the 

microglial motility index in the ipsilateral dorsal horn was increased compared with those in 

sham mice at POD 7 following SNT or sham surgery (Figure 4A–B, H). Therefore, 

microglia have enhanced dynamic surveillance following SNT-induced activation.

Next, we attempted to monitor microglial dynamics in vivo in the spinal cord of P2Y12−/− 

mice but excessive bleeding from the laminectomy prevented successful imaging. Thus, we 

resorted to the use of spinal cord slice preparations to examine microglia dynamics. First, we 

confirmed (as with our observations in vivo) that in WT slices at POD 7 following SNT 

surgery, microglia exhibited higher motilities (Figure 4C–D, G-H). Then, we examined 

dynamic morphological properties of microglia after SNT surgery in P2Y12−/− mice. There 

was no significant difference in microglial motility between WT and P2Y12−/− mice in sham 

mice. However, SNT-induced increases of microglial motility was significantly reduced in 

P2Y12−/− tissues (Figure 4E–H). Together, these results suggest that the P2Y12 receptor 

contributes to microglial tissue surveillance following SNT.

4. DISCUSSION

The major findings of the current study are four-fold. First, we show that microglial P2Y12 

receptors are critical in the progression of neuropathic pain using P2Y12−/− mice. Second, 

we provide the first electrophysiological characterization of microglia during neuropathic 

pain including evidence for involvement of P2Y12 receptors in certain salient aspects of 

microglial electrophysiological activation. Third, we present additional evidence for 

regulation of static microglial morphological characterizations by the P2Y12 receptor during 

neuropathic pain. Finally, we provide a first description of the dynamic microglia 

morphological activities induced during neuropathic pain under the control of the P2Y12 

receptors. Together, our results indicate that the microglial activation state during 
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neuropathic pain differs electrophysiologically (peaking at POD 3) and morphologically 

(progressing at least through POD 7) and highlight an important role for the P2Y12 receptor 

in microglial activation in the promotion of pain hypersensitivities following peripheral 

nerve injury.

4.1 P2Y12 Receptor in Neuropathic Pain Hypersensitivities

Previous work (Kobayashi et al., 2008; Kobayashi et al., 2012; Tozaki-Saitoh et al., 2008) 

has shown that microglial P2Y12 receptors are upregulated at both the mRNA and protein 

levels following peripheral nerve injury and this upregulation promotes neuropathic pain 

pathogenesis. We confirmed these results in our initial studies using both male and female 

P2Y12−/−; CX3CR1GFP/+ mice. Recently, Sorge et al., 2015 showed that there were 

differences in the maintenance of neuropathic pain in male and female mice (Sorge et al., 

2015). However, in our studies that focused on the initiation phase (i.e. within the first week) 

of neuropathic pain, we did not find any such differences. These studies should not be 

thought to be in conflict since different phases of neuropathic pain were investigated. In 

addition, even in the maintenance phase of neuropathic pain, microglia still play roles but 

only secondary to infiltrating T cell in female mice (Sorge et al., 2015).

The precise details of how microglial P2Y12 receptor activation promotes neuropathic pain 

are not clear. It was suggested that p38 MAPK signaling is critical in this process as 

pharmacological inhibition of P2Y12 receptors reduced phosphorylated p38 (Kobayashi et 

al., 2008) even though p38 inhibition did not affect P2Y12 mRNA during neuropathic pain 

(Kobayashi et al., 2012) suggesting that p38 acts downstream of P2Y12 activation to 

modulate pain hypersensitivities. Consistently, recent studies suggest that P2Y12 receptors 

may activate p38 MAPK via Rho-associated coiled-coil-containing protein kinase in 

microglia after peripheral nerve injury (Tatsumi et al., 2015). Regarding specific 

mechanisms working upstream of and regulating P2Y12 expression and / or function in 

microglial surveillance, the transcription factor IRF8 was recently shown to be important in 

P2Y12-dependent microglial surveillance of isolated cells (Masuda et al., 2014). Since IRF8 

is also upregulated during neuropathic and chronic pain with detrimental consequences 

(Akagi et al., 2014; Masuda et al., 2012), it is reasonable to infer that part of the mechanism 

by which IRF8 promotes pain is by its regulation of P2Y12 function. Future work will have 

to be performed to clarify some of these possibilities.

It is also possible (though this has not been extensively investigated) that microglial P2Y12 

receptor activation may regulate microglial cytokine production during neuropathic pain. 

Blockade of P2Y12 receptors on platelets can reduce the release of pro-inflammatory 

interleukin 1 beta (IL-1β) (Jia et al., 2013), which is released during neuropathic pain and 

contributes to pain hypersensitivities (Kawasaki et al., 2008; Rutkowski and DeLeo, 2002; 

Samad et al., 2001). Indeed, there is recent evidence that IL-1β release during neuropathic 

pain requires P2Y12 receptor activation (Horvath et al., 2014). Thus microglial release of 

certain cytokines following P2Y12 activation may be a potential route of P2Y12 mediation 

of pain hypersensitivities.

In addition to spinal cord microglia expressing P2Y12Rs, these receptors have also been 

found in DRGs (Katagiri et al., 2012; Malin and Molliver, 2010). In the present study, we 
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did not directly address the role of P2Y12 in the DRG. However, since we used a global 

P2Y12−/− mice, we cannot rule it out as a potential contributing factor to the P2Y12−/− pain 

phenotype. This potential role of peripheral P2Y12Rs in neuropathic pain still needs to be 

further explored.

4.2 P2Y12 Receptor in Electrophysiological and Morphological Activation in Neuropathic 
Pain

In the current study, without excluding the above-mentioned possibilities (e.g. p38 and 

cytokine roles), we sought to provide further insights into previously unknown microglial 

electrophysiological and static / dynamic morphological alterations during the progression 

of neuropathic pain. Changes in microglial electrophysiology and morphology have been 

recognized to be hallmarks of microglial activation for several decades (Kettenmann et al., 

2011). However, precise descriptions of these fundamental microglial properties have not 

been investigated during neuropathic pain.

In our study, we found an early activation of these two properties by POD 3 following SNT 

surgery. The electrophysiological activation of microglia during neuropathic pain was not as 

dramatic as that in some other pathological contexts such as following seizures (Avignone et 

al., 2008). While there was a 7 fold increase in current responses to P2Y12 activation 

following seizures (Avignone et al., 2008), there was only a 1.7 fold increase during 

neuropathic pain. Similarly, microglial current responses to voltage steps were more 

dramatic following seizures than following SNT-injury. Though these differences could be a 

result of the different agonists used to activate the P2Y12 receptor, there is also a possibility 

that the different injury paradigms may upregulate P2Y12 expression to different degrees. 

Indeed, although we found an almost 2-fold increase in P2Y12 protein following SNT-

injury, seizures induced a 4-fold increase in P2Y12 mRNA (Avignone et al., 2008). These 

results suggest that modulation of microglial P2Y12 receptors during microglial activation 

contributes to microglial electrophysiology which may differ depending on the injury/

disease context.

Microglial morphologies are important for microglial surveillance. With our end point voxel 

analysis, we found that microglial process complexity was reduced in the naïve P2Y12−/− 

spinal cord which was not reported for the naïve P2Y12−/− brain (Haynes et al., 2006). The 

significance of this difference is not clear since it did not translate to detectable differences 

in surveillance abilities in the naïve condition. Further studies will be required to determine 

any such significance exists and whether the difference exists in the brain.

Microglial morphological activation during neuropathic pain has been previously 

acknowledged (Tsuda et al., 2005; Zhuo et al., 2011). However, our study has now provided 

further details into the degree of microglial morphological activation including a temporal 

characterization of microglial process shortening as well as an assessment of microglial 

process complexity during the first week of neuropathic pain development in mice. In both 

these morphological features of activation, a deficiency of the P2Y12 ameliorated the SNT-

induced morphological changes. A recent study has corroborated some of these findings 

using a pharmacological approach (Tatsumi et al., 2015). In that study, P2Y12 receptor 

antagonists were applied following peripheral nerve injury. Under this treatment regimen, 
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the normally dramatic reduction in microglial process length was inhibited and microglia 

exhibited much longer primary processes in the injured spinal cord dorsal horn. A previous 

study (Tozaki-Saitoh et al., 2008) reported no morphological differences between WT and 

P2Y12−/− tissues at POD 14 after neuropathic pain which seems to contrast with our data. 

However, our data was generated at POD 7 which is much earlier than the data from that 

study and may actually suggest that P2Y12Rs delay the morphological transformation of 

microglia after SNT. Indeed, this is consistent with our data as well since microglial process 

length is also reduced in P2Y12−/−, though less dramatically than that in WT (Figure 3D).

Together, these findings suggest that P2Y12 receptors could be a target for modulating 

microglial electrophysiological and morphological activation during neuropathic pain. 

Moreover, whether they also contribute to microglial activation in other CNS injury and / or 

disease contexts remain to be determined. Our work suggests that such a regulation is 

possible and since the P2Y12 receptor is a unique marker for microglia in distinction from 

other CNS and infiltrating cells (Butovsky et al., 2014; Hickman et al., 2013; Moore et al., 

2015; Zhang et al., 2014), targeting the receptor may be a unique strategy to improve pain 

outcomes. However, future studies are needed to address the possible downstream signals 

that mediate P2Y12 receptor-dependent alterations in microglial electrophysiological and 

morphological properties during neuropathic pain. Nevertheless, our results highlight the 

potential therapeutic significance of targeting this receptor in aberrant CNS conditions 

affected by microglial activation.

4.3 P2Y12 Receptors in Increased Microglial Surveillance in Neuropathic Pain

Microglial surveillance is a fundamental feature of microglial physiology whereby these 

surveilling cells are proposed to perform homeostatic functions to maintain the health of the 

CNS (Eyo and Wu, 2013). This constitutive surveillance has been observed in all microglial 

tissue preparations examined to date including both excised brain slices (Kurpius et al., 

2007; Liang et al., 2009; Wu et al., 2007) and in vivo (Davalos et al., 2005; Dibaj et al., 

2010; Nimmerjahn et al., 2005). Although the repertoire of the functional significance of this 

surveillance activity is not clear, it is now widely accepted that it functions at least in part to 

facilitate regular presumably homeostatic interactions between microglia and neuronal 

elements to modulate neuronal activity and function (Baalman et al., 2015; Eyo et al., 2014; 

Li et al., 2012; Tremblay et al., 2010; Wake et al., 2009). A few factors regulating microglial 

surveillance have been recognized including neuronal activity in general (Fontainhas et al., 

2011; Li et al., 2012; Nimmerjahn et al., 2005; Tremblay et al., 2010) as well as through 

specific molecules including purines (Davalos et al., 2005; Kurpius et al., 2007; Orr et al., 

2009) and norepinephrine (Gyoneva and Traynelis, 2013) and diseased conditions such as 

systemic inflammation (Gyoneva et al., 2014a), Alzheimer’s Disease (Krabbe et al., 2013), 

epilepsy (Eyo et al., 2014), and Parkinson’s disease (Gyoneva et al., 2014b). Despite these 

observations, within the context of neuropathic pain, microglial surveillance has not been 

investigated. Ours is a first study to show that following SNT-injury, microglial surveillance 

is increased in slices of the ipsilateral spinal cord dorsal horn. Moreover, although P2Y12 

receptors were not found to be critical in the modulation of constitutive microglial 

surveillance of the spinal cord in P2Y12−/− mouse tissues, a significant component of this 

SNT-induced increase in microglial surveillance is dependent on this receptor. In line with 
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this notion, we also found an increased expression of P2Y12 receptors in spinal microglia 

after SNT.

The immediate functional significance of the observed P2Y12-dependent increase in 

microglial surveillance during neuropathic pain is not clear. However, because our study and 

others have shown that microglial P2Y12 receptor function is detrimental during neuropathic 

pain, it is tempting to speculate that the functional significance of P2Y12 activity (including 

in the observed increased microglial surveillance) is neurotoxic since the degree of 

microglial surveillance is positively correlated with the worsened pain phenotypes. During 

neuropathic pain, microglial P2Y12 receptors may facilitate the altered physical or paracrine 

engagement of microglia and neurons that may serve to enhance pain hypersensitivities. 

Indeed, P2Y12 receptors have been found to regulate microglial engulfment of axonal 

elements following nerve injury in the spinal cord dorsal horn (Maeda et al., 2010).

In conclusion, we have demonstrated a role for microglial P2Y12 receptor function in 

neuropathic pain. This role has been shown at both electrophysiological, morphological that 

indicate important regulation of microglial activity by this receptor. Because the P2Y12 

receptor participates in the release of various cytokines that promote inflammatory and 

neuropathic pain as well as the availability of potent P2Y12 antagonists that can reduce 

chronic inflammatory and neuropathic pain (Horvath et al., 2014), our results suggest that 

further understanding P2Y12 function in neuropathic pain contexts could help in the targeted 

treatment of pain management especially since these receptors are unique to microglia in the 

CNS and regulate microglial inflammatory responses (Moore et al., 2015).
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Figure 1. Microglial P2Y12 Receptors Are Upregulated to Promote Neuropathic Pain
A–B, Representative low and high magnification confocal images of both the ipsilateral and 

contralateral dorsal horns of the spinal cord at post-operative day (POD) 7 following spinal 

nerve transection (SNT). Microglia are shown in green in CX3CR1GFP/+ mice in both WT 

and P2Y12−/− tissues and P2Y12 immunoreactivity is shown in red. Scale bar is 200 µm and 

20 µm for lower and higher magnification images, respectively. C, Quantified P2Y12 

immunoreactivity is higher in the ipsilateral compared to the contralateral dorsal horn in WT 

mice but remains absent in the dorsal horn of P2Y12−/− mice at POD 7. n=4 mice per group. 
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Data are shown as mean ± SEM. *** P < 0.001. D–E, Pain hypersensitivities including 

thermal hyperalgesia (D) and mechanical allodynia (E) are reduced in P2Y12−/− mice 

compared to WT mice. n=7–8 per group. Data are shown as mean ± SEM. *** P < 0.001.
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Figure 2. P2Y12 Receptors Limit Microglial Electrophysiological Activation during Neuropathic 
Pain
A–B, Representative tracings showing (A) and quantified summaries of (B) outward currents 

in response to ATP (1mM) puff application to microglia from sham and SNT-surgery WT 

and P2Y12−/− mice. n=3–5 cells per group. Data are shown as mean ± SEM. * P < 0.05; *** 

P < 0.001. C–D, Representative tracings showing (C) and quantified summaries of (D) 

depolarization steps from −100mV to 80mV in microglia from sham and SNT-surgery WT 

and P2Y12−/− mice. n=10 cells for WT Sham group, n=17 cells for WT POD3 group, n=3 

cells for P2Y12−/− Sham group, n=11 cells for P2Y12−/− POD3 group. Data are shown as 

mean ± SEM. *P < 0.05; **P < 0.01; *** P < 0.001 compared with WT POD 3; ###P < 

0.001 compared with WT Sham.
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Figure 3. P2Y12 Receptors Limit Microglial Morphological Activation during Neuropathic Pain
A, Representative two-photon z-stack images of GFP-expressing microglia in the spinal cord 

dorsal horn of sham (left) ipsilateral (left and right center) and contralateral (right) dorsal 

horn from WT (top) and P2Y12−/− (bottom) tissue slices. Scale bar is 200 µm. B, 

Representative raw (green) and transformed skeletal (gray) images from sham (left) 

ipsilateral (left and right center) and contralateral (right) dorsal horn from WT (top) and 

P2Y12−/− (bottom) tissues. Scale bar is 20 µm. C, Quantification of microglial process 

length in WT sham as well POD 3 and 7 following SNT surgery showing progressive 
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shortening of process lengths. n=6–9 slices per group (from 3 mice). Data are shown as 

mean ± SEM. *** P < 0.001. D, Quantification of microglial process length in WT and 

P2Y12−/− microglial at POD 7 following SNT surgery in WT and P2Y12−/− tissues. n=8–11 

slices per group (form 4 mice). Data are shown as mean ± SEM. *** P < 0.001. E–F, Sholl 

(E) and endpoint voxel (F) analysis of microglia from WT and P2Y12−/− tissues in the sham 

and at POD 7 following SNT surgery. n=14–25 cells per group from 5–7 mice for Sholl 

analysis and n=8–11 slices per group from 4 mice for endpoint voxel analysis. Data are 

shown as mean ± SEM. n.s., no significance. * P < 0.05; *** P < 0.001
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Figure 4. P2Y12 Receptors Limit Microglial Dynamics during Neuropathic Pain
A–F, Representative difference images used to quantify microglial motility indices of 

microglia from WT mice in vivo (A–B) WT slices (C–D) and P2Y12−/− slices (E–F) under 

sham conditions (left), and POD 7 following SNT surgery in the ipsilateral dorsal horn. 

Scale bar is 25 µm. G–H, Quantification of microglial motility indices from WT and 

P2Y12−/− slices during 15 minute long imaging sessions represented as a summary through 

time (G) as well as an average for each condition (H). n=4–6 mice per group for in vivo 
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images and n=6–11 slices from 3–6 mice per group for slices images. Data are shown as 

mean ± SEM. n.s., no significance. *** P < 0.001.
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Table 1

Sholl Analysis Data Summary

WT Sham P2Y12−/− Sham WT POD7 P2Y12−/− POD7

Process Maximum (Nm) 10.06 ± 0.57 8.64 ± 0.45 7.84 ± 0.39### 9.91 ± 0.53**

Critical Radius(rc : um) 16.51 ± 1.81 14.68 ± 1.91 8.95 ± 0.45### 11.00 ± 0.75*###

Maximum Branch Length (um) 41.94 ± 2.19 42.71 ± 2.09 20.44 ± 0.86### 28.63 ±1.68***###†††

Number of Primary Branches (Np) 4.27 ± 0.38 4.48 ± 0.49 4.69 ± 0.38 4.61 ± 0.39

Schoenen Ramification Index (Nm/Np) 2.81 ± 0.31 2.12 ± 0.17 1.89 ± 0.14### 2.40 ± 0.19*

n = Cells/Animal 16/5 14/6 25/5 23/7

Note:

*
<0.05,

**
<0.01,

***
<0.001 Compared with WT POD7;

#
<0.05,

##
<0.01,

###
<0.001 Compared with WT Sham;

†
<0.05,

††
<0.01,

†††
<0.001 Compared with P2Y12−/− Sham.
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