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ABSTRACT 

 

 Clinically used calcineurin inhibitors, including tacrolimus (FK506) and cyclosporin A, can 

inducecalcineurin inhibitor-induced pain syndrome (CIPS), which is characterized as severe pain and pain 

hypersensitivity. Increased synaptic N-methyl-D-aspartate receptor (NMDAR) activity in the spinal dorsal 

horn plays a critical role in the development of CIPS. Casein kinase II (CK2), a serine/threonine protein 

kinase, can regulate synaptic NMDAR activity in the brain. In this study, we determined whether spinal 

CK2 is involved in increased NMDAR activity and pain hypersensitivity caused by systemic 

administration of FK506 in rats. FK506 treatment caused a large increase in the amplitude of 

NMDAR-mediated excitatory postsynaptic currents (EPSCs) evoked by primary afferent stimulation and 

in the frequency of miniature EPSCs of spinal dorsal horn neurons. CK2 inhibition with either 

5,6-dichloro-1-β-dribofuranosylbenzimidazole (DRB) or 4,5,6,7-tetrabromobenzotriazole (TBB) 

completely normalized the amplitude of evoked NMDAR-EPSCs of dorsal horn neurons in FK506-treated 

rats. Also, DRB or TBB significantly attenuated the amplitude of NMDAR currents elicited by puff 

application of NMDA to dorsal horn neurons in FK506-treated rats. Furthermore, treatment with DRB or 

TBB significantly reduced the frequency of miniature EPSCs of spinal dorsal horn neurons increased by 

FK506 treatment. In addition, intrathecal injection of DRB or TBB dose-dependently reversed tactile 

allodynia and mechanical hyperalgesia in FK506-treated rats. Collectively, our findings indicate that CK2 

inhibition abrogates pain hypersensitivity and increased pre- and postsynaptic NMDAR activity in the 

spinal cord caused by calcineurin inhibitors. CK2 inhibitors may represent a new therapeutic option for 

the treatment of CIPS. 
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INTRODUCTION 

 

 Calcineurin is a Ca2+/calmodulin-dependent serine/threonine protein phosphatase, which is 

present in the T cells of the immune system and in the nervous system, including the dorsal root ganglion 

and spinal cord (Strack et al., 1996; Wu et al., 2005; Wu et al., 2006). Calcineurin inhibitors, such as 

tacrolimus (FK506) and cyclosporin A, are commonly used immunosuppressants and have greatly 

improved the long-term survival of patients after organ and tissue transplantation. However, these drugs 

can result in unexplained severe pain and pain hypersensitivity, clinically known as calcineurin 

inhibitor-induced pain syndrome (CIPS) (Grotz et al., 2001; Collini et al., 2006; Noda et al., 2008; 

Kakihana et al., 2012). CIPS predominantly affects the lower limbs, and the pain is particularly 

excruciating during standing and walking (Grotz et al., 2001; Fujii et al., 2006; Noda et al., 2008). 

Because the underlying mechanisms of CIPS are not fully known, effective treatments for CIPS are still 

limited. We recently developed a rat model of CIPS, in which systemic administration of FK506 causes a 

long-lasting pain hypersensitivity (Chen et al., 2014). We have shown that repeated FK506 treatment in 

rats increases pre- and postsynaptic N-methyl-D-aspartate receptor (NMDAR) activity in the spinal dorsal 

horn and that blocking spinal NMDARs can effectively attenuate the pain hypersensitivity caused by 

FK506 (Chen et al., 2014). Nevertheless, little is known about how spinal NMDAR activity is potentiated 

by calcineurin inhibitors. Furthermore, because directly blocking NMDARs can produce intolerable side 

effects in patients, identifying new therapeutic targets involved in NMDAR regulation in CIPS could lead 

to improved treatment options for patients with CIPS.  

 NMDAR phosphorylation by the coordinated activities of protein kinases and phosphatases is 

central to many physiological functions (Lieberman and Mody, 1994; Tong et al., 1995; MacDonald et al., 

1998; Lieberman and Mody, 1999). Because synaptic NMDARs can fluctuate between phosphorylated 

and dephosphorylated forms, normal NMDAR function may be controlled by a delicate balance between 

the activities of protein kinases and protein phosphatases. Calcineurin inhibition may augment NMDAR 
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activity by causing excessive phosphorylation of NMDARs and/or NMDAR-interacting proteins (Tong et 

al., 1995; Chen et al., 2014). On the other hand, inhibition of protein kinase CK2 (formerly known as 

casein kinase II) can attenuate NMDAR activity in the brain, possibly by reducing NMDAR 

phosphorylation (Lieberman and Mody, 1994; Tong et al., 1995; Lieberman and Mody, 1999; Ye et al., 

2012). CK2 is present in the spinal cord and plays a role in inflammatory pain (Li et al., 2005). We 

reasoned that if calcineurin and CK2 reciprocally control NMDAR activity through phosphorylation, then 

inhibition of endogenous CK2 might reverse calcineurin inhibitor-induced potentiation of the NMDAR 

activity in the spinal cord. In the present study, we used a rat model of CIPS to test the hypothesis that 

CK2 contributes to increased NMDAR activity in the spinal cord and persistent pain hypersensitivity 

caused by calcineurin inhibitors.  
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MATERIALS AND METHODS 

 

Animal Model of CIPS 

 Eighty-seven adult male Sprague-Dawley rats (280-320 g; Harlan, Indianapolis, IN) were used for 

the study. The specific calcineurin inhibitor FK506 was used to induce CIPS in the rats, as we have 

previously described (Chen et al., 2014). FK506 (1.5 mg/kg) was dissolved in dimethyl sulfoxide (DMSO) 

and injected intraperitoneally (i.p.) once a day for 7 days. Rats in the control group received daily i.p. 

injections of the vehicle (DMSO). The electrophysiological and behavioral experiments were performed 

3–5 days after the last FK506 or vehicle injection. The surgical procedures and experimental protocols 

were approved by the Animal Care and Use Committee of The University of Texas MD Anderson Cancer 

Center and conformed to the National Institutes of Health guidelines for the ethical use of animals.   

 

Intrathecal Catheter Cannulation 

 In some rats, intrathecal catheters were implanted after the animals were anesthetized with 2-3% 

isoflurane. Briefly, each animal was placed prone on a stereotactic frame, and a small incision was made 

at the back of the neck of the animal. A small puncture was made in the atlanto-occipital membrane of the 

cisterna magna, and a catheter was then inserted such that the tip of the catheter reached the lumbar 

enlargement of the spinal cord (Chen and Pan, 2001; Chen and Pan, 2006). The animals were allowed to 

recover for 3–5 days before intrathecal injections. Rats displaying signs of motor or neurological 

dysfunction were killed immediately with an overdose of phenobarbital (200 mg/kg, i.p.). 

  

Behavioral Assessments of Mechanical Nociception  

 To assess the mechanical nociceptive threshold of the hindpaw, we used an Ugo Basile 

analgesimeter (Varese, Italy). A noxious pressure stimulus was gradually applied to the hindpaws by 

pressing the device pedal to increase the force at a constant rate. The pedal was immediately released 
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when the animal displayed pain by withdrawing the paw or vocalizing, and the nociceptive threshold of 

the animal was read on the scale. A maximum of 400 g of pressure was used as a cutoff to avoid potential 

tissue injury to the rats (Chen and Pan, 2006). Both hindpaws were tested in each rat, and the mean value 

was used as the mechanical nociceptive withdrawal threshold. 

 To measure tactile hypersensitivity, each animal was placed in individual plastic boxes on a mesh 

floor and allowed to acclimate for 30 min. A series of calibrated von Frey filaments were applied 

perpendicularly to the plantar surface of the hindpaw with sufficient force to bend the filaments for 6 s. 

Brisk paw withdrawal or flinching was considered a positive response. The tactile stimulus producing a 

50% likelihood of withdrawal was determined by using the “up-down” method (Chaplan et al., 1994; 

Chen et al., 2000).     

 

Spinal Cord Slice Preparation and Electrophysiological Recordings 

 The lumbar segment of the spinal cord at the L4-L6 level was rapidly removed through 

laminectomy after the rats were anesthetized with the use of 2-3% isoflurane. The spinal cord tissues were 

immediately placed in ice-cold artificial cerebrospinal fluid containing (in mM) 234 sucrose, 3.6 KCl, 1.2 

MgCl2, 2.5 CaCl2,1.2 NaH2PO4, 25.0 NaHCO3, and 12.0 glucose. The spinal cord was glued onto the 

stage of a vibratome. Transverse spinal cord slices were cut (400 Fm in thickness) in ice-cold sucrose 

artificial cerebrospinal fluid and then incubated in Krebs solution presaturated with 95% O2 and 5% CO2 

at 34 ̊C for at least 1 h before being transferred to the recording chamber.  

 The spinal slice was continuously perfused with Krebs solution at 5.0 ml/min at 34 ̊C, and neurons 

were visualized on a fixed-stage microscope with differential interference contrast/infrared illumination. 

Lamina II outer zone neurons were selected for electrophysiological recordings because they are the 

central site of termination for the majority of unmyelinated C-fibers carrying nociceptive information 

(Cervero and Iggo, 1980; Pan et al., 2003). It has been demonstrated that most neurons in lamina II are 

glutamate-releasing excitatory interneurons (Santos et al., 2007). Excitatory postsynaptic currents (EPSCs) 
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were recorded using whole-cell voltage-clamp techniques (Pan and Pan, 2004; Li et al., 2008). The 

impedance of the glass electrode was 5–10 MΩ when the pipette was filled with the internal solution 

containing (in mM) 135 potassium gluconate, 5 KCl, 2.0 MgCl2, 0.5 CaCl2, 5.0 HEPES, 5.0 EGTA, 5.0 

ATP-Mg, 0.5 Na-GTP, and 10 QX314 (adjusted to pH 7.25 with 1.0 M CsOH, 280–300 mOsm). EPSCs 

were evoked from the dorsal root using a bipolar tungsten electrode connected to a stimulator (0.6 mA, 0.2 

ms, and 0.1 Hz; Grass Instruments, Quincy, MA). α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor-mediated EPSCs (AMPAR-EPSCs) were recorded in the presence of 2 FM strychnine and 10 

FM bicuculline. NMDAR-mediated EPSCs (NMDAR-EPSCs) were recorded in the presence of 2 FM 

strychnine, 10 FM bicuculline, and 20 FM 6-cyano-7-nitroquinoxaline-2,3-dione at a holding potential of 

+40 mV (Li et al., 2008; Zhou et al., 2012). In addition, miniature EPSCs (mEPSCs) were recorded at a 

holding potential of -60 mV in the presence of 1 FM tetrodotoxin, 10 FM bicuculline, and 2 FM 

strychnine. The input resistance was continuously monitored, and the recording was abandoned if the 

resistance changed by more than 15%. EPSCs were recorded using an amplifier (MultiClamp 700A, Axon 

Instruments, Foster City, CA), filtered at 1–2 kHz, and digitized at 10 kHz. 

 To directly determine postsynaptic NMDAR activity, currents were elicited by puff application of 

100 FM NMDA to the recorded neuron in the extracellular solution containing a low concentration of 

Mg2+ (0.1 mM), 10 FM glycine, and 1 FM tetrodotoxin at a holding potential of -60 mV (Li et al., 2008; 

Zhou et al., 2012). The pipette internal solution contained (in mM) 110.0 Cs2SO4, 2.0 MgCl2, 0.1 CaCl2, 

1.1 EGTA, 10.0 HEPES, 2.0 MgATP, and 0.3 Na2GTP (pH was adjusted to 7.25 with 1.0 M CsOH 

(280–300 mosM) (Li et al., 2008; Zhou et al., 2012). The puff electrode was placed about 150 Fm away 

from the neuron being recorded. Puff application of NMDA was performed using a Pressure System IIe (4 

p.s.i., 15 ms; Toohey Co., Fairfield, NJ). For each protocol, 4–6 rats were used (and 2–3 neurons were 

generally recorded from each rat). All drugs were freshly prepared in artificial cerebrospinal fluid before 

the experiments and delivered via syringe pumps to reach their final concentrations.  

 FK506 and D-2-amino-5-phosphonopentanoate (AP5) were purchased from Tocris Bioscience 
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(Ellisville, MO). 5,6-Dichloro-1-β-D-ribofuranosylbenzimi-dazole (DRB), 

4,5,6,7-tetrabromobenzotriazole (TBB), and NMDA were purchased from Sigma-Aldrich. 

6-Cyano-7-nitroquinoxaline-2,3-dione, bicuculline, and tetrodotoxin were purchased from Ascent 

Scientific (Princeton, NJ). 

 

Statistical Analysis 

 All the data are expressed as means ± SEM. To determine the amplitude of the evoked EPSCs, 

6-10 consecutive EPSCs were averaged and analyzed off-line with Clampfit 9.2 software (Axon 

Instruments). The mEPSCs were analyzed off-line with a peak detection program (MiniAnalysis, 

Synaptosoft Inc., Decatur, GA). For the statistical analysis of electrophysiological data, one-way ANOVA 

followed by Dunnett’s or Tukey’s post hoc test was used. The effects of CK2 inhibitors on the paw 

withdrawal thresholds were determined by one-way ANOVA followed by Dunnett's post hoc test. A P 

value of < 0.05 was considered statistically significant. 
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RESULTS 

 

CK2 contributes to potentiated synaptic NMDAR currents of spinal dorsal horn neurons in 

FK506-treated rats 

 To determine the contribution of CK2 to increased synaptic NMDAR activity of spinal dorsal 

horn neurons in FK506-treated rats, we used 2 selective and structurally dissimilar CK2 inhibitors, DRB 

(100 μM) and TBB (2 μM), which competitively inhibit the binding of the phosphate donors ATP and 

GTP to CK2 (Sarno et al., 2001; Sarno et al., 2002). Of note, DRB is a highly specific CK2 inhibitor, and 

it does not affect protein kinase C,  protein kinase A, calmodulin-dependent protein kinase II, or the Src 

tyrosine kinase (Pinna, 1990). The concentrations of DRB and TBB selected for our study have been 

shown to inhibit CK2 activity in rat brain slices (Lieberman and Mody, 1999; Ye et al., 2011). We 

recorded AMPAR-EPSCs and NMDAR-EPSCs of lamina II neurons monosynaptically evoked from 

dorsal root stimulation in spinal cord slices obtained from vehicle-treated and FK506-treated rats. 

Monosynaptic EPSCs were identified on the basis of the constant latency of evoked EPSCs and the 

absence of conduction failure of evoked EPSCs in response to a brief 20-Hz electrical stimulation (Li et 

al., 2002; Zhou et al., 2010).  

 Although the amplitude of evoked AMPAR-EPSCs of spinal dorsal horn neurons did not differ 

significantly between vehicle-treated control rats (n = 11 neurons) and FK506-treated rats (n = 10 

neurons), the amplitude of NMDAR-EPSCs was much larger in FK506-treated rats than in vehicle-treated 

rats (115.71 ± 6.86 vs. 40.02 ± 4.17 pA, P < 0.05; Fig. 1, A,B). Also, the ratio of NMDAR-EPSCs to 

AMPAR-EPSCs in these neurons was significantly greater in FK506-treated rats than in vehicle-treated 

rats (Fig. 1C). Treatment of spinal cord slices with either 100 μM DRB (n = 11 neurons) or 2 μM TBB (n 

= 10 neurons) for about 2 h completely normalized the amplitude of evoked NMDAR-EPSCs and the ratio 

of NMDAR-EPSCs to AMPAR-EPSCs in FK506-treated rats (Fig. 1, A-C). 
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CK2 inhibition normalizes postsynaptic NMDAR currents of spinal dorsal horn neurons in 

FK506-treated rats 

 To directly determine whether CK2 plays a role in increased postsynaptic NMDAR activity in the 

spinal cord of FK506-treated rats, we determined the effect of DRB or TBB on NMDAR currents induced 

by puff application of 100 FM NMDA to the recorded lamina II neurons of FK506-treated rats. The 

amplitude of puff NMDA-elicited NMDAR currents of lamina II neurons in FK506-treated rats (n = 13 

neurons) was significantly larger than that in vehicle-treated control rats (n = 13 neurons) (Fig. 2, A,B). 

Treatment of spinal cord slices from FK506-treated rats with DRB (100 μM, n = 13 neurons) or TBB (2 

μM, n = 11 neurons) for about 2 h profoundly decreased the amplitude of puff NMDAR currents of 

lamina II neurons (Fig. 2, A,B). In fact, DRB or TBB treatment normalized the amplitude of puff NMDAR 

currents of FK506-treated rats to that of control rats. These data suggest that CK2 contributes to the 

increased postsynaptic NMDAR activity of spinal dorsal horn neurons induced by the calcineurin 

inhibitor.  

 

CK2 is involved in increased presynaptic NMDAR activity of spinal dorsal horn neurons in 

FK506-treated rats 

 Presynaptic NMDARs regulate synaptic glutamate release in the spinal cord (Zhao et al., 2012). 

Systemic treatment with FK506 increases synaptic glutamate release through stimulation of presynaptic 

NMDARs in the spinal cord (Chen et al., 2014). To determine whether CK2 plays a role in FK506 

treatment-induced increases in presynaptic NMDAR activity in the spinal cord, we tested the effect of 

DRB and TBB on glutamatergic mEPSCs (reflecting presynaptic quantal release of glutamate) of lamina 

II neurons in FK506-treated rats. The baseline frequency (4.85 ± 0.55 vs. 3.34 ± 0.47 Hz, P < 0.05), but 

not the amplitude, of mEPSCs in lamina II neurons of FK506-treated rats (n = 15 neurons) was 

significantly higher than that in control rats (n = 16 neurons) (Fig. 3, A-D). Furthermore, bath application 

of the specific NMDAR antagonist AP5 (50 FM) significantly reduced the frequency of mEPSCs in 
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FK506-treated, but not in control, rats (Fig. 3, A-D).  

 Treatment of spinal cord slices from FK506-treated rats with DRB (100 FM, n = 19 neurons) or 

TBB (2 FM, n = 18 neurons) for about 2 h significantly reduced the baseline frequency of mEPSCs in 

lamina II neurons, but it had no significant effect on the amplitude of mEPSCs (Fig. 4, A-C). The baseline 

frequency of mEPSCs in lamina II neurons in DRB- or TBB-treated spinal cord slices in FK506-treated 

rats was similar to that in control rats. In addition, bath application of AP5 (50 FM) had no significant 

effect on the frequency of mEPSCs in FK506-treated rats after treatment with DRB or TBB (Fig. 4, A-C). 

These results suggest that CK2 contributes to the increased presynaptic NMDAR activity and synaptic 

glutamate release to spinal dorsal horn neurons caused by calcineurin inhibitors. 

 

CK2 inhibition at the spinal cord level reverses tactile allodynia and mechanical hyperalgesia in 

FK506-treated rats 

 To determine whether inhibition of CK2 activity at the spinal cord level reduces pain 

hypersensitivity caused by chronic administration of FK506, we tested the effect of intrathecal injection of 

DRB or TBB on tactile allodynia and mechanical hyperalgesia 3–5 days after the last FK506 

administration. Systemic administration of FK506 (1.5 mg/kg/day for 7 days, i.p.) profoundly reduced the 

tactile (18.62 ± 2.16 g pretreatment control vs. 2.38 ± 0.21 g three days after the last FK506 injection, P < 

0.05) and pressure (155.27 ± 6.81 g pretreatment control vs. 96.86 ± 3.11 g three days after the last FK506 

injection, P < 0.05) withdrawal thresholds in all 28 rats tested.  

 DRB or TBB was injected intrathecally in a volume of 5 Fl followed by a 10-Fl flush with normal 

saline. We have previously shown that intrathecal injection of the vehicle (30% DMSO) had no significant 

effects on the paw withdrawal thresholds in rats (Jin et al., 2011; Zhou et al., 2012). Intrathecal injection 

of DRB (5, 10, or 20 Fg) produced a dose-dependent reversal of the reduced tactile and pressure 

withdrawal thresholds in FK506-treated rats (n = 8 rats in each dose group, Fig. 5). Similarly, intrathecal 

injection of TBB (100, 200, or 500 ng) significantly attenuated tactile allodynia and mechanical 
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hyperalgesia in FK506-treated rats (n = 9 rats in each dose group, Fig. 6). At all doses tested, the effect of 

DRB and TBB was evident within 60 min and reached maximal at around 90 min. The effect of DRB and 

TBB gradually subsidized to baseline by 3.5 h after injection (Figs. 5 and 6).  
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DISCUSSION 

 

 Calcineurin inhibitors can cause pain and pain hypersensitivity in patients receiving organ and 

tissue transplants (Grotz et al., 2001; Fujii et al., 2006; Noda et al., 2008; Kakihana et al., 2012). The 

primary treatment for CIPS is discontinuation of these agents, which could endanger the transplanted 

organs and tissues. We have demonstrated recently that systemic administration of FK506 can lead to 

unrestrained nociceptive input by potentiating NMDARs at the spinal cord level (Chen et al., 2014). 

NMDAR activity and phosphorylation state are dynamically controlled by a balance between the activity 

of protein kinases and protein phosphatases. For example, CK2 activation increases the phosphorylation 

and activity of NMDARs, whereas calcineurin can negatively regulate the phosphorylation and function of 

NMDARs in the brain (Tong et al., 1995; Lieberman and Mody, 1999; Ye et al., 2011). CK2 is an 

endogenous serine/threonine protein kinase widely expressed in many types of cells and is distributed in 

the central nervous system (Blanquet, 2000; Litchfield, 2003). CK2 is specifically distributed in 

postsynaptic densities, which are crucial for modulating synaptic NMDAR function (Chung et al., 2004; 

Soto et al., 2004). Although the mechanisms responsible for increased spinal NMDAR activity by 

calcineurin inhibitors are not fully known, it is possible that in CIPS the 

phosphorylation/dephosphorylation cycle of NMDARs in the spinal dorsal horn is shifted to a 

predominantly phosphorylated state through reduced calcineurin activity. 

 In this study, we used whole-cell patch-clamp recordings of glutamatergic EPSCs in spinal cord 

slices to determine whether inhibition of CK2 can lead to a “re-balancing” of spinal NMDAR activity 

potentiated by a calcineurin inhibitor. We observed that blocking NMDARs with AP5 significantly 

reduced the basal frequency of mEPSCs only in FK506-treated rats. These results suggest that presynaptic 

NMDAR activity is augmented by  calcineurin inhibition, resulting in increased synaptic glutamate 

release to spinal dorsal horn neurons. Importantly, we found that treatment of spinal cord slices with either 

of two structurally distinct CK2 inhibitors, DRB and TBB, significantly reduced the baseline frequency of 
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mEPSCs of dorsal horn neurons in FK506-treated rats. Also, AP5 no longer had any effect on the 

frequency of mEPSCs in dorsal horn neurons of FK506-treated rats after treatment with DRB or TBB. Our 

data indicate that CK2 inhibition normalizes synaptic glutamate release to spinal dorsal horn neurons by 

reducing presynaptic NMDAR activity potentiated by the calcineurin inhibitor. 

 Increased postsynaptic NMDAR activity in the spinal dorsal horn by a calcineurin inhibitor may 

facilitate nociceptive transmission by amplifying excitatory input from primary sensory nerves and by 

diminishing synaptic GABA/glycine inhibition (Leem et al., 1996; Chen et al., 2000; Zhou et al., 2012). 

We found that inhibiting CK2 with DRB or TBB completely normalized the amplitude of evoked 

NMDAR-EPSCs and the ratio of evoked NMDAR-EPSCs to AMPAR-EPSCs in spinal dorsal horn 

neurons increased by FK506 treatment. On the other hand, neither DRB nor TBB had any significant 

effects on the amplitude of evoked AMPAR-EPSCs in spinal dorsal horn neurons of FK506-treated rats. 

Furthermore, DRB or TBB significantly inhibited NMDAR currents of dorsal horn neurons elicited by 

direct NMDA puff application in FK506-treated rats. Our results strongly suggest that CK2 inhibition 

normalizes the increased postsynaptic NMDAR activity in the spinal dorsal horn caused by the calcineurin 

inhibitor. Our findings support the notion that spinal NMDAR activity potentiated by the calcineurin 

inhibitor probably results from an imbalance between the activity of CK2 and calcineurin.   

 The increased presynaptic and postsynaptic NMDAR activity in the spinal dorsal horn caused by 

calcineurin inhibition can cause long-lasting tactile allodynia and mechanical hyperalgesia (Chen et al., 

2014). To determine whether CK2 inhibition at the spinal cord level can reduce pain hypersensitivity in 

our rat model of CIPS, we tested the effect of intrathecal injection of CK2 inhibitors on the mechanical 

hypersensitivity of FK506-treated rats. We found that intrathecal injection of DRB or TBB produced 

dose-dependent and long-lasting reductions in tactile allodynia and mechanical hyperalgesia induced by 

systemic FK506 administration in rats. These data indicate that inhibition of CK2 at the spinal level 

effectively reduces calcineurin inhibitor–induced pain hypersensitivity.  

 It is not clear how CK2 inhibition normalizes spinal NMDAR activity potentiated by calcineurin 
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inhibition. Our study suggests that the imbalance between the levels of CK2 and calcineurin activity could 

play a critical role in increased spinal NMDAR activity and pain hypersensitivity induced by calcineurin 

inhibitors. It is possible that CK2 inhibition may reduce the increased phosphorylation levels of NMDARs 

and/or NMDAR-interacting proteins brought about by the calcineurin inhibitor. It has been reported that 

CK2 may increase NMDAR activity through the phosphorylation of the NR2B subunit (Chung et al., 2004) 

or through indirect mechanisms, possibly involving the NMDAR scaffolding proteins, such as 

postsynaptic density-95 (PSD-95)/synapse-associated 90 (SAP90) (Soto et al., 2004). Also, calmodulin 

can inhibit NMDAR activity through binding to the NR1 subunit in a Ca2+-dependent manner (Ehlers et 

al., 1996; Krupp et al., 1999). Thus, CK2 inhibition may reduce the phosphorylation level of calmodulin 

(Sacks et al., 1992), resulting in the inhibition of NMDAR activity by promoting calmodulin binding to 

the NR1 subunit. Nevertheless, the precise mechanisms through which calcineurin and CK2 interact to 

alter the phosphorylation of NMDARs and/or their interacting proteins remain unclear and need to be 

delineated in future studies.  

 In summary, our study provides important new information that CK2 critically contributes to pain 

hypersensitivity and increased pre- and postsynaptic NMDAR activity in the spinal dorsal horn caused by 

calcineurin inhibitors. This new information advances our understanding of the reciprocal relationship 

between CK2 and calcineurin in the regulation of NMDARs and nociceptive transmission at the spinal 

cord level. Because directly blocking NMDARs can cause serious side effects in patients (Zhou et al., 

2011), NMDAR antagonists may have limited clinical use. CK2 inhibitors, such as CX-4945, have been 

recently developed for clinical use and seem to be well tolerated in humans. Thus, CK2 could be a 

promising therapeutic target for the treatment of patients with CIPS. There are no studies showing that 

inhibition of CK2 interferes with calcineurin inhibitor-induced immunosuppression. Because CK2 

inhibition can also reduce nephrotoxicity induced by calcineurin inhibitors (Son et al., 2013), CK2 

inhibitors may provide additional benefits for treating various side effects produced by calcineurin 

inhibitors.  
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FIGURE LEGENDS 

Figure 1.  CK2 inhibition normalizes synaptic NMDAR activity in the spinal dorsal horn increased by 

FK506 treatment. A: Original current traces (averaged responses from 6 EPSCs) show that 

NMDAR-EPSCs (at the holding potential of +40 mV) and AMPAR-EPSCs (at the holding potential of 

-60 mV) recorded from lamina II neurons in spinal cord slices obtained from one control rat, one rat 

treated with systemic injection of FK506, one FK506-treated rat plus DRB treatment (100 μM for ~2 h), 

and one FK506-treated rat plus TBB treatment (2 μM for ~2 h). B,C: Summary data show the effect of 

DRB and TBB on the amplitude of NMDAR-EPSCs and the ratio of NMDAR-EPSCs to AMPAR-EPSCs 

of lamina II neurons potentiated by FK506 treatment. * P < 0.05 compared with the value in the vehicle 
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control group.  

 

Figure 2. CK2 Inhibition reduces postsynaptic NMDAR currents of spinal dorsal horn neurons potentiated 

by FK506 treatment. A: Representative traces show NMDAR currents elicited by puff application of 100 

μM NMDA to the lamina II neuron in spinal cord slices obtained from one control rat, one rat treated with 

systemic injection of FK506, one FK506-treated rat plus DRB treatment (100 μM for ~2 h), and one 

FK506-treated rat plus TBB treatment (2 μM for ~2 h). B: Group data show the effect of DRB and TBB 

on the amplitude of puff NMDA-elicited NMDAR currents of lamina II neurons. * P < 0.05 compared 

with the value in the vehicle-treated control group.  

 

Figure 3. Inhibition of calcineurin augments presynaptic NMDAR activity of spinal dorsal horn neurons. 

A,C: Original recordings and cumulative plots show changes in the frequency of glutamatergic mEPSCs 

in a lamina II neuron and the effect of bath application of 50 FM AP5 on mEPSCs in one vehicle-treated 

control (A) rat and one FK506-treated (C) rat. B,D: Summary data show changes in the baseline frequency 

and amplitude of mEPSCs and the effect of AP5 on mEPSCs in lamina II neurons recorded from 

vehicle-treated control (B) and FK506-treated (D) rats. * P < 0.05 compared with the respective baseline 

value.  

 

Figure 4. CK2 inhibition normalizes increased presynaptic NMDAR activity of spinal dorsal horn neurons 

by FK506 treatment. A: Representative recordings and cumulative plots show that glutamatergic mEPSCs 

of one lamina II neuron recorded from spinal cord slice of an FK506-treated rat after incubation with 100 

FM DRB for 2 h during baseline control, bath application of 50 FM AP5, and washout. B,C: Summary 

data show the reduced baseline frequency of mEPSCs and the lack of effect of bath application of AP5 on 

mEPSCs in lamina II neurons of FK506-treated rats after incubation with DRB or TBB. 
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Figure 5. Inhibition of CK2 at the spinal level with DRB reverses pain hypersensitivity of rats caused by 

systemic administration of FK506. A: Time course of the effect of intrathecal injection of 5-20 Fg of DRB 

on the paw withdrawal threshold measured with von Frey filaments in rats treated with FK506 (1.5 

mg/kg/day for 7 days). B: Time course of the effect of intrathecal injection of 5-20 Fg of DRB on the paw 

withdrawal threshold measured with a pressure stimulus in rats treated with FK506. * P < 0.05 compared 

with the respective baseline value (time 0).  

 

Figure 6. Intrathecal injection of TBB attenuates mechanical hypersensitivity of rats induced by systemic 

administration of FK506. A: Time course of the effect of intrathecal injection of 100-500 ng of TBB on 

the paw withdrawal threshold measured with von Frey filaments in rats treated with FK506 (1.5 

mg/kg/day for 7 days). B: Time course of the effect of intrathecal injection of 100-500 ng of TBB on the 

paw withdrawal threshold measured with a pressure stimulus in rats treated with FK506. * P < 0.05 

compared with the respective baseline value (time 0).  
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