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Calcineurin Inhibition Causes a20-1-Mediated Tonic
Activation of Synaptic NMDA Receptors and Pain
Hypersensitivity

Yuying Huang(# £ %), Shao-Rui Chen(p5x4>Im), Hong Chen(P%L1), Yi Luo(Z£Z), and Hui-Lin Pan({%E )
Center for Neuroscience and Pain Research, Department of Anesthesiology and Perioperative Medicine, University of Texas M. D. Anderson Cancer
Center, Houston, Texas 77030

Calcineurin inhibitors, such as tacrolimus (FK506) and cyclosporine, are widely used as standard immunosuppressants in
organ transplantation recipients. However, these drugs can cause severe pain in patients, commonly referred to as calcineurin
inhibitor-induced pain syndrome (CIPS). Although calcineurin inhibition increases NMDAR activity in the spinal cord, the
underlying mechanism remains enigmatic. Using an animal model of CIPS, we found that systemic administration of FK506
in male and female mice significantly increased the amount of 224-1-GluN1 complexes in the spinal cord and the level of
®26-1-bound GluN1 proteins in spinal synaptosomes. Treatment with FK506 significantly increased the frequency of mEPSCs
and the amplitudes of monosynaptic EPSCs evoked from the dorsal root and puff NMDAR currents in spinal dorsal horn
neurons. Inhibiting «24-1 with gabapentin or disrupting the «25-1-NMDAR interaction with a2d-1Tat peptide completely
reversed the effects of FK506. In @26-1 gene KO mice, treatment with FK506 failed to increase the frequency of NMDAR-
mediated mEPSCs and the amplitudes of evoked EPSCs and puff NMDAR currents in spinal dorsal horn neurons.
Furthermore, systemic administration of gabapentin or intrathecal injection of a24-1Tat peptide reversed thermal and me-
chanical hypersensitivity in FK506-treated mice. In addition, genetically deleting GluN1 in dorsal root ganglion neurons or
@26-1 genetic KO similarly attenuated FK506-induced thermal and mechanical hypersensitivity. Together, our findings indi-
cate that a20-1-bound NMDARs mediate calcineurin inhibitor-induced tonic activation of presynaptic and postsynaptic
NMDARSs at the spinal cord level and that presynaptic NMDARs play a prominent role in the development of CIPS.
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Calcineurin inhibitors are immunosuppressants used to prevent rejection of transplanted organs and tissues. However, these
drugs can cause severe, unexplained pain. We showed that calcineurin inhibition enhances physical interaction between a2 -
1 and NMDARSs and their synaptic trafficking in the spinal cord. a26-1 is essential for calcineurin inhibitor-induced aberrant
activation of presynaptic and postsynaptic NMDARSs in the spinal cord. Furthermore, inhibiting 26 -1 or disrupting a26-1-
NMDAR interaction reduces calcineurin inhibitor-induced pain hypersensitivity. Eliminating NMDARSs in primary sensory
neurons or a26-1 KO also attenuates calcineurin inhibitor-induced pain hypersensitivity. This new information extends our
mechanistic understanding of the role of endogenous calcineurin in regulating synaptic plasticity and nociceptive transmis-
sion and suggests new strategies for treating this painful condition. /
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ignificance Statement

Introduction

Calcineurin inhibitors, such as tacrolimus (FK506) and cyclospo-
rine, are immunosuppressants widely used to prevent rejection
of transplanted organs and tissues. Calcineurin inhibitor-
induced pain syndrome (CIPS) is an increasingly recognized
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Denton et al., 1999; Wu et al., 2005). Calcineurin is expressed at
high levels in immune T cells and the nervous system, including
the spinal dorsal horn and DRG (Strack et al., 1996; Wu et al,,
2005; S. R. Chen et al., 2013; Miletic et al., 2013). Both cyclospo-
rine and FK506 can cause CIPS, common symptoms of which
include burning and tingling pain and tactile allodynia (Villaverde
et al., 1999; Fujii et al., 2006; Noda et al., 2008; Tasoglu et al., 2016;
Wei et al., 2018). However, CIPS remains difficult to treat, and the
molecular mechanism of CIPS is still unclear.

The glutamate NMDAR:s in the spinal dorsal horn play a pivotal
role in the development of chronic neuropathic pain (Yamamoto
and Yaksh, 1992; H. Y. Zhou et al,, 2011). Calcineurin is involved in
negative feedback control of NMDAR activity and nociceptive
transmission (Tong et al., 1995; Miletic et al., 2013). Although calci-
neurin inhibition increases presynaptic and postsynaptic NMDAR
activity in the spinal dorsal horn (S. R. Chen et al., 2014a; Hu et al,
2014), the signaling mechanism responsible for NMDAR hyperac-
tivity in CIPS remains poorly understood. a26-1 (encoded by the
Cacna2dl gene), commonly regarded as a Ca®" channel subunit, is
expressed in spinal dorsal horn and DRG neurons (Newton et al.,
2001; Cole et al., 2005). In the spinal superficial dorsal horn, a26 -1
is mainly detected at primary afferent central terminals and excita-
tory neurons (Cole et al., 2005; Taylor and Garrido, 2008). Recent
studies reveal that @26 -1 couples to NMDARs and mediates nerve
injury- and chemotherapy-induced neuropathic pain (J. Chen et al.,
2018; Y. Chen et al,, 2019). In addition, gabapentinoids, the a26-1
inhibitory ligands, reduce pain hypersensitivity by acting on a26-
1-bound NMDARs independent of Ca** channels (J. Chen et al.,
2018; Y. Chen et al,, 2019; Deng et al.,, 2019a). Some case reports
show that gabapentin and pregabalin can alleviate pain in patients
with CIPS (Tasoglu et al., 2016; Udomkarnjananun et al., 2018; Wei
et al., 2018). However, the evidence is limited as to whether a25-1
plays a role in calcineurin inhibitor-potentiated NMDAR activity
and pain hypersensitivity.

In the current study, we determined the role of a26-1 in syn-
aptic NMDAR plasticity in a mouse model of CIPS. We tested
the hypothesis that calcineurin inhibition leads to tonic activa-
tion of NMDARs at the spinal cord level and pain hypersensitiv-
ity by potentiating the @26 -1-NMDAR interaction and synaptic
trafficking of 26 -1-bound NMDARs. Our findings extend our
mechanistic understanding of the role of endogenous calcineurin
in regulating synaptic plasticity and nociceptive transmission
and suggests new strategies for treating CIPS.

Materials and Methods

Animal model

All surgical procedures and protocols were approved by the Institutional
Animal Care and Use Committee of the University of Texas M. D. Anderson
Cancer Center (Approval #1174-RN00). Conventional Cacna2dl KO
(Cacna2d1~'~) mice were generated as described previously (Fuller-Bicer
et al,, 2009) and were purchased from Medical Research Council (Stock
#6900; Harwell Didcot). The lack of @28 -1 proteins in Cacna2dl™'~ mice
has been demonstrated using immunoblotting and radioligand binding
(Fuller-Bicer et al., 2009; Luo et al, 2018). Cacna2dl ~~ and WT
Cacna2d1™'* littermates were generated by mating Cacna2d1™'™ hetero-
zygous C57BL/6 mice.

Grin1™¥1% mice (stock #005246) were purchased from The Jackson
Laboratory. Advillin™* mice were kindly provided by Fan Wang (Duke
University, Durham, NC) (da Silva et al., 2011). Male Advillin®™ mice were
crossed with female Grin1™®/1°% mice first to obtain male Advillin™ ™
Grin1"™* mice, which were crossed again with female Grin1™¥1°* mice to
generate Advillin™ " :Grin1"" mice, referred to as Grin1-cKO (condi-
tional KO) mice (genetic background, C57BL/6). Cre-negative littermates
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(Advillin®<":Grin1"°1°%) were used as WT control mice. Mice were housed
in a pathogen-free facility at no more than 5 per cage on a 12 h light/dark
cycle, with free access to food and water.

Age- and sex-matched adult mice (8-12weeks old) were used for
final experiments. DMSO was used to dissolve FK506, a highly specific
calcineurin inhibitor (J. Liu et al,, 1991). FK506 was injected intraperito-
neally (3 mg/kg) once per day for 7 d. We used this dose because 1-5 mg/
kg FK506 inhibits T-cell immune function in mice (Isobe et al., 1997;
Whitehouse et al., 2017). Mice in the vehicle control group received
DMSO injection in a similar manner. Vehicle- and FK506-treated mice
were indistinguishable from one another on the basis of a visual inspec-
tion for overt abnormalities and body weights. All electrophysiological,
behavioral, and biochemical experiments were conducted 3-5d after the
last FK506 or vehicle injection.

FK506 and gabapentin were obtained from Tocris Bioscience. A pep-
tide mimicking the C-terminal domain (VSGLNPSLWSIFGLQFILLW
LVSGSRHYLW) of a268-1 fused with the cell-penetrating peptide Tat
(YGRKKRRQRRR) and a scrambled control peptide (FGLGWQPW
SLSFYLVWSGLILSVLHLIRSN) fused with Tat were synthesized by Bio
Basic.

Electrophysiological recordings in spinal cord slices

Mice were anesthetized with 2%-3% isoflurane, and the lumbar spinal
cord was quickly removed via laminectomy. The animals were then
killed via inhalation of 5% isoflurane followed by rapid decapitation. The
spinal cord tissues were immediately placed in ice-cold aCSF (in mM) as
follows: 234 sucrose, 26 NaHCO3, 3.6 KCl, 1.2 NaH,PO,, 1.2 MgCl, 2.5
CaCl,, and 25 glucose, oxygenated with 95% O, and 5% CO,. Spinal
cord transverse slices were cut at 400 um thick using a vibratome and
then incubated in Krebs solution containing (in mM) as follows: 117
NaCl, 1.2 NaH,PO,, 25 NaHCOs, 3.6 KCI, 1.2 MgCl,, 2.5 CaCl,, and 11
glucose, presaturated with 95% O, and 5% CO, at 34°C for at least 1 h
before recordings were obtained.

The spinal cord slices were placed in the recording chamber with
continuous perfusion of oxygenated Krebs solution (3 ml/min) at 34°C
during recording. We recorded lamina II outer neurons identified using
infrared illumination and differential interference contrast under a
microscope. EPSCs were recorded using whole-cell patch clamp at a
holding potential of —60mV (S. R. Chen et al., 2014b; Huang et al,,
2019). The glass pipette electrode (4-7 M{)) was filled with the internal
solution containing the following (in mM): 135 K-gluconate, 5 KCL, 2
MgCl,, 0.5 CaCl,, 5 EGTA, 5 HEPES, 0.5 Na,-GTP, 5Mg-ATP, and 10
lidocaine N-ethyl bromide (QX314; 280-300 mOsm, pH 7.3). QX314
was included in the pipette recording solution to suppress postsynaptic
neuronal firing (D. P. Li et al., 2002; Pan et al., 2002; S. R. Chen et al,,
2014a). mEPSCs were recorded in the presence of 0.5 um TTX. In addi-
tion, monosynaptic EPSCs were evoked by electrical stimulation
(0.6 mA, 0.5ms, and 0.1 Hz) of the dorsal root to measure glutamate
release from primary afferent nerves (H. Y. Zhou et al,, 2010; S. R. Chen
et al.,, 2014a). To determine the paired-pulse ratio (PPR), we generated a
pair of stimuli at 50 ms intervals to evoke two EPSCs. The PPR was
expressed as the ratio of the amplitude of the second synaptic response
to the amplitude of the first synaptic response (Xie et al., 2017).

In some experiments, we recorded postsynaptic NMDAR currents
elicited by puff application of 100 um NMDA directly onto the neuron
using a positive pressure system (Toohey). The distance was 150 um
between the tip of the puff pipette and the recorded neuron (S. R. Chen
et al,, 2014b). The internal solution used for recording electrodes con-
tained the following (in mM): 110 Cs,SO,, 2 MgCl,, 0.5 CaCl,, 5 EGTA,
10 HEPES, 0.3 Na2-GTP, 2 Mg-ATP, and 10 QX314 (pH 7.3; 280-300
mOsm). We replaced MgCl, with CaCl, in the extracellular solution to
minimize the Mg®" block of NMDARs at negative holding potentials.
Recording signals were filtered at 1-2kHz and digitized at 10 kHz using
a MultiClamp 700B amplifier (Molecular Devices). We monitored cell
capacitance, input resistance, and baseline holding current; the recording
was discontinued if these parameters changed >15%.

TTX and AP5 were purchased from Hello Bio. NMDA was obtained
from Sigma Millipore. All drugs were prepared in aCSF before recordings
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were obtained, and all drugs were delivered at their final concentrations via
syringe pumps.

Immunoblotting

We used immunoblotting to quantify the @28 -1 and GluN1 protein lev-
els in the spinal cord and DRG. Spinal cord and DRG tissues were
removed from mice anesthetized with 2%-3% isoflurane, dissected, and
homogenized in ice-cold RIPA lysis buffer (Thermo Fisher Scientific) in
the presence of a cocktail of protease and phosphatase inhibitors (Sigma
Millipore). Samples were then incubated for 30 min on ice with shaking,
and lysates were centrifuged at 13,000 x g for 20 min at 4°C. We loaded
40 ug of total proteins from each sample to 4%-15% Tris-HCl SDS-
PAGE (Thermo Fisher Scientific) and transferred the samples onto
PVDF membranes (Immobilon-P, Sigma Millipore). The membrane
was treated with 5% blotting-grade buffer in TBS with Tween 20 for 1 h
at 25°C and then incubated with the following primary antibodies over-
night at 4°C: mouse anti-a26-1 (#sc-271697, 1:1000; Santa Cruz
Biotechnology), rabbit anti-GluN1 (#G-8913, 1:1000; Sigma Millipore),
or rabbit anti-GAPDH (#5174, 1:2000; Cell Signaling Technology). The
specificity of primary antibodies has been confirmed in previous studies
(J. Chen et al.,, 2018; Ma et al,, 2018; Deng et al., 2019b). The membrane
was washed three times with TBS with Tween 20 and then incubated with
an HRP-conjugated secondary antibody: anti-rabbit IgG (#111-036-003,
1:7500) or anti-mouse IgG (1:7500; both from Jackson ImmunoResearch
Laboratories). The target protein bands were visualized with an ECL kit
(Thermo Fisher Scientific), and protein band intensity was quantified
using the Odyssey Fc Imager (LI-COR Biosciences) and normalized to the
GADPH level on the same blot.

Coimmunoprecipitation

Coimmunoprecipitation was used to assess protein-protein interaction,
as described previously (J. Chen et al,, 2018; Ma et al., 2018). The dorsal
spinal cord tissues were dissected and homogenized in ice-cold immu-
noprecipitation lysis buffer (Thermo Fisher Scientific) containing a
cocktail of protease and phosphatase inhibitors. The protein lysate was
incubated at 4°C overnight with Protein A/G beads (#16-266; Sigma
Millipore) prebound to rabbit anti-GluN1 antibody (#G-8913, 1:1000;
Sigma Millipore). Samples were washed three times with immunopreci-
pitation lysis buffer and extracted using 10% SDS. Mouse anti-a26-1
(#sc-271697, 1:1000; Santa Cruz Biotechnology) and rabbit anti-GluN1
antibodies were used for immunoblotting. For the secondary antibody, we
used anti-mouse IgG (1:7500; Jackson ImmunoResearch Laboratories)
and True blot anti-rabbit IgG (#18-8816-33, 1:7000; Rockland).

Synaptosome preparation

Synaptosomes were isolated from the dorsal spinal cord, as described
previously (J. Chen et al., 2018; Y. Chen et al., 2019). The spinal cord tis-
sues were pooled from 2 mice and homogenized using 10 volumes of
ice-cold HEPES-buffered sucrose (0.32 M sucrose, 4 mm HEPES, and 1
mm EGTA, pH 7.4) containing the protease inhibitor cocktail (Sigma
Millipore). The homogenate was centrifuged at 1000 x g for 10 min at 4°
C to remove the nuclei and large debris. The supernatant was then cen-
trifuged at 12000 x g for 20 min to obtain the crude synaptosomes. The
synaptosomal pellets were incubated in RIPA lysis buffer with a protease
inhibitor cocktail for 1 h on ice, then centrifuged at 13000 x rpm for
15min at 4°C to obtain the synaptosomal fraction. The supernatant was
then used for immunoblotting analysis.

Behavioral assessment of nociception

To quantify mechanical nociception, we performed the paw pressure test
using a Randall Selitto analgesiometer (IITC Life Science), as described
previously (S. R. Chen et al,, 2014a). A steady increasing force was gener-
ated and applied to the hindpaw, and the device was immediately
stopped when the animal withdrew the paw. Each trial was repeated two
or three times at 2 min intervals, and the mean value of the force was
used as the nociceptive threshold.

To detect tactile allodynia, we placed the mice individually in plastic
chambers suspended on a mesh floor. After an acclimation period of 30 min,
calibrated von Frey filaments (Stoelting) were applied perpendicularly to the
hindpaw with sufficient force to bend the filament for 6 s, and a brisk paw
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withdrawal or flinching was considered a positive response. In brief, fila-
ments were applied one by one to the plantar surface of the hindpaw. If no
withdrawal response was observed, the filament with a greater force was
applied; if there was a withdrawal response, the next less stiff filament was
applied. Six consecutive responses from the first change in the response
were used to calculate the withdrawal threshold (in grams) using the “up-
down” method (Chaplan et al., 1994).

To measure thermal nociception, we placed mice individually in an
observation chamber on the glass surface maintained constantly at 30°C
in a thermal testing apparatus (IITC Life Science). Mice were allowed to
acclimate for 30 min before testing. As described previously (S. R. Chen
et al., 2014a), a mobile radiant heat source located under the glass was
targeted at the plantar surface of the hindpaw. The paw withdrawal la-
tency was recorded by a timer, and the hindpaw was tested twice to
obtain a mean withdrawal latency.

Study design and statistical analysis

Data are mean = SEM. We did not use any statistical methods to prede-
termine the sample sizes. However, our sample sizes were similar to
those published previously (D. P. Li et al., 2002; S. R. Chen et al., 2014a,
b; J. Chen et al,, 2018). The investigators performing the behavioral and
electrophysiological experiments were blinded to the treatments and ge-
notypes. For electrophysiological experiments, 4-6 animals were used for
each recording protocol, and only one neuron was recorded from each
spinal cord slice. For postsynaptic NMDAR currents, we averaged the
amplitude of currents elicited by three consecutive puff applications of
NMDA. mEPSCs were analyzed offline using the MiniAnalysis program
(Synaptosoft). Evoked EPSCs and puff NMDA currents were analyzed
using Clampfit 10.0 software (Molecular Devices), and the amplitude of
evoked EPSCs was quantified by averaging 6 consecutive EPSCs. The
D’Agostino-Pearson normality test was used to assess the normality of
data, and no test for outliers was conducted. Data from male and female
WT mice were pooled because they showed similar changes to FK506
treatment. Two-tailed Student’s ¢ tests were used to determine the differ-
ences between two groups, and one-way ANOVA followed by Tukey’s
post hoc test or repeated-measures ANOVA followed by the Dunnett’s
post hoc test was used to compare more than two groups. Two-way
ANOVA followed by the Tukey’s post hoc test was used to compare the
behavioral data. All statistical analyses were performed using Prism soft-
ware (version 7, GraphPad Software). p values of <0.05 were considered
statistically significant.

Results

Treatment with FK506 increases the coupling of 24-1 and
NMDARSs in the spinal cord

FK506 is the preferred drug for modern immunosuppression regi-
mens (Tanabe, 2003; Snell et al.,, 2013). Peripheral nerve injury
increases @28-1 expression in the DRG (Luo et al, 2001) and
physical interaction between a26-1 and NMDARSs in the spinal
cord (J. Chen et al., 2018). We first quantified the @28-1 protein
amount in both dorsal spinal cord and DRG tissues from mice
treated with 3 mg/kg FK506 or vehicle for 7d. Immunoblotting
showed that @26-1 protein levels in both the spinal cord and
DRG were similar in FK506-treated and vehicle-treated mice
(n =8 mice per group; Fig. 1A,B).

We next conducted coimmunoprecipitation analyses to deter-
mine the interaction between @26-1 and GluN1, an obligatory
subunit of NMDARs (Cull-Candy and Leszkiewicz, 2004).
Treatment with FK506 significantly increased the prevalence of
a26-1-GluN1 complexes in the dorsal spinal cord compared
with that in the vehicle group (n =28 mice per group, p=0.0435,
t(14) = 2.22; Flg. 1C,D).

Treatment with FK506 promotes synaptic trafficking of a24-
1-NMDAR complexes in the spinal cord

a26-1 increases synaptic trafficking of NMDARs in the spinal
cord after peripheral nerve injury (J. Chen et al., 2018). We thus
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Figure 1.

Treatment with FK506 increases «2S-1-NMDAR interaction and synaptic trafficking in the spinal cord. A, B, Original blotting images (4, two pairs of samples) and quantification

(B) of @25 -1 protein levels in the DRG and dorsal spinal cord tissues of vehicle-treated (veh) and FK506-treated (FK) mice (n =8 mice per group). C, D, Representative blotting image (C) and
mean data (D) show the interaction between «25-1 and GIuN1 in the tissue extracts of dorsal spinal cords from mice treated with vehicle and FK506 (n =8 mice per group). Proteins were
immunoprecipitated (IP) initially with a rabbit anti-GluNT or anti-lgG antibody. Immunoblotting was then performed using mouse anti-a28-1 or rabbit anti-GluN1 antibodies. IgG and input
(tissue lysates only, without immunoprecipitation) were used as negative and positive controls, respectively. E, F, Representative gel images (E, two pairs of samples) and quantification (F) of
the protein levels of GIuNT, 26-1, and PSD-95 (a synaptic marker) in synaptosomes isolated from dorsal spinal cord tissues of vehicle-treated and FK506-treated mice (n =9 mice per group).
GAPDH or PSD-95 was used as the internal control for normalizing the protein level on the same gel. M, Molecular weight marker. B, D, F, Values are normalized to expression levels in vehi-
cle-treated mice in each group. Data are mean == SEM. *p << 0.05; **p << 0.01; ***p < 0.001; compared with vehicle-treated group (two-tailed Student’s ¢ test).

measured a26-1 and GluN1 protein amounts in isolated synap-
tosomes from the dorsal spinal cords of vehicle- and FK506-
treated mice. Both GluN1 (n=9 mice per group; p < 0.0001,
tae)=527) and a26-1 (n=9 mice per group; p=0.0057,
tae) =3.19) protein levels in spinal synaptosomes were signifi-
cantly higher in FK506-treated than in vehicle-treated mice (Fig.
1E,F). These findings suggest that calcineurin inhibition enhan-
ces the synaptic trafficking of a26-1-bound NMDARs in the
spinal cord.

Treatment with FK506 causes tonic activation of presynaptic
NMDARSs in the spinal dorsal horn via a24-1

To identify changes in presynaptic NMDAR activity in spinal
lamina II neurons, we recorded mEPSCs, which reflect quantal
release of glutamate from presynaptic terminals (Sulzer and
Pothos, 2000). The baseline frequency of mEPSCs in spinal lam-
ina II neurons was significantly higher in FK506-treated than in
vehicle-treated mice (n=11 neurons in the FK506 group, n=12
neurons in the vehicle group, 5.45 % 0.57 Hz vs 2.73 £ 0.38 Hz;

p=0.0086, F(11132=3.43), whereas the amplitude of mEPSCs
did not significantly differ between the two groups (Fig. 2A-D).
We assessed NMDAR-mediated changes in mEPSC frequency
using the specific NMDAR antagonist AP5. Bath application of
50 um AP5 for 6min significantly reduced the frequency of
mEPSCs (p=0.0426, F(1;,132)=3.43) in lamina II neuron from
FK506-treated, but not from vehicle-treated, mice (Fig. 2A-C).
These data suggest that calcineurin inhibition induces tonic acti-
vation of presynaptic NMDARs in the spinal dorsal horn.

We next determined whether a26-1 plays a role in the
increased presynaptic NMDAR activity in the spinal dorsal horn
resulting from treatment with FK506. We treated spinal cord sli-
ces with 100 um gabapentin, an a26-1 inhibitory ligand (Marais
et al., 2001; Fuller-Bicer et al., 2009), for 30 min before obtaining
the recordings. Treatment with gabapentin normalized the base-
line frequency in FK506-treated mice to the same level as in the
vehicle group (Fig. 2A-C). Subsequent bath application of AP5
had no further effect on the frequency of mEPSCs of lamina II
neuron in FK506-treated mice (n = 13 neurons; Fig. 2A-C).
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a25-1 is essential for FK506-induced activation of presynaptic NMDARs in the spinal dorsal horn. 4, B, Original recording traces (4) and cumulative probability plots (B) show the

effect of bath application of 50 zm AP5 on mEPSCs of lamina I neurons from vehicle-treated mice, FK506-treated mice, FK506-treated mice from which spinal cord slices were incubated with
100 pm gabapentin, and FK506-treated Cacna2d1-KO mice. €, D, Summary data show the effect of AP5 on the frequency (€) and amplitude (D) of mEPSCs of lamina Il neurons from vehicle-
treated mice (n = 12 neurons from 4 mice), FK506-treated mice (n =11 neurons from 5 mice), FK506-treated mice from which spinal cord slices were incubated with gabapentin (n = 13 neu-
rons from 6 mice), and FK506 treated Cacna2d1-KO mice (n =12 neurons from 4 mice). Data are mean == SEM. *p < 0.05 compared with respective baseline (one-way ANOVA followed by

Tukey's post hoc test). ™

Gabapentin and pregabalin bind to both a26-1 and a25-2
(Gee et al., 1996; Marais et al., 2001; Fuller-Bicer et al., 2009). To
further validate the role of a26-1 in FK506-induced enhance-
ment of presynaptic NMDAR activity, we recorded mEPSCs in

'p << 0.01 compared with baseline in the vehicle group (one-way ANOVA followed by Tukey's post hoc test).

dorsal horn neurons from FK506-treated Cacna2d1-KO mice.
The frequency or amplitude of mEPSCs did not differ signifi-
cantly between FK506-treated Cacna2d1-KO mice and vehicle-
treated WT mice (n =12 neurons in each group; Fig. 2A-D). In
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FK506-treated Cacna2d1-KO mice, bath application of AP5 did
not alter the frequency or amplitude of mEPSCs of lamina II
neurons (Fig. 2A-C). These findings indicate that @26-1 is
required for calcineurin inhibitor-induced aberrant activation of
presynaptic NMDARs in the spinal dorsal horn.

a20-1 is essential for FK506-induced tonic activation of
NMDARs at central terminals of primary afferents

To specifically determine the role of NMDARSs in synaptic gluta-
mate release from central terminals of primary afferent nerves,
we recorded EPSCs monosynaptically evoked from the dorsal
root. The baseline amplitude of evoked EPSCs in lamina II neu-
rons was significantly higher in FK506-treated than in vehicle-
treated mice (n =9 neurons in the FK506 group, # = 10 neurons in
the vehicle group; 490.4 = 41.7 pA vs 371.5 * 8.0 pA; p=0.0417,
Fu1,117="7.10; Fig. 3A,B). Moreover, the PPR of evoked EPSCs
was significantly lower in FK506-treated than in vehicle-treated
mice (n=8 neurons in the FK506 group, #=10 neurons in the

vehicle group; 0.53 £ 0.06 vs 0.83 = 0.04, p=0.0127, F(y1,114)=4.09
Fig. 3C,D). Bath application of 50 um AP5 reversibly normalized
the amplitude and PPR of evoked monosynaptic EPSCs in lam-
ina II neurons from FK506-treated mice (Fig. 3A-D). However,
AP5 had no effect on the amplitude or PPR of evoked EPSCs in
lamina II neurons from WT mice treated with vehicle (Fig. 3A-
D). These data suggest that calcineurin inhibition causes tonic
activation of presynaptic NMDARs at primary afferent central
terminals.

Treatment with 100 um gabapentin for 30 min normalized
the amplitude of evoked EPSCs (n =12 neurons, Fig. 3A,B) and
the PPR (n =13 neurons; Fig. 3C,D) in lamina II neurons from
FK506-treated mice. Subsequent bath application of 50 um AP5
had no further effect on the amplitude or PPR of evoked EPSCs
in these neurons (Fig. 3A-D).

In addition, the amplitude of evoked EPSCs and the PPR did
not differ significantly between FK506-treated Cacna2d1-KO
and vehicle-treated WT mice. Also, bath application of AP5 had
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no effect on the amplitude (n=12 neurons; Fig. 3A4,B) or the
PPR (n=11 neurons; Fig. 3C,D) of evoked EPSCs in lamina II
neurons from FK506-treated Cacna2d1-KO mice. These findings
indicate that calcineurin inhibitor-induced tonic activation of
NMDARs at central terminals of primary afferents critically
depends on a26-1.

220-1-bound NMDARs mediate FK506-induced increases in
synaptic glutamate release to spinal dorsal horn neurons

The C-terminus of 268-1 is predominantly involved in its interac-
tion with NMDARs, and a 30-amino acid peptide mimicking the
C-terminal domain of a26-1 fused with Tat protein (a26-1 Tat
peptide) uncouples the @26-1-NMDAR association (J. Chen et
al., 2018; Luo et al., 2018). To determine the role of 28 -1-bound
NMDARs in FK506-induced tonic activation of presynaptic
NMDARSs, we treated the spinal cord slices from FK506-treated
mice with 1 um a28 -1Tat peptide or Tat-fused scrambled control
peptide for 30 min before obtaining recordings. 28 -1Tat peptide
incubation fully reversed the increased frequency of mEPSCs in
spinal lamina II neurons from FK506-treated mice (n=10 neu-
rons; Fig. 4A-C). Also, subsequent bath application of 50 um AP5

had no effect on the mEPSC frequency in these neurons (Fig. 4A-
C). By contrast, treatment with the control peptide did not alter
the baseline frequency of mEPSCs in lamina II neurons from
FK506-treated mice. Furthermore, AP5 application still signifi-
cantly reduced the frequency of mEPSCs in these neurons (from
591 % 0.55-3.80 = 0.42Hz; n=10 neurons; p=0.022, Fss4=9.08;
Fig. 4A-C).

In addition, incubation with 1 um @268-1Tat peptide for
30 min completely normalized the baseline amplitude (n=10
neurons; Fig. 54,B) and PPR (1 =9 neurons; Fig. 5C,D) of mono-
synaptic EPSCs evoked from the dorsal root in lamina II neurons
from FK506-treated mice. Subsequent bath application of AP5
had no effect on the amplitude or PPR of evoked EPSCs in these
neurons (Fig. 5A-D). However, in control peptide-treated spinal
cord slices from FK506-treated mice, bath application of AP5 still
significantly reduced the amplitude (n =12 neurons; Fig. 5A,B)
of monosynaptically evoked EPSCs and increased the PPR (n=9
neurons; Fig. 5C,D) in lamina II neurons. Together, these results
strongly suggest that @26-1-bound NMDARs are essential for
calcineurin inhibitor-induced tonic activation of presynaptic
NMDARs at central terminals of primary afferent nerves.



3714 . ). Neurosci., May 6, 2020 - 40(19):3707-3719

A Baseline AP5
WT+FK506+ T ]
control peptide // V,
WT+FK506+ “V —\f
0.23-1Tat peptide

Washout

200 pA
50 ms

#Hit
B 700+ [ %* 1
1 [JBaseline
AP5
— 600 E=3 Washout
< .
8 : (X
500
S A
2 = . . oy
— LN}
Q. 400
€
<
¢ 300 ®
(7]
o
L 5004
100 4

i : ] :
WT+FK506+control peptide WT+FK506+0.25-1Tat peptide

Figure 5.

Huang etal. e Calcineurin Regulates Synaptic Plasticity

Cc

Washout

Baseline APS
WT+FK506+
control peptide
WT+FK506+
0.23-1Tat peptide
200 pA
50 ms
D 1.5 : ## I [ Baseline
* EZ AP5

1 E=3 Washout
K]
g 1.04 . . .
8 +* by -«
S ——
aQ S e
o
2 o5 *
©
o

0.0 T

WT+FK506+control peptide WT+FK506+025-1Tat peptide

«26-1-bound NMDARs mediate FK506 treatment-induced activation of NMDARs at primary afferent terminals in the spinal dorsal horn. A, B, Representative current traces (A)

and mean data (B) show the effect of 50 um APS5 on the amplitude of monosynaptically evoked EPSCs of lamina Il neurons from FK506-treated WT mice from which spinal cord slices were
incubated with 1 zm control peptide (n = 12 neurons from 6 mice) or 1 um 26-1Tat peptide (7 = 10 neurons from 5 mice). €, D, Original recording traces (€) and summary data (D) show
the effect of 50 zm AP5 on the PPR of evoked EPSCs on lamina Il neurons from FK506-treated WT mice from which spinal cord slices were incubated with 1 zum control peptide (n =9 neurons
from 6 mice) or T um «26-1Tat peptide (n =9 neurons from 5 mice). Data are mean = SEM. *p << 0.05; **p << 0.01; compared with respective baseline. 5 <0.01; #p < 0.001; com-
pared with baseline in the control peptide group (one-way ANOVA followed by Tukey's post hoc test).

220-1 mediates FK506-induced postsynaptic NMDAR
hyperactivity in the spinal dorsal horn

To determine postsynaptic NMDAR activity in the spinal dorsal
horn altered by treatment with FK506, we recorded currents eli-
cited by puff application of 100 um NMDA directly to spinal
lamina II neurons. The amplitude of NMDAR currents was sig-
nificantly higher in FK506-treated than in vehicle-treated mice
(163.4 =20.8 pA vs 88.6 =9.8pA, n=11 neurons per group;
p=0.0013, F3 37 =10.19; Fig. 6A,B), suggesting that postsynaptic
NMDAR activity of spinal dorsal horn neurons is enhanced by
treatment with FK506.

Treatment with 100 um gabapentin for 30 min normalized the
amplitude of puff NMDAR currents in lamina II neurons from
FK506-treated mice (n=9 neurons; Fig. 6A,B). Furthermore, in
spinal cord slices from FK506-treated Cacna2d1-KO mice, the
amplitude of puff NMDAR currents of lamina II neurons (n=10
neurons; Fig. 64,B) was similar to that observed in vehicle-treated
WT mice.

In addition, we determined whether 26 -1-bound NMDARs
play a role in FK506-induced postsynaptic NMDAR hyperactivity.
We incubated spinal cord slices from FK506-treated mice with 1
M @28 -1Tat peptide or 1 um control peptide for 30 min before
obtaining recordings. Treatment with a26-1Tat peptide, but not
the control peptide, significantly reduced the amplitude of puff
NMDAR currents in lamina II neurons («28-1Tat peptide,
93.5 = 11.6 pA, n=10 neurons; control peptide, 164.4 = 26.5 pA,
n=12 neurons; p=0.033, tn =2.29; Fig. 6C,D). Together, these
data suggest that @28 -1 is crucially involved in calcineurin inhibi-
tor-induced postsynaptic NMDAR hyperactivity in the spinal dor-
sal horn.

®20-1 is required for FK506-induced pain hypersensitivity
Systemic administration of 3 mg/kg FK506 in WT mice for 7
consecutive days caused a gradual decrease in withdrawal thresh-
olds in response to von Frey filaments, heat, and noxious pres-
sure (n =11 mice; Fig. 7A). The peak effect of FK506 was reached
at ~10d after the start of treatment with FK506 and persisted
for at least 10 d after the last injection of FK506. The tactile, heat,
and pressure withdrawal thresholds returned to the pretreatment
control level 14d after discontinuing treatment with FK506.
Systemic treatment with vehicle had no effect on tactile, heat, or
pressure withdrawal thresholds in WT mice (Y. Chen et al.,
2019). Intraperitoneal injection of 60 mg/kg gabapentin signifi-
cantly increased the withdrawal thresholds in response to tactile,
heat, and pressure stimuli applied to the hindpaw of WT mice
treated with FK506 (n = 8 mice; Fig. 8A4). We did not observe any
evident sign of sedation in mice after injecting gabapentin at
60 mg/kg. The fall latency, measured using the rotarod perform-
ance test (Cai et al.,, 2013), did not differ significantly between
vehicle- and gabapentin-treated WT mice 30 min after intraperi-
toneal injection (103.3 *8.1 vs 100.1 =5.2 s, n=38 mice per
group).

To further determine whether @26 -1 is involved in the devel-
opment of FK506-induced pain hypersensitivity, we subjected
Cacna2d1-KO mice to systemic treatment with 3 mg/kg FK506
for 7d. The baseline withdrawal thresholds in response to von
Frey filaments, heat, and noxious pressure did not differ signifi-
cantly between WT and Cacna2d1-KO mice (Fig. 7A). However,
the reduction in tactile, heat, and pressure withdrawal thresholds
resulting from treatment with FK506 was markedly attenuated in
Cacna2d1-KO mice (n=11 mice, Fig. 7A) compared with WT
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mice. Gabapentin had no effect on tactile, heat, or pressure with-
drawal thresholds in Cacna2d1-KO mice treated with FK506
(n =8 mice, Fig. 8A).

226-1-bound NMDARs at the spinal cord level mediate
FK506-induced pain hypersensitivity

Next, to determine whether FK506-induced mechanical and
thermal hypersensitivity is mediated by a26-1-bound NMDARs
at the spinal cord level, we intrathecally injected 1pg of a25-
1Tat peptide or 1 pg control peptide in WT mice 3-5d after the
last FK506 injection. a26-1Tat peptide, but not control peptide,
significantly attenuated the reduction in tactile, heat, and pres-
sure withdrawal thresholds caused by FK506 (n=10 mice; Fig.
8B). Intrathecal injection of 1 ug a28-1Tat peptide had no effect
on the paw withdrawal thresholds in Cacna2d1-KO mice treated
with FK506 (n=10 mice; Fig. 8B). These results indicate that
a26-1-bound NMDARs at the spinal cord level play a major
role in calcineurin inhibitor-induced pain hypersensitivity.

NMDARs in primary sensory neurons are involved in
FK506-induced pain hypersensitivity

Blocking NMDARSs at the spinal cord level can rapidly reverse
pain hypersensitivity induced by FK506 treatment in rats (S. R.
Chen et al, 2014a). In addition, our electrophysiological data
suggest that presynaptic NMDARs play a major role in the aug-
mented nociceptive input from primary afferent nerves to spinal

dorsal horn neurons in FK506-treated mice. We thus used
Grinl-cKO (Advillin®'* ::Grin11°1°%) mice in which functional
NMDARs are inactivated in primary sensory neurons to deter-
mine whether NMDARs in primary sensory neurons are
involved in the development of FK506-induced mechanical and
thermal hypersensitivity. The GluN1 protein level in the DRG
was diminished in Grinl-cKO mice compared with WT mice
(n=11 mice per group; p < 0.0001, ¢,y =6.72; Fig. 7B,C). Also,
the GluN1 protein level in the dorsal spinal cord was significantly
lower in Grinl-cKO than in WT mice (n=11 mice per group;
p=0.0008, t,)=3.96; Fig. 7B,C), suggesting that some GluN1
proteins in the spinal dorsal horn were synthesized by DRG neu-
rons and transported to the primary afferent central terminals
(H. Liu et al., 1994).

There was no significant difference in the baseline mechanical
and thermal withdrawal thresholds between Grinl-cKO and WT
mice (Fig. 7A). In Grinl-cKO mice, treatment with vehicle had
no significant effect on withdrawal thresholds in response to von
Frey filaments, heat, and noxious pressure (n = 10 mice; Fig. 7A).
The reduction in tactile, heat, and pressure withdrawal thresh-
olds was significantly attenuated in Grinl-cKO mice treated with
FK506 (1 =10 mice; Fig. 7A) compared with FK506-treated WT
mice. These behavioral data indicate that presynaptic NMDARs
originating from primary sensory neurons contribute to calci-
neurin inhibitor-induced pain hypersensitivity.
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a26-1 and NMDARs expressed in primary sensory neurons contribute to FK506-induced pain hypersensitivity. A, Time course of changes in paw withdrawal thresholds tested

with von Frey filaments, a heat stimulus, and a noxious pressure stimulus in WT and Cacna2d1-KO mice treated with FK506 (n =11 mice per group) and in Grin7-cKO mice treated with vehidle
or FK506 (n = 10 mice per group) for 7 d. Solid bar represents daily drug injections. Data are mean == SEM. *p << 0.05; **p << 0.01; ***p << 0.001; compared with respective baselines before
treatment with FK506 (time 0). *p << 0.05; *p < 0.01; *#p < 0.001; compared with the WT-+FK506 group at the same time point (two-way ANOVA followed by Dunnett’s or Tukey's post
hoc test). B, C, Representative blotting images (B) and mean data (€) show the GIuN1 protein levels in the DRG and dorsal spinal cord tissues from WT and Grin7-cKO mice (n=11 mice per
group). M, Molecular weight marker. Data are mean == SEM. ***p <C0.001 compared with the WT group (two-tailed Student’s t test).

Discussion

Our study used complementary biochemical, electrophysiologi-
cal, and behavioral approaches and revealed that a28-1 plays a
prominent role in calcineurin inhibitor-induced aberrant activa-
tion of NMDARs, at presynaptic and postsynaptic sites, in the
spinal dorsal horn. In a mouse model of CIPS, we found that
treatment with FK506 potentiated NMDAR activity in the spinal
dorsal horn, which is consistent with the findings in rats treated
with FK506 (S. R. Chen et al,, 2014a). By using gabapentin as an
a26-1 inhibitory ligand as well as Cacna2d1-KO mice and the
a26-1Tat blocking peptide, our study provided substantial evi-
dence for the involvement of @2d6-1 in calcineurin inhibitor-
induced synaptic NMDAR plasticity in the spinal dorsal horn.

It is interesting to note that CIPS shares strikingly similar
mechanisms with neuropathic pain caused by traumatic nerve
injury (S. R. Chen et al.,, 2014b; J. Chen et al.,, 2018). This is
because @26-1-bound NMDARs are required for the increased
activity of presynaptic and postsynaptic NMDARs in both pain-
ful conditions. Consistent with our findings in animal models,
patients with CIPS manifest certain neuropathic pain symptoms,
such as tactile allodynia (Grotz et al., 2001; Fujii et al., 2006;
Noda et al, 2008; Tasoglu et al, 2016; Wei et al, 2018).

Furthermore, calcineurin is downregulated in the spinal dorsal
horn after sciatic nerve injury (Miletic et al., 2015), and intrathe-
cal injection of calcineurin reduces nerve injury-induced pain
hypersensitivity (Miletic et al., 2013). We showed that prolonged
calcineurin inhibition with FK506 increased the a26-1-
NMDAR association and synaptic expression of a28-1-bound
NMDARs, which explains the increased NMDAR activity at the
spinal cord level. Therefore, our findings support the notion that
endogenous calcineurin functions as an intrinsic negative regula-
tor of nociceptive transmission via the control of a26-1-
NMDAR interaction and synaptic trafficking.

An important finding of our study is that a26-1 and a26-1-
bound NMDARs mediate calcineurin inhibitor-induced pain
hypersensitivity. This conclusion is supported by our results
showing that treatment with gabapentin or a2-1Tat peptide
attenuated FK506-induced mechanical and thermal hypersensi-
tivity. Also, FK506-induced hypersensitivity was much lower in
mice lacking @26-1 than in WT mice. Calcineurin inhibition
prolongs the NMDAR channel opening and enhances synaptic
NMDAR activity in hippocampal neurons (Lieberman and
Mody, 1994; Tong et al., 1995). The causal relationship between
NMDAR phosphorylation and the a26-1-NMDAR interaction
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Figure 8. 24 -1 inhibition or KO and blocking 26 -1-NMDAR interaction reverse FK506-induced pain hypersensitivity in mice.

A, Time course of the effect of intraperitoneal injection with 60 mg/kg gabapentin (GBP) on paw withdrawal thresholds tested with
von Frey filaments, a heat stimulus, and a noxious pressure stimulus in FK506-treated WT mice and Cacna2d1-KO mice (n =8 mice
per group). B, Time course of the effects of intrathecal injection with 1 g control peptide or 1 g «25-1Tat peptide on paw
withdrawal thresholds in response to von Frey filaments, a heat stimulus, and a noxious pressure stimulus in FK506-treated WT
mice and FK506-treated Cacna2d1-KO mice (n=10 mice per group). Data are mean =+ SEM. *p <<0.05; **p <0.07;
*¥%p < 0.001; compared with the baseline before drug injection (time 0; repeated-measures ANOVA followed by Dunnett's post

hoc test).

remains unknown. Because calcineurin is a protein phosphatase,
its inhibition could enhance the phosphorylation of NMDAR
subunits (Krupp et al., 2002) or NMDAR-interacting proteins,
such as calmodulin (Rycroft and Gibb, 2004). Also, reducing
NMDAR phosphorylation by inhibiting casein kinase-2 activity
abrogates the increased spinal cord NMDAR activity and pain
hypersensitivity in FK506-treated rats (Hu et al., 2014). Phospho-
rylation can result in protein conformational changes and modulate
the nature and strength of protein-protein interactions, thereby reg-
ulating the binding energy of the protein complex and coordinating
different signaling pathways (Nishi et al,, 2011; Betts et al., 2017).
Thus, increasing NMDAR phosphorylation via calcineurin inhibi-
tion may change proteins’ physicochemical conformation to pro-
mote the interaction between @26 -1 and NMDARs.

Another salient finding of our study is that deleting GluN1
from DRG neurons significantly attenuated pain hypersensitivity
caused by FK506. Presynaptic NMDARs can powerfully shape
synaptic transmission and plasticity in the CNS (McGuinness et
al., 2010; Park et al., 2014; Ma et al., 2018; J. J. Zhou et al., 2018).

contribute importantly to the devel-
opment of CIPS.

Our study demonstrates that
treatment with FK506 led to a large
increase in postsynaptic NMDAR ac-
tivity of spinal dorsal horn neurons,
an increase that also required a26-1.
Under normal conditions, NMDARs
are minimally open because of the
Mg”" block (Kampa et al., 2004). However, the FK506-induced
increase in glutamate release from primary afferents to spinal
dorsal horn neurons can depolarize postsynaptic neurons, lead-
ing to Mg*" block removal and postsynaptic NMDAR activa-
tion. Thus, postsynaptic NMDARs act in concert with activated
presynaptic NMDARs to potentiate nociceptive transmission in
CIPS. Activated postsynaptic NMDARs can increase intracellular
Ca’*, resulting in calpain-mediated K'-CI” cotransporter-2
cleavage and impairment of normal synaptic inhibition by
GABA and glycine (H. Y. Zhou et al., 2012). Impaired synaptic
inhibition in the spinal dorsal horn plays a key role in the devel-
opment of neuropathic pain (Coull et al,, 2003). In our study,
FK506-induced pain hypersensitivity was not abolished in
Grinl-cKO or Cacna2d1-KO mice. Other signaling mechanisms
are also likely involved in CIPS due to increasing phosphoryla-
tion of other proteins by calcineurin inhibitors. For example,
calcineurin inhibition potentiates phosphorylation of Kv2.1
channels (Park et al., 2006), which could increase neuronal excit-
ability. Also, reduced calcineurin activity may affect GluAl
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phosphorylation and synaptic trafficking of Ca®*-permeable
AMPA receptors (Kim and Ziff, 2014). Calcineurin inhibitors
can also increase nociceptive transmission by augmenting the ac-
tivity of voltage-activated Ca>* channels in DRG neurons (Wu
et al,, 2005, 2006). In addition, calcineurin may regulate TRPV1
channels and tandem pore domain K™ channels (Mohapatra and
Nau, 2005; Czirjak and Enyedi, 2006), although there is no direct
evidence to link these channels to the pathophysiology of CIPS.

In conclusion, our study reveals that a26 -1-bound NMDARs
at the spinal cord level play a major role in the development of
CIPS. Our findings advance the mechanistic understanding of the
critical role of endogenous calcineurin in regulating nociceptive
transmission and suggest a new, mechanism-based strategy for
treating CIPS. Because general NMDAR antagonists, such as keta-
mine, are associated with serious adverse effects, targeting 26 -1-
bound NMDARs with gabapentinoids and drugs that disrupt
a20-1-NMDAR complexes could be a rational treatment for
CIPS.
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