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Orai1 Plays a Crucial Role in Central Sensitization by
Modulating Neuronal Excitability
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Pathological pain is a common and debilitating condition that is often poorly managed. Central sensitization is an important mechanism
underlying pathological pain. However, candidate molecules involved in central sensitization remain unclear. Store-operated calcium
channels (SOCs) mediate important calcium signals in nonexcitable and excitable cells. SOCs have been implicated in a wide variety of
human pathophysiological conditions, including immunodeficiency, occlusive vascular diseases, and cancer. However, the role of SOCs
in CNS disorders has been relatively unexplored. Orai1, a key component of SOCs, is expressed in the human and rodent spinal cord dorsal
horn, but its functional significance in dorsal horn neurons is poorly understood. Here we sought to explore a potential role of Orai1 in the
modulation of neuronal excitability and A-type potassium channels involved in pain plasticity. Using both male and female Orai1
knock-out mice, we found that activation of Orai1 increased neuronal excitability and reduced A-type potassium channels via the protein
kinase C– extracellular signal-regulated protein kinase (PKC–ERK) pathway in dorsal horn neurons. Orai1 deficiency significantly de-
creased acute pain induced by noxious stimuli, nearly eliminated the second phase of formalin-induced nociceptive response, markedly
attenuated carrageenan-induced ipsilateral pain hypersensitivity and abolished carrageenan-induced contralateral mechanical allo-
dynia. Consistently, carrageenan-induced increase in neuronal excitability was abolished in the dorsal horn from Orai1 mutant mice.
These findings uncover a novel signaling pathway involved in the pain process and central sensitization. Our study also reveals a novel
link among Orai1, ERK, A-type potassium channels, and neuronal excitability.
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Introduction
Store-operated calcium channels (SOCs) are highly Ca 2�-sele-
ctive cation channels activated by depletion of calcium stores
from the endoplasmic reticulum (ER; Smyth et al., 2010). SOCs

underlie sustained Ca2� influx, which is required for Ca2�-depen-
dent cellular functions, such as secretion, proliferation, neurotrans-
mitter release, and enzymatic activity (Emptage et al., 2001; Chang
et al., 2006; Abdullaev et al., 2008; Prakriya, 2009). SOCs are
composed of the pore-forming Orai proteins Orai1–Orai3 [often
referred to as calcium release-activated calcium (CRAC) chan-
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Significance Statement

Orai1 is a key component of store-operated calcium channels (SOCs) in many cell types. It has been implicated in such pathological
conditions as immunodeficiency, autoimmunity, and cancer. However, the role of Orai1 in CNS disorders remains poorly under-
stood. The functional significance of Orai1 in neurons is elusive. Here we demonstrate that activation of Orai1 modulates neuronal
excitability and Kv4-containing A-type potassium channels via the protein kinase C– extracellular signal-regulated protein kinase
(PKC–ERK) pathway. Genetic knock-out of Orai1 nearly eliminates the second phase of formalin-induced pain and markedly
attenuates carrageenan-induced pain hypersensitivity and neuronal excitability. These findings reveal a novel link between Orai1
and neuronal excitability and advance our understanding of central sensitization.

The Journal of Neuroscience, January 24, 2018 • 38(4):887–900 • 887



nels] and are coupled to ER Ca 2� levels by the Ca 2�-sensing
stromal interaction molecules STIM1 and STIM2 (Liou et al.,
2005; Roos et al., 2005; Feske et al., 2006). SOC entry (SOCE) has
been extensively studied and its importance is well recognized in
non-neuronal cells (Takezawa et al., 2006; Muik et al., 2012).
SOCE has been shown in dorsal root ganglion neurons (Gemes et
al., 2011), hippocampal neurons (Narayanan et al., 2010), and
cortical neurons (Berna-Erro et al., 2009; Gruszczynska-Biegala
and Kuznicki, 2013). STIM1 and STIM2 have been implicated in
brain functions and pathological conditions (Berna-Erro et al.,
2009; Hartmann et al., 2014). However, the role of Orai1 in the
nervous system remains elusive. A previous study has reported
Orai1 expression in the dorsal horn of the human spinal cord
(Guzman et al., 2014). We recently demonstrated that SOCs are
functional in dorsal horn neurons. Using pharmacological and
siRNA knockdown approaches, we have demonstrated that Orai1
is responsible for SOCE in dorsal horn neurons (Xia et al., 2014).
However, its functional significance in dorsal horn neurons re-
mains elusive. Here, we show that Orai1-mediated SOCE modu-
lates neuronal excitability and A-type currents in dorsal horn
neurons. These effects are mediated by the protein kinase C– ex-
tracellular signal-regulated protein kinase (PKC–ERK) cascade.
We also demonstrate that Orai1 deficiency reduces acute pain
and almost eliminates the second phase of formalin-induced no-
ciceptive behavior through the ERK signaling pathway, while it
markedly attenuates carrageenan-induced pain hypersensitivity
and neuronal excitability. These findings reveal a novel link of
Orai1 to ERK, A-type channels, neuronal excitability, and pain,
and provide insights into the molecular mechanisms that under-
lie central sensitization associated with inflammatory pain.

Materials and Methods
Animals. All experiments were performed in accordance with the guide-
lines of the National Institutes of Health and with the guidelines of the
Committee for Research and Ethical Issues of the International Associa-
tion for the Study of Pain and were approved by the Animal Care and Use
Committee of Drexel University College of Medicine. Pregnant mice
were purchased from Taconic or Charles River and individually housed
in standard cages and maintained in a room with a 12 h light/dark cycle.
Both sexes were used for all in vitro and in vivo experiments. Neonatal
CD1 mice were used for cell cultures and adult CD1 mice were used for
slice preparations (Xia et al., 2014). Orai1 mutant mice were developed in
the laboratory of Dr. Jean-Pierre Kinet by insertion of a �-Geo cassette
in the first intron of the Orai1 gene (Vig et al., 2008), and purchased from
the Mutant Mouse Regional Resource Centers. The original Orai1 mu-
tant mice came from a mixed C57BL/6 and 129P2/OlaHsd background.
These mice had been backcrossed to CD1 for �7 generations.

Genotyping. Mice were genotyped by PCR of DNA extracted from tail
clips. The following primers were used: for �-Geo: 5�-CAAATGGCGA
TTACCGTTGA (F), 5�-TGCCCAGTCATAGCCGAATA (R); for Tcrd:
5�-CAAATGTTGCTTGTCTGGTG (F), 5�-GTCAGTCGAGTGCACAG
TTT (R). Genotypes were further determined by the copy number anal-
ysis using a TaqMan Genotyping Master Mix kit (Applied Biosystems)
following the manufacturer’s instructions. Briefly, the TaqMan copy
number assay (detecting the �-Geo) was run simultaneously with a
TaqMan copy number reference assay [detecting the telomerase reverse
transcriptase (Tert)] in a duplex real-time PCR. Real-time quantitative
PCR was performed in a 7900HT fast real-time PCR system (Applied
Biosystems) using the following amplification conditions: 10 min of ini-
tial denaturation at 95°C, then 40 cycles at 95°C for 15 s, and at 60°C for
1 min. The Applied Biosystems CopyCaller software was used for post-
PCR data analysis of copy number quantitation.

Real-time PCR analysis of Orai1 mRNA expression. Real-time PCR was
performed according to our previous study (Gao et al., 2016). Total RNA
was extracted from adult spinal cords and acutely dissociated neurons
using TRIzol Reagent (Molecular Research Center). RNA concentration

was determined by optical density at 260 nm. Total RNA was reverse-
transcribed into cDNA for each sample using a Fermentas maxima first-
strand cDNA synthesis kit (Thermo Fisher Scientific) following the
manufacturer’s instructions. Primers specific for mouse Orai1
(Mm00774349_m1) and GAPDH were purchased from Applied Biosys-
tems. Real-time quantitative PCR was performed in a 7900HT fast real-
time PCR system (Applied Biosystems) using the following conditions: 5
min of initial denaturation at 96°C, then 35 cycles at 96°C for 30 s, at 55°C
for 30 s, and at 72°C for 1.5 min. The threshold cycle for each gene was
determined and analyzed using the relative quantitation software (Ap-
plied Biosystems). The relative expression of Orai1 was calculated using
the 2 ���Ct method (Livak and Schmittgen, 2001). The mRNA levels of
Orai1 were normalized to the housekeeping gene GAPDH.

Cell culture and slice preparation. Primary cultures of spinal cord su-
perficial dorsal horn neurons were prepared from postnatal day 1 or 2
mice as previously described (Hu et al., 2003). Briefly, neonatal mice
were decapitated after inducing hypothermia on ice. A laminectomy was
performed and the spinal cord superficial dorsal horn was carefully dis-
sected in the dorsal side of the spinal cord (approximately lamina III)
with a surgical blade. The superficial dorsal horn strips were then incu-
bated for 30 min at 37°C in HBSS (Invitrogen; in mM: 137 NaCl, 5.4 KCl,
0.4 KH2PO4, 1 CaCl2, 0.5 MgCl2, 0.4 MgSO4, 4.2 NaHCO3, 0.3 Na2HPO4,
and 5.6 glucose) containing papain (15 U/ml; Worthington Biochemical),
rinsed three times with HBSS, and placed in culture medium containing
Neurobasal A (Invitrogen), 2% fetal calf serum (Invitrogen), 2% heat-
inactivated horse serum (Invitrogen), 2% B-27 (Invitrogen), 100 U/ml
penicillin (Invitrogen), 100 �g/ml streptomycin (Invitrogen), and 2 mM

GlutaMAX-1 (Invitrogen). The fragments were mechanically dissociated
by gently triturating with a fire-polished Pasteur pipette until the solu-
tion turned cloudy. The dispersed cells were plated at a density of 3000
cells per well onto 12 mm coverslips coated with poly-D-lysine and
laminin (Sigma-Aldrich). Neurons were cultured in a humidified atmo-
sphere containing 5% CO2 at 37°C for 1–2 d for recording of A-type
currents.

Lumbar spinal cord slices (300 –350 �m) were prepared from CD-1
mice as we described previously (Xia et al., 2014). Briefly, after decapita-
tion, the vertebral column and surrounding tissue were isolated and
immersed in ice-cold oxygenated N-methyl-D-glucamine (NMDG) arti-
ficial CSF (ACSF) containing the following (in mM): 93 NMDG, 93 HCl,
30 NaHCO3, 20 HEPES, 2.5 KCl, 1.2 NaH2PO4, 10 MgCl2, 0.5 CaCl2, 25
glucose, 3 myo-inositol, 1 sodium-L-ascorbate, 5 ethyl pyruvate (osmo-
lality, �305–310 mmol/kg). The lumbar enlargement of the spinal cord
was removed and glued onto the cutting platform with the adhesive
Loctite 404 (Loctite). Transverse spinal cord slices were cut in NMDG
ACSF with a Vibratome 3000 (Vibratome). Slices were incubated at 32–
34°C for 15 min and then maintained at room temperature (20 –24°C)
for 1 h before electrophysiological recording in the continuously oxygen-
ated recovery solution containing the following (in mM): 26 NaHCO3, 3
myo-inositol, 120 NaCl, 5 KCl, 1.25 NaH2PO4, 1 MgCl2, 1 CaCl2, 12.5
glucose (osmolality, �305–310 mmol/kg).

Transfection. For transfection of Orai1-CFP (inserted in the pIRESneo
plasmid, a generous gift from Dr. Donald Gill, Penn State College of
Medicine, Hershey, Pennsylvania), neurons were electroporated using
mouse primary cell Nucleofector kit according to the manufacturer’s
instructions (Lonza Group). Briefly, neurons were transfected with
Orai1-CFP (2.5 �g) per 1 � 10 6 cells and were seeded on 12 mm glass
coverslips. Calcium imaging and patch clamp were performed 48 –72 h
after transfection.

Calcium imaging. Calcium imaging was performed using fura-2-based
microfluorimetry and imaging analysis as we previously described (Xia et
al., 2014). Neurons were loaded with 4 �M fura-2AM (Life Technologies)
for 30 min at room temperature in HBSS, washed, and further incubated
in normal bath solution (Tyrode’s) containing the following (in mM):
140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 5.6 glucose for 20 min.
Coverslips were mounted in a small perfusion chamber (Warner Instru-
ments, Model RC-25) and continuously perfused at 5–7 ml/min with
Tyrode’s solution. Images were acquired at 3 s intervals at room temper-
ature using an Olympus inverted microscope equipped with a CCD cam-
era (Hamamatsu, ORCA-03G). The 340:380 ratios were recorded and
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analyzed using the software MetaFluor 7.7.9 (Molecular Devices). Only
one recording was made from each coverslip.

Electrophysiological recording. Standard whole-cell recordings were
performed at room temperature using EPC 10 amplifier and PatchMas-
ter software (HEKA Elektronik) as we described previously (Hu et al.,
2003). Electrode resistances were �3– 6 M	 with series resistances of
6 –15 M	 and were compensated to the maximal current amplitude.
Resting membrane potentials were �56.7 
 0.4 mV (n � 110). Only
neurons with a resting membrane potential more hyperpolarized than
�50 mV were used. For recording A-type currents in cultured neurons,
the bath solution contained (in mM) 135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2,
10 HEPES, and 5.6 glucose with 500 nM tetrodotoxin (TTX) to block
voltage-gated Na � currents. The electrode solution contained (in mM)
140 KCl, 1 MgCl2, 10 HEPES, 1 EGTA, 3 Na2ATP, and 0.3 Na2GTP, pH
adjusted to 7.4 with KOH. The membrane voltage was held at �80 mV
and transient potassium currents (A-type currents) were isolated by a
two-step voltage protocol as previously described (Hu and Gereau,
2011). To determine the voltage dependence of activation, voltage steps

of 150 ms were applied at 5 s intervals in �10
mV increments from �90 mV to a maximum
of �70 mV. To determine the voltage depen-
dence of inactivation, conditioning prepulses
ranging from �100 to �40 mV were applied in
�10 mV increments for 150 ms followed by a
voltage step to �40 mV for 150 ms. For
current-clamp recording in slices, the bath so-
lution was ACSF bubbled with 95% O2 and 5%
CO2. The intracellular solution contained the
following (in mM): 140 KMeSO4, 2 MgCl2, 1
EGTA, 10 HEPES, 3 Na2ATP, and 0.3 Na2GTP,
pH 7.4. Action potentials were generated by
current injection from a holding potential of
�75 mV. Throughout the recording, the hold-
ing potential was maintained by current injec-
tion. The rheobase (the minimal current to
evoke an action potential) was first determined
for every neuron by depolarization pulses (1 s
duration) ranging from 10 to 100 pA in 10 or 5
pA increments. Modulation of action potentials
was assessed every 15 s using a small constant
depolarization pulse (1 s, 1.1–1.3 times rheo-
base). The current amplitude that evoked 3–6 ac-
tion potentials during the baseline period was
selected for evaluating effects of compounds
on action potentials and remained constant
throughout the recording. The first spike-latency
was measured as the time between the stimulus
onset and the first spike of the response. The spike
frequency was measured by counting the number
of spikes within a depolarizing pulse (1 s dura-
tion; Hu et al., 2006).

Western blot analysis. Mice were killed after
an overdose of isoflurane anesthesia. The lum-
bar section of the spinal cord was dissected and
homogenized using a Dounce homogenizer in
an ice-cold radio immunoprecipitation assay
(RIPA) buffer containing 50 mM Tris HCl, 150
mM NaCl, 0.2 mM EDTA, 1% Triton X-100, 2%
SDS, 1% deoxycholate, 0.1 mM PMSF, and pro-
tease inhibitor mixtures (Thermo Fisher Scien-
tific). For cultures, neurons were washed in
ice-cold PBS and lysed in RIPA buffer. The
lysed tissues and neurons were sonicated at a
constant intensity of 2.5 for 10 s, and centri-
fuged at 18 000 � g at 4°C for 5 min. The con-
centrations of total protein were determined
using a Pierce bicinchoninic acid protein assay
kit (Thermo Fisher Scientific) following the
manufacturer’s instructions. Protein samples
were heated at 95°C for 5 min, electrophoresed

in 10% SDS polyacrylamide gel, and transferred onto nitrocellulose
membranes (Bio-Rad). The blots were blocked with Odyssey blocking
buffer (TBS) for 1 h at room temperature and probed with rabbit anti-
Orai1 (1:500; ProSci), anti-STIM1 (1:8000; Cell Signaling Technology), anti-
STIM2 (1:4000; ProSci), anti-Orai2 (1:500; ProSci), anti-Orai3 (1:500;
ProSci), anti-p-ERK (1:1000; Cell Signaling Technology), anti-ERK (1:
10,000; Cell Signaling Technology), mouse anti-GAPDH (1:20,000; Cell Sig-
naling Technology), and mouse anti-Actin (1:20,000; Sigma-Aldrich)
primary antibodies at 4°C overnight. The blots were washed and incubated
for 1 h at room temperature with IRDye donkey anti-rabbit/mouse second-
ary antibodies (1:10,000; LI-COR). The bands were quantified using Odys-
sey Image Studio Software (LI-COR).

Immunofluorescent staining. CD-1 mice were injected subcutaneously
in the right hindpaw with 15 �l of PBS or 2% formalin solution. After 8
min, animals were deeply anesthetized with ketamine and xylazine and
perfused intracardially with saline followed by 4% cold buffered parafor-
maldehyde (PFA)/0.1 M phosphate buffer (PB) solution. The lumbar

Figure 1. Depletion of ER Ca 2� stores modulates neuronal excitability of SG neurons in spinal cord slices. A, Representative action
potentials generated by increasing series of current injections recorded before (Pre-TG) and 5 min after application of 2�M TG. B, Summary
of changes in the rheobase (df�6, t�4.044, p�0.007), the first-spike latency (df�15, t�3.922, p�0.0014), spike frequency (df�
15, t � 4.935, p � 0.0001) induced by TG in dorsal horn neurons. C, The effect of 3 �M YM 58483 (YM) on TG-induced modulation of the
first-spikelatency(df�4,t�1.195,p�0.298)andspikefrequency(df�6,t�0.764,p�0.474).Valuesrepresentmean
SEM;n�
7–16 neurons; **p � 0.01, ***p � 0.001 compared with pre-TG by the paired Student’s t test.
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spinal cord (L4 –L5) was removed then post-
fixed overnight in 4% PFA/0.1 M PB, followed
by cryoprotection in 30% sucrose in 0.1 M PB
for 2 d. Spinal cords were embedded in Tissue-
Tek O.C.T. Compound (Sakura Finetek), and
sections were cut into 30-�m-thick slices and
blocked with PBS containing 5% normal goat
serum and 0.3% Triton X-100 for 1 h. Primary
antibody for p-ERK (1:1000; Cell Signaling
Technology) was incubated overnight at 4°C in
blocking solution. After three washes in PBS,
slices were incubated with secondary antibody
(Thermo Fisher Scientific, Alexa Fluor) for 1 h
in the blocking solution. Spinal cord slices were
then mounted on glass slides and coverslips
were applied using mounting media (Southern
Biotech). Images of the superficial dorsal horn
were captured using the Olympus Fluoview
FV1000 confocal microscope equipped with a
10� objective. Imaging capture parameters,
such as gain, offset, high voltage (HV), and la-
ser intensity, were kept constant during the ac-
quisition of images for valid comparisons of
p-ERK intensity. Blind quantitative analysis
was performed by using ImageJ to count the
number of cells positive for p-ERK fluores-
cence in the dorsal horn from �3 randomly
chosen spinal cord slices from each animal.

Behavioral studies. Orai1 knock-out mice
(Orai1 �/�) and wild-type (Orai1 �/�) litter-
mate mice were used. All behavioral tests were
conducted in 8 –10-week-old mice and were
performed blind to genotypes.

Motor function. Mice were tested for motor
function using the accelerating rotarod (5–30
rpm; Ugo Basile). Motor coordination of mice
was analyzed by measuring latency to falling off a
rod rotated with increasing velocity. All mice
were trained the day before testing. The time
spent on the rotarod (drop latency) was recorded.

The open-field test. The spontaneous activity of
mice was tested using an open-field system (Med
Associates), which automatically detects the free movements of mice. Activ-
ity monitor software was used to record and quantify behaviors, including
the distance traveled. Animals were acclimatized to the equipment 30 min
before the test. All mice were tested for 30 min.

Tail-flick test. The tail-flick test was performed by applying focused,
radiant heat to the tail as described previously (Li et al., 2016). Mice were
loosely held with soft tissues for 1 min each time (�3 times) before
testing. The withdrawal response was detected using the tail-flick test
analgesia meter (Columbus Instruments). A light beam was focused onto
the caudal end (2.5 cm from the tip) of the tail. The intensity of heat was
adjusted to evoke a tail-flick baseline latency of �5– 6 s. A cutoff time was
set at 10 s to avoid tissue damage. The latencies were averaged over three
trials, separated by 30 min intervals.

Tail-pressure test. The tail-pressure test was conducted using the Basile
Analgesy-Meter (Ugo Basile), and the response (struggle/vocalization)
threshold was measured as previously described (Hu et al., 2006). Ani-
mals were placed in a restrainer and left to settle for a few minutes. Force
was applied on the dorsal aspect of the tail at two adjacent localities
approximately two-thirds the length of the tail from the tail base.

Hot-plate test. The hot-plate test was conducted using the Hot Plate An-
algesia Meter (IITC Life Science). Hot-plate latencies were measured as the
time taken for a mouse to lick, shake its hindpaw, or jump at hot-plate
temperatures of either 52°C or 56°C as previously described (Hu et al., 2006).

Formalin-induced spontaneous nociceptive behavior. The formalin test
was performed as previously described (Gao et al., 2013). Briefly, CD1
mice were habituated for 1 h in a transparent Plexiglas test box (5 � 5
�10 inches) before any injections. Fifteen microliters of 2% formalin in

PBS solution was injected subcutaneously into the plantar surface of the
right hindpaw, and the mouse was returned to the test box immediately.
The spontaneous nociceptive behavior was quantified by recording the
total time that the mouse spent licking or lifting the injected paw with
stopwatch in 5 min intervals for 1 h.

Carrageenan-induced pain hypersensitivity. Carrageenan-induced in-
flammatory pain was induced in the right hindpaw by intraplantar injec-
tion of 15 �l of carrageenan (2% in PBS solution). Mechanical sensitivity
was measured before injection of carrageenan and 3 and 24 h after injec-
tion of carrageenan in both injected and uninjected paws using von Frey
filaments (North Coast Medical). A series of von Frey filaments were
applied to both right and left paws. The 50% hindpaws withdrawal
threshold was determined using the Dixon’s up– down method (Dixon,
1980). Thermal sensitivity was also measured before injection of carra-
geenan and 3 and 24 h after injection of carrageenan using a different
group of mice and the Hargreaves’ method as previously described (Gao
et al., 2015). The paw withdrawal latency was set to �10 s with a maxi-
mum of 20 s as the cutoff to prevent potential injury. The latencies were
averaged over three trials, separated by 30 min intervals.

Weight distribution on each hindlimb was measured before carra-
geenan injection and 5 and 24 h after carrageenan injection (after the von
Frey filaments test) using an incapacitance analgesia meter (IITC Life
Science). Mice were placed into an angled Plexiglas chamber of the inca-
pacitance meter with their hindpaws on separate sensors. Each data point
is the average of three readings. Data were expressed as ipsilateral/con-
tralateral. A value of 1.0 represented equal weight distribution across
ipsilateral and contralateral hindlimbs.

Figure 2. Depletion of ER Ca 2� stores reduces A-type currents in spinal cord dorsal horn neurons. A, Representative traces of
A-type currents recorded before (Pre-TG) and 5 min after application of 2 �M TG. B, Time course of TG’s effect on A-type current
peak amplitude (n � 9 neurons). C, Summary of the effects of TG on A-type and sustained currents (n � 15–17 neurons, df � 12,
t � 7.4, p � 0.0001). D, Steady-state activation and inactivation curves before (Pre-TG) and 5 min after bath application of 2 �M

TG (n � 13 neurons). E, Representative traces of A-type and sustained currents recorded before (Pre-CPA) and 5 min after
application of 20 �M CPA. F, Summary of the effects of CPA on A-type and sustained currents (n � 6 neurons, df � 8, t � 6.7, p �
0.0002). Values are means 
 SEM; ***p � 0.001 compared with predrug administration by the paired Student’s t test.
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Paw thickness was measured at the mid-plantar level before carra-
geenan injection and 4 and 24 h after carrageenan injection (after the
Hargreaves’ test) using an electronic outside micrometer (World Preci-
sion Instruments), as described previously (Boettger et al., 2007). Each
paw was measured twice and an average was calculated. Paw thickness was
measured after thermal latencies were determined. Paw edema was deter-
mined by subtraction of preinjection from postinjection thickness (mm).

Measurement of IL-1� and prostaglandin E2 in the injected paw. Mice
were anesthetized with isoflurane 24 h after carrageenan or PBS injection.
The entire injected paw was removed using a scalpel. Multiple incisions
were made on both dorsal and plantar surfaces. The paw was placed in a
12-well plate with 1.5 ml of PBS containing 20 �g/ml indomethacin and
gently shaken at 100 rpm for 1 h. The exudate was collected after being
centrifuged at a speed of 10,000 rpm for 10 min. The IL-1� and prosta-
glandin E2 (PGE2) levels in the supernatant were measured with ELISA
kits according to the manufacturer’s instructions (R & D Systems).

Drug application. Thapsigargin (TG), TTX, formalin, carrageenan,
indomethacin, and 4-aminopyridine (4-AP) were purchased from
Sigma-Aldrich. YM-58483 (N-[4-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-
yl] phenyl]-4-methyl-1,2,3-thiadiazole-5-carboxamide), U0126 (1,4-
diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]butadiene), PD98059
[2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one], and GF109203X
(GF) were purchased from Tocris Bioscience. They were dissolved in
Milli-Q water or dimethyl sulfoxide (DMSO) as stock solutions and
further diluted to final concentrations in 0.1% DMSO.

Electrophysiological data analysis. Off-line data analysis was pro-
cessed using PatchMaster (HEKA) and Origin 8.1 software (OriginLab).
The voltage dependency of activation and inactivation of A-type currents
were fitted with the Boltzmann function. For activation, peak currents

were converted to conductance ( G) by the for-
mula G � I/(Vm � Vrev), where Vm is the mem-
brane voltage of depolarization pulses and Vrev

is the calculated potassium reversal potential
(�84 mV). The function G/Gmax � 1/(1 �
exp[(V1/2 � V )/k]) was used to normalize con-
ductance, where Gmax is the maximal conduc-
tance obtained with a depolarizing pulse to
�70 mV, V1/2 is the half maximal voltage, and
k is the slope factor. For inactivation, I/Imax �
1/(1 � exp[(V1/2 � V )/k]) was used, where
Imax is the maximal current obtained with a
�100 mV prepulse (Hu et al., 2003). Current
density was calculated as the peak currents di-
vided by the capacitance (pA/pF).

Statistical analyses. Data are expressed as
original traces or as mean 
 SEM. Treatment
effects in vitro or behavioral data were statisti-
cally analyzed with paired, two-sample Stu-
dent’s t tests, one-way ANOVA, or two-way
ANOVA followed by the Bonferroni’s multiple-
comparison test. Error probabilities of p � 0.05
were considered statistically significant. Statis-
tical analyses were performed using Origin 8.1
or GraphPad Prism 7.0.

Results
Depletion of ER calcium stores
increases neuronal excitability
We have demonstrated that SOCs are ex-
pressed and function in dorsal horn neu-
rons (Xia et al., 2014). To explore the
functional significance of SOCs in dorsal
horn neurons, we first assessed the effect
of ER Ca 2� store depletion on neuronal
excitability. Current-clamp recordings were
performed in substantia gelatinosa (SG)
neurons of adult mouse spinal cord slices.
Action potentials were evoked in response
to current injection from a holding poten-

tial of �75 mV. The firing rate was increased upon increase in cur-
rent injection (Fig. 1A). Bath application of TG, an inhibitor of
the ER Ca 2�-ATPase, slightly induced a depolarization (from
�74.6 
 0.5 mV to �71.4 
 0.8 mV, df � 9, t � 4.49, p � 0.01),
increased the firing rate under the same current injection (Fig.
1A), and significantly reduced the rheobase compared with the
vehicle (0.1%DMSO, Pre-TG) in �85% neurons (Fig. 1B). To
assess the effects of TG on the first-spike latency and spike fre-
quency, action potentials were evoked by injection of a current
amplitude between 1.1 and 1.3 times the rheobase. TG signifi-
cantly decreased the first-spike latency and increased spike fre-
quency (Fig. 1B), but steady-state input resistance was not
significantly changed after TG application (data not shown). To
confirm whether TG-induced modulation of action potentials is
mediated by SOCE, we bath-applied 3 �M YM58483 (a SOC in-
hibitor) for 5 min before TG addition. YM58483 had no signifi-
cant effect on action potentials alone (data not shown), but
blocked TG-induced changes of the first-spike latency and spike
frequency (Fig. 1C). These results indicate that activation of
SOCs increases neuronal excitability.

Depletion of ER calcium stores decreases A-type currents
It is well established that A-type currents contribute to the onset
of action potential generation and the rate of firing. To determine
whether TG modulates Kv4-containing A-type currents, which con-

Figure 3. Blockage of A-type channels occludes TG-induced modulation of A-type currents and neuronal excitability. A, Rep-
resentative traces of A-type currents recorded before treatment (control), 3 min after 4-AP treatment, and 5 min after application
of 2 �M TG in the presence of 4-AP. B, Summary of the effects of 4-AP and TG � 4-AP on A-type currents (n � 5– 6, F � 10.57618,
p � 0.0005. C, Representative action potentials generated by current injection recorded before treatment (control), 3 min after 0.5
mM 4-AP treatment, and 5 min after application of 2 �M TG in the presence of 4-AP. D, Summary of changes in the first-spike
latency, spike frequency, and rheobase (n � 6). For the rheobase, F � 12.67, p � 0.007. For the first-spike latency, F � 9.34745,
p � 0.003. For spike frequency, F � 5.739, p � 0.009. Values are means 
 SEM, ns, not significant. **p � 0.01, ***p � 0.001
compared with control by one-way ANOVA.
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tribute to pain plasticity (Hu et al., 2006),
we used the whole-cell patch-clamp tech-
nique in cultured dorsal horn neurons.
Outward potassium currents were evoked
by a step depolarization from a holding
potential of �80 mV to �40 mV. The
A-type current was dissected away from
the sustained current by the voltage pro-
tocol as described in our previous report
(Hu and Gereau, 2011). Bath application
of TG significantly reduced A-type cur-
rents (Fig. 2A). This time-dependent ef-
fect reached maximal effect at 5 min and
lasted �10 min (Fig. 2B). Sustained cur-
rents were not significantly reduced by TG
treatment (Fig. 2C). Steady-state inactiva-
tion and activation curves showed no shift
in response to TG application (Fig. 2D).
To confirm depletion of ER Ca 2� stores-
induced modulation of A-type currents,
we also tested a structurally distinct ER
Ca 2�-ATPase inhibitor, cyclopiazonic
acid (CPA). Similarly, CPA significantly
decreased A-type currents with no effect
on sustained currents (Fig. 2E,F). These
results demonstrate that depletion of ER
Ca 2� stores inhibits A-type currents in
dorsal horn neurons.

TG-induced increase in neuronal
excitability is mediated by modulation
of A-type channels
To determine whether blockage of A-type
channels occludes TG-induced modula-
tion of A-type currents and neuronal
excitability, we performed patch-clamp
recordings and tested TG-induced modu-
lation of A currents and neuronal excit-
ability in the presence of 4-AP, a blocker
of A-type channels. We found that
4-AP reduced A-type currents in a
concentration-dependent manner (Fig.
3A,B). At a higher concentration, 4-AP
eliminated A-type currents. Four-AP pre-
treatment abolished TG-induced modu-
lation of A-type currents in cultured
neurons. Consistently, 4-AP markedly re-
duced the rheobase and the first-spike latency, and increased
spike frequency in SG neurons of spinal cord slices (Fig. 3C,D),
suggesting that 4-AP increases neuronal excitability. Impor-
tantly, blockage of A-type channels by 4-AP occluded TG-
induced modulation of neuronal excitability.

Orai1 deficiency impairs SOCE in dorsal horn neurons
Using the siRNA knockdown approach, we have demonstrated
that Orai1 is a key component of SOCs in dorsal horn neurons
(Xia et al., 2014). To confirm whether Orai1 is required for
SOCE, we took advantage of the Orai1 mutant mouse line, which
has been characterized previously (Vig et al., 2008; Davis et al.,
2015). We backcrossed these mice (C57BL/6 background) to
CD-1 for �7 generations to improve their growth and survival
rate. To identify genotypes of the offspring from Orai1 heterozy-
gous (Orai1�/�) breeding pairs, we first performed PCR of DNA

extracted from tail clips of litters. Orai1 knock-out (Orai1�/�)
and heterozygous (Orai1�/�) mice showed �-Geo expression,
which was undetectable in wild-type (Orai1�/�) mice (Fig. 4A).
The genotypes of Orai1�/� and Orai1�/� mice were further as-
sessed by the copy numbers of �-Geo. Orai1�/� mice, compared
with Orai1�/� mice, had twice the number of copies of �-Geo. In
addition, Orai1 mRNA was absent in the spinal cord of Orai1�/�

mice while it was reduced to 50% in Orai1�/� mice compared
with Orai1�/� mice (Fig. 4B). Western blot analysis showed that
the Orai1 band at �50 kDa (glycosylated Orai1) was not detect-
able in spinal cord tissues from Orai1�/� mice (Fig. 4B, inset).
Consistent with a previous study showing that the mRNA lev-
els of Orai2, Orai3, STIM1, or STIM2 are not altered in Orai1�/�

mice (Davis et al., 2015), we did not observe compensatory changes
in protein levels of Orai2, Orai3, STIM1, or STIM2 using specific
antibodies that we have confirmed (Xia et al., 2014; data not shown).

Figure 4. Orai1 deficiency abolishes SOCE in dorsal horn neurons. A, �-Geo expression in Orai1 knock-out (Orai1 �/�),
heterozygous (Orai1 �/�), and wild-type (Orai1 �/�) mice. T-cell receptor delta chain (Tcrd) is a control for presence of DNA. B,
Orai1 mRNA expression (relative to GAPDH and normalized to Orai1 �/�) in Orai1 �/�, Orai1 �/�, and Orai1 �/� mice (n � 5– 6
mice, F � 94.5, p values indicated in graph). Inset, Western blot of Orai1 protein extracted from spinal cord tissues of Orai1 �/�

and Orai1 �/� mice. C, TG-induced Ca 2� entry in Orai1 �/�, Orai1 �/�, and Orai1 �/� dorsal horn neurons (n � 26 –34
neurons, F � 44.1, p values indicated in graph). D, TG-induced Ca 2� entry in Orai1 �/� neurons transfected with Orai1 �/�

Orai1-CFP or GFP (as control; n � 17–19 neurons, df � 16, t � 7.58176, p � 1.10506E-6). Values represent mean 
 SEM; **p �
0.01, ***p � 0.001 compared with Orai1 �/� or control neurons by one-way ANOVA or the paired t test.
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Importantly, TG-induced SOCE was eliminated in Orai1�/� neu-
rons, while it was reduced in Orai1�/� neurons when compared
with neurons from Orai1�/� littermates (Fig. 4C). To determine
whether lack of SOCE observed in Orai1�/� dorsal horn neurons is
due to loss of Orai1 expression, we transfected Orai1�/� dorsal horn
neurons with wild-type Orai1-CFP. Neurons transfected with
Orai1-CFP showed robust SOCE, while SOCE was absent in non-
transfected neurons (from the same coverslips; Fig. 4D).

Orai1 is required for TG-induced modulation of A-type currents
and neuronal excitability in the spinal cord dorsal horn
To determine whether Orai1 modulates A-type channels, we re-
corded outward potassium currents in Orai1�/� mice and their
littermate Orai1�/� mice. The peak of total potassium currents,
A-type currents, and sustained currents were measured and com-
pared between Orai1�/� and Orai1�/� neurons. They were in-
distinguishable between the two groups (data not shown),

suggesting that Orai1 does not change the
function of A-type channels at the basal
condition. However, TG-induced modu-
lation of A-type currents was robust in
dorsal horn neurons from Orai1�/� lit-
termates (Fig. 5A) and absent in Orai1�/�

neurons (Fig. 5B). To determine whether
wild-type Orai1 rescues TG-induced
modulation of A-type currents in Orai1�/�

neurons, we transfected wild-type
Orai1-CFP plasmid to Orai1�/� neurons.
As expected, TG-induced modulation of
A-type currents was completely rescued in
these neurons (Fig. 5C). These results
demonstrated that Orai1 is necessary
for TG-induced modulation of A-type
channels.

To determine whether Orai1 contrib-
utes to neuronal excitability, we per-
formed current-clamp recordings in SG
neurons of adult mouse slices prepared
from Orai1�/� and Orai1�/� littermates.
The resting membrane potential, rheo-
base, and input resistance were indistin-
guishable between Orai1�/� neurons and
Orai1 �/� neurons (data not shown).
However, TG-induced modulation of ac-
tion potential properties was absent in
dorsal horn neurons from Orai1�/� mice
while TG-induced modulation of neuro-
nal excitability was robust in SG neurons
from Orai1�/� littermates (Fig. 5D,E).
These findings suggest that functional ex-
pression of Orai1 is not essential for basal
neuronal excitability, but it is required for
SOC activation-induced modulation of
neuronal excitability.

ERK signaling mediates TG-induced
modulation of A-type currents and
neuronal excitability
We and others have reported that ERK ac-
tivation downregulated A-type currents
in dorsal horn and hippocampal neurons
(Adams et al., 2000; Hu et al., 2003). It has

been shown that SOC activation leads to ERK activation in T cells
and neutrophils (Denys et al., 2004; Kim et al., 2015). To deter-
mine whether depletion of Ca 2� stores leads to ERK activation in
dorsal horn neurons, we performed Western blot analysis using
an antibody specific for phosphorylated (active) ERK1/2 (p44/
42). Dorsal horn neurons were cultured in six-well plates for 24 h
and TG was added to cultured neurons for 1, 5, 10, 30, 60 min.
Phosphorylation of ERK1/2 (p-ERKs) was drastically increased
after 5 min, which lasted for �60 min (Fig. 6A). To determine
whether TG-induced ERK activation is mediated by Orai1, we
cultured Orai1�/� and Orai1 �/� neurons from the same litter.
Orai1 �/� neurons showed a significant increase in p-ERKs after
TG treatment, while TG did not induce ERK activation in
Orai1�/� neurons (Fig. 6B). These results indicate that Orai1 is
required for TG-induced ERK activation and that ERKs are
downstream in the signaling cascade of SOC activation.

Figure 5. Orai1 is required for TG-induced modulation of A-type currents and neuronal excitability. A–C, TG-induced modulation of
A-type currents before (Pre-TG) and 5 min after application of 2 �M TG in Orai1 �/� neurons (A; n � 6, df � 5, t � 5.020, p � 0.004),
Orai1 �/� neurons (B; n�11, df�10, t�0.461, p�0.655), and Orai1 �/� neurons transfected with Orai1 �/� Orai1-CFP (C; n�8,
df�7, t�3.457, p�0.011). D, TG-induced modulation of action potentials before (Pre-TG) and 5 min after application of 2�M TG in SG
neurons from Orai1 �/� mice (n � 7). For the first-spike latency, df � 6, t � 2.905, p � 0.027; for spike frequency, df � 6, t � 3.243,
p � 0.018. E, TG-induced modulation of action potentials before (Pre-TG) and 5 min after application of 2 �M TG in SG neurons from
Orai1 �/� mice (n�15). For the first-spike latency, df�14, t�0.140, p�0.891; for spike frequency, df�14, t�1.468, p�0.164.
Values are means 
 SEM; *p � 0.05, **p � 0.01 compared with pre-TG by the paired t test.
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To determine whether TG-induced
modulation of A-type currents is medi-
ated by the activation of ERKs, we used
PD98059 and U0126, inhibitors of MEK
(an upstream regulator of ERKs). To con-
firm whether 20 �M PD98059 and 0.5 �M

U0126 are effective in blocking TG-
induced ERK activation, we pretreated
neurons with PD98059 or U0126 for 10
min. Both PD98059 and U0126 did not
change the basal p-ERKs, but TG-induced
ERK activation was eliminated in the
presence of PD98059 or U0126 (Fig.
6C,D). Patch-clamp results showed that
while PD98059 and U0126 had no sig-
nificant effect on A-type currents, TG-
induced modulation of A-type currents
was abolished by PD98059 or U0126 (Fig.
6E). Consistently, TG-induced changes in
the first-spike latency and spike frequency
were absent in the presence of PD98059
(Fig. 6F). These results suggest that SOCE-
induced modulation of A-type currents and
neuronal excitability is mediated by the
ERK signaling cascade.

PKC is involved in the SOC–ERK
pathway
Since Ca 2� cannot directly phosphorylate
ERK, what mediates SOCE-induced ERK
activation? It is well known that PKC can
be activated by Ca 2� and plays an impor-
tant role in various signal-transduction
pathways. We have previously demon-
strated that PKC is an upstream activator
of ERKs in dorsal horn neurons (Hu and
Gereau, 2003). To determine whether
PKC is involved in the SOC–ERK path-
way, we used a potent PKC inhibitor, GF.
When cultured neurons were pretreated
with 0.5 �M GF for 5 min, TG-induced
ERK activation was drastically reduced
(Fig. 7A). To rule out the possibility that
GF has a direct effect on SOCE, we per-
formed calcium imaging recordings. SOCE
was intact in the presence of GF (Fig. 7B,C).
Application of 0.5 �M GF slightly increased
A-type currents by 10%. Importantly,
SOCE-mediated modulation of A-type
currents was eliminated (Fig. 7D,E).
These results suggest that PKC is down-
stream of SOCE and upstream of ERKs.

Orai1 deficiency attenuates painful
stimuli-induced
nociception
To determine whether Orai1 deficiency alters pain sensitivity, we
first evaluated locomotor activity and motor function in Orai1�/�

mice and their Orai1�/� littermates (at the age of 8 –10 weeks)
using the open-field and accelerating-rotarod tests. The distance
traveled during a 30 min trial was indistinguishable between
Orai1�/� and Orai1�/� mice (Fig. 8A). In the rotarod test, drop
latency varied in both Orai1�/� and Orai1�/� mice, and there

was no difference between the two groups (Fig. 8B). We then
measured the basal sensitivity to mechanical and mild thermal
stimuli using von Frey filaments and the Hargreaves’ method.
Paw withdrawal threshold and latency were not altered in
Orai1�/� mice (Fig. 8C,D). However, Orai1 mutant mice showed
decreased sensitivity to noxious mechanical and thermal stimuli
compared with their Orai1�/� littermates in the tail-pressure,

Figure 6. SOCs mediate modulation of A-type currents via ERKs. A, The time course of TG-induced ERK activation (n � 4, F �
67.7, p values indicated in the graph). B, TG-induced ERK activation in cultured dorsal horn neurons from Orai1 �/� and Orai1 �/�

littermates. For Orai1 �/� mice, n � 7 samples, df � 6, t � 3.25629, p � 0.0173; for Orai1 �/� mice, n � 7 samples, df � 6,
t � 0.990, p � 0.360. C, The effects of PD98059 (PD) on TG-induced ERK activation. For vehicle treatment, n � 10 samples, df �
9, t � 6.43439, p � 0.00012; for PD treatment, n � 8 samples, df � 7, t � 0.072, p � 0.944. D, The effects of U0126 (U0) on
TG-induced ERK activation. For vehicle treatment, n � 4 samples, df � 3, t � 4.42385, p � 0.02145; for U0 treatment, n � 4
samples, df � 3, t � 2.415, p � 0.0946. E, The effects of PD and U0 on TG-induced modulation of A-type currents. For PD
treatment, n � 9 neurons, df � 8, t � 1.289, p � 0.233; for U0 treatment, n � 7 neurons, df � 6, t � 0.206, p � 0.843. F, The
effects of PD on TG-induced modulation of action potentials. For the first-spike latency, n � 8 neurons, df � 7, t � 0.760, p �
0.472. For spike frequency, n � 8 neurons, df � 7, t � 1.000, p � 0.351. Values are means 
 SEM, *p � 0.05, **p � 0.01,
***p � 0.001 compared with control by the two-sample or paired-sample Student’s t test.
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Figure 7. PKC is involved in the SOC–ERK pathway. A, The effect of GF109203X (GF) on TG-induced ERK activation (n � 8 samples, F � 13.3, p values indicated in the graph. B, Representative
TG-induced Ca 2� responses recorded in neurons pretreated with vehicle (Control) or GF. C, Summary of the effect of GF on TG-induced SOCE presented as the peak amplitude (n � 9 –11 neurons,
df�19, t�0.368, p�0.717). D, The effect of GF on TG-induced modulation of A-type currents. E, Summary of the effects of GF on TG-induced modulation of A-type currents. For vehicle treatment,
n � 5 neurons, df � 4, t � 5.868, p � 0.0042; for GF treatment, n � 6 neurons, df � 5, t � 0.941, p � 0.390. Values are means 
 SEM, **p � 0.01, ***p � 0.001 compared with the control
group by one-way ANOVA or the Student’s t test; ##p � 0.01 compared with the TG group.

Figure 8. Orai1 deficiency attenuates physical painful stimuli-induced nociception. A, Spontaneous activity (n � 16 –17 mice, df � 31, t � 0.143, p � 0.887). B, Locomotor activity (n � 13–18
mice, df � 29, t � 0.073, p � 0.523). C, Basal mechanical sensitivity (n � 16 –17 mice, df � 32, t � 0.645, p � 0.887). D, Basal thermal sensitivity (n � 16 –17 mice, df � 32, t � 0.315, p �
0.754). E, Pain threshold to noxious mechanical stimulation (n � 8 mice each, df � 14, t � 3.533, p � 0.0033). F, Tail-flick threshold to noxious heat stimulation (n � 6 –7 mice, df � 11, t �
5.035, p � 0.00038). G, Heat-induced pain response (n � 6 – 8 mice). For 52°C, df � 12, t � 2.883, p � 0.0137; for 56°C, df � 12, t � 4.227, p � 0.0011. Values are means 
 SEM; *p � 0.05,
**p � 0.01, ***p � 0.001 compared with Orai1 �/� mice by the Student’s t test.
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tail-flick, and hot-plate tests (Fig. 8E–G). These results suggest
that Orai1 plays an important role in nociception.

Orai1 deficiency attenuates formalin-induced
nociceptive behavior
The ERK signaling cascade plays a key role in pain plasticity (Ji et
al., 2009; Alter et al., 2010; Otsubo et al., 2012). Our data above
showed that Orai1-mediated modulation of A-type currents and
neuronal excitability is ERK-dependent in dorsal horn neurons.
We hypothesize that Orai1 plays a role in ERK-dependent pain
behavior. We performed the formalin test because the second
phase of formalin-induced nocifensive behavior is ERK-dependent
(Ji et al., 1999; Karim et al., 2001). Intraplantar injection of 15 �l
of formalin (2%) subcutaneously resulted in intensive spontane-
ous licking, lifting, flinching/shaking of the injected paw with a

classic biphasic nociception in littermate Orai1�/� mice. The
second phase of nociception was almost eliminated in Orai1�/�

mice. Interestingly, the first phase was not significantly reduced
in these mice (Fig. 9A,B). To confirm that reduction of formalin-
induced nociceptive behavior in Orai1�/� mice is mediated by
ERKs, we performed immunostaining using p-ERK antibody. For-
malin induced robust activation of ERKs (increased number of
p-ERK-positive cells) in the ipsilateral dorsal horn (Fig. 9C,D). How-
ever, formalin-induced ERK activation was markedly decreased in
Orai1�/� mice (Fig. 9C,D). To confirm this result, we also per-
formed Western blot analysis. As expected, formalin injection in-
creased p-ERK in the ipsilateral side of the spinal cord (L4–L5
segments) from Orai1�/� mice, which was not observed in
Orai1�/� mice (Fig. 9E,F). These results demonstrated that Orai1
plays a critical role in nociceptive behavior through the ERK cascade.

Figure 9. Orai1 deficiency attenuates formalin-induced nociceptive behavior. A, Formalin-induced spontaneous nociceptive behavior in Orai1 �/� and Orai1 �/� mice. Two-way ANOVA
revealed significant differences between genotypes (F(1,20) � 26.4, p � 0.0001). The adjusted p values are indicated in the graph. B, Summary of the first (5–10 min) and second (15– 60 min)
phases of formalin-induced nociceptive behavior in Orai1 �/� and Orai1 �/� mice (n � 10 –12 mice; for the first phase, df � 20, t � 1.752, p � 0.095; for the second phase, df � 20, t � 6.388,
p � 3.11837E-6). C, Confocal images of p-ERKs in the spinal cord dorsal horn at 8 min after formalin injection. D, The number of p-ERK-positive cells after formalin injection (n � 5– 6 mice; F �
82.08247, p � 1.07806E-10). The Bonferroni-adjusted p values for multiple comparisons are indicated in the graph. E, Western blots of p-ERKs and ERKs in the spinal cord (L4 –L5 segments) at 8
min after PBS or formalin injection. F, Summary of formalin-induced ERK activation (n � 4 –5 mice). The p values are indicated in the graph. Values are means 
 SEM; *p � 0.05, **p � 0.01,
***p � 0.001 compared with Orai1 �/� mice; #p � 0.05, ###p � 0.001 compared with the contralateral paw by two-way repeated-measures ANOVA or the Student’s t test.

896 • J. Neurosci., January 24, 2018 • 38(4):887–900 Dou et al. • Role of Orai1 in Central Sensitization



Orai1 deficiency diminishes carrageenan-induced
pain hypersensitivity
Our study and other studies have shown that carrageenan-
induced pain hypersensitivity is associated with ERK activation
and A-type channel function in the spinal cord dorsal horn
(Galan et al., 2002; Hu et al., 2006). To determine whether Orai1
is involved in carrageenan-induced inflammatory pain, we in-
jected 2% carrageenan (15 �l) into the plantar surface of the right
hindpaw of Orai1�/� and Orai1�/� mice. The Orai1�/� mice

developed robust hypersensitivity to mechanical stimuli in both
the ipsilateral and contralateral paws at 3 and 24 h after injection
of carrageenan, while the mechanical hypersensitivity was
markedly reduced in the ipsilateral paw and abolished in the
contralateral paw of Orai1�/� mice (Fig. 10A,B). Thermal hy-
persensitivity was observed in the ipsilateral paw of both Orai1�/�

and Orai1�/� mice. However, thermal hypersensitivity in
Orai1�/� mice was less profound (Fig. 10C). We also measured
weight bearing, an alternative nonreflex readout. Weight distri-

Figure 10. Orai1 deficiency attenuates carrageenan-induced pain hypersensitivity. A, B, Carrageenan-induced mechanical hypersensitivity in the ipsilateral paw (A) and the contralateral paw (B)
from Orai1 �/� and Orai1 �/� mice. Two-way ANOVA revealed significant differences between genotypes in the ipsilateral paw (F(1,13) � 35.0, p � 0.0001) and the contralateral paw (F(1,13) �
16.7, p � 0.0013). C, Carrageenan-induced thermal hypersensitivity in the ipsilateral paw. Two-way ANOVA revealed significant differences between genotypes (F(1,13) � 16.4, p � 0.0014).
D, Weight distribution in Orai1 �/� and Orai1 �/� mice. Two-way ANOVA revealed significant differences between genotypes (F(1,13) � 49.7, p � 0.0001). E, Carrageenan-induced ERK activation
in the ipsilateral dorsal horn from Orai1 �/� mice, but not from Orai1 �/� mice ( p values are indicated in the graph). Ipsi, Ipsilateral; Contra, Contralateral. F, Paw thickness changes induced by
intraplantar injection of carrageenan in Orai1 �/� and Orai1 �/� mice. G, H, Carrageenan-induced IL-1� (G) and PGE2 (H ) production in the injected paw from Orai1 �/� and Orai1 �/� mice.
Values are means 
 SEM (n � 6 –9 mice; p values indicated in the graph). *p � 0.05, **p � 0.01, ***p � 0.001 compared with Orai1 �/� mice; #p � 0.05, ##p � 0.01, ###p � 0.001 compared
with the PBS group by the Student’s t test or one-way ANOVA.

Dou et al. • Role of Orai1 in Central Sensitization J. Neurosci., January 24, 2018 • 38(4):887–900 • 897



bution in hindlimbs was significantly im-
paired in carrageenan-injected Orai1�/�

mice at 5 and 24 h time points, while
Orai1�/� mice showed less impairment at
5 h and normal distribution after 24 h
(Fig. 10D). To determine whether the re-
duction of pain hypersensitivity in
Orai1�/� mice was due to a lack of ERK-
dependent modulation in the dorsal horn,
we measured p-ERK levels in the dorsal
horn after behavioral tests (24 h after car-
rageenan injection). ERK activation was
observed only in the ipsilateral paw of
Orai1�/� mice, but not in that of
Orai1�/� mice (Fig. 10E). Interestingly,
carrageenan-induced inflammation and
inflammatory mediator production in
Orai1 �/� mice did not differ from those
in Orai1 �/� mice (Fig. 10F–H ). These
results suggest that Orai1 is crucial for
inflammatory pain, but not for inflammation.

Orai1 is responsible for carrageenan-
induced neuronal excitability
As shown above, Orai1 activation increased
p-ERK and neuronal excitability in vitro. In
addition, Orai1 is critical for formalin-
induced and carrageenan-induced ERK ac-
tivation in the ipsilateral side of the spinal
cord. To determine whether carrageenan
induces a change of neuronal excitability
and Orai1 is necessary for this change, we
performed current-clamp recordings in
ipsilateral SG neurons of spinal cord slices
from adult Orai1�/� and Orai1�/� mice
24 h after intraplantar injection of carra-
geenan. There was no significant differ-
ence of the resting membrane potential
between neurons from carrageenan-
injected and PBS-injected mice (data not
shown). However, we observed that the same amount of current
injections caused more action potentials in SG neurons from
carrageenan-injected Orai1�/� mice compared with those from
PBS-injected mice (Fig. 11A). Correspondingly, the rheobase was
significantly reduced, and the current–frequency relationship curve
was shifted upward in neurons from carrageenan-injected Orai1�/�

mice, but not carrageenan-injected Orai1�/� mice, compared with
their counterpart PBS-injected mice (Fig. 11B). This finding suggests
that Orai1 is critical for carrageenan-induced neuronal excitability.

Discussion
Findings from the present study provide the first evidence that
Orai1 plays a critical role in central sensitization and modulates
neuronal excitability and A-type currents through the ERK sig-
naling pathway. Our results reveal a functional link between
Orai1 and neuronal excitability at both cellular and behavioral
levels and support a model in which activation of CRAC channel
Orai1 leads to an increase in p-ERKs via PKC, subsequently
downregulating A-type channels and increasing neuronal excit-
ability in dorsal horn neurons and pain sensitivity.

The present study demonstrates that TG decreases the first-
spike latency and increases spike frequency, suggesting that SOC
activation increases neuronal excitability in the spinal cord dorsal

horn. A-type channels are believed to be important in controlling
the rate of action potential generation and delaying the onset of
firing. Indeed, the electrophysiological results show that activa-
tion of SOCs by TG or CPA caused downregulation of A-type
currents, which are consistent with the crucial role of A-type
currents in neuronal activity. We also confirmed that TG-
induced increase in neuronal excitability is mediated by modu-
lating A-type channels since blockade of A-type channels by 4-AP
abolished TG-induced modulation of A-type currents in cultured
neurons and neuronal excitability in spinal cord slices. In line
with our hypothesis, Orai1 deficiency abolished TG-induced
modulation of A-type currents and neuronal excitability. To-
gether, these data indicate that activation of Orai1 increases neu-
ronal excitability via modulation of A-type channels.

Our findings show that total outward potassium currents and
A-type currents were not altered in Orai1�/� neurons under the
basal conditions, demonstrating that Orai1 does not regulate
A-type channels when it is not activated. What then is the medi-
ator of this modulation? A-type currents are generated by the Kv4
subfamily of voltage-gated potassium channels in several types of
neurons, including dorsal horn neurons (Maletic-Savatic et al.,
1995; Guo et al., 2005; Hu et al., 2006). We have previously dem-
onstrated that the Kv4 mediates most A-type currents in dorsal

Figure 11. Orai1 is responsible for carrageenan-induced increase in neuronal excitability. A, Representative action potentials
generated by 40 and 90 pA current injections recorded in SG neurons from PBS-injected and carrageenan-injected Orai1 �/� and
Orai1 �/� mice. B, The current–spike frequency curves from PBS-injected and carrageenan-injected Orai1 �/� and Orai1 �/�

mice. For Orai1 �/� mice, two-way ANOVA revealed significant differences between PBS-injected and carrageenan-injected
groups (F(1,234) � 11.4, p � 0.001). For Orai1 �/� mice, F(1,389) � 0.046, p � 0.831. C, Summary of changes in rheobase. For
Orai1 �/� mice, n � 16 –27, df � 41, t � 2.38645, p � 0.0217. For Orai1 �/� mice, n � 19 –20, df � 37, t � 0.34836, p �
0.729. D, Summary of changes in input resistance. For Orai1 �/� mice, n � 17–33, df � 48, t � 1.34738, p � 0.18418. For
Orai1 �/� mice, n � 27–33, df � 58, t � �0.05781, p � 0.95407. Carra, Carrageenan. Values are means 
 SEM, *p � 0.05,
**p � 0.01 compared with the PBS group by two-way ANOVA or the Student’s t test.
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horn neurons (Hu et al., 2006). We and others have shown that
Kv4.2 is a downstream target of ERKs (Hu et al., 2006; Schrader et
al., 2006). It has also been reported that SOCE induces ERK acti-
vation in nonexcitable cells (Denys et al., 2004; Kim et al., 2015).
Thus, we hypothesized that ERKs mediate interaction between
Orai1 and A-type channels. In agreement with our hypothesis,
Western blot analysis revealed that activation of Orai1 leads an
increase in p-ERKs. Additionally, SOCE-induced modulation of
A-type currents and neuronal excitability is mediated by ERK
activation. We further showed that PKC is a downstream of
SOCE and involved in the SOC-ERK signaling pathway. At the
behavioral level, we used the formalin model, where ERKs and
Kv4.2-containing A-type channels are required in the second
phase (Karim et al., 2001). We found that the formalin-induced
second phase of spontaneous nociceptive behavior was nearly
eliminated in Orai1�/� mice, which is consistent with our previ-
ous finding from Kv4.2 knock-out mice (Hu et al., 2006). There
was no significant difference in the first phase between Orai1�/�

and Orai1�/� mice, suggesting that Orai1 may not be involved in
formalin-induced acute nociception. The decreased second phase
was mediated by ERKs since formalin-induced ERK activation was
markedly reduced in Orai1�/� mice. In the carrageenan model,
we also observed that Orai1�/� mice showed a marked reduction
of ipsilateral pain hypersensitivity. Most interestingly, secondary
(contralateral) pain hypersensitivity was abolished in Orai1�/�

mice. These findings indicate that Orai1 plays a crucial role in
development of central sensitization. Further, to determine
whether this role is mediated by modulation of neuronal excit-
ability, we conducted current-clamp recordings from ipsilateral
SG neurons in PBS-injected and carrageenan-injected Orai1�/�

and Orai1�/� mice. There were no differences in the resting
membrane potential among the groups (data not shown), which
is consistent with a previous report (Kurihara et al., 2014). How-
ever, we observed a carrageenan-induced increase in neuronal
excitability in Orai1�/� mice, but not in Orai1�/� mice, suggest-
ing that Orai1 is essential to increase neuronal excitability in-
duced by inflammatory pain. This result provides evidence that
Orai1 plays a role in central sensitization by modulating neuronal
excitability. It is worth pointing out that we found a slight, but
not significant increase in p-ERK in the contralateral side of the
spinal cord at 24 h after carrageenan injection (data not shown).
It is possible that ERK activation may occur in very small popu-
lations of contralateral dorsal horn neurons. In addition, activa-
tion of ERK was significantly, but not robustly increased in the
ipsilateral side of the spinal cord at the 24 h time point. It has been
reported that carrageenan-induced maximal ERK activation in
the spinal cord was observed at the 1 h time point (Galan et al.,
2002). Therefore, we may have missed a significant increase in
p-ERK in contralateral spinal cord tissue due to our chosen time
point.

We wondered whether Orai1 contributes carrageenan-induced
peripheral inflammation since Orai1 plays a role in cytokine produc-
tion and inflammatory reactions in immune cells (Gwack et al.,
2007; Yang et al., 2012; Gaida et al., 2015). Surprisingly,
carrageenan-induced edema and cytokine production were in-
tact in Orai1�/� mice. Carrageenan is a nonspecific inflamma-
tory irritant from the cell walls of red algae. Carrageenan is
known to stimulate macrophages, leading them to secrete PGE2
and cytokines and thus cause inflammation (Tsuji et al., 2003;
Min et al., 2011). A recent report has demonstrated that SOCE is
not required for macrophages and dendritic cells to function
(Vaeth et al., 2015). This at least partially explains why an Orai1
deficit did not affect carrageenan-induced inflammation.

In summary, we discovered that the activation of CRAC-
channel Orai1 increases neuronal excitability by modulating
A-type channels in the spinal cord dorsal horn via the PKC–ERK
signaling cascade. Orai1 plays an essential role in ERK-dependent
pain behavior. Our findings advance our understanding of the
mechanisms underlying central sensitization and establish a
novel link among SOCs, PKC, ERKs, A-type channels, neuronal
excitability, and pain.
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