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Cellular/Molecular

Sexual Dimorphism in a Reciprocal Interaction of Ryanodine
and IP3 Receptors in the Induction of Hyperalgesic Priming

X Eugen V. Khomula,* Luiz F. Ferrari,* X Dionéia Araldi, and X Jon D. Levine
Departments of Medicine and Oral Surgery, and Division of Neuroscience, University of California, San Francisco, San Francisco, California 94143

Hyperalgesic priming, a model of pain chronification in the rat, is mediated by ryanodine receptor-dependent calcium release. Although
ryanodine induces priming in both sexes, females are 5 orders of magnitude more sensitive, by an estrogen receptor � (EsR�)-dependent
mechanism. An inositol 1,4,5-triphosphate (IP3 ) receptor inhibitor prevented the induction of priming by ryanodine. For IP3 induced
priming, females were also more sensitive. IP3-induced priming was prevented by pretreatment with inhibitors of the sarcoendoplasmic
reticulum calcium ATPase and ryanodine receptor. Antisense to EsR� prevented the induction of priming by low-dose IP3 in females. The
induction of priming by an EsR� agonist was ryanodine receptor-dependent and prevented by the IP3 antagonist. Thus, an EsR�-
dependent bidirectional interaction between endoplasmic reticulum IP3 and ryanodine receptor-mediated calcium signaling is present
in the induction of hyperalgesic priming, in females. In cultured male DRG neurons, IP3 (100 �M) potentiated depolarization-induced
transients produced by extracellular application of high-potassium solution (20 mM, K20), in nociceptors incubated with �-estradiol.
This potentiation of depolarization-induced calcium transients was blocked by the IP3 antagonist, and not observed in the absence of IP3.
IP3 potentiation was also blocked by ryanodine receptor antagonist. The application of ryanodine (2 nM), instead of IP3 , also potentiated
K20-induced calcium transients in the presence of �-estradiol, in an IP3 receptor-dependent manner. Our results point to an EsR�-
dependent, reciprocal interaction between IP3 and ryanodine receptors that contributes to sex differences in hyperalgesic priming.

Key words: endoplasmic reticulum; hyperalgesia; hyperalgesic priming; IP3 receptor; nociceptor; ryanodine receptor

Introduction
Chronic pain is a substantial health problem (Aronoff, 2016;
Jackson et al., 2016; Maixner et al., 2016; Turk et al., 2016), re-
flecting the current limitations in its management. A growing
body of clinical and preclinical evidence indicates chronic pain as
a disease state, a consequence of ongoing neuronal dysfunction
(Walk and Poliak-Tunis, 2016). Animal models of persistent in-
flammation or nerve damage have shown a prominent role of

peripheral sensory neurons in the long-term painful sensitization
(Parada et al., 2005; Khasar et al., 2008; Costigan et al., 2009;
Young et al., 2012; Ferrari et al., 2013c; Bali and Kuner, 2014),
supporting the view that acute painful conditions can transition
to persistent neuronal sensitization or exacerbated pain to stim-
ulation, even well after acute tissue insults resolve (Bérubé et al.,
2016; Peng et al., 2016; Walk and Poliak-Tunis, 2016).

We developed a model in the rat to investigate the peripheral
mechanisms involved in the transition from acute to chronic
pain, hyperalgesic priming, in which a permanently increased
response of the nociceptor to proalgesic mediators develops after
a prior inflammatory episode (Aley et al., 2000; Reichling and
Levine, 2009). The induction of priming has been shown to be
dependent on the activation of protein kinase C� (PKC�) fol-
lowed by ryanodine receptor-triggered release of calcium from
the endoplasmic reticulum (ER) and persistent protein transla-
tion at the peripheral and central terminals of nociceptors
(Aley et al., 2000; Parada et al., 2003a; Reichling and Levine, 2009;
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Significance Statement

The present study demonstrates a mechanism that plays a role in the marked sexual dimorphism observed in a model of the
transition to chronic pain, hyperalgesic priming. This mechanism involves a reciprocal interaction between the endoplasmic
reticulum receptors, IP3 and ryanodine, in the induction of priming, regulated by estrogen receptor � in the nociceptor of female
rats. The presence of this signaling pathway modulating the susceptibility of nociceptors to develop plasticity may contribute to
our understanding of sex differences observed clinically in chronic pain syndromes.
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Ferrari et al., 2013a, b, 2016). Of note, a marked, estrogen
receptor-dependent, sexual dimorphism is observed in this
model, and activation of PKC�, directly or receptor-mediated,
does not induce priming in female rats (Joseph et al., 2003).
However, direct stimulation of second messengers downstream
of PKC�, such as the ryanodine receptor, present at the ER (Sutko
et al., 1985; Sorrentino and Volpe, 1993; Fill and Copello, 2002),
induces priming in both males and females (Ferrari et al., 2013b,
2016).

Recently, we have shown that the sexual dimorphism ob-
served in priming is not only limited to a negative regulation of
PKC� by estrogen in female rats (Joseph et al., 2003), but also an
interaction between estrogen receptor � (EsR�) and ryanodine
receptor in females. Paradoxically, in this case, such an interac-
tion markedly increases the sensitivity of female nociceptors to be
primed, representing a dual role of estrogen in priming (Ferrari et
al., 2016), preventing its induction through cell surface receptors
and PKC� activation, but facilitating its triggering by activation
of ryanodine receptors. This sensitizing effect of estrogen toward
the ryanodine receptor in females has also been observed in in
vitro experiments showing potentiation of the response to ryan-
odine application in cultured female, but not male, DRG neurons
in the presence of �-estradiol or the EsR� agonist 1,3,5-tris
(4-hydroxyphenyl)-4-propyl-1H-pyrazole (PPT), confirming a
relationship between EsR and the calcium receptors at the ER in
neuroplasticity, as suggested by previous studies (Fricke et al.,
2007; Rybalchenko et al., 2009).

The activation of ryanodine receptors releases calcium from
the ER (Sutko et al., 1985; Fill and Copello, 2002) and the conse-
quent induction of calcium waves (Stutzmann and Mattson,
2011; Adasme et al., 2015; Futagi and Kitano, 2015; Evans et al.,
2016) have been associated with some forms of neuroplasticity
(Chen et al., 2015; Futagi and Kitano, 2015). Also, an interaction
between ryanodine receptors and inositol 1,4,5-triphosphate
(IP3) receptors (Smith et al., 2009; Taylor and Tovey, 2010),
whose activation also releases calcium from the ER (Berridge and
Taylor, 1988; Putney and Bird, 1993; Mak and Foskett, 2015;
Taylor and Konieczny, 2016), has been shown to play a role in
neuronal plasticity (Barbara, 2002; Raymond and Redman, 2006;
Nagarkatti et al., 2008; Gruol et al., 2010; Silveira et al., 2015). In
this study, we evaluated whether the IP3 receptor also plays a role
in the nociceptor plasticity observed in this preclinical model of
chronic pain.

Materials and Methods
Animals. All experiments were performed on male and female adult
Sprague Dawley rats (220 – 400 g; Charles River Laboratories). Rats were
housed three per cage, under a 12 h light/dark cycle, in a temperature-
and humidity-controlled animal care facility at the University of Califor-
nia, San Francisco. Food and water were available ad libitum. Nociceptive
testing was done between 10:00 A.M. and 5:00 P.M. The experimental
protocols were approved by the Institutional Animal Care and Use Com-
mittee at the University of California at San Francisco and adhered to the
National Institutes of Health Guide for the care and use of laboratory
animals. Effort was made to minimize the number of animals used and
their suffering.

Testing mechanical nociceptive threshold. Mechanical nociceptive
threshold was quantified using an Ugo Basile Analgesymeter (Randall-
Selitto paw-withdrawal test, Stoelting), which applies a linearly increas-
ing mechanical force to the dorsum of the rat’s hindpaw, as previously
described (Randall and Selitto, 1957; Taiwo et al., 1989). Rats were placed
in cylindrical acrylic restrainers designed to provide adequate comfort
and ventilation, allow extension of the hind leg, and minimize restraint
stress. To adapt rats to the testing procedure, they were acclimatized to

the restrainer for 1 h before starting each study and for 30 min before
experimental manipulations. The nociceptive threshold was defined as
the force, in grams, at which the rat withdrew its paw. Baseline paw-
pressure nociceptive threshold was defined as the mean of the three
readings taken before the test agents were injected. Each paw was treated
as an independent measure (Ferrari et al., 2015) and each experiment
performed on a separate group of rats.

Drugs and reagents. The following compounds were used in this study:
the direct-acting hyperalgesic agent prostaglandin E2 (PGE2); the activa-
tor of IP3 receptors D-myo-inositol 1,4,5-tris-phosphate trisodium salt
(IP3); xestospongin C, an IP3 receptor inhibitor; the ryanodine receptor
modulator ryanodine; dantrolene sodium salt, a ryanodine receptor in-
hibitor; thapsigargin, a SERCA (Sarco-Endoplasmic Reticulum Calcium
ATPase) inhibitor (Kijima et al., 1991; Lytton et al., 1991); �-estradiol-
water-soluble (cyclodextrin-encapsulated 17�-estradiol), an EsR ago-
nist; and PPT, an EsR�-specific agonist, all from Sigma-Aldrich;
Griffonia simplicifolia isolectin B4 (IB4) conjugated to AlexaFluor-488
dye (Invitrogen); and fura-2 AM, a membrane-permeable form of the
fluorescent calcium indicator fura-2 (Calbiochem). Selection of drug
doses was based on our previous studies (Alessandri-Haber et al., 2009;
Ferrari et al., 2013b, 2014, 2016; Hendrich et al., 2013). The required drug
concentrations were achieved by dilutions in 0.9% NaCl (for in vivo
experiments) or in external perfusion solution (for in vitro experiments).

Solutions of �-estradiol, dissolved in 0.9% NaCl, were freshly pre-
pared. Stock solutions of PGE2 in absolute ethanol (1 �g/�l) were diluted
in 0.9% NaCl (1:50, Cfinal � 0.02 �g/�l) immediately before injection.
The ethanol concentration of the final PGE2 solution was �2% and the
injection volume 5 �l. Ryanodine was also first prepared as a stock solu-
tion, in absolute ethanol, and then diluted with 0.9% NaCl to the re-
quired concentration/dose. Aliquots of IP3, dissolved in distilled water,
were further diluted with 0.9% NaCl to the required concentrations,
depending on the dose needed. Dantrolene was dissolved in DMSO at the
time of the experiments and further diluted in 0.9% NaCl containing
10% DMSO; stock solutions of PPT, thapsigargin, xestospongin C, and
fura-2 AM (1 mM) were prepared in 100% DMSO, and diluted in 0.9%
NaCl containing 10% DMSO at the time of the experiments; IB4 was
prepared as a stock solution (1 �g/�l), in calcium- and magnesium-free
PBS (Invitrogen). Importantly, in vivo control experiments have previ-
ously shown that the final concentration of ethanol (2%), used to prepare
the solutions of PGE2 or ryanodine, had no effect on the mechanical
threshold per se; DMSO, used to dissolve dantrolene, PPT, thapsigargin,
xestospongin C, and fura-2 AM, did not produce any effect on the me-
chanical nociceptor threshold (Ferrari et al., 2016).

In the behavioral experiments, drugs were administered intradermally
at a marked site on the dorsum of the hindpaw via a beveled 30-gauge
hypodermic needle that was attached to a Hamilton microsyringe by
polyethylene (PE-10) tubing. The administration of IP3, ryanodine, dan-
trolene, xestospongin C, or thapsigargin, as well as their respective vehi-
cles, was preceded by hypotonic shock to facilitate cell permeability to
these agents (2 �l of distilled water, separated by an air bubble, to avoid
mixing in the same syringe), to facilitate getting compounds into the
nerve terminal (Borle and Snowdowne, 1982; Burch and Axelrod, 1987).

Induction of hyperalgesic priming. The procedure to induce hyperalge-
sic priming was based on protocols previously described (Aley et al.,
2000; Bogen et al., 2012; Ferrari et al., 2015, 2016). The inducer of prim-
ing in this study was IP3, ryanodine, or PPT (Ferrari et al., 2016), injected
intradermally on the dorsum of the hindpaw. The presence of priming
was confirmed by the marked prolongation of the hyperalgesia induced
by injection of PGE2 (100 ng), at the same site, 1 week later. Importantly,
at this point in time, the mechanical nociceptive thresholds were not
different from preinducer baseline (see Data analysis). The mechanical
hyperalgesia induced by injection of PGE2 in the previously untreated
naive control paw lasts no more than 2 h (Aley and Levine, 1999). The
prolongation of PGE2-induced hyperalgesia to �4 h is used as a marker
for the presence of hyperalgesic priming (Aley et al., 2000; Parada et al.,
2003b; Reichling and Levine, 2009; Ferrari et al., 2014). To investigate the
mechanisms in the ER that play a role in the induction of hyperalgesic
priming, pharmacological agents were injected before the injection of
the inducers.
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Oligodeoxynucleotide (ODN) antisense (AS) to EsR� mRNA. To inves-
tigate the role of EsR�, shown previously to be involved in the regulation
of the sensitivity of the nociceptor to be primed (Ferrari et al., 2016), in
the induction of hyperalgesic priming by IP3, AS ODN against EsR�
mRNA was administered to female rats. The sequence for the EsR�,
5�-CAT-GGT-CAT-GGT-CAG-3� AS ODN (Invitrogen) was directed
against unique regions of the rat EsR� (GeneBank accession number
NM_012689.1), and has been previously shown to attenuate cellular
levels of this receptor (Liang et al., 2002; Edinger and Frye, 2007).
The mismatch (MM) ODN sequence, 5�-ATC-GTG-GAT-CGT-GAC-
3�, was a scrambled AS ODN sequence that has the same base pairs and
GC ratio, with the order randomized, and little or no homology to any
mRNA sequence posted at GenBank.

Before use, ODNs were reconstituted in nuclease-free 0.9% NaCl, and
then administered intrathecally at a dose of 2 �g/�l in a volume of 20 �l, for
3 consecutive days, starting 3 d before the injection of IP3, and then contin-
ued for 3 additional days, at which time the evaluation for the presence of
priming was performed by intradermal administration of PGE2 on the dor-
sum of the hindpaw. As described previously (Alessandri-Haber et al., 2009),
rats were anesthetized with isoflurane (2.5% in O2), and the ODN injected
using a microsyringe (10 �l) with a 30-gauge needle, inserted into the sub-
arachnoid space, between the L4 and L5 vertebrae.

Preparation of cultures of DRG neurons. Primary cultures of rat DRG
sensory neurons were obtained from adult males and prepared as de-
scribed previously (Hendrich et al., 2013; Ferrari et al., 2016). In brief,
under isoflurane anesthesia, rats were decapitated, the dorsum of the
vertebral column was then opened, and the L4 and L5 DRGs rapidly
removed, chilled in HBSS on ice, and desheathed. Ganglia were treated
with 0.125% collagenase P (Worthington Biochemical) in HBSS for 90
min at 37°C, and then treated with 0.25% trypsin (Worthington Bio-
chemical) in calcium- and magnesium-free PBS (Invitrogen) for 10 min,
followed by 3 times washout and trituration in Neurobasal-A medium
(Invitrogen) to produce a single-cell suspension. The suspension was
centrifuged at 1000 RPM for 3 min and resuspended in Neurobasal-A
medium supplemented with 50 ng/ml nerve growth factor, 100 U/ml
penicillin/streptomycin, and B-27 (Invitrogen). In some experimental
series, the medium was additionally supplemented with �-estradiol
(100 nM) for activation of estrogen receptors. Cells were then plated on
coverslips and incubated at 37°C in 5% CO2 for at least 24 h before use in
experiments.

In vitro recordings. Cultured DRG neurons were used for in vitro ex-
periments between 24 and 96 h after dissociation and plating. While
small-, medium-, and large-sized neurons were routinely observed in the
same preparation, this study was focused only on cells with a cell body
diameter �30 �m (small DRG neurons, predominantly representing the
C-type nociceptor subpopulation). After mounting to a recording cham-
ber, the culture medium was replaced with Tyrode’s solution containing
140 mM NaCl, 4 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM glucose, 10
mM HEPES, and adjusted to pH 7.4 with NaOH. Tyrode’s solution was
used in the in vitro experiments as external perfusion solution, and all
fluorescent dyes, stimulating and modulating drugs were applied diluted
in this solution. Depolarization-induced calcium transients were pro-
duced by application of K20 solution, containing 20 mM KCl, 124 mM

NaCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM glucose, 10 mM HEPES, and
adjusted to pH 7.4 with NaOH. The volume of the recording chamber
was 150 �l. The perfusion system was gravity-driven at a flow rate of
1–2 ml/min. All experiments were performed at room temperature of
20°C-23°C.

Calcium imaging. The bright-field imaging system consisted of an in-
verted microscope (Eclipse TE-200, Nikon) with epifluorescence attach-
ment, using a mercury lamp for excitation. Illumination was controlled
by a Lambda 10 –2 filter wheel controller and Lambda SC Smart Shutter
controller (Sutter Instruments); an Andor Clara Interline CCD camera
(Andor Technology) was used for high-resolution digital image acquisi-
tion. MetaFluor software (Molecular Devices) provided computer inter-
face and controlled the whole system as well as being used for image
processing. A Plan Fluor objective (20�UV, NA 0.50; Nikon) was used
for both fluorescent and transmitted light imaging with phase contrast.
Calcium imaging was performed using the fluorescent calcium indicator

fura-2 AM as previously described (Hendrich et al., 2013; Ferrari et al.,
2016). Briefly, neurons were loaded with 5 �M fura-2 AM by incubation
for 20 min directly in the recording chamber. Then cells were perfused
with Tyrode’s solution for 10 min before the beginning of the recording
to allow for complete deesterification of the fura-2 AM. Measurement of
the concentration of free calcium ions ([Ca 2�]i) was performed by ra-
tiometric imaging. Fluorescence was excited at 340 and 380 nm for 2–10
ms each, and the emitted light was long filtered at 520 nm using a stan-
dard Fura-2 filter set (Chroma Technology). Using MetaFluor software
(Molecular Devices), corresponding pairs of digital images were acquired
every 1–10 s (depending on the rate of the examined process, to minimize
UV exposure and excitotoxicity); the fluorescence ratio (F340/F380) was
calculated on a pixel-by-pixel basis with background correction and av-
eraged for the region of interest defined for each neuron. The fluores-
cence ratio was used to characterize [Ca 2�]i without recalculation into
concentration. The amplitude of response was measured as the difference
between fluorescence ratios at the peak and the base of the responses.

Histochemistry. Cells were incubated in Tyrode’s solution supple-
mented with 10 �g/ml IB4 conjugated to AlexaFluor-488 dye (Invitro-
gen) for 10 –12 min, in the dark. After washout, fluorescent images were
captured during the first 15 min of each experiment (before prolonged
calcium imaging) using a standard GFP filter set (Chroma Technology).
Cells demonstrating bright fluorescence and a halo around the neurons
plasma were recognized as IB4-positive (IB4�), whereas those having
intensity �20% of maximum for selected field of view were considered as
IB4-negative (IB4 	), and, thus, not used in our measurements.

Data analysis. All behavioral data are presented as mean 
 SEM of N
independent observations. Statistical comparisons were made using
GraphPad Prism 5.0 statistical software (GraphPad Software). A
p value �0.05 was considered statistically significant. In the behavioral
experiments, the dependent variable was change in mechanical paw-
withdrawal threshold, expressed as percentage change from baseline. To
evaluate the role of SERCA, IP3 receptors or ryanodine receptors in the
induction of priming by ryanodine (see Fig. 1), IP3 (see Fig. 2b), or PPT
(see Fig. 3b) inhibitors were injected in one paw while the contralateral
paw received vehicle (control). Thus, the rats did not receive the same
treatment in both paws. Importantly, the use of contralateral paws as
control is supported by previous demonstrations that paws from the
same animal can be considered as independent, in regard to the treat-
ments performed on the dorsum of the hindpaw, in a volume of 5 �l, in
the doses used in our experiments and previous work from our group
(Ferrari et al., 2013a, 2014, 2015). In the experiments shown in Figure 3a,
in which the ODN AS or MM was injected intrathecally to the spinal
cord, only the left paws were used (6 rats per group). No significant
difference in mechanical nociceptive thresholds was observed before the
injection of priming stimuli (ryanodine, IP3, or PPT) and immediately
before injection of PGE2 (average mechanical nociceptive threshold be-
fore priming stimuli: 121.6 
 0.7 g; average mechanical nociceptive
threshold before PGE2 injection: 121.0 
 0.8 g; N � 168 paws; paired
Student’s t test, t(167) � 1.053, p � 0.2937). As specified in the figure
legends, Student’s t test or two-way repeated-measures ANOVA, fol-
lowed by Bonferroni post hoc test, was performed to compare the mag-
nitude of the hyperalgesia induced by PGE2 injection in the different
groups, or to compare the effect produced by different treatments on the
prolongation of the PGE2-induced hyperalgesia (evaluated 4 h after in-
jection) with the control groups. Of note, in Figure 2a, the mechanical
nociceptive thresholds at the fourth hour after PGE2 injection were com-
pared with the respective baseline thresholds before the injection of
PGE2, to evaluate whether the mechanical hyperalgesia was present at
that time point.

Calcium imaging results are presented as change in amplitude of the
responses to drug application, calculated for each cell as the percentage of
the amplitude of its initial (premodulated) response. Differences be-
tween means of two groups were analyzed using two-tailed unpaired
Student’s t test for unequal variances (with Welch correction), whereas
one-way ANOVA followed by Tukey’s post hoc analysis was used in case
of multiple comparisons.
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Results
Induction of priming by ryanodine is dependent on the
IP3 receptor
While the activation of receptors that signal through PKC� produces
priming only in male rats (Joseph et al., 2003), triggering signals
downstream of this kinase, for example, by activating ryanodine
receptors, induces priming in both sexes (Ferrari et al., 2013b, 2016).
However, due to an interaction between EsR� and ryanodine recep-
tors, females need a much smaller dose of ryanodine to be primed
than males (Ferrari et al., 2016). The activation of ryanodine recep-
tors triggers the release of calcium from the ER (Sutko et al., 1985; Fill
and Copello, 2002), thus implicating a role of this organelle in the
induction of priming (Ferrari et al., 2013b, 2016). Because the release
of calcium from the ER has been shown to activate local calcium-
activated receptors (Taylor and Konieczny, 2016), such as the IP3

receptor (Smith et al., 2009; Taylor and Tovey, 2010; Taylor and
Konieczny, 2016), we investigated whether the induction of priming
by ryanodine is dependent on the activation of the IP3 receptor. Male
and female rats received an intradermal injection of xestospongin C
(0.2 �g), an IP3 receptor inhibitor, on the dorsum of the hindpaw,
10 min before the injection of ryanodine [100 ng in males and 1 pg in
females, previously shown to induce priming (Ferrari et al., 2016)],
at the same site. One week later, when we evaluated for the presence
of priming by injecting PGE2 (Aley et al., 2000; Ferrari et al., 2014),
mechanical hyperalgesia was observed 30 min after injection in both
the control- and the xestospongin C-treated groups (Fig. 1). How-
ever, compared at the fourth hour, the magnitude of hyperalgesia in
the xestospongin C-treated group was significantly smaller. Because
the prolongation of PGE2-induced hyperalgesia is the main indica-
tor of the presence of hyperalgesic priming in the nociceptor (Aley et
al., 2000; Ferrari et al., 2014), this result indicates that the induction
of hyperalgesic priming by ryanodine is dependent on the activation
of IP3 receptors (Fig. 1).

IP3 induces priming in male and
female rats
Because the induction of priming by
ryanodine is IP3 receptor-dependent, we
tested whether the injection of IP3 itself
induces priming. When the dose of IP3

was varied between 10 pg and 10 �g, we
found that the minimum dose able to in-
duce priming, expressed as prolongation
of the PGE2-induced hyperalgesia ob-
served at the fourth hour after injection
(Aley et al., 2000; Ferrari et al., 2014), was
3 �g in males and 100 pg in females (Fig.
2a).

Induction of priming by IP3 is
dependent on IP3 receptor, SERCA, and
ryanodine receptor
To confirm that IP3 induces priming in
male and female rats by acting at the ER
IP3 receptor, we evaluated the effect of the
IP3 receptor inhibitor xestospongin C, or
thapsigargin, an inhibitor of SERCA, the
calcium pump located in the ER (Kijima
et al., 1991; Lytton et al., 1991), on the
induction of priming by IP3. The inhibi-
tors were injected 10 min before IP3, at the
same site. When PGE2 was injected at the
same site 1 week later, it induced mechan-
ical hyperalgesia that was still present at

the fourth hour after injection, only in the control group, whereas
in the groups that had been previously treated with xestospongin
C (0.2 �g) or thapsigargin (1 �g), it was significantly attenuated
at that time point (Fig. 2b).

Because interaction between IP3 and ryanodine receptors has
been shown to play a role in some models of neuroplasticity (Rose
and Konnerth, 2001; Verkhratsky, 2002; Lohmann and Wong, 2005;
Bardo et al., 2006), we next investigated whether the induction of
priming by IP3 is also dependent on the activation of ryanodine
receptors. The injection of the ryanodine receptor inhibitor dan-
trolene (1 �g), 10 min before the injection of IP3, at the same site,
prevented the development of priming, measured as the prolonga-
tion of the hyperalgesia induced by PGE2 (Fig. 2b).

EsR� regulates the induction of priming by low-dose IP3 in
female rats
We have previously reported that the sexual dimorphism in hy-
peralgesic priming induced by ryanodine is EsR�-dependent
(Ferrari et al., 2016). Because the induction of priming by IP3 is
dependent on the ryanodine receptor (Fig. 2b), we next investi-
gated whether the induction of priming by the low dose of IP3 in
female rats is also EsR�-dependent. Intrathecal ODN AS for
EsR� mRNA prevented the induction of priming by low-dose
(100 pg), but not by high-dose (3 �g, the smallest dose able to
induce priming in male rats) IP3, in female rats (Fig. 3a). This
result supports the hypothesis that EsR� plays a role as a modu-
lator of the response to IP3, similar to ryanodine (Ferrari et al.,
2016), likely amplifying it and allowing a very small dose of IP3

to induce priming. This observation is in line with our previ-
ous study (Ferrari et al., 2016), indicating the presence of
an EsR�-IP3/ryanodine receptor-dependent calcium release
pathway in the development of hyperalgesic priming in fe-
males. Still, the mechanism by which circulating estrogen in-

Figure 1. Ryanodine-induced priming is IP3 receptor dependent. The IP3 receptor antagonist xestospongin C (0.2 �g, black
bars) was injected intradermally on the dorsum of the hindpaw of male (left) and female (right) rats; control groups (white bars)
received vehicle. After 10 min, the doses of ryanodine previously shown to induce priming (100 ng in males and 1 pg in females)
were injected at the same site. One week later, evaluation for the presence of priming was performed by intradermal injection of
PGE2 (100 ng) at the same site as ryanodine. Two-way repeated-measures ANOVA, followed by Bonferroni post hoc test, showed a
significant attenuation of the hyperalgesia induced by PGE2 at the fourth hour, in groups that had been pretreated with xesto-
spongin C, compared with the control groups, pretreated with vehicle (males: F(1,5) � 130.6; ***p � 0.0001; females: F(1,5) �
89.10; ****p � 0.0002, when the hyperalgesia in the vehicle- and xestospongin C-treated groups is compared at the fourth hour),
demonstrating that the induction of priming by ryanodine is dependent on the activation of IP3 receptors (N � 6 paws per group).
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teracts with the IP3 or ryanodine
receptors to regulate the sensitivity to
induce priming remains to be
established.

EsR� agonist-induced priming is
IP3 receptor-dependent
We previously demonstrated that the in-
jection of the selective EsR� agonist PPT
induces priming in female rats, in a ryan-
odine receptor-dependent manner (Fer-
rari et al., 2016). Because estrogen can
signal to activate ryanodine and IP3 recep-
tors (Evinger and Levin, 2005; Fricke et
al., 2007; Muchekehu and Harvey, 2008;
Rybalchenko et al., 2009; Szatkowski et al.,
2010; Reuquén et al., 2015; Tabatadze et
al., 2015), and the priming induced by ry-
anodine is dependent on IP3 receptors
(Fig. 1), we investigated the role of IP3 re-
ceptors in the induction of priming by
PPT. The administration of xestospongin
C (0.2 �g), 10 min before the injection of
PPT (1 �g), on the dorsum of the hind-
paw of female rats prevented the induc-
tion of priming, tested 1 week later by
injecting PGE2 at the same site (Fig. 3b).
Thus, EsR�, which regulates the activa-
tion of ryanodine receptors in female rats,
leading to priming (Ferrari et al., 2016),
also interacts with IP3 receptors.

In the presence of �-estradiol, IP3

potentiates depolarization-induced
calcium transients
To elucidate the intracellular mechanism by
which IP3 receptors contribute to priming, a
series of in vitro experiments was conducted
in cultured male DRG neurons. These ex-
periments only considered responses from
small DRG neurons (with soma diameter
�30 �m), as they predominantly represent
the C-type nociceptive subpopulation of
primary sensory neurons (Harper and Law-
son, 1985; Gold et al., 1996). Additionally,
because the population of nociceptors that
develop hyperalgesic priming is IB4� (Jo-
seph and Levine, 2010), all observations
were performed on IB4� nociceptors,
which constituted �75% of the small neu-
rons examined (351 of 466), in agreement
with the proportion reported by other stud-
ies (Hendrich et al., 2012; Khomula et al.,
2013; Ferrari et al., 2016).

Using fluorescent calcium imaging
with fura-2, we tested whether direct ex-
tracellular application of IP3 produces
changes in cytosolic free calcium ion con-
centration ([Ca 2�]i) (i.e., calcium tran-
sients). Initially, no significant change in
[Ca 2�]i was observed during a 10 min ap-
plication of IP3, in a concentration as high
as 400 �M (as shown in Fig. 4a, gray hor-

Figure 2. Induction of hyperalgesic priming by IP3 in male and female rats. a, Different doses of IP3 were injected on the dorsum
of the hindpaw in different groups of female (open circles represent 10 pg; 100 pg; 1 ng; 10 ng; 100 ng; 1 and 10 �g) and male
(filled circles represent 1 �g; 3 �g; 10 �g) rats. No change in the mechanical nociceptive threshold was observed after the
injection of IP3 (data not shown). PGE2 (100 ng) was injected at the same site, 1 week later, and the mechanical hyperalgesia
evaluated by the Randall-Sellitto paw-withdrawal test. This figure shows the mechanical hyperalgesia at the fourth hour after the
injection of PGE2; the presence of hyperalgesia at that time point was used to confirm the induction of priming by the previous
injection of IP3. In the groups of female rats that had received a dose of 100 pg and higher, and in the group of male rats previously
treated with 3 or 10 �g, but not with 1 �g, the hyperalgesia induced by PGE2 was still present at the fourth hour (female rats: 10
pg, t(5) � 1.627, p � 0.1647 (not significant, NS); 100 pg, t(5) � 8.788, p � 0.0003 (***); 1 ng, t(5) � 27.81; 10 ng, t(5) � 12.59;
100 pg, t(5) � 21.24; 1 �g, t(5) � 15.53; 10 �g, t(5) � 13.94, all p � 0.0001 (****); male rats: 1 �g, t(5) � 0.4385, p � 0.6793
(NS); 3 �g, t(5) � 16.54; 10 �g, t(5) � 23.27, both p � 0.0001 (****), when the mechanical nociceptive thresholds before and 4 h
after the injection of PGE2, for each group, are compared, paired Student’s t test). These results support the suggestion that
nociceptors in females are significantly more sensitive to induction of priming by IP3 because a dose much lower was required. b,
Groups of male (left) and female (right) rats received an injection of vehicle (white bars), the IP3 receptor inhibitor xestospongin C
(0.2 �g, light gray bars), the SERCA inhibitor thapsigargin (1 �g, dark gray bars), or the ryanodine receptor inhibitor dantrolene
(1 �g, black bars) on the dorsum of the hindpaw. Ten minutes later, the smallest doses of IP3 that induced priming (a; 3 �g in
male; 100 pg in female) were injected at the same site. No significant change in mechanical nociceptive threshold was observed
after injection of IP3 (data not shown). One week later, the presence of priming was determined by the evaluation of the prolonged
mechanical hyperalgesia induced by intradermal injection of PGE2 (100 ng), at the same site as IP3. Two-way repeated-measures
ANOVA, followed by Bonferroni post hoc test, showed that, while the hyperalgesia induced by PGE2 in control groups (vehicle-
treated) was still present 4 h after injection, and not different from the 30 min time point, in the groups pretreated with xesto-
spongin C, thapsigargin, or dantrolene, its magnitude was significantly smaller at the 4 h time point (males, xestospongin C group:
F(1,5) � 81.30, ***p � 0.0003; thapsigargin group: F(1,5) � 31.11, **p � 0.0026; dantrolene group: F(1,5) � 44.44, *p � 0.0011;
females: xestospongin C group: F(1,5) � 230.5, ****p � 0.0001; thapsigargin group: F(1,5) � 58.63, ##p � 0.0006; dantrolene
group: F(1,5) � 16.48, ****p � 0.0001, when the hyperalgesia in the vehicle- and inhibitor-treated groups is compared at the
fourth hour), indicating that the induction of priming by IP3 is dependent on the activation of IP3 and ryanodine receptors (N � 6
paws all groups).
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izontal bar), confirming that the extracel-
lular application of IP3, by itself, does not
induce calcium transients.

We have previously shown that �-estra-
diol potentiated the facilitating effect of
ryanodine on calcium release from endo-
plasmic reticulum in IB4� DRG neurons
(Ferrari et al., 2016). This effect of �-estra-
diol was suggested as responsible for the in-
creased sensitivity of female rats to be
primed by ryanodine, compared with male
rats, observed in vivo (Ferrari et al., 2016).
Thus, considering that: (1) the presence of
estrogen sensitizes the ryanodine receptor;
(2) this sensitization is observed as a higher
sensitivity of female rats to be primed by ry-
anodine; (3) similarly, females are more
sensitive to be primed by IP3 (Fig. 2a); and
(4) activation of either ryanodine or IP3 re-
ceptors trigger calcium release from the ER
(Berridge and Taylor, 1988; Putney and
Bird, 1993; Mak and Foskett, 2015; Taylor
and Konieczny, 2016), we next determined
whether �-estradiol would have an effect on
the IP3 application in cultures of DRG
neurons. We used as a test stimulus two
identical short applications of a solution
containing high concentration of K� (K20,
Fig. 4a), known to activate influx of calcium
via voltage-gated calcium channels in the
plasma membrane, as well as release cal-
cium from ER stores (Usachev et al., 1993;
Kostyuk and Verkhratsky, 1994; Shmigol et
al., 1995a; Kostyuk et al., 2000; Solovyova et
al., 2002b; Kruglikov et al., 2004; Shutov
et al., 2006), producing calcium transients.
As shown in Figure 4a, b, the calcium tran-
sient produced by the second application of
K20 was not increased (no potentiation),
compared with the first one (used as a refer-
ence) regardless of the presence of IP3 (400
�M) or its vehicle applied for 10 min be-
tween the applications of K20. In sequence,
the same protocol was applied to cultured
DRG neurons incubated for 24–72 h in the
presence of �-estradiol (100 nM, used as sat-
urating concentration) (Fig. 4c). In this case,
we observed increased (“potentiated”) re-
sponse to K20, after exposure to IP3 (Fig.
4c). Of note, the result of a concentration
dependence analysis for this potentiating ef-
fect of IP3 showing maximum effect pro-
duced by the concentration of 100 �M (Fig.
4d) is consistent with our in vivo finding that
IP3 doses �1 �g did not induce hyperalgesic
priming in male rats (Fig. 2a), as these doses
(diluted in 5 �l of the injection solution)
corresponded to the IP3 concentrations
�400 �M that were tested. Importantly, the

Figure 3. EsR� regulates the induction of hyperalgesic priming by IP3 in females. a, Female rats were treated with ODN
AS (black bars) or MM (white bars) for EsR� mRNA, for 6 consecutive days. IP3 (100 pg, left; 3 �g, right) was injected on the
dorsum of the left hindpaws on the fourth day of ODN treatment. On the seventh day, PGE2 (100 ng) was injected at the
same site as IP3, and the mechanical nociceptive threshold evaluated, 30 min and 4 h later. No significant difference was
observed in the mechanical nociceptive thresholds before the injections of IP3 and immediately before injection of PGE2

(data not shown). PGE2-induced hyperalgesia was still present 4 h after injection in all groups, except in the group that
received the low dose of IP3 (100 pg) treated with ODN AS (F(1,10) � 31.89; **p � 0.0002, when the low-dose groups
treated with ODNs are compared; F(1,10) � 0.1479; p � 0.7086, not significant, when the high-dose groups treated with
ODNs are compared; two-way repeated-measures ANOVA followed by Bonferroni post hoc test). These results support the
suggestion that EsR� regulates the ability of a low dose of IP3 to induce priming in the female rat. b, Female rats received
an intradermal injection of vehicle (white bars) or the IP3 receptor inhibitor xestospongin C (0.2 �g, black bars) on the
dorsum of the hindpaw. Ten minutes later, the specific EsR� agonist PPT (1 �g) was injected at the same site. After 1 week,
testing for the presence of hyperalgesic priming was performed by injecting PGE2 (100 ng). Mechanical hyperalgesia was
observed in both groups when evaluated 30 min after PGE2 injection. However, at the fourth hour, the magnitude of the
PGE2-induced hyperalgesia was significantly smaller in the group previously treated with xestospongin C (F(1,5) � 69.81,
***p � 0.0004; when both groups are compared at the fourth hour; two-way repeated-measures ANOVA followed by
Bonferroni post hoc test), indicating that the inhibition of IP3 receptors prevented the induction of priming by PPT (N � 6
paws all groups).
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observed potentiation could not be attributed to an effect of
�-estradiol itself because there was no potentiation in cultures
incubated with �-estradiol when IP3 was not coapplied
(Fig. 4b).

Potentiation of depolarization-induced calcium transients by
IP3 is ryanodine- as well as IP3 receptor-dependent
To confirm that extracellularly applied IP3 penetrates into the
cytosol to activate intracellular IP3 receptors, we evaluated
whether the potentiation of the calcium transients produced by
K20 was mediated by IP3 receptors. The IP3 receptor antagonist
xestospongin C (1 �M) was applied after the first application of
K20 for 10 min and remained in the bath along with the applica-
tion of IP3 (100 �M). We observed that the potentiation of cal-

cium transients was significantly attenuated compared with the
control group, treated with vehicle and IP3 (Fig. 5). Importantly,
even though some reports suggest that high concentrations of
xestospongin C can antagonize SERCA (Castonguay and Robi-
taille, 2002; Solovyova et al., 2002a), an involvement of SERCA in
our observations is unlikely. Because inhibiting SERCA would
deplete ER calcium stores (Shmigol et al., 1995a; Solovyova et al.,
2002b) and significantly decrease any response to K20, the fact
that we still observed calcium transients produced by the second
application of K20, with a small potentiation in the presence of
xestospongin C (Fig. 5, light gray bar), suggests that: (1) calcium
transients mediated by ryanodine receptors were not affected,
and (2) probably not all IP3 receptors were blocked because we
intentionally used a very low concentration of xestospongin C.

Figure 4. IP3 in the presence of �-estradiol potentiates depolarization-induced calcium transients. a, Representative recording of calcium transients in an IB4� small DRG neuron incubated
without �-estradiol. Calcium transients were induced by two identical depolarizing stimuli (arrows indicate short applications of K20, 20 mM), before and after exposure to IP3 (gray horizontal bar
represents 400 �M), which was applied for 10 min when [Ca 2�]i returned to baseline after the first application of K20. No changes in the response to K20, even after the application of IP3, and no
changes in baseline in response to application of IP3 by itself, are observed. b, Pooled relative changes in the amplitudes of the second response to K20, as percentage of the first response in the
following: neurons incubated without �-estradiol submitted to application of vehicle between the applications of K20 (as control, white bar, N � 32), neurons incubated without �-estradiol
submitted to the application of IP3 alone (as described in a, gray bar, N � 34), and neurons incubated with �-estradiol (100 nM) submitted to application of vehicle between applications of K20
(black bar, N � 28). Negative values indicate lack of potentiation of the response to K20 application in all cases. The absence of a significant difference among the groups (F(2,91) � 2.22, p � 0.12;
one-way ANOVA) suggests that neither the exposure to IP3 alone nor the incubation with �-estradiol by itself significantly affects the responses to K20 compared with control conditions (no IP3/no
�-estradiol). c, Recordings of calcium transients in IB4� small DRG neurons, incubated in the presence of �-estradiol (100 nM). IP3 was applied as described in a. Although no response was produced
by IP3 itself, a significant potentiation of the response to K20 occurred after exposure to IP3 (second transient). d, Pooled relative changes in the amplitudes of the second response to K20, as
percentage of the first response, in IB4� small DRG neurons incubated in the presence of �-estradiol (100 nM), after exposure to different concentrations of IP3: 0 (N � 28, the same as the black bar
in b); 0.1 �M (N � 4); 1 �M (N � 23); 10 �M (N � 13); 100 �M (N � 13, same recording shown in c); and 400 �M (N � 21). Maximum potentiation was observed for 100 �M of IP3, with no
significant difference between the magnitudes of potentiation produced by 100 and 400 �M (t(25) � 0.34, p � 0.73; two-tailed unpaired Student’s t test with Welch’s correction). Therefore, all
further experiments were performed with 100 �M of IP3. a, c, Horizontal scale bars: 200 s; vertical bars, 0.2 arbitrary units (a.u.) of the fluorescence ratio F340/F380. b, � and 	, located under the
bars, indicate presence and absence of the corresponding agent, respectively.
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It has been previously demonstrated that neuroplasticity me-
diated by ryanodine receptors can contribute to depolarization-
induced calcium transients in DRG neurons (Usachev et al.,
1993; Kostyuk and Verkhratsky, 1994; Shmigol et al., 1995a, b).
Our result showing that xestospongin C attenuated the potenti-
ation of K20-induced calcium transients by IP3 strongly suggests
a contribution of sensitized IP3 receptors to the plasticity in the
nociceptor, observed also in hyperalgesic priming, in addition to
ryanodine receptors. Nevertheless, it remains unclear whether
the contribution of IP3 receptors in the effect of K20 was just
additive and independent on the activation of ryanodine recep-
tors, or the IP3 receptors operated in synergy with ryanodine
receptors. To address this question, we added the ryanodine re-
ceptor antagonist dantrolene (1 �M) to the bathing solution 30
min before the first application of K20 (and consequently before
the administration of IP3) to cultures incubated with �-estradiol
(Fig. 5, dark gray bar). This protocol eliminated the contribution
of ryanodine receptors to the K20-induced calcium transients,
showing only the effect of the sensitization of IP3 receptors. After
preincubation of the cultured DRG neurons with dantrolene, the
increase in the magnitude of calcium transients produced by
100 �M IP3, which produced maximum effect (Fig. 4d), was not
observed, suggesting that, to induce potentiation of the calcium
transients produced by calcium release from ER in small IB4�

DRG neurons cultured with �-estradiol, a cooperation between
IP3 and ryanodine receptors is needed. It is also possible that the

release of calcium, specifically via ryanodine receptors, activates
IP3 receptors sensitized by IP3, or that there is a reciprocal inter-
action between IP3 and ryanodine receptors in this phenomenon.

Ryanodine receptor-mediated potentiation of depolarization-
induced calcium transients is dependent on IP3 receptors and
enhanced in the presence of �-estradiol
Our above-described in vivo experiments strongly suggest a contri-
bution of IP3 receptors to the induction of hyperalgesic priming by
ryanodine (Fig. 1). Therefore, we next investigated whether ryano-
dine could, by itself, stimulate or modulate the stimulation of cal-
cium release (by depolarization) from the ER, thus contributing to
depolarization-induced calcium transients, and how IP3 receptors
could contribute to that effect of ryanodine. Recently, we have dem-
onstrated that ryanodine, in very low concentration (2 nM), pro-
duces a significant, estrogen receptor-dependent, facilitating effect
on the release of calcium from the ER in small IB4� female DRG
neurons cultured in the presence of �-estradiol (Ferrari et al., 2016).
When ryanodine (2 nM), instead of IP3, was applied, for 10 min, in
the same protocol as used for testing the IP3-induced potentiation
(Fig. 4c), no visible response or change in baseline was observed, in
the presence or absence of �-estradiol. However, there was a signif-
icant potentiation of the K20-induced calcium transients (Fig. 6a).
Of note, although this effect was observed in cultures incubated with
and without �-estradiol in the medium, the magnitude of the
potentiation was significantly higher in the cultures that con-
tained �-estradiol.

Again, similar to the ability of the ryanodine receptor antago-
nist to abolish the potentiation induced by IP3, the potentiation
of the depolarization-induced calcium transients produced by
ryanodine was blocked by the IP3 receptor antagonist xesto-
spongin C (1 �M), applied 30 min before testing the effect of
ryanodine (Fig. 6b). This result shows that the enhancement
of the stimulated calcium release from the ER in the presence of
ryanodine depends on IP3 receptors.

Discussion
Several studies have demonstrated the involvement of calcium
channels in neuroplasticity, including ones present in the ER
(Raymond and Redman, 2006; Fernández de Sevilla et al., 2008;
Adasme et al., 2011; Segal and Korkotian, 2016). Changes in cal-
cium dynamics, leading to synaptic plasticity (Nakata and Naka-
mura, 2007; Futagi and Kitano, 2015; Segal and Korkotian, 2016),
and/or changes in neuronal response to stimulation (Kárai et al.,
2004; Rigaud et al., 2009) have been shown to play a role in
processes associated with the development of memory [such as
long-term potentiation (Raymond and Redman, 2006; Baker et
al., 2013; Del Prete et al., 2014; Paula-Lima et al., 2014; Ashhad et
al., 2015)]. Plasticity due to the activation of calcium-dependent
mechanisms, leading to the amplification of responses in neuro-
nal cells that detect noxious stimulation, has also been suggested
by studies in models of chronic pain (Bauer et al., 2009; Xia et al.,
2014; D’Arco et al., 2015). We recently demonstrated participa-
tion of ryanodine receptors, whose activation releases calcium
from the ER, in the induction of hyperalgesic priming (Ferrari et
al., 2016), a “model of pain memory” in nociceptors (Reichling
and Levine, 2009; Bogen et al., 2012). In that study, we showed
that ryanodine receptors, in addition to being fundamental for
the induction of priming, play an important role in sex differ-
ences in susceptibility (Ferrari et al., 2016). In female rats, this
type of priming, namely, Type I (Araldi et al., 2015), can only be
induced by activating targets downstream of PKC�, such as ryan-
odine receptors (Joseph et al., 2003; Ferrari et al., 2013b, 2016).

Figure 5. Potentiation of depolarization-induced calcium transients by IP3 is dependent on
both IP3 and ryanodine receptors. Pooled relative changes in the amplitudes of the second
response to K20, as percentage of the first response, after exposure to IP3 (100 �M) in IB4�

small DRG neurons, incubated in the presence of �-estradiol (100 nM), shows lack of potentia-
tion in the neurons preincubated with the selective IP3 receptor antagonist xestospongin C
(xestC, 1 �M, light gray bar; N � 25), or the selective ryanodine receptor antagonist dantrolene
(dantrl, 1 �M, dark gray bar; N � 13). The “vehicle alone” group (white bar) and the “vehicle �
IP3” group (black bar) are the “0 �M” and “100 �M” groups, respectively, from Figure 4d and are
shown here for comparison. Both antagonists significantly attenuated the potentiation of the
response to the second application of K20 compared with the control group (black bar)
(F(3,75) � 39, ***p � 0.0001; one-way ANOVA followed by Tukey’s multiple comparison test).
No significant difference was observed compared with the “vehicle alone” group (white bar).
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Interestingly, we found that an interaction
between the estrogen and the ryanodine
receptor increases the susceptibility of fe-
males to be primed, such that a signifi-
cantly smaller stimulus, which releases
calcium from the ER (injection of ryano-
dine), is able to produce priming (Ferrari
et al., 2016). This unexpected observation
represents a dual role of estrogen in fe-
males, preventing induction of priming
by the activation of PKC�, while at the
same time facilitating its induction by a
significantly smaller dose of ryanodine.
Together, these results establish an im-
portant role of ER and estrogen in the
regulation of priming, which could con-
tribute to mechanisms involved in the
sexual dimorphism observed in chronic
pain.

In this study, we evaluated a possible
mechanism downstream the activation of
ryanodine receptors. Within the ER, most
calcium signaling is mediated by both the
ryanodine and the IP3 receptors (Taylor
and Konieczny, 2016). Both are stimu-
lated by calcium, generating signals that
propagate as calcium released by one re-
ceptor triggers the activity of nearby re-
ceptors (Smith et al., 2009). Thus, we
investigated whether IP3 receptors participate in the induction of
priming by ryanodine. The pretreatment with the IP3 receptor
inhibitor xestospongin C prevented the induction of priming by
ryanodine, indicating that functional IP3 receptors are required
for ryanodine to induce priming, probably for amplification of
the calcium signal initially produced by activation of ryanodine
receptors (Reber et al., 1993; Gordienko and Bolton, 2002; Valdés
et al., 2007; Hirose et al., 2008; Hund et al., 2008). This addition-
ally released calcium could in turn stimulate further release of
calcium via ryanodine receptors, thus producing positive feed-
back between these two calcium-activated channels via calcium
signaling and, finally, releasing enough calcium to produce neu-
roplasticity. A similar dependence of ryanodine-induced calcium
release on functional IP3 receptors has been shown in mouse
pancreatic acinar cells (Ashby et al., 2003), in which coordinated
release from ryanodine and IP3 receptors has been suggested to
underlie the increased sensitivity to initiation of calcium signals.

As the IP3 receptor participates in the induction of priming by
ryanodine, we next investigated whether its direct activation could
induce priming. As mentioned above, the induction of priming by
ryanodine, in addition to being IP3-dependent, is sexually dimor-
phic (Ferrari et al., 2016). Thus, we tested different doses of IP3 in
both sexes, to evaluate whether there were also sex differences in the
induction of priming by IP3. We found that the profile of IP3 doses
able to induce priming in males and females was similar to the doses
of ryanodine. Moreover, considering that the release of calcium by
activation of ryanodine receptors activates IP3 receptors, and vice
versa (Berridge et al., 2000; Smith et al., 2009; Taylor and Tovey,
2010; Taylor and Konieczny, 2016), we tested whether IP3-induced
priming was also dependent on the subsequent activation of ryano-
dine receptors. Pretreatment with a ryanodine receptor inhibitor
prevented the induction of priming by IP3, suggesting that the re-
lease of calcium, and probably its amplification, by activation of
ryanodine or IP3 receptors, can induce neuroplasticity. Indeed, the

injection of a calcium ionophore (Babcock et al., 1976), or a solution
containing high concentration of potassium (150 mM KCl), which
produces depolarization, did not induce priming (data not shown),
indicating that a short increase in calcium concentration is not suf-
ficient to trigger neuroplasticity, but a more prolonged, sustained
calcium release, from the ER, as produced by interaction between the
ryanodine and the IP3 receptors, does activate the priming pathway.

The mechanism that regulates sexual dimorphism in priming
induced by ryanodine and IP3 was also similar, as the knockdown
of EsR� prevented the induction of priming by a low-dose, but
not high-dose, IP3. This suggests the importance of the interac-
tion between estrogen and ER calcium-related receptors, previ-
ously reported as the sensitizing effect of estrogen for the IP3

receptor, as well as the ryanodine receptor (Morales et al., 2005;
Zhao et al., 2005; Micevych and Sinchak, 2008; Rybalchenko et
al., 2009; Andruska et al., 2015; Tabatadze et al., 2015), contrib-
uting to pain chronification in females. In this sense, a role of
PKA has been shown in the regulation of ryanodine receptors by
estrogen, in processes such as calcium handling (Kravtsov et al.,
2007) and calcium-induced calcium release (CICR)-dependent
neuroplasticity in hippocampal neurons (Lin et al., 2007). A spe-
cific role of EsR� in the sensitization of IP3 receptors in the hip-
pocampus, through metabotropic glutamate receptor 1,
stimulation of phospholipase C, and generation of IP3, by estro-
gen has also been demonstrated (Tabatadze et al., 2015). How-
ever, our current experiments do not allow to determine whether
the abovementioned mechanisms participate in our model.

The plasticity induced by IP3 observed in the behavior exper-
iments was also observed in in vitro experiments performed in
IB4�, male DRG neurons. Even at high doses, extracellular appli-
cation of IP3 to the cultures did not induce detectable calcium
transients, in agreement with the lack of changes in the mechan-
ical nociceptive threshold after intradermal injection of IP3 (data
not shown). Although the absence of response to IP3 in our cul-

Figure 6. Potentiation of depolarization-induced calcium transients by ryanodine is dependent on IP3 receptors and enhanced
in the presence of �-estradiol. a, Pooled relative changes in the amplitude of the second response to K20 after exposure to
ryanodine (2 nM) in IB4� small DRG neurons, incubated without (control, white bar, N � 36) or in the presence of �-estradiol (100
nM, black bar, N � 28), reveal significant potentiation in both groups (positive values significantly �0: control group, t(35) � 4.1,
p � 0.0002; �-estradiol group, t(27) � 6.5, p � 0.0001). Importantly, potentiation was significantly higher in the group incu-
bated with �-estradiol (t(58) �2.1, *p�0.04) when both groups are compared (two-tailed unpaired Student’s t test with Welch’s
correction). b, Pooled relative changes in the amplitude of the second response to K20 after exposure to ryanodine (2 nM) in IB4�

small DRG neurons, incubated with �-estradiol (100 nM), show lack of potentiation in neurons preincubated with the selective IP3

receptor antagonist xestospongin C (1 �M, gray bar; N � 8). Black bar is the same as the “�-estradiol” bar in a. White bar (no
ryanodine) is the same as “�-estradiol alone” from Figure 4b, shown here for comparison. Xestospongin C significantly inhibited
the ryanodine-induced potentiation of calcium transients compared with the control group (black bar) (F(2,61) � 35,
***p � 0.0004; one-way ANOVA followed by Tukey’s multiple comparison test).

2040 • J. Neurosci., February 22, 2017 • 37(8):2032–2044 Khomula, Ferrari et al. • Ryanodine and IP3 Receptor Interaction in Priming



tures could be caused by a low membrane permeability to IP3

ions, a small amount of IP3 ions still could penetrate into the
cytosol, particularly by pinocytosis (Tischner, 1977; Okada and
Rechsteiner, 1982; Park et al., 1988), and sensitize the receptors,
increasing their sensitivity to cytosolic calcium. This could result
in activation of IP3 receptors during the increase in calcium
concentration and, in particular, enhance their contribution to
CICR, usually attributed to activation of ryanodine receptors in
DRG neurons (Kostyuk and Verkhratsky, 1994; Shmigol et al.,
1995b; Kostyuk et al., 2000). Interestingly, however, the applica-
tion of IP3 to cultures that had been incubated in the presence of
�-estradiol produced a significant potentiation of calcium tran-
sients induced by depolarization that was inhibited by antago-
nists of IP3 and ryanodine receptors. Because neither IP3 nor
�-estradiol, by themselves, induced potentiation of calcium tran-
sients, it is possible that an interaction between �-estradiol and
the IP3 receptor is involved in this potentiated response to a de-

polarizing stimulus (K20, in this case). Our experiments also con-
firm a crosstalk between IP3 and ryanodine receptors that, due to
the interaction with �-estradiol, triggers a mechanism that in-
creases the release of calcium from the endoplasmic reticulum,
which can result in plastic changes in nociceptor function. These
results are in line with the induction of priming by IP3 observed in
the in vivo experiments, and also with previous reports showing
potentiation of calcium transients produced by application of
ryanodine, only in presence of �-estradiol, to DRG neurons in
cultures (Ferrari et al., 2016). The data also support the idea of an
interaction of this sex hormone and the ryanodine/IP3 receptors,
increasing the release of calcium from the ER, and demonstrating
that a sustained, as opposed to brief release of calcium from the
ER, is necessary to produce priming.

Our results demonstrate a bidirectional interaction between
IP3 and ryanodine receptors, resulting in facilitation of calcium
release from the ER in small DRG neurons, which could be a part

Figure 7. Schematic diagram of proposed mechanism of reciprocal interaction between IP3 and ryanodine receptors in the induction of hyperalgesic priming. Activation of PKC� (in males, only)
by the priming stimulus in the peripheral terminal of an IB4� nociceptor (right side of figure) triggers a cascade of events that ultimately produces hyperalgesic priming (Aley et al., 2000; Joseph et
al., 2003; Joseph and Levine, 2010; Ferrari et al., 2013b), which includes calcium release from ER and requires both ryanodine (RyR) and IP3 (IP3R) receptors, activation of �CaMKII, and cytoplasmic
polyadenylation element binding protein (CPEB) (Ferrari et al., 2013b). Direct activation of RyR and IP3R also produces priming, in males and females. We hypothesize that release of calcium ions
(Ca 2�) from ER stores, causing a local increase in [Ca 2�]i (dashed and magnified boxes, middle) (Ehrlich et al., 1994; MacKrill, 1999, 2012) is a key factor required for the induction of priming. The
suggested interaction between RyR and IP3R, by Ca 2� released through these ionotropic receptors, is shown in the magnified box. Once outside the ER, Ca 2� can activate nearby RyR and IP3R,
increasing [Ca 2�]i even more, via CICR, to reach a level high enough to trigger mechanisms, such as calmodulin and �CaMKII (Shakiryanova et al., 2007, 2011; Wong et al., 2009), leading to
induction of priming (Ferrari et al., 2013b). The ER calcium pump, SERCA, transports the Ca 2� released into the cytosol, back to stores, to refill them, restricting Ca 2� signals spatially and temporally,
a “loop” mechanism that has been associated with the development of neuroplasticity (Pal et al., 2001; Scullin and Partridge, 2010; Kato et al., 2012; Komin et al., 2015; Yasuda and Mukai, 2015).
Additional Ca 2� buffering in the cytosol limits the fast diffusion of Ca 2�, supporting its local accumulation. Thus, the whole system of RyR and IP3R can be triggered by administration of IP3 or
ryanodine. When the concentration of agonists reaches a certain level, the effective doses able to induce priming (Ferrari et al., 2016) (Fig. 2a), the local cascade of propagating CICR becomes
self-supported. We believe this “small” (in the scale of the whole cell), but long-lasting, change in Ca 2� homeostasis is a crucial factor for the development of hyperalgesic priming. In contrast, when
the Ca 2� signal produced is strong but of short duration, for example, that produced by calcium ionophore, due to the bell-shaped sensitivity of RyR and IP3R for [Ca 2�]i, the production of the
self-supported long-lasting local [Ca 2�]i increase is prevented, and hyperalgesic priming does not develop. Although the direct interaction between the receptors is important to generate
amplification, we consider Ca 2� a key mediator of the reported reciprocal modulation of RyR and IP3R, and the amount of Ca 2� initially released is the most important factor in the mechanism,
regardless of which receptor is stimulated. This constitutes our paradigm of “the common (shared) amplifier,” postulating the amplification of Ca 2� signals produced by either input (RyR or IP3R),
which explains the similarity in the difference between males and females in the sensitivity to be primed by either IP3 or ryanodine. Although this amplification system is present in both males and
females, it is less potent in males (a 100,000-fold difference). In regard of the higher sensitivity of females to be primed by ryanodine or IP3, the action of estrogen on EsR� (left) potentiates the
amplification system, likely by sensitizing the ER receptors, as suggested by previous reports: modulation of RyR by estrogen-PKA signaling (Lin et al., 2007) or potentiation of IP3R by estrogen
through metabotropic glutamate receptor 1, phospholipase C, and generation of IP3 (Tabatadze et al., 2015) (left, large arrow). This latter pathway could also result in tonic sensitization of IP3R in
females, due to an increased basal IP3 levels. As shown in Figures 4 and 6, tonic activation of EsR in cultured male nociceptors, by incubation in the presence of �-estradiol, also potentiates their
sensitivity to both ryanodine and IP3. This finding suggests that the sensitizing machinery of EsR is also present in males, but probably not active enough due to a lower level (or lack) of estrogen.
Nevertheless, there is still a possibility that the EsR�-dependent sensitization in females (as well as in males, when activated) is indirect, due to the suppression of some blocking pathway active in
males and females when EsR� is not stimulated. Although little is known about endogenous competitive antagonists shared by RyR and IP3R, according to our “shared amplification system
paradigm,” suppression of either RyR and IP3R by their antagonists, including endogenous (Lenzen and Rustenbeck, 1991; Uehara et al., 1996; Vervliet et al., 2015), could indeed reduce the
sensitivity of the whole system (as shown in Figs. 1, 2b). Whether this mechanism is involved in the observed difference between males and females in our study remains to be a determined.
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of the molecular mechanism involved in the induction of hyper-
algesic priming. The current findings, integrating results from
our previous report (Ferrari et al., 2016), and proposed mecha-
nisms involved, are summarized in Figure 7, emphasizing the
paradigm of “shared amplification system” formed by the ER
receptors. The strong dependence of this process on the presence
of �-estradiol could be the basis for the marked sexual dimor-
phism observed in the ability of IP3 and ryanodine to induce
priming.
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