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GPR30 disrupts the balance of GABAergic and glutamatergic 
transmission in the spinal cord driving to the development of 
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ABSTRACT

Cancer induced bone pain is a very complicated clinical pain states that has proven 
difficult to be treated effectively due to poorly understand of underlying mechanism, 
but bone cancer pain (BCP) seems to be enhanced by a state of spinal sensitization. 
In the present study, we showed that carcinoma tibia implantation induced notable 
pain sensitization and up-regulation of G-protein-coupled estrogen receptor (GPR30) 
in the spinal cord of rats which was reversed by GPR30 knockdown. Further studies 
indicated that upregulation of GPR30 induced by cancer implantation resulted in 
a select loss of g-aminobutyric acid-ergic (GABAergic) neurons and functionally 
diminished the inhibitory transmission due to reduce expression of the vesicular GABA 
transporter (VGAT). GPR30 contributed to spinal cord disinhibition by diminishing 
the inhibitory transmission via upregulation of a1 subunit and downregulation of g2 
subunits. GPR30 also facilitated excitatory transmission by promoting functional up-
regulation of the calcium/calmodulin-dependent protein kinase II a (CaMKII a) in 
glutamatergic neurons and increasing the clustering of the glutamate receptor subunit 
1 (GluR1) subunit to excitatory synapse.

Taken together, GPR30 contributed to the development of BCP by both facilitating 
excitatory transmission and inhibiting inhibitory transmission in the spinal cord. Our 
findings provide the new spinal disinhibition and sensitivity mechanisms underlying 
the development of bone cancer pain.

INTRODUCTION

Cancer induced bone pain is a very complicated 
clinical pain states that has proven difficult to be treated 
effectively [1–3]. The mechanism responsible for bone 
cancer pain (BCP) is poorly understood, but BCP seems 
to be enhanced by a state of spinal sensitization [4, 5]. 
The development of central sensitization results in mild 
noxious sensory stimuli being perceived as highly noxious 
stimuli (hyperalgesia), and normally non-noxious sensory 
stimuli being perceived as noxious stimuli (allodynia) 
[4]. This procession is regulated by a balance between 
excitatory and inhibitory signaling transmission in the 
spinal cord [6]. Disturbing the balance of excitatory-

inhibitory transmission through increase excitatory 
or decrease inhibitory transmitter in the spinal cord 
would increase neuronal excitability [7] and enhance 
pain perception. Thus, we hypothesized that imbalance 
of excitatory-inhibitory transmission mediated by 
γ-aminobutyric acid-ergic (GABAergic) and glutamatergic 
neurons in the spinal cord would result in the development 
of BCP.

Spinal cord network circuitry consists of excitatory 
and inhibitory neurons [8]. The net output of the spinal 
cord represents a balance between spinal excitatory 
processes and inhibitory interneurons. Any abnormal 
changes, such as increasing the excitability of excitatory 
neurons, selective loss of GABAergic interneurons, 

                  Research Paper



Oncotarget73463www.impactjournals.com/oncotarget

decreased expression level of GABA or GABAA receptors 
in the spinal cord may result in neuronal hypersensitivity 
or “disinhibition” and therefore increase the spinal 
excitability [9, 10]. Emerging data has suggested that 
both increasing the excitatory transmission and reduction 
in tonic and phasic inhibitory control of inhibitory 
interneurons in the spinal cord are dominantly responsible 
for the amplification of pain perception [11, 12].

Several recent studies suggest that G-protein-
coupled estrogen receptor (GPR30) is a functional 
membrane estrogen receptor involved in estrogen 
signaling. However, this function is not universally 
accepted. A little study showed that GPR30 related the 
sex relative behavior in female mice, such as Lordosis 
[13] and endometriosis [14]. In fact, recent studies mainly 
focus on the physiological role of GPR30 in the nervous 
system rather than in reproduction systems.

GPR30 has been shown to be localized at the whole 
nervous system, from cortex to the spinal cord and dorsal 
root ganglion [15–17]. The existing data overwhelmingly 
demonstrates the potential role of GPR30 in regulating 
neuronal activity related to pain [14, 15, 18–20]. Other 
studies have proposed that GPR30 modified the balance 
between GABAergic and glutamatergic transmission in 
the basolateral nucleus of the amygdala of ovariectomized-
stressed mice [21]. We hypothesized that GPR30 
contributed to BCP and the underling mechanism dues to 
diminish GABAergic interneurons by selectively losing of 
GABAergic neurons and regulation of GABAA receptors and 
enhance the Glutamatergic transmission in the spinal cord.

RESULTS

Upregulation of GPR30 in the ipsilateral dorsal 
horn of cancer bearing rats

To investigate whether GPR30 was involved in the 
development of BCP, firstly, the expression of GPR30 
in lumbar (L4-L6) spinal dorsal horn was examined 
using immunofluorescent labeling with an anti-GPR30. 
Immunofluorescent staining of transverse sections of 
spinal cord showed that GPR30 was localized in the 
spinal cord and increased in ipsilateral dorsal horn of 
cancer-bearing rats which was reversed by spinal cord 
injection of RNAi-LV, (Figure 1A). To knock down 
GPR30 in carcinoma inoculation rats, we injected a 
recombinant RNAi lentivirus (RNAi-LV) targeting 
GPR30 into the ipsilateral dorsal horn. The virus drove 
the expression of enhanced green fluorescent protein 
(EGFP) to allow the detection of the transfected tissue. 
A recombinant lentivirus without targeting sequence 
was used as negative control (NC-LV, data not shown). 
Immunofluorescent labeling of spinal cord slices with an 
antibody of anti-Neun showed that most of the neurons in 
the dorsal horn were transfected by lentivirus, (Figure 1B). 
Quantitative analysis of GPR30 expression using RT-PCR 

and Western blot respectively indicated that carcinoma 
inoculation induced upregulation of GPR30 in the spinal 
cord which were reversed significantly by RNAi-LV, but 
not NC-LV(data not shown), (Figure 1C, 1D). The results 
suggested that GPR30 was probably a candidate molecular 
involving the development of BCP.

GPR30 contributed to the development of BCP

To further evaluate whether GPR30 was essential 
for the development of BCP, a local injection of carcinoma 
cells directly into rat right tibia bone cavity was used 
to mimic clinical BCP and mechanical allodynia was 
measured with paw withdraw threshold (PWT). The 
RNAi-LV was injected into the ipsilateral dorsal horn to 
knock down GPR30 expression. Before cancer cells or 
lentivirus injection, the overall mean baseline PWT to 
noxious stimuli was similar in all of rats. We had shown 
that carcinoma inoculation resulted in significant bone 
cancer-related pain behaviors on the ipsilateral paw, 
but not on the contralateral side which was reversed by 
GPR30 knockdown (Figure 2). These results indicated that 
GPR30 was essential for the development of BCP.

GPR30 functionally inhibited the GABAergic 
interneurons

Pain procession seems to be dynamically and 
powerfully controlled by GABAergic neurons in the 
spinal cord. To investigate whether GPR30 diminished 
the function of GABAergic interneurons during the 
development of BCP, RNAi-LV targeting GPR30 was 
injected into the ispilateral dorsal horn of cancer-bearing 
rats, the localization of GPR30 on GABAergic neurons 
was analyzed using inmmunofluorescent double staining 
with antibodies of GPR30 and GAD67 (a marker of 
GABAergic interneuron). The merged images showed 
that GPR30 expressed in GABAergic interneurons (Figure 
3A). Quantitative analysis of the images showed that 
the number of GABAergic neurons decreased in cancer 
implantation rats indicating great loss of the GABAergic 
neurons. However down-regulation of GPR30 prevented 
the loss of GABAergic neurons (Figure 3B, 3C).

The function of GABAergic neurons relies on the 
accumulation of GABA into synaptic vesicles which was 
controlled by the vesicular GABA transporter (VGAT).

To further investigate whether GPR30 inhibited the 
function of GABAergic neurons via VGAT, quantitative 
analysis of GAD67 and VGAT was performed with RT-
PCR and western blot respectively. Both the mRNA and 
protein of GAD67 and VGAT decreased in carcinoma 
inoculation rats which were reversed by GPR30 
knockdown (Figure 3D, 3E). The results indicated that 
GPR30 diminished inhibitory transmission of GABAergic 
neurons by inducing a selective loss of GABAergic 
neurons and decreasing the transport of GABA through 
inhibition of VGAT.



Oncotarget73464www.impactjournals.com/oncotarget

GPR30 mediated spinal disinhibition by 
regulating different GABAA receptor subunits

Nociceptive transmission of excitatory neurons is 
modulated by postsynaptic inhibition of GABA receptors 

in the dorsal horn. However, the function of GABAA 
receptors was regulated by the expression of different 
GABAA receptor subunits, such as α1 and γ2 subunits. 
To explore whether GPR30 regulated the inhibitory 
modulation of GABAergic neurons on the excitatory 

Figure 1: Upregulation of GPR30 in the spinal cord of cancer-bearing rats. A. Immunofluorescent labeling using an antibodies 
against GPR30(red) in the spinal cord of sham, cancer-bearing, and RNAi-LV treatment rats. Scale bar 100μm, a white arrow marked the 
location of lentivirus injection. The spinal cord stain showed that GPR30 was increase in the ipsilateral dorsal horn of cancer-bearing rats. 
B. Immunofluorescent labeling of neuron with an antibody of anti-Neun (red) to show the effect of lentivirus (green) transfection. Scale 
bar 50μm. C, D. Quantitative analysis of GPR30 by RT-PCR and western blot in the spinal cord of sham, carcinoma, RNAi-LV treatment 
rats. A blot sample was showed on the right. Values represent the mean±SEM, n=4. *P<0.05 compared with the sham; **P<0.05 compared 
with the carcinoma.
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Figure 2: GPR30 induced the development of BCP. Mechanical allodynia was measure with paw withdrawal threshold (PWT) in 
sham, cancer-bearing, and RNAi-LV treatment rats. Note that the carcinoma implantation induced decrease of PWT on the ipsilateral paw, 
but not on the contralateral side which was reversed by RNAi-LV treatment. Values represent the mean±SEM, n=6. *P<0.05 compared with 
the sham; **P<0.05 compared with the carcinoma (ipsilateral).

Figure 3: GPR30 diminished inhibitory transmission of GABAergic neurons. A. Immunofluorescent labeling using antibodies 
against GPR30(red) and GABAergic interneuron(green) in the spinal cord of sham, cancer-bearing, and RNAi-LV treatment rats. Scale bar 
100μm. The white rectangle outlined the highly magnified cell showing the co-localization of GPR30 and GAD67. B. Immunofluorescent 
labeling using antibody against GAD67 of sham, cancer-bearing, and RNAi-LV treatment rats C. Quantitative analysis of GABAergic 
neurons in the spinal cord of sham, carcinoma, carcinoma+siGPR30-LV rats. Values represent the mean±SEM, n=6 in each group. *P<0.01 
compared with the sham; **P<0.01 compared with the carcinoma. D, E. Quantitative analysis of GAD67 and VGAT by RT-PCR and 
Western blot respectively in rat spinal cord of sham, carcinoma, carcinoma+siGPR30-LV rats. A blot sample was showed on the right. 
Values represent the mean±SEM, n=5. *P<0.05 compared with the sham; **P<0.05 compared with the carcinoma.
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neurons and induced spinal disinhibition in the spinal 
dorsal horn via α1 and γ2 subunits, we used RNAi-LV to 
knock down GPR30 in the dorsal horn and examined the 
expression of α1 or γ2 subunits on the excitatory neurons 
(marked with the calcium/calmodulin-dependent protein 
kinase IIα, CaMKII α) using double immunofluoresence 
staining. The merge pictures showed that both α1 and γ2 
were localized on CaMKII α positive neurons (Figure 
4A, 4B). Quantitative analysis indicated that carcinoma 
implantation induced a significant increase of α1 and 
decrease of γ2 positive cells. A local injection of RNAi-LV 
targeting GPR30 into the dorsal horn reversed the changes 
of α1 and γ2 induced by carcinoma implantation, (Figure 
4C). The results were further confirmed by quantitative 
analysis using RT-PCR and western blot respectively, 
(Figure 4D, 4E). These results indicated that GPR30 
may diminish the inhibitory transmission of GABAergic 
neurons by upregulation of α1 subunit and downregulation 
of γ2 subunits.

GPR30 promoted functional up-regulation of 
CaMKII α in glutamatergic neurons

CaMKII induced delivery of tagged a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) 
receptors into synapses that controlled and executed 
activity-dependent synaptic plasticity involving in the 
development of chronic pain. To demonstrate whether the 
GPR30 enhanced the function of glutamatergic neurons, 
antibodies against CaMKII α and GPR30 were used in 
double immunofluorescence staining of spinal cord slices. 
The images showed that CaMKII α was located in the 
dorsal horn and the magnified images showed that GPR30 
was localized in the CaMKII α positive neurons, (Figure 
5A). Quantitative analysis of magnified images showed a 
significant increase of CaMKII α positive neuron in cancer 
implantation rats which was reversed by knockdown of 
GPR30, (Figure 5B, 5C). Further quantitative analysis 
the expression of CaMKII α was performed using RT-
PCR and western blot respectively. Both the mRNA and 
protein of CaMKII α increased in carcinoma inoculation 
rats which were reversed by GPR30 knockdown, (Figure 
5D, 5E). These results implied that GPR30 functionally 
enhanced the excitatory transmission of glutamatergic 
neurons in the spinal cord of cancer-bearing rats.

GPR30 facilitated excitatory transmission in the 
dorsal horn

GluR1, a major subunit of AMPA receptors, 
was involved in pain-related hyperexcitability [23, 
24]. To explore whether GPR30 facilitated excitatory 
transmission by increasing the clustering of GluR1 subunit 
to the excitatory synapse. RNAi-LV was used to knock 
down GPR30 and double staining of GluR1 and PSD-
95 (a key postsynaptic scaffolding protein of excitatory 

synaptic transmission) was used to show the postsynaptic 
clustering of GluR1 on the excitatory neurons. We showed 
that carcinoma implantation significantly increased the 
expression of GluR1 and PSD-95 in the dorsal horn of 
cancer bearing rats which were remarkably reversed 
by GPR30 knockdown, (Figure 6A, 6B). Quantitative 
analysis of double staining pictures indicated that co-
localized puncta of GluR1 and PSD-95 were increased 
significantly in cancer bearing rats and reversed by GPR30 
knockdown, (Figure 6C). The expression of GluR1 and 
PSD-95 were further confirmed by RT-PCR and western 
blot respectively, (Figure 6D, 6E). Taken together, these 
results indicated that up-regulation of GPR30 promoted 
excitatory transmission of glutamatergic neurons in the 
spinal cord of carcinoma-implanted rats.

DISCUSSION

The present study provides spinal sensitivity 
evidence for the contribution of GPR30 to the 
development of BCP. Upregulation of GPR30 in cancer-
bearing rats induced selective loss of GABAergic neurons 
and diminishment of GABAergic inhibition on excitatory 
neurons. GPR30 also promoted cluster of AMPA receptors 
on postsynaptic membrane that facilitated excitatory 
transmission. Our findings provide a new spinal sensitivity 
mechanism underlying the development of bone cancer 
pain.

Inhibitory neurotransmission in the spinal dorsal 
horn is at the foundation of the gate control theory of pain 
and has been the subject of intense investigation. Thus, 
inhibition of GABAergic neurons, decrease of inhibitatory 
transmitter release or blocking those receptors would 
result disinhibition and induce persistent pain [25]. Here, 
we showed now unequivocal evidence that inhibition in 
the spinal dorsal horn is pathologically reduced during the 
development of BCP.

Loss of inhibitory function of GABA neurons in 
particular may be the main mechanism by which abnormal 
neural hyperactivity occurs, leading to exaggerated 
sensory processing during the development of chronic 
pain. In the present study, we showed a direct evidence 
that GPR30 induced a selective loss of GABAergic 
neurons in the dorsal horn during the development of BCP. 
These results illustrated a potential new role of GPR30 
involving in the development of BCP.

GABA is inhibitory neurotransmitters in the 
spinal dorsal horn. [26]. Diminished GABA release will 
reduce both presynaptic (influencing synaptic inflow) 
and postsynaptic (modulating dorsal horn neuron 
excitability) GABAA receptors-mediated inhibition. So, 
loading of GABA into synaptic vesicles via the VGAT 
is an essential step in inhibitory neurotransmission. As a 
result of the evidence linking alterations in GABAergic 
neurotransmission to various pain disorders. In the present 
study, upregulation of GPR30 induced by carcinoma 
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Figure 4: GPR30 diminished GABAergic inhibitory on excitatory neuron. A. Double immunofluorescent labeling using 
antibodies against α1 (red) and CaMKII α (green) in the spinal cord of sham, cancer-bearing, and RNAi-LV treatment rats. B. Double 
immunofluorescent labeling using antibodies against γ2 (red) and CaMKII α(green) in the spinal cord of sham, cancer-bearing, and RNAi-
LV treatment rats. Scale bar 100μm. The highly magnified images showed that both α1 and γ2 expressed in the spinal glutamatergic 
neurons. C. Quantification of α1 and γ2 positive cells in the dorsal horn of sham, carcinoma, RNAi-LV treatment rats. Values represent the 
mean±SEM, n=6 in each group. *P<0.05 compared with the sham; **P<0.05 compared with the carcinoma. D, E. Quantitative analysis of 
α1 and γ2 subunits using RT-PCR and Western blot respectively of sham, carcinoma and RNAi-LV treatment rats, a blot sample showed on 
the right. Values represent the mean±SEM, n=5 in each group. *P<0.01 compared with the sham; **P<0.01 compared with the carcinoma.
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implantation functionally inhibited the expression VGAT. 
These results indicated that GPR30 decreasing the 
release of GABA by modulation of VGAT, and therefore 
diminished the inhibitory neurotransmission, increasing 
the neural hyperactivity, leading to exaggerated sensory 
processing and contributing to BCP.

Postsynaptic GABAA receptors-mediated inhibition 
is functionally regulated by the subunits of GABAA 
receptors. These receptors are consist of diverse α and 
β subunits together with the γ2 subunit. Approximately 
half of GABAA receptors contain α1 subunits. Plasticity 
in α1 subunit expression is associated with changes 
in CNS excitability [27]. Previous study reported that 
α1 subunit deletion resulted in reduction of GABA 
transporter, and therefore increased extracellular GABA 
concentration resulting in“tonic” inhibition, a powerful 
modulator of neuronal excitability [28]. The γ2 subunit 
of GABAA receptors chloride channels is required for 

normal channel function and for postsynaptic clustering 
of these receptors GABAA receptors. Loss of GABAA 
receptor clusters in mice deficient in the γ2 subunit 
is paralleled by loss of synaptic GABAergic function 
[29, 30]. In the present study, we showed that sarcoma 
implantation induced upregulation of α1 subunit and 
downregulation of γ2 on the excitatory neurons, which 
was reversed by GPR30 knockdown. These results 
suggested that GPR30 contributed to the development of 
BCP through inhibition of GABAergic neurotransmission. 
The functional inhibition on GABAergic neurons was 
probably by decrease of extracellular GABA concentration 
and diminishment of postsynaptic clustering of GABAA 
receptors via regulating α1 and γ2 GABAA receptors 
subunits.

Thus, we concisely illustrated a spinal disinhibitory 
mechanism mediated by GPR30 involving in the 
development of BCP and provide a potential therapeutic 

Figure 5: GPR30 enhanced excitatory transmission of glutamatergic neurons. A. Double immunofluorescent labeling using 
antibodies against GPR30(red) and CaMKII α (green) in the spinal cord, The white rectangle outlined the highly magnified cells (marked 
by white arrow) showing the co-localization of GPR30 and CaMKII α. B. Immunofluorescent labeling using antibodies against CaMKII α 
(green) in the spinal cord of sham, cancer-bearing, and RNAi-LV treatment rats. Scale bar 100μm. C. Quantification of CaMKII α positive 
neurons of sham, carcinoma and RNAi-LV treatment rats. Values represent the mean±SEM, n=6, *P<0.05 compared with the sham; 
**P<0.05 compared with the carcinoma. D, E. Quantitative analysis of CaMKII α by RT-PCR and Western blot in rat spinal cord of sham, 
carcinoma, RNAi-LV treatment rats. A blot sample showed on the right. Values represent the mean±SEM, n=5. *P<0.05 compared with the 
sham; **P<0.05 compared with the carcinoma.
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opportunities to alleviate BCP by restoring normal 
inhibition of spinal cord.

The spinal sensitization, exaggerating perception 
of pain stimulus is mediated by excitatory glutamatergic 
synaptic transmission that results an increased excitability 
of nociceptive neurons in the spinal cord. Excitatory 
synaptic transmission is critically dependent on 
maintaining an optimal number of postsynaptic AMPA 
subtype of ionotropic glutamate receptors (GluRs) [23, 
24, 31]. The CaMKIIα induces delivery of tagged GluRs 
into synapses that controls and executes synaptic plasticity 
involving in the painful procession.

In the present, we showed that sarcoma tibia 
implantation induced upregualtion of GPR30 as well as 
increasing CaMKIIα and GluR1 in the excitatory neurons. 
Further study showed that GluR1 postsynaptically 

co-located with PSD95. GPR30 knockdown reversed 
cancer induced-bone pain and decreased the expression 
CaMKIIα and GluR1, and therefore reduced the excitatory 
synapses. These results indicated that GPR30 facilitated 
excitatory transmission, promoted spinal sensitization 
and contributed to BCP through CaMKIIα-dependent 
postsynaptic regulation of GluR1. Thus, inhibition of the 
excitatory transmission by downregulation of GPR30 was 
probably an optional therapeutic strategy to alleviate BCP.

The present study showed that GPR30 regulated 
functionally both on the excitatory and inhibitory 
transmission in the spinal cord and contributed to cancer 
induced bone pain. These effects of GPR30 on the pain 
regulation were probably duo to mediating some of 
the rapid signal transduction events, such as calcium 
mobilization [32]. However, calcium was the important 

Figure 6: GPR30 up-regulated GluR1 and PSD95 in the dorsal horn of cancer-bearing rats. A. Double staining of PSD95 
(red) and GluR1 (blue) in the dorsal horn of sham, carcinoma and RNAi-LV treatment rats. The white square region was zoomed in 
(bottom-right) to show the co-localization of GluR1and PSD95. Scale bar 100μm. B. Highly magnified picture of GluR1and PSD95 
puncta. Scale bar 20μm. C. Quantitative analysis of co-localization puncta of GluR1 and PSD95. D, E. Quantitative analysis of of GluR1 
and PSD95 by RT-PCR and Western blot respectively, a blot sample showed on the right. Values represent the mean±SEM, n=5, *P<0.05 
compared with the sham; **P<0.05 compared with the carcinoma.
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physiological regulator for the function of glutamatergic 
and GABAergic neurons [33–37], which may illustrate the 
physiological basis and provide an approach to insight into 
the diversity function of GPR30 on the nervous system.

Overall, this study illustrated GPR30-mediated 
mechanism underline the development of BCP through 
changing the balance of excitatory and inhibitory 
transmission in the spinal cord and provided a new insight 
for BCP management, which means a consideration 
to both directed at preventing a loss of endogenous 
inhibitory control systems and diminishing the excitatory 
transmission in the spinal cord.

MATERIALS AND METHODS

Animals

All experimental procedures and protocols used in 
this study were reviewed and approved in advance by the 
Animal Care and Use Committee of Hubei University 
of Medicine. And also this study was adhered to the 
guidelines of the Committee for Research and Ethical 
Issues of IASP published in PAIN®, 16 (1983) 109-110. 
Experiments were carried out on female Sprague Dawley 
rats, provided by the Institute of Laboratory Animal 
Science, Hubei University of Medicine. The rats were kept 
under controlled conditions (24±0.5°C, 12h alternating 
light-dark cycle, food and water ad libitum).

Preparation of Walker 256 carcinoma cells

Walker 256 rat mammary gland carcinoma cells 
(0.5 ml, 2×107 cells/ml) were injected into the abdominal 
cavity of a Sprague Dawley rat. After 6 - 7 days, cells 
were harvested from 5 ml ascitic fluid of above rat. Cells 
were counted with a hemocytometer, then diluted to 
achieve a final concentration (1×106 cells/ml) for injection 
and maintained on ice prior to surgery. For the sham 
group, Walker 256 cells were prepared in the same final 
concentrations for injection and boiled for 20 min.

BCP model

A rat model was established on female Sprague 
Dawley rats using Walker 256 rat mammary gland 
carcinoma cells as previously described [22]. In briefly, 
animals were anesthetized with isoflurane (3% induction, 
2% maintenance), then superficial incision was made in 
the skin overlying the right patella after disinfected with 
75% v/v ethanol. The tibia was carefully exposed and a 
23-gauge needle was inserted into the intramedullary canal 
of the bone. It was then removed and replaced with a long 
thin blunt needle attached to a 10μl syringe containing 
carcinoma cells. A volume of 10μl containing Walker 256 
cells (104 cells), or boiled cells was injected into the bone 
cavity. Following injection, the entry site on the bone 
was sealed with bone wax and the skin was closed. After 

surgery, rats were placed on a warm pad for recovery and 
then in separated cages under conditions as mentioned 
above.

Behavioral studies

Throughout the experiment, examiners were blind 
to the treatment allocation of each animal. Pain-related 
behaviors were tested before carcinoma injections and then 
tested on days3, 6, 9, 12, 15, 18, and 21 after carcinoma 
injection. Rats were allowed to habituate for a period of 30 
min, Mechanical allodynia was assessed using a dynamic 
plantar esthesiometer (UgoBasile, Stoelting, IL, USA). 
Animals were placed in enclosures on an elevated wire 
mesh and responses to punctate mechanical stimulation 
were assessed using the esthesiometer. A straight metal 
filament (0.5 mm diameter) was orientated beneath the pad 
until it touched the plantar surface of the hind paw and 
began to exert an upward force. The force required to elicit 
a withdrawal response (paw withdrawal threshold, PWT) 
was measured in grams when the paw was withdrawn or 
the preset cut-off was reached (50 g). Five values were 
taken alternately on both ipsilateral (operated side) and 
contralateral hind paws at intervals of 15 s.

Lentivirus constructs and microinjection

Lentivirus constructs and microinjection were 
performed as our previously described [22]. We generated 
shRNAs, corresponding to siRNA sequences known to 
knock down GPR30. The shRNAs were synthesized as 
an inverse repeat separated by a loop for each sequence 
and inserted downstream of the U6 promoter in the 
lentiviral vector GV118. Lentiviruses were generated by 
triple transfection of ~80% confluent HEK293FT cells 
(Invitrogen). The same vector backbone but carrying the 
GFP protein was used as negative control. Lentiviruses 
were harvested in serum-free medium 3 days later, filtered 
and concentrated in primed Centricon Plus-20 filter 
devices (Millipore). Lentivirus vector construction and 
production were completed by Shanghai Gene Chem Co. 
Ltd., China. The viral titre of the viral stocks was 1.0×109 
TU/ml. Following carcinoma implantation, T13-L1 
vertebrae were identified for laminectomy to uncover 
lumbar spinal cord at levels L4–L6. Using a glass capillary 
(30±5μm diameter), viral solution was injected into 
dorsal horn in two sites separated 2 mm along the spinal 
cord (2μl/site; flow rate of 0.4μl/min). The needle was 
positioned on the right at 0.4mm aside from the midline, 
and then it was deepened into the parenchyma to 0.5 mm 
below the piamater to reach the dorsal horn.

ACKNOWLEDGMENTS

This study was supported by National Natural 
Science Foundation of China (NO. 81171783) the 
Hubei Health and Family Planning Commission (NO. 



Oncotarget73471www.impactjournals.com/oncotarget

WJ2015Q040) and the Hubei Education Department (NO. 
D20142105), Shiyan Bureau of science and technology 
(NO. 15K68).

We thank Professor Daqing Ma for the language 
correction and helpful comments on the manuscript.

CONFLICTS OF INTEREST

The authors declare that they have no competing 
interest.

REFERENCES

1. Donovan-Rodriguez T, Urch CE, Dickenson AH. Evidence 
of a role for descending serotonergic facilitation in a rat 
model of cancer-induced bone pain. Neuroscience Letters 
2006; 393:237-42.

2. Mundy GR. Metastasis to bone: causes, consequences and 
therapeutic opportunities. Nat Rev Cancer 2002; 2:584-93.

3. Honore P, Mantyh PW. Bone cancer pain: from mechanism 
to model to therapy. Pain Med 2000; 1:303-09.

4. Mantyh PW. Cancer pain and its impact on diagnosis, 
survival and quality of life. Nature Reviews Neuroscience 
2006; 7:797-809.

5. Schwei MJ, Honore P, Rogers SD, Salak-Johnson JL, 
Finke MP, Ramnaraine ML, Clohisy DR, Mantyh PW. 
Neurochemical and cellular reorganization of the spinal 
cord in a murine model of bone cancer pain. J Neurosci 
1999; 19:10886-97.

6. Kim YH, Back SK, Davies AJ, Jeong H, Jo HJ, Chung 
G, Na HS, Bae YC, Kim SJ, Kim JS, Jung SJ, Oh SB. 
TRPV1 in GABAergic interneurons mediates neuropathic 
mechanical allodynia and disinhibition of the nociceptive 
circuitry in the spinal cord. Neuron 2012; 74:640-47.

7. Gordon-Williams RM, Dickenson AH. Central neuronal 
mechanisms in cancer-induced bone pain. Curr Opin 
Support Palliat Care 2007; 1:6-10.

8. Braz J, Solorzano C, Wang X, Basbaum AI. Transmitting 
pain and itch messages: a contemporary view of the spinal 
cord circuits that generate gate control. Neuron 2014; 
82:522-36.

9. Moore KA, Kohno T, Karchewski LA, Scholz J, Baba 
H, Woolf CJ. Partial peripheral nerve injury promotes a 
selective loss of GABAergic inhibition in the superficial 
dorsal horn of the spinal cord. J Neurosci 2002; 22:6724-31.

10. Scholz J, Broom DC, Youn DH, Mills CD, Kohno T, Suter 
MR, Moore KA, Decosterd I, Coggeshall RE, Woolf CJ. 
Blocking caspase activity prevents transsynaptic neuronal 
apoptosis and the loss of inhibition in lamina II of the 
dorsal horn after peripheral nerve injury. J Neurosci 2005; 
25:7317-23.

11. Sivilotti L, Woolf CJ. The contribution of GABAA and 
glycine receptors to central sensitization: disinhibition and 

touch-evoked allodynia in the spinal cord. J Neurophysiol 
1994; 72:169-79.

12. Yaksh TL. Behavioral and autonomic correlates of the 
tactile evoked allodynia produced by spinal glycine 
inhibition: effects of modulatory receptor systems and 
excitatory amino acid antagonists. Pain 1989; 37:111-23.

13. Anchan D, Gafur A, Sano K, Ogawa S, Vasudevan N. 
Activation of the GPR30 receptor promotes lordosis in 
female mice. Neuroendocrinology 2014; 100:71-80.

14. Alvarez P, Bogen O, Levine JD. Role of nociceptor estrogen 
receptor GPR30 in a rat model of endometriosis pain. Pain 
2014; 155:2680-86.

15. Dun SL, Brailoiu GC, Gao X, Brailoiu E, Arterburn JB, 
Prossnitz ER, Oprea TI, Dun NJ. Expression of estrogen 
receptor GPR30 in the rat spinal cord and in autonomic and 
sensory ganglia. Journal of Neuroscience Research 2009; 
87:1610-19.

16. Hazell GG, Yao ST, Roper JA, Prossnitz ER, O'Carroll 
AM, Lolait SJ. Localisation of GPR30, a novel G protein-
coupled oestrogen receptor, suggests multiple functions 
in rodent brain and peripheral tissues. J Endocrinol 2009; 
202:223-36.

17. Brailoiu E, Dun SL, Brailoiu GC, Mizuo K, Sklar LA, 
Oprea TI, Prossnitz ER, Dun NJ. Distribution and 
characterization of estrogen receptor G protein-coupled 
receptor 30 in the rat central nervous system. J Endocrinol 
2007; 193:311-21.

18. Liverman CS, Brown JW, Sandhir R, McCarson KE, 
Berman N. Role of the oestrogen receptors GPR30 and 
ERα in peripheral sensitization: relevance to trigeminal pain 
disorders in women. Cephalalgia 2009; 29:729-41.

19. Kuhn J, Dina OA, Goswami C, Suckow V, Levine JD, 
Hucho T. GPR30 estrogen receptor agonists induce 
mechanical hyperalgesia in the rat. Eur J Neurosci 2008; 
27:1700-09.

20. Lu CL, Hsieh JC, Dun NJ, Oprea TI, Wang PS, Luo JC, 
Lin HC, Chang FY, Lee SD. Estrogen rapidly modulates 
5-hydroxytrytophan-induced visceral hypersensitivity via 
GPR30 in rats. Gastroenterology 2009; 137:1040-50.

21. Tian Z, Wang Y, Zhang N, Guo YY, Feng B, Liu SB, 
Zhao MG. Estrogen receptor GPR30 exerts anxiolytic 
effects by maintaining the balance between GABAergic 
and glutamatergic transmission in the basolateral 
amygdala of ovariectomized mice after stress. 
Psychoneuroendocrinology 2013; 38:2218-33.

22. Ke C, Li C, Huang X, Cao F, Shi D, He W, Bu H, Gao 
F, Cai T, Hinton AO, Tian Y. Protocadherin20 promotes 
excitatory synaptogenesis in dorsal horn and contributes to 
bone cancer pain. Neuropharmacology 2013; 75:181-90.

23. Wang Y, Wu J, Guo R, Zhao Y, Wang Y, Zhang M, Chen 
Z, Wu A, Yue Y. Surgical incision induces phosphorylation 
of AMPA receptor GluR1 subunits at Serine-831 sites and 
GluR1 trafficking in spinal cord dorsal horn via a protein 



Oncotarget73472www.impactjournals.com/oncotarget

kinase Cgamma-dependent mechanism. Neuroscience 2013; 
240:361-70.

24. Tao W, Chen Q, Zhou W, Wang Y, Wang L, Zhang 
Z. Persistent inflammation-induced up-regulation of 
brain-derived neurotrophic factor (BDNF) promotes 
synaptic delivery of alpha-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor GluA1 subunits in 
descending pain modulatory circuits. J Biol Chem 2014; 
289:22196-204.

25. Price TJ, Prescott SA. Inhibitory regulation of the pain gate 
and how its failure causes pathological pain. Pain 2015; 
156:789-92.

26. Polgar E, Hughes DI, Riddell JS, Maxwell DJ, Puskar Z, 
Todd AJ. Selective loss of spinal GABAergic or glycinergic 
neurons is not necessary for development of thermal 
hyperalgesia in the chronic constriction injury model of 
neuropathic pain. Pain 2003; 104:229-39.

27. Kralic JE, Korpi ER, O'Buckley TK, Homanics GE, Morrow 
AL. Molecular and Pharmacological Characterization 
of GABAA Receptor alpha 1 Subunit Knockout Mice. J. 
Pharmacol. Exp. Ther. 2002; 302:1037-45.

28. Ortinski PI. Deletion of the GABAA Receptor 1 Subunit 
Increases Tonic GABAA Receptor Current: A Role for 
GABA Uptake Transporters. Journal of Neuroscience 2006; 
26:9323-31.

29. Essrich C, Lorez M, Benson JA, Fritschy JM, Luscher B. 
Postsynaptic clustering of major GABAA receptor subtypes 
requires the gamma 2 subunit and gephyrin. Nat Neurosci 
1998; 1:563-71.

30. Schweizer C, Balsiger S, Bluethmann H, Mansuy IM, 
Fritschy JM, Mohler H, Luscher B. The gamma 2 subunit 

of GABA(A) receptors is required for maintenance of 
receptors at mature synapses. Mol Cell Neurosci 2003; 
24:442-50.

31. Allen NJ, Bennett ML, Foo LC, Wang GX, Chakraborty 
C, Smith SJ, Barres BA. Astrocyte glypicans 4 and 6 
promote formation of excitatory synapses via GluA1 AMPA 
receptors. Nature 2012; 486:410-14.

32. Prossnitz ER, Maggiolini M. Mechanisms of estrogen 
signaling and gene expression via GPR30. Mol Cell 
Endocrinol 2009; 308:32-38.

33. Williams C, Chen W, Lee CH, Yaeger D, Vyleta NP, Smith 
SM. Coactivation of multiple tightly coupled calcium 
channels triggers spontaneous release of GABA. Nat 
Neurosci 2012; 15:1195-97.

34. Alamilla J, Gillespie DC. Maturation of calcium-dependent 
GABA, glycine, and glutamate release in the glycinergic 
MNTB-LSO pathway. PLoS One 2013;8:e75688.

35. Isokawa M. Caffeine-Induced Suppression of GABAergic 
Inhibition and Calcium-Independent Metaplasticity. Neural 
Plast 2016;2016:1239629.

36. Hemond PJ, O'Boyle MP, Roberts CB, Delgado-Reyes A, 
Hemond Z, Suter KJ. Simulated GABA synaptic input and 
L-type calcium channels form functional microdomains in 
hypothalamic gonadotropin-releasing hormone neurons. J 
Neurosci 2012; 32:8756-66.

37. Ashpole NM, Song W, Brustovetsky T, Engleman EA, 
Brustovetsky N, Cummins TR, Hudmon A. Calcium/
calmodulin-dependent protein kinase II (CaMKII) inhibition 
induces neurotoxicity via dysregulation of glutamate/
calcium signaling and hyperexcitability. J Biol Chem 2012; 
287:8495-506.


