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Intra‑LPGi microinjection of glutamate receptors 
antagonists abolish 17β‑estradiol‑induced 
analgesic effect in the ovariectomized rats
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This study was designed to investigate a possible interaction between 17β‑estradiol and glutamate receptors of the paragigantocellularis 
lateralis (LPGi) nucleus on pain coping behavior using the formalin test in ovariectomized (OVX) rats. The results showed that intra‑LPGi 
injection of 17β‑estradiol declined flexing behavior in both phases of the formalin test. Still, it only diminished the late phase of licking 
behavior in the OVX rats. NMDA receptor antagonist, AP5, reversed the analgesic effect of 17β‑estradiol on flexing behavior in both 
phases of the formalin test in the OVX rats. The 17β‑estradiol‑induced anti‑nociceptive effect on the flexing duration was prevented by 
CNQX (AMPA receptor antagonist) only in the early phase of the formalin test in the OVX rats. AP5 and CNQX reduced the anti‑nociceptive 
effect of 17β‑estradiol in the late phase, but not the early phase of licking response in the OVX rats. These results suggested: (i) The 
intra‑LPGi injection of 17β‑estradiol is satisfactory in producing modest analgesia on the formalin‑induced inflammatory pain in the 
OVX rats; (ii) Co‑treatment of glutamate receptors (NMDA and AMPA) antagonists and 17β‑estradiol in the LPGi nucleus decrease the 
analgesic effect of 17β‑estradiol in the OVX rats; (iii) There is a possible association between 17β‑estradiol and glutamate receptors of 
the LPGi nucleus on pain coping behavior in the OVX rats. 
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INTRODUCTION

Female rats indicate higher pain sensitivity than 
males in several nociceptive assessments of inflam‑
mation (Kuba et al., 2005). The greater sensitivity to 
pain perception is adjusted by gonadal steroid hor‑
mones, principally testosterone, and 17β‑estradiol 
(Hernandez‑Leon et al., 2018). Estradiol is a  neuro‑
active steroid that regulates the brain activity, plas‑
ticity required for controlling reproduction, and has 
general functions in the central nervous system (CNS) 
(Azcoitia et al., 2017). The local synthesis of estradiol 
in the CNS modulates behavior and cognition in male 

and female animals (Bailey et al., 2013). It exerts neu‑
roprotective effects (Azcoitia et al., 2001; Saldanha et 
al., 2005; Zhang et al., 2014) and modulates pain sensi‑
tivity (Mensah‑Nyagan et al., 2008; 2009; De Nicola et 
al., 2013). Neuroactive steroids such as 17β‑estradiol 
are naturally found at nanomolar levels in the CNS. 
Though, the central concentrations of these neuros‑
teroids can greatly increase following stress and pain. 
The expression of the ERα isoform of estrogen recep‑
tors in the LPGi neurons of both sexes is demonstrated 
by the immunohistochemical technique (Normandin 
and Murphy, 2008). Moreover, 17β‑estradiol interacts 
with glutamate and GABA neurotransmitter recep‑
tors in many brain areas. Hence, in the LPGi nucleus, 
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17β‑estradiol modulates nociception by coupling to its 
receptors and allosteric interaction with other mem‑
brane‑bound receptors such as glutamate and GABAA 
receptors (Potes et al., 2006; Khakpay et al., 2010). 

Glutamate and its receptors (i.e., NMDA and AMPA 
receptors) in the brainstem have a crucial role in both 
inhibitory and facilitatory pain control pathways (Da 
Silva et al., 2010). The NMDA receptor activation is 
necessary for AMPA receptor action during synaptic 
plasticity (Guan et al., 2004). The AMPA receptor ac‑
tivation triggers the rapid excitatory synaptic trans‑
mission associated with the glutamatergic pain sig‑
naling in the ascending nociceptive pathways. These 
rapid excitatory synaptic transmissions are found in 
the primary sensory, spinal cord, and thalamic projec‑
tions (Bleakman et al., 2006). An evidence illustrated 
the vital role of AMPA receptors in the descending 
pain pathways (Guan et al., 2004). The NMDA recep‑
tors are also distributed in the nociceptive pathways 
of the CNS (Bleakman et al., 2006). Formalin‑produced 
inflammatory pain enhanced the GLUN2A subunit of 
NMDA receptor expression in the rostral ventromedi‑
al medulla (RVM), but it decreased the GLUN2C in the 
RVM (Gaunitz et al., 2002) that demonstrated a role of 
the RVM NMDA receptors in the facilitation of noci‑
ception (Da Silva et al., 2010). 

In the rat brain, the RVM includes the raphe nu‑
cleus, reticularis gigantocellularis pars α, and para‑
gigantocellularis lateralis (LPGi) (Fields et al., 1991; 
Mason, 1999; Yang et al., 2002; Willis and Coggeshall, 
2004). The periaqueductal gray (PAG) participates in 
numerous gonadal steroid‑sensitive behaviors such as 
responsiveness to pain. The PAG projects to the RVM, 
which includes the primary circuit driving pain inhi‑
bition. The expression of steroid receptors in the PAG 
and the descending pathway involved in pain inhibi‑
tion may suggest a  mechanism whereby the gonadal 
steroids regulate pain (Loyd and Murphy, 2008). Fur‑
thermore, the LPGi is a  reticular nucleus in the me‑
dulla oblongata, which plays an important role in the 
descending pain‑coping behavior via the spinal cord 
(Erami et al., 2012; Shamsizadeh et al., 2014; Soleima‑
ni et al., 2013; Azhdari‑Zarmehri et al., 2014; 2015). 
The LPGi nucleus receives inputs from the vestibu‑
lar nucleus, tractus solitarus, and lateral hypothala‑
mus (Azhdari‑Zarmehri et al., 2013). The projections 
of LPGi neurons are sent to the locus coeruleus (LC) 
(Andrezik et al., 1981). The LPGi nucleus and its glu‑
tamatergic projection to the LC nucleus are the main 
mechanisms in the descending pain modulatory sys‑
tem (Aston‑Jones et al., 1991). 

Moreover, our previous study revealed that in‑
tra‑LPGi injection of 17β‑estradiol elicited potent 
analgesia in the formalin‑induced pain in male rats 

(Khakpay et al., 2020). This pain‑relieving effect of 
17β‑estradiol is possibly mediated by both NMDA and 
AMPA receptors of the LPGi in male rats (Khakpay and 
Azaddar, 2017; Khakpay et al., 2020). Thus, the present 
study was planned to evaluate a  possible NMDA and 
AMPA interaction between 17β‑estradiol and gluta‑
mate receptors of the LPGi on pain coping behavior 
using the formalin‑test in the OVX female rats.

EXPERIMENTAL PROCEDURE 

Animals

Adult female Wistar rats (200‑270g) were obtained 
from the Tabriz University of Medical Sciences (Phar‑
macy Faculty, Tabriz, Iran). The rats were maintained 
in a 12‑h light/dark cycle at 22‑24°C and were allowed 
free access to food and water. The experiments were 
done in the light phase. All researches and animal 
care procedures were accomplished according to the 
guidelines on the use of laboratory animals and ap‑
proved by Tabriz University’s ethical committee for 
animal research.

Surgery

Adult female rats with normal estrus cycles were 
ovariectomized (OVX) under ketamine (60  mg/kg) 
and xylazine (7.5  mg/kg) anesthesia. Ovariectomy 
was performed according to the technique described 
by Chakraborty and Gore (2004). Briefly, both flanks 
were shaved and cleaned with Betadine. A small inci‑
sion (1  cm) was made through the skin and the mus‑
cles. The ovary was pulled through the incision. The 
oviduct was cleaved, and the ovary was removed. The 
skin and the muscles were sutured with a silk thread. 
This procedure was repeated on the contralateral side. 
In the sham/OVX group (without removal of ovary), all 
the above procedures were performed except the re‑
moval of the ovary (to assess the possible stress caused 
by surgery).

After termination of the ovariectomy, rats were im‑
mediately positioned in the stereotaxic instrument and 
cannulation of the LPGi nucleus was performed. A guide 
cannula (23 gauge) equipped with a 30 gauge stylet was 
embedded in the right LPGi [coordinates from breg‑
ma: AP: ‑12 mm, L: ±1.6 mm, DV: 10.4 mm (Paxinos and 
Watson, 2007)]. The guiding cannula was stocked to the 
skull with a  stainless steel screw and acrylic cement 
(Dentimax, the Netherlands). All animals were left to 
recover for seven  days before behavioral testing. The 
efficiency of ovariectomy was proven by examining 
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vaginal smears collected for four sequential days. Fun‑
damentally, only rats were used for OVX experiments 
that showed the diestrus phase on all days. 

Drugs and injections

Water‑soluble cyclodextrin encapsulated 17β‑es‑
tradiol [0.8 μmol; (Aloisi and Ceccarelli, 1999; Khak‑
pay et al., 2014)], and NMDA receptor antagonist, AP5, 
[0.5  μmol; (Khakpay et al., 2010)], AMPA receptor an‑
tagonist, CNQX, (30 nmol; (Khakpay et al., 2010) were 
obtained from Sigma (Sigma Chemicals, St. Louis, MO, 
USA) and dissolved in normal saline. These doses were 
the final concentrations of the drugs used in experi‑
ments. Also, formalin was bought from Dr. Mojallaly’s 
company [50 μl of 5%; (Ceccarelli et al., 2004; Khakpay 
et al., 2014)].

Intra‑LPGi injections were done as described by 
Aloisi and Ceccarelli (1999). All treatments were uni‑
laterally injected into the right LPGi nucleus through 
the guide cannula and an injection needle (30 gauge) 
attached to polyethylene tubing to a  0.5 μl Hamilton 
microsyringe (Hamilton, Switzerland). The tip of the 
injection needle was 0.2 mm outside the guide cannula 
and all drugs were applied in a  volume of 500 nl. The 
needle was detached, and the stylet was replaced six‑
ty seconds after infusing the substance.

Formalin test

The formalin test allows the evaluation of acute and 
persistent nociception. 50 μl of 5% formalin solution 
was injected into the intraplantar surface of the left 
hind paw by a  30 gauge needle (Khakpay et al., 2016). 
Next, the animals were instantaneously returned to the 
formalin test box, and the duration of flexing and lick‑
ing behaviors were recorded for an hour (Wheeler‑Ac‑
eto and Cowan, 1991, Aloisi et al., 1998; Khakpay et al., 
2014). The data was blindly recorded by the researcher. 
Pain behaviors were monitored for 60  min; the dura‑
tion of flexing and licking of the injected paw was mea‑
sured at 5‑min intervals starting at time 0. Two phases 
of flexing and licking behaviors were observed: phase 
1 (early phase or acute phase) began immediately af‑
ter formalin injection to 7  min (0–7  min) and phase 2 
(late phase or persistent phase) began at time16 min to 
60  min (16–60  min) (Mahmoudi and Zarrindast, 2002; 
Khakpay et al., 2010; Roca‑Vinardell et al., 2018). By the 
end of the experiment, the rats were anesthetized by 
ketamine and xylazine and the brains were removed. 
Then, the brains were examined for the precise cannula 
placement in the LPGi nucleus. Only data acquired from 

animals with accurate cannula placement were consid‑
ered in the analysis.

Experimental design

In all experiments, intra‑LPGi microinjection of 
drugs took place 15 min before the formalin test. Then, 
formalin‑induced flexing and licking behaviors were 
measured for 60 min. Each experimental group consist‑
ed of six female rats and each female rat was used only 
once. Doses of drugs were selected based on the pilot 
experiments and our previous works which are pub‑
lished in the scientific literature (Khakpay et al., 2016; 
Khakpay and Azaddar, 2017). 

Experiment 1: This experiment was designed to as‑
sess the precise effect of surgical agents, cannulation of 
the LPGi nucleus, surgery with removal of ovary (OVX) 
or without removal of ovary (sham/OVX), and drug in‑
jection into the LPGi nucleus of the OVX rats. In this 
experiment, experimental groups were included as fol‑
lows: control group (formalin test in intact animals), 
sham/CAN group (only cannulation of the LPGi nucle‑
us), sham/OVX group (surgery without removal of ova‑
ry and cannulation of the LPGi nucleus), saline group 
(injection of saline into the LPGi nucleus of the OVX 
rats), and 17‑beta‑estradiol group (injection of 0.8 μmol 
17‑beta‑estradiol (E2) into the LPGi nucleus of the OVX 
rats). In the intact groups, female rats were included in 
the diestrus phase of the estrus cycle.

Experiment 2: To find appropriate doses of gluta‑
mate receptor antagonists (NMDA and AMPA receptor 
antagonists) for pain behavior, the OVX rats were ex‑
amined in the formalin test. Experimental groups were 
included as follows: control group (formalin test in the 
intact female rats), saline group (intra‑LPGi microin‑
jections of saline in the OVX rats), AP5 group (intra‑LP‑
Gi infusion of 0.5 μmol AP5 in the OVX rats), and CNQX 
group (intra‑LPGi injection of 30 nmol CNQX in the OVX 
rats). In this experiment, two control groups were used 
to analyze the data of the AP5 and CNQX groups.

Experiment 3: To detect possible interaction be‑
tween 17β‑estradiol and glutamate NMDA and AMPA 
receptors of the LPGi nucleus on pain coping behavior, 
the OVX rats were submitted to the formalin test. This 
experiment consisted of saline, E2 (0.8 μmol), E2/AP5 
as well as E2/CNQX groups. In the E2/AP5 and E2/CNQX 
groups, 0.5 μmol AP5 and 30 nmol CNQX were microin‑
jected in the LPGi nucleus, 15 min before the intra‑LPGi 
microinjection of 17β‑estradiol in the OVX rats (Kha‑
kpay et al., 2020). In these groups, AP5 or CNQX was 
injected 30  min before the formalin test. Two control 
groups were used for analyzing the data of the AP5 and 
CNQX groups.
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At the end of the behavioral tests, rats were deeply 
anesthetized, and methylene blue solution (1%, 0.3 µl/
rat) was injected into the guide cannula to confirm 
the correct cannula placement. The brain of each rat 
was removed and placed in formaldehyde (10%). After 
one  week, the brain sections were histologically eval‑
uated according to the atlas of Paxinos and Watson 
(2007). Only the data from the OVX rats with precise 
cannula implants into the right LPGi were included in 
the statistical analysis (Fig. 1).

Statistical analysis

The SPSS software was used for data analysis and 
data are presented as mean ± S.E.M. Sample size for all 
groups was performed which means that six female rats 
were selected randomly for each experimental group. 
The normality of data was checked by the Shapiro–Wilk 
normality tests. For the data with normal distribution, 
one‑way and/or two‑way analysis of variance (ANOVA) 
followed by post hoc Tukey’s test was done to compare 
treatments in terms of statistical significance. P<0.05 
was considered statistically significant.

RESULTS

Effects of 17β‑estradiol on flexing  
and licking responses induced by formalin

The effect of cannulation into the LPGi nucleus, ova‑
riectomy, and intra‑LPGi injection of saline and 17β‑es‑
tradiol on the formalin‑induced pain responses in the 
OVX rats was shown in the Fig. 2. One‑way ANOVA and 
post hoc analysis revealed that animals belonging to 
the sham/CAN and sham/OVX groups had no signifi‑
cant effect on both the early (F(3,20)=2.761, P>0.05) and 

late (F(3,20)=0.565, P>0.05) phases of flexing response 
(Fig. 2A, B) as well as both the early (F(3,20)=1.304, P>0.05) 
and late (F(3,20)=0.427, P>0.05) phases of licking behav‑
ior (Fig. 2C, D) when compared with control and saline 
groups in the formalin test. So, these groups were not 
included in the results section.

Moreover in the OVX rats, the same analyses indicat‑
ed that intra‑LPGi injection of 17β‑estradiol at a  dose 
of 0.8 μmol decreased the flexing duration in both ear‑
ly (F(2,15)=4.005, P<0.05) and late (F(2,15)=4.920, P<0.05) 
phases of formalin test (Fig.  2E, F), while reduced the 
licking behavior only in the late phase (F(2,15)=5.899, 
P<0.05) but not in the early phase (F(2,15)=0.307, P>0.05) 
of formalin test (Fig. 2G, H) when compared with con‑
trol and saline groups. 

Effects of AP5 and CNQX on flexing  
and licking responses induced by formalin

In the previous study, the effect of several doses 
of AP5 (NMDA receptor antagonist) and CNQX (AMPA 
receptor antagonist) on the formalin‑induced flexing 
and licking behaviors of male rats was examined (Kha‑
kpay et al., 2020). To avoid the pain modulatory effect 
of both AP5 and CNQX and its interaction with the 
analgesic effect of 17β‑estradiol and upon previous 
study results, only the non‑nociceptive dose of CNQX 
and AP5 was used in the current research (Khakpay 
et al., 2020). Two‑way ANOVA analysis indicated that 
intra‑LPGi infusion of AP5 (0.5 μmol) had no signifi‑
cant effect on the time‑course of the flexing behav‑
ior [within‑group comparison: AP5‑effect F(2,21)=0.347, 
P>0.05; time‑course effect: F(2,21)=0.335, P>0.05; 
AP5‑time‑course interaction: F(2,21)=0.912, P>0.05; 
Fig. 3A] and the licking behavior [within‑group com‑
parison: AP5‑effect: F(2,21)=0.974, P>0.05; time‑course 
effect: F(2,21)=0.738, P>0.05; AP5‑time‑course interac‑
tion: F(2,21)=0.809, P>0.05; Fig. 3C] in the formalin test. 
Moreover, one‑way ANOVA showed that intra‑LPGi mi‑
croinjection of AP5 (0.5  μmol) had no significant ef‑
fect on the flexing duration in both early (F(2,15)=0.264, 
P>0.05)and late (F(2,15)=0.694, P>0.05) phases of formalin 
test (Fig. 3B). Similarly, both early (F(2,15)=0.762, P>0.05) 
and late (F(2,15)=0.727, P>0.05) phases of the licking be‑
havior were not affected by intra‑LPGi administration 
of AP5 (Fig. 3D).

Correspondingly, two‑way ANOVA showed that in‑
tra‑LPGi injection of CNQX (30 nmol) had no signifi‑
cant effect on the time‑course of the flexing behavior 
[within‑group comparison: CNQX effect: F(2,21)=0.781, 
P>0.05; time‑course effect: F(2,21)=0.410, P>0.05; CN‑
QX‑time‑course interaction: F(2,21)=0.859, P>0.05; 
Fig. 3E] and the licking behavior [within‑group com‑

524 Acta Neurobiol Exp 2022, 82: 521–533
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Fig. 2. Effect of cannulation into the LPGi nucleus, ovariectomy, and intra‑ LPGi injection of 17β‑estradiol on the formalin‑induced flexing and licking 
responses in the OVX rats (A, C, E, G (time‑course) and B, D, F, H (drug‑effect)). The sham/CAN (only cannulation of the LPGi nucleus) and sham/OVX 
groups (without removal of ovary) had no significant alterations with the control and saline groups during both the early and late phases of flexing 
duration (A (time‑course) and B (drug‑effect)). The groups of sham/CAN (only cannulation of the LPGi nucleus) and sham/OVX (without removal of ovary) 
did not display any significant differences with the control and saline groups during both phases of licking behavior (C (time‑course) and D (drug‑effect)). 
Intra‑LPGi injection of 17β‑estradiol (0.8 μmol) reduced the flexing duration in both the early and late phases of the formalin test (E (time‑course) and 
F (drug‑effect)). Injection of 17β‑estradiol (Intra‑LPGi, 0.8 μmol) decreased the licking behavior only in the late phase but not in the early phase of the 
formalin test (G (time‑course) and H (drug‑effect)). The nociceptive responses are presented by mean ± SEM of flexing and licking duration of 6 rats per 
group (n=6). *p<0.05 and **p<0.01 indicated a significant difference from the control group. †p<0.05 showed a significant difference from the saline 
group. 17β‑estradiol=0.8μmol E2; CAN=cannulation of the LPGi nucleus and OVX=ovariectomy.
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parison: CNQX effect: F(2,21)=0.519, P>0.05; time‑course 
effect: F(2,21)=0.265, P>0.05; CNQX‑time‑course inter‑
action: F(2,21)=0.507, P>0.05; Fig.  3G] in the formalin 
test. Also, one‑way ANOVA displayed that intra‑LPGi 
microinjection of CNQX (30 nmol) did not alter the 
flexing duration in both early (F(2,15)=2.040, P>0.05) 
and late (F(2,15)=0.195, P>0.05) phases of formalin test 
(Fig. 3F). Also, both early (F(2,15)=0.191, P>0.05) and late 
(F(2,15)=0.976, P>0.05) phases of the licking behavior 
were not significantly changed by intra‑LPGi micro‑
injection of CNQX (Fig. 3H).

Effects of NMDA and AMPA receptors antagonists 
on the anti‑nociceptive effect of 17β‑estradiol

Fig.  4 displayed the effect of intra‑LPGi co‑treat‑
ment of AP5 and CNQX along with 17β‑estradiol on 
the flexing and licking responses induced by formalin 
in the OVX rats. Two‑way ANOVA indicated that in‑
tra‑LPGi co‑administration of AP5 along with 17β‑es‑
tradiol increased the flexing duration at 5  min com‑
pared to the control group [within‑group comparison: 
AP5/E2 effect: F(2,21)=18.80, P<0.01; time‑course effect: 
F(2,21)=8.333, P<0.05; AP5/E2‑time‑course interaction: 
F(2,21)=21.130, P<0.001; Fig.  4A] in the formalin test. 
The same analysis revealed that these injections had 
no significant effect on the time‑course of the licking 
behavior [within‑group comparison: AP5/E2 effect: 
F(2,21)=1.133, P>0.05; time‑course effect: F(2,21)=0.886, 
P>0.05; AP5/E2‑time‑course interaction: F(2,21)=0.289, 
P>0.05; Fig.  4C] in the formalin test. Furthermore, 
one‑way ANOVA and post hoc analysis revealed that 
intra‑LPGi injection of AP5 (0.5  μmol) before 17β‑es‑
tradiol (0.8 μmol) injection significantly blocked the 
analgesic effect of 17β‑estradiol on the flexing du‑
ration in the early (F(2,15)=8.187, P<0.01] and the late 
(F(2,15)=6.152, P<0.05) phases of formalin test (Fig. 4B). 
Although, these injections did not change licking be‑
havior in the early phase (F(2,15)=1.777, P>0.05; one‑way 
ANOVA], but significantly reversed the reduction of 
licking behavior induced by17β‑estradiol in the late 
phase (F(2,15)=5.482, P<0.05; one‑way ANOVA] of forma‑
lin test (Fig. 4D).

In addition, two‑way ANOVA exhibited that in‑
tra‑LPGi co‑injection of CNQX and 17β‑estradiol had 
no significant effect on the time‑course of the flex‑
ing behavior [within‑group comparison: CNQX/
E2 effect: F(2,21)=0.782, P>0.05; time‑course effect: 
F(2,21)=0.418, P>0.05; CNQX/E2‑time‑course interac‑
tion: F(2,21)=0.164, P>0.05; Fig.  4E] and the licking be‑
havior [within‑group comparison: CNQX/E2 effect: 
F(2,21)=0.217, P>0.05; time‑course effect: F(2,21)=0.983, 
P>0.05; CNQX/E2‑time‑course interaction: F(2,21)=0.586, 

P>0.05; Fig.  4G] in the formalin test. Furthermore, 
one‑way ANOVA indicated that intra‑LPGi microinjec‑
tion of CNQX (30 nmol) before 17β‑estradiol (0.8 μmol) 
microinjection reversed the analgesic effect of 17β‑es‑
tradiol on the flexing duration only in the early 
phase (F(2,15)=4.660, P<0.05) but not in the late phase 
(F(2,15)=3.330, P>0.05) of formalin test (Fig.  4F). Also, 
these injections reversed the reduction of the licking 
behavior induced by17β‑estradiol in the late phase 
(F(2,15)=5.631, P<0.05; one‑way ANOVA) but not in the 
early phase (F(2,15)=0.557, P>0.05; one‑way ANOVA) of 
formalin test (Fig. 4H).

DISCUSSION

In this study, intra‑LPGi injection of 17β‑estradiol 
was used to evaluate the effect of this neuroactive ste‑
roid on the centrally mediated nociceptive responses 
in the OVX rats. The results indicated that the micro‑
injection of 0.8 µmol 17β‑estradiol into the LPGi nu‑
cleus attenuated the flexing duration in both phases 
but decreased licking behavior only at the late phase 
of the formalin test in the OVX rats, indicating an an‑
algesic effect. 

It is well accepted that female rodents have a low‑
er pain threshold in the experimental models of hot 
thermal (Wala et al., 2001; Chesler et al., 2002; Terner 
et al., 2003a; 2003b; Sternberg et al., 2004), chemical 
(Aloisi et al., 1994; Gaumond et al., 2002; Barrett et al., 
2003), inflammatory (Bradshaw et al., 2000; Dina et 
al., 2001; Cook and Nickerson, 2005), and mechanical 
nociception (Barrett et al., 2002; Bourquin et al., 2006) 
tests. Females have a  longer licking and flexing du‑
ration in the formalin‑produced inflammatory pain 
(Aloisi et al., 1998). Aloisi et al. (2010) demonstrated 
that treatment with estradiol or testosterone differ‑
ently affected the behavioral and hormonal parame‑
ters in the two sexes. Female gonadal hormones af‑
fect and modulate behavioral and neuronal responses 
to a  repeated nociceptive stimulus (Palmeira et al., 
2011). 

Furthermore, the pain response of female rats 
changes as a  function of the estrus cycle (Frye and 
Walf, 2004). In female rats, there are natural variations 
in the estradiol levels along with the estrus cycle: low 
during metestrus and diestrus; during proestrus, es‑
trogens significantly surge, and finally, there is a brief 
temporary peak of estradiol on proestrus (Hernan‑
dez‑Leon et al., 2018). Several researchers have an‑
alyzed pain sensitivity across the estrus cycle. How‑
ever, there are inconsistencies in their findings. Two 
studies of female rats have indicated reduced analge‑
sic responses to morphine during the late proestrus 
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Fig. 3. Effect of intra‑LPGi infusion of AP5 and CNQX on flexing and licking responses induced by formalin in the OVX rats (A, C, E, G (time‑course) and B, D, 
F, H (drug‑effect)). Intra‑LPGi injection of AP5 (0.5 μmol) had no significant effect on the flexing duration in both the early and late phases of the formalin 
test (A (time‑course) and B (drug‑effect)). Treatment of the LPGi nucleus with AP5 (0.5 μmol) did not alter both phases of licking behavior in the formalin 
test (C (time‑course) and D (drug‑effect)). Application of CNQX (Intra‑LPGi, 30 nmol) did not change the flexing duration in both the early and late phases 
of the formalin test (E (time‑course) and F (drug‑effect)). Intra‑LPGi microinjection of CNQX (30 nmol) did not alter both the early and late phases of licking 
behavior in the formalin test (G (time‑course) and H (drug‑effect)) (n=6).
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Fig. 4. Effect of pre‑treatment of LPGi nucleus with AP5 and CNQX along with 17β‑estradiol on flexing and licking responses induced by formalin in OVX 
rats (A, C, E, G (time‑course) and B, D, F, H (drug‑effect)). Intra‑LPGi injection of AP5 (0.5 μmol) before 17β‑estradiol (Intra‑LPGi, 0.8 μmol) injection blocked 
the analgesic effect of 17β‑estradiol on the flexing duration in both the early and late phases of the formalin test (A (time‑course) and B (drug‑effect)). 
Pre‑treatment of LPGi nucleus with AP5 (0.5 μmol) along with 17β‑estradiol (0.8 μmol) did not change licking behavior in the early phase but reversed the 
reduction of 17β‑estradiol‑induced licking behavior in the late phase of the formalin test (C (time‑course) and D (drug‑effect)). Intra‑LPGi injection of CNQX 
(30 nmol) before 17β‑estradiol (0.8 μmol) microinjection reversed the analgesic effect of 17β‑estradiol on the flexing duration only in the early but not in 
the late phases of the formalin test (E (time‑course) and F (drug‑effect)). Pre‑treatment of the LPGi nucleus with CNQX (30 nmol) along with 17β‑estradiol 
(0.8 μmol) antagonized the decrement of licking behavior produced by 17β‑estradiol in the late phase but not in the early phase of the formalin test 
(G (time‑course) and H (drug‑effect)). Data are presented as mean ± SEM for six rats (n=6). #p<0.05 and ##p<0.01 indicated a significant difference from 
the 17β‑estradiol group. †p<0.05 indicated a  significant difference from the saline group. 17β‑estradiol=0.8 μmol E2, 17β‑estradiol/AP5=E2/AP5 and 
17β‑estradiol/CNQX=E2/CNQX.
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phase (Banerjee et al., 1983) in comparison to other 
cycle phases (Berglund and Simpkins, 1988). Another 
study indicated slightly greater analgesic magnitude 
during proestrus following intracerebroventricular 
infusion of morphine (Kepler et al., 1989). 

Balthazart and Ball (2006) reported that the se‑
rum level of estradiol can vary dramatically, but the 
change occurs slowly over a matter of days, not min‑
utes. Recently, Kato and coworkers (2013) indicated 
that the concentration of 17β‑estradiol was 4 nM in 
the hippocampus of the female rats during proestrus, 
whereas the circulating concentration was only 
0.1  nM. A  growing body of researches confirming 
neuronal de novo estradiol synthesis and the subcel‑
lular localization of aromatase enzyme in the synap‑
tic terminals has led to the suggestion that estradiol 
may act as a neurosteroid as well as a gonadal steroid, 
and some researches displayed its neuromodulatory 
effects (Luine, 2014; McCarthy, 2008). As mentioned, 
estradiol availability changes during the estrus cycle 
and so, its analgesic effect may significantly depend 
on the estrus cycle phase. In this study, OVX female 
rats were used to eliminate the centrally effect of es‑
tradiol content in different phases of the estrus cycle. 
The single estradiol dose used in this study exerted 
an analgesic effect in the formalin test. The OVX fe‑
male rats were used as an animal model to eliminate 
the hormonal variations of the estrus cycle on the 
nociceptive response (Ji et al., 2003). Although some 
studies have reported no differences in the pain sensi‑
tivity after ovariectomy, many reports have indicated 
thermal, mechanical, and inflammatory hyperalgesia 
in the OVX rats (Li et al., 2014). Moreover, the forma‑
lin pain scores were enhanced in the OVX rats, which 
were significantly counteracted by estrogen replace‑
ment (Li et al., 2014; Mannino et al., 2007). Consistent‑
ly, previous research has demonstrated that estradiol 
significantly decreased formalin‑induced nociceptive 
responses in the OVX rats (Kuba et al., 2006; Mannino 
et al., 2007; Hunter et al., 2011; Palmeira et al., 2011; 
Li et al., 2014). 

The role of estradiol in acute pain responses has 
been extensively studied. However, these studies 
have reported no change, an increase, or a decrease 
in nociception, suggesting that estradiol could be ei‑
ther analgesic or pro‑nociceptive (Kuba et al., 2006). 
For example, the administration of 17β‑estradiol 
increased (Frye et al., 1992), decreased (Ratka and 
Simpkins, 1991), or did not affect (Dawson‑Basoa and 
Gintzler, 1993) tail‑flick test latency. The results of 
the previous research in our laboratory indicated 
that the administration of 17β‑estradiol into the LPGi 
nucleus decreased the formalin‑induced responses, 
including paw jerking, flexing, and licking behaviors 

in the male rats (Khakpay and Azaddar, 2017; Khak‑
pay et al., 2016). 

As mentioned previously, steroids play pivotal 
physiological roles in the CNS, such as the modula‑
tion of pain sensitivity (Mensah‑Nyagan et al., 2008; 
2009; De Nicola et al., 2013). Steroids can exert their 
effects by coupling to intracellular/nuclear recep‑
tors, consequently influencing the transcription and 
signaling pathways (Baulieu, 2001; Schumacher et al., 
2008). Also, steroids modulate membrane excitabili‑
ty and synaptic transmission through their allosteric 
interaction with ionotropic receptors, e.g., GABAA 
and glutamate receptors (Coronel et al., 2016). In‑
deed the GABAergic brainstem neurons modulate the 
release of the endogenous opioid enkephalin in the 
spinal cord to regulate inputs from the sensory pain 
fibers (François et al., 2017). Silencing or stimulation 
of the dual GABA/enkephalinergic RVM neurons ex‑
tensively enhanced or reduced behavioral sensitivi‑
ty, respectively, to the heat and mechanical stimuli. 
These revealed that both GABA and enkephalin can 
induce presynaptic inhibition of the sensory afferents 
(Zhang et al., 2015). Moreover, pain‑modulatory path‑
ways receive input from the ascending pain trans‑
mission pathways. Zhang et al. (2015), using opto‑
genetics with whole‑cell patch‑clamp recording and 
in vivo single‑cell recording, indicated that there are 
direct functional connections from the parabrachial 
complex to physiologically determined pain‑mod‑
ulating neurons of the RVM. Also, they reported an 
identified nociceptive synapse in the RVM that could 
be investigated in relevant physiologic contexts, and 
set a point for dissection about the relations between 
nociceptive transmission and nociceptive regulation 
in the transition from acute to chronic pain (Chen et 
al., 2017). 

Recent studies revealed that the glutamatergic syn‑
apses not only play central role in the sensory trans‑
mission, including pain and itch transmission but also 
participate in the nociceptive sensitization at differ‑
ent levels of the brain. Between the pain‑related brain 
areas, all three primary forms of ionotropic receptors 
(NMDA, AMPA, and KA receptors) have been recognized 
(Zhuo, 2017). The critical role of the NMDA receptors 
in tonic/chronic pain and hyperalgesia is now revealed 
(Coderre, 1993). The NMDA receptors are involved in 
the development of plasticity, which participates in 
the persistent pain responses. Thus, the develop‑
ment of the late/chronic phase of formalin‑produced 
inflammatory pain is the product of NMDA receptor 
stimulation during the early/acute phase (Danysz and 
Parsons, 1998). Also, intra‑periaqueductal grey matter 
administration of AP5 relieved behavioral responses 
induced by formalin in rats (Vaccarino et al., 1997). 
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Intrathecal injection of NMDA and AMPA antagonists 
reduced pain behavior (Coderre and Melzack, 1992; 
Näsström et al., 1992; Wang and Goffer, 2010). 

Gordon and Soliman (1996) reported that intrathe‑
cal injection of CNQX inhibited the full development 
of the thermal hyperalgesia for up to 10  days when 
administered immediately before peripheral nerve 
injury. Also, intrathecal CNQX blocked the full devel‑
opment of the thermal hyperalgesia up to 3 days after 
peripheral nerve injury (Gordon and Soliman, 1996). 
Moreover, intra‑LPGi administration of CNQX attenu‑
ated the late phase of nociceptive behaviors in the rat 
formalin test (Khakpay and Azaddar, 2017). Electro‑
physiological recordings of wide‑dynamic‑range dor‑
sal horn neurons in the formalin‑injected rats exhib‑
ited that the tonic response of these neurons was sig‑
nificantly suppressed by the NMDA receptor antago‑
nists, including AP5, ketamine, and MK‑801. However, 
the phasic response of these neurons was decreased, 
meaninglessly (Eisenberg et al., 1993). Therefore, we 
tried to find a dose of AP5 and CNQX without any sig‑
nificant effect on nociception. 

In the present study, intra‑LPGi administration 
of 0.5 μmol AP5 and 30 nmol CNQX failed to induce 
any significant nociceptive response (Fig.  3). There‑
fore, these doses of the drugs were selected to assess 
whether the NMDA and the AMPA receptors are in‑
volved in the pain‑coping behavior of 17β‑estradiol in 
the LPGi nucleus of the OVX female rats. Interesting‑
ly, AP5 significantly antagonized the analgesic effect 
of 17β‑estradiol on flexing behavior in both phases 
of the formalin test. In contrast, CNQX antagonized 
the decline of 17β‑estradiol‑evoked flexing duration 
only in the early phase of the formalin test in the 
OVX rats. Although AP5 and CNQX did not block the 
anti‑nociceptive effect of 17β‑estradiol in the early 
phase of licking response, they significantly antag‑
onized the 17β‑estradiol‑induced analgesic effect in 
the late phase of licking response of formalin test in 
the OVX rats. It may be concluded that the analgesic 
effect of 17β‑estradiol in formalin‑induced inflam‑
matory pain is mediated through interaction with 
membrane‑bound receptors, probably the glutamate 
(NMDA and AMPA) receptors in the OVX rats. 

The levels of neurosteroids like 17β‑estradiol can 
be changed in the OVX rats. This change can influ‑
ence receptor expression or neurotransmitter release 
(Partridge and Valenzuela, 2001). Studies indicat‑
ed that the density of NMDA receptors in the estrus 
phase of female rats is higher than in the diestrus 
phase, but this variation is not significant. Also, fe‑
male rats in the diestrus have markedly higher AMPA 
receptor densities than female rats in the estrus 
(Palomero‐Gallagher et al., 2003). So as mentioned 

above, the OVX female rats were used to exclude the 
hormonal alterations of the estrus cycle on the noci‑
ceptive response. 

The effects of ovarian steroids withdrawal and sub‑
sequent treatment on the density of NMDA and AMPA 
receptors in the rat hippocampus are well demon‑
strated (Palomero‐Gallagher et al., 2003). Oberlander 
and Woolley (2017) indicated that different estrogen 
receptors modulate glutamate signaling, both in the 
presynaptic and postsynaptic level in the hippocam‑
pus. It has been reported that intra‑CA1 injection of 
17β‑estradiol increased synaptic excitability by in‑
creasing the amplitude of AMPA receptor‑mediated 
responses (Wong and Moss, 1992). Also, estradiol stim‑
ulates the expression of NMDA and AMPA receptors 
of the hypothalamic neurons (Cyr et al., 2001; Diano 
et al., 1997). In contrast to intact female animals, the 
density of NMDA receptors is sensitive to variation 
hormonal levels in the OVX rats (Woolley et al., 1997). 
The modulatory effect of estradiol on the AMPA re‑
ceptor expression has been reported to be site‑specif‑
ic in rats (Cyr et al., 2001). Furthermore, the expres‑
sion and phosphorylation of the NR1 subunit of the 
NMDA receptor can be increased by estradiol which 
can increase the spinal processing of visceral nocicep‑
tion in the OVX rats (Tang et al., 2008). It can be pos‑
tulated that the anti‑nociceptive effect of intra‑LPGi 
17β‑estradiol on inflammatory pain may be mediated 
via the NMDA and AMPA receptors in the OVX female 
rats. However, it needs more investigation by molecu‑
lar and electrophysiological approaches to clarify the 
mechanism of this analgesic effect.
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