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Summary
Aims: Estrogens are known to exert a wide spectrum of actions on brain functions in-
cluding modulation of pain. Besides the circulating estrogens produced mainly by the 
ovaries, many brain regions are also capable of de novo synthesizing estrogens, which 
may exert important modulatory effects on neuronal functions. This study was aimed 
to test the hypothesis that aromatase, the enzyme that catalyzes the conversion of 
testosterone to estradiols, may be distributed in the rostral ventromedial medulla 
(RVM), where it may impact on visceral pain.
Methods and results: Adult female rats were treated with cyclophosphamide (CPM, 
50 mg/kg, ip, once every 3 days) or saline. At approximately day 10 following the 3rd 
injection, CPM- treated rats exhibited colorectal hyperalgesia as they showed signifi-
cantly greater abdominal withdrawal responses (AWR) to graded colorectal distension 
(CRD, 0- 100 mm Hg) than the saline group. Immunofluorescent staining and Western 
blot assay revealed that CPM- induced colorectal hyperalgesia was associated with 
significantly increased expression of aromatase and phosphorylated μ- type opioid re-
ceptor (pMOR) and decreased expression of total MOR in the RVM. Intracisternal ap-
plication of aromatase inhibitors, fadrozole, and letrozole reversed CPM- induced 
colorectal hyperalgesia and restored pMOR and MOR expression in the RVM.
Conclusions: Our observations confirmed the expression of aromatase in the RVM, a 
pivotal brain region in descending modulation of pain and opioid analgesia. The results 
support the hypothesis that locally produced estrogens in the RVM may be involved in 
the maintenance of chronic visceral hyperalgesia and the downstream signaling may 
involve phosphorylation of MOR.
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1  | INTRODUCTION

Visceral pain is the most frequent symptom encountered in the clinic, 
and effective treatment of pain remains a significant clinical challenge. 

Visceral hyperalgesic diseases such as irritable bowel syndrome and 
overactive and painful bladder syndromes are more prevalent and 
often more severe in females.1-4 Moreover, it has been noted that 
there is also significant gender differences in the responses to anal-
gesic treatments, with morphine analgesic effect being less potent in 
females than in males.5The first two authors contributed equally to this work.
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The gender differences in pain and morphine analgesia may be 
attributable to the actions of estrogens (primarily 17β- estradiol, E2). 
Indeed, a large number of preclinical studies have shown that E2 may 
act at different levels of the pain pathway to impact pain.6 Estrogen 
receptors (ERs) have been localized on primary afferent neurons in-
cluding small- diameter nociceptive neurons and activation of ERα at-
tenuated P2X3- mediated calcium rise in cultured dorsal root ganglioni 
(DRG) neurons.7 In the spinal cord, neurons expressing ERα seemed to 
be confined to the dorsal horn associated with nociceptive transmis-
sion8,9 and spinal administration of E2 was shown to rapidly facilitate 
nociceptive transmission in the rat.10 At the supraspinal level, ERs are 
distributed in many brain regions involved in pain processing, includ-
ing the periaqueductal gray matter (PAG) and the rostral ventromedial 
medulla (RVM).11 Notably, RVM is an essential component of the en-
dogenous pain modulation pathway, which project to the spinal cord 
to facilitate or inhibit nociceptive transmission in the dorsal horn.12 
In addition, RVM is also one of the main functional areas where en-
dogenous opioid peptides and exogenous morphine exert analgesic 
effects.13 It has been shown that dysfunction of the descending pain 
facilitation and inhibition pathways may be associated with the devel-
opment and maintenance of visceral hyperalgesia.14,15 Hence, estro-
genic effects in RVM may play a role in the regulation of visceral pain.

Circulating estrogens are primarily made in the female ovaries 
and in smaller amounts in adrenal glands, fat tissues, and male tes-
tis. However, it is becoming increasingly clear that many brain regions 
are also capable of de novo synthesizing estrogens. Aromatase (es-
trogen synthase), the enzyme that catalyzes the transformation of 
testosterone to estradiols, has been shown to be distributed widely 
in the central nervous system (CNS). Locally synthesized estrogens 
have been implicated in the regulation of neuronal functions such as 
synaptic plasticity, memory, reproductive behavior, and pain.16-20 For 
examples, Ghorbanpoor et al21 reported that pain after spinothalamic 
tract injury was accompanied by upregulation of aromatase, and ERs in 
spinal cord dorsal horn and intrathecal application of the aromatase in-
hibitor letrozole exacerbated pain. More recently, Tran and colleagues 
employed a transgenic aromatase reporter mouse and provided strong 
evidence for the expression of aromatase in the laminae I and V of the 
spinal cord dorsal horn, the caudal spinal trigeminal nucleus and the 
nucleus of the solitary tract, which are areas critical for the transmis-
sion of somatic and visceral nociceptive signals.22 This study has been 
designed to test the hypothesis that aromatase may be expressed 
in the RVM, where it might play a role in descending regulation of  
visceral pain.

2  | MATERIAL AND METHODS

2.1 | CPM- induced chronic cystitis in the rat and 
intracranial application of aromatase inhibitors

Adult female Sprague- Dawley rats (240- 260 g, 10- 12 weeks old) 
were housed (4 animals per cage) in a temperature controlled room 
(22- 25°C) illuminated from 07:00 to 19:00. Food and water were 
available ad libitum. All animal care and experimental procedures 

were in compliance with the Guiding Principles in the Care and Use 
of Animals and the Animal Management Rule of the Ministry of Public 
Health, People’s Republic of China (documentation 545, 2001) and 
approved by the Ethnic Committee for Experimental Use of Animals 
of Shanghai Jiaotong University School of Medicine (document 
#SYXK- 2013- 0050).

Rats were intraperitoneally (i.p.) injected with cyclophosphamide 
(CPM) (50 mg/kg, Sigma- Aldrich, Saint Louis, MO, USA) once every 
3 days to induce chronic cystitis with referred colorectal hyperalgesia. 
Control rats received saline injections. From day 7 after the last injec-
tion, estrus cycle phase was determined each day through the vaginal 
smear test as reported previously.23 At around day 10 following the 
last CPM or saline injection, behavioral test for colorectal sensitivity 
was carried out in rats at proestrus phase, and tissues samples (urinary 
bladder, colorectum, brain) were collected for further tests (see below).

To observe the effects of pharmacological inhibition of aromatase 
in the RVM on CPM- induced colorectal hyperalgesia, a cohort of 
CPM- treated rats (n = 19) were implanted with catheter to the cis-
terna magna a week before the behavior test. Briefly, the rats were 
anesthetized with pentobarbital sodium (60 mg/kg, i.p.). Under asep-
tic condition, a midline incision was made at the dorsal neck and the 
dura mater between the foramen magnum and C1 lamina was exposed 
following blunt dissection of muscles. The dura was perforated with a 
22- gauge syringe needle, and a PE- 10 catheter (Clay Adams, Sparks, 
MD, USA) was advanced for 2 mm into the cisterna magna. The cath-
eter was sealed to the dura with tissue glue and tunneled under the 
skin and externalized over the head. The incision was then closed 
with sutures. The catheter was flushed with 10 μL saline and closed 
with an electrical cauterizer. Rats were allowed to recover for a week. 
Aromatase inhibitors (fadrozle and letrozole, 10 mmol L−1, 10 μL, n = 6 
for fadrozole, n = 7 for letrozole) or vehicle (10 μL, n = 6) were injected 
into the cisterna magna via the catheter 3 hour before the behavior 
test.

2.2 | Behavior test for colorectal sensitivity

Colorectal sensitivity was measured by recording the response to 
colorectal distention (CRD) as has been described in detail previ-
ously.24,25 Briefly, all animals were habituated to the test environ-
ment for 3 days before measurement. On the day of behavior test, 
rats were lightly anesthetized with isoflurane. A plastic balloon at-
tached to a tygon tubing was inserted 6 cm into the colorectum 
via the anus and fixed by taping the tubing to the tail. Rats were 
placed in small Lucite cubicles (20 × 8 × 8 cm) and allowed to adapt 
for 30 minute. CRD was performed by rapidly inflating the balloon 
using a sphygmomanometer. The balloon was inflated to various 
pressures (10, 20, 40, 60, 80, and 100 mm Hg) for 20 seconds fol-
lowed by 4-  minute rest. Abdominal withdrawal reflex (AWR) re-
sponses to each CRD were observed by a person blinded to the 
distension pressure and prior treatment (CPM or saline). AWR was 
scored as: 0- normal behavior, 1- slight head movement without 
abdominal response, 2- contraction of abdominal muscles, 3- lifting 
of abdominal wall, or 4- body arching and lifting of pelvis. Each 
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measurement was performed three times, and the repetitive AWR 
scores for each  distension pressure were averaged.

2.3 | Collection of tissue samples

Following the behavior test, rats were killed by an overdose of sodium 
pentobarbital. The urinary bladder and the colorectum were excised 
and fixed in 10% formaldehyde solution for histological examina-
tion. The brainstem was removed and the RVM region was collected 
under a dissection microscope and frozen immediately for Western 
blot analysis. To collect brain tissues for immunohistochemistry, rats 
were deeply anesthetized with sodium pentobarbital (80 mg/kg, i.p.) 
and transcardially perfused with saline followed by 4% of paraformal-
dehyde and 0.14% of picric acid in phosphate buffer (PB, 0.1 mol L−1, 
pH 7.4). The brainstem was then removed and postfixed in the same 
fixative at 4°C.

2.4 | Hematoxylin- eosin staining of the urinary 
bladder and the colorectum

To examine the histological states or changes of the urinary bladder 
and the colorectum, the tissues were paraffin embedded and sec-
tioned. The paraffin slides were deparaffinized in xylene I, II, and III for 
15, 15, and 10 minute, respectively, and dehydrated in 100%, 95%, 
85%, and 75% ethanol for 4 minute, respectively. The sections were 
stained with hematoxylin- eosin (HE), dehydrated in 95%, 85%, and 
75% ethanol, cleared in xylene, and finally mounted with Permount 
mounting medium. Morphological changes in the colon and bladder 
were observed and photographed under a light microscope (Leica 
DM2500, Leica Microsystems Limited, Wetzlar, Germany).

2.5 | Immunofluorescence (IF) staining

To examine the expression of aromatase in the RVM, the post-
fixed brainstem was cryoprotected with 30% sucrose in 0.1 mol L−1 
PB overnight at 4°C. The samples were cut at 20 μm for staining 
as described previously.26 The sections were first incubated with 
0.05 mol L−1 phosphate- buffered saline (PBS) containing 10% normal 
goat serum and 0.5% TritonX- 100 at room temperature for 2 hour 
to block nonspecific binding and this was followed by incubation 
with primary mouse antiaromatase antibody (1:300, Acris Antibodies 
GmbH, Herford, Germany) at 4°C overnight. The sections were 
rinsed with PBS for four times and were then incubated with goat 
anti- mouse Alexa fluor 568 secondary antibody (1:1000; Molecular 
Probes- Invitrogen, Eugene, OR, USA) at room temperature for 
1.5 hour. After washing with PBS, the sections were mounted on glass 
slides and viewed under the fluorescent microscope (Leica DM2500, 
Leica Microsystems Limited).

2.6 | Western blot

RVM samples were homogenized in lysis buffer containing 
20 mmol L−1 Tris- HCl (pH 8.0), 150 mmol L−1 NaCl, 1 mmol L−1 EDTA, 

1% NP- 40, 1 mmol L−1 PMSF, protease inhibitor cocktail (Sigma, St. 
Louis, MO) and phosphatase inhibitor cocktail (Thermo, Indianapolis, 
IN) for 1 hour at 4°C. The lysates were centrifuged at 10 000 g for 
30 minute at 4°C, and the concentration of protein in each superna-
tant was determined using a BCA assay (Pierce, Rackford, IL). Twenty- 
five- microgram aliquots were separated on 4%- 20% Tris- glycine 
ready gels (Bio- rad, Hercules, CA), and the separated proteins were 
transferred from the gel to the surface of nitrocellulose membranes 
(Bio- rad). The membranes were blocked with 5% fat- free dry milk or 
5% BSA (only for pMOR) in Tris- buffered saline (TBS) containing 0.1% 
Tween- 20 for 2 hour and were then incubated for 18 hour at 4°C with 
primary antibodies mouse antiaromatase (1:300, abcam, Cambridge, 
MA, USA), rabbit anti- pMOR (1:1000, Cell Signaling), rabbit anti- MOR 
(1:2000, Immunostar), and mouse anti- β- actin (1:2000, abcam). Bound 
primary antibodies were detected with HRP- conjugated anti- rabbit 
or anti- mouse secondary antibody (1:3000, Bio- rad). Immunoreactive 
bands were visualized using enhanced chemiluminescence (Thermo, 
Indianapolis, IN), and digital imaging was captured with an Image 
Quant LAS 4000 mini (GE Healthcare, Life Science). The density of 
specific bands was measured with NIH ImageJsoftware and was nor-
malized against a loading control (β- actin).

2.7 | Data analysis

The data are expressed as mean ± SEM. Statistical analysis was per-
formed using SPSS software (IBM SPSS Inc., USA). For pressure- AWR 
score analysis, Independent- Samples t- test was used to assess the 
difference in AWR scores at various pressures between experimental 
groups. For area under the curve (AUC) analysis in behavioral test, 
the AUC of individual pressure- AWR score curve was determined and 
was then averaged. One- Way ANOVA followed by Tukey post hoc 
test was used to assess the difference in averaged AUC between ex-
perimental groups. For aromatase, pMOR or MOR expression analy-
sis, One- Way ANOVA followed by Tukey post hoc test was used to 
assess differences between experimental groups. Differences were 
considered statistically significant when a P value was less than .05.

3  | RESULTS

3.1 | CPM- induced colorectal hyperalgesia

The key experimental protocols for animal model preparation and 
behavior test are illustrated in Figure 1A. Proestrus is characterized 
by the predominance of nucleated epithelial cells which appear in 
clusters or individually with occasional cornified cells (Figure 1B). 
Consistent with previous reports,27,28 histological examination 
revealed chronic cystitis characterized by mild edema and bleed-
ing without apparent pathological changes in the colorectum in 
CPM- treated rats (Figure 1C). Despite the absence of apparent 
pathological changes in the colorectum, however, CPM- treated rats 
displayed significant colorectal hyperalgesia as compared with the 
saline- treated rats. Thus, the CPM- treated rats (n = 6) had consist-
ently higher CRD- induced AWR scores than the saline- treated rats 
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(n = 6) at each distension pressure (P < .05 or P < .01, Independent- 
Samples t- test, Figure 1D). The averaged pressure- AWR score curve 
of the CPM group was shifted upward (Figure 1D) with a greater 
averaged AUC (area under the curve) compared with that of the sa-
line group (P < .001, Independent- Samples t- test, Figure 1E). These 
results indicate that CPM- treated rats developed chronic colorectal 
hyperalgesia, which was not associated with apparent pathological 
changes in the colorectum. A central mechanism likely contributed 
to the CPM- induced colorectal hyperalgesia.

3.2 | Increased aromatase expression in the RVM of 
CPM- treated rats

Dysfunction of the brainstem descending pain modulation system has 
been implicated in chronic visceral pain.14 To investigate the possi-
bility that locally synthesized estrogens might play a role in the dis-
cordant descending pain modulation system in chronic visceral pain 
conditions, we set out to detect the expression of aromatase in the 
RVM of CPM-  and saline- treated rats through immunohistochemistry 

F IGURE  1 Repetitive application of 
CPM led to chronic cystitis and colorectal 
hyperalgesia. A, Protocol of the experiment. 
B, Representative histological state of the 
vaginal smear in proestrus female rats. 
Arrows in blue indicate nucleated epithelial 
cells; arrows in red indicate cornified cells. 
C, Representative pictures of HE staining 
of the urinary bladder and colorectum. 
CPM- treated rats exhibited chronic cystitis 
characterized by edema and hemorrhage 
(arrows) in the mucosal lamina propria, 
without apparent histological change 
in colorectal tissue. D, Plot of the CRD 
pressure- AWR score curves for CPM-  and 
saline- treated rats (n = 6 each). Note that 
the curve for CPM- treated group was 
shifted upward compared with the saline 
group. *P < .05, ***P < .001, comparison 
of the averaged AWR scores of the CPM-  
and saline- treated rats at a given CRD 
pressure using Independent- Samples t- test. 
E, Comparison of the averaged area under 
the curves (AUC) between CPM-  and 
saline- treated rats (n = 6 each). ***P < .001, 
Independent- Samples t- test
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and Western blot. Indeed, aromatase- immunoreactive neurons were 
detected in the RVM of saline-  and CPM- treated rats (Figure 2A). 
Moreover, Western blot analysis revealed that the expression of aro-
matase was markedly upregulated in the CPM-  than in saline- treated 
rats (n = 6 each, P < .05, Independent- Samples t- test, Figure 2C). 
Therefore, CPM- induced colorectal hyperalgesia is associated with an 
increased expression of aromatase in the RVM.

3.3 | Aromatase inhibitors ameliorated CPM- induced 
colorectal hyperalgesia

To explore the possible contribution of the upregulated aromatase 
in the RVM to the CPM- induced chronic colorectal hyperalgesia, 
we observed the effects of intracisternal application of aromatase 
inhibitors, fadrozole (FAD) and letrozole (LET), on visceral pain be-
havior. Figure 3B compares the averaged AUC of the behavior test 
(CRD- induced AWR) among five groups of rats: saline- treated, CPM- 
treated, CPM + vehicle, CPM + FAD, and CPM + LET. As has been 
described above, repetitive i.p. injections of CPM led to pronounced 
colorectal hyperalgesia (AUC of AWR score: CPM 248 ± 4.0 vs sa-
line 152 ± 9.6, n = 6 each, P < .001, One- Way ANOVA, Figure 3B). 
Intracisternal application of FAD and LET both significantly amelio-
rated CPM- induced colorectal hyperalgesia (AUC of AWR score: 
CPM + FAD 172 ± 11.8 and CPM + LET 174 ± 5.0 vs CPM + vehicle 
245 ± 5.4, P < .001 and P < .001, One- Way ANOVA, Figure 3B). To 
investigate whether FAD and LET might affect the expression of aro-
matase, the RVM tissue was collected immediately after the behavior 
test for Western blot analysis. As shown in Figure 3C,D, aromatase 
expression was significantly increased in the RVM of CPM- treated 

rats compared with saline- treated rats. Intracisternal application of 
FAD or LET did not have significant effect on CPM- induced upregu-
lation of aromatase expression in the RVM (Figure 3C: CPM + FAD 
1.8 ± 0.1 vs CPM + Vehicle 1.9 ± 0.2, n = 6 each, P > .05; Figure 3D: 
CPM + LET 1.9 ± 0.3 vs CPM + Vehicle 2.1 ± 0.3, n = 6 each, P > .05, 
One- Way ANOVA). These results suggest that upregulation of aro-
matase in the RVM contributed to CPM- induced colorectal hyperalge-
sia and inhibition of aromatase activity was sufficient to alleviate this 
form of visceral pain.

3.4 | Aromatase inhibitors decreased the 
phosphorylation of μ- type opioid receptor (pMOR) 
in the RVM of CPM- treated rats

In the RVM, morphine and endogenous opioid peptides produce an-
algesia primarily via activating the μ- type opioid receptor (MOR) and 
phosphorylation of MOR (pMOR) has been implicated in morphine 
tolerance, that is, decrease in MOR- mediated analgesia. As previous 
studies suggested that estrogens may affect MOR signaling,29,30 we 
therefore explored whether aromatase inhibitors abrogated CPM- 
induced colorectal hyperalgesia via affecting MOR phosphorylation. 
Figure 4A compares the relative level of pMOR in the RVM in saline- 
treated, CPM- treated, CPM + vehicle and CPM + FAD groups. pMOR 
expression was significantly elevated in CPM- treated rats (3.5 ± 0.4, 
n = 6) compared with the saline- treated rats (1.0 ± 0.2, n = 6, P < .001) 
and intracisternal application of FAD restored CPM- induced upregu-
lation of pMOR (CPM + vehicle 2.8 ± 0.3 vs CPM + FAD 0.9 ± 0.2, 
n = 6 each, P < .01, Figure 4A). Similarly, CPM- induced upregula-
tion of pMOR was also restored by intracisternal application of LET 

F IGURE  2  Increased aromatase expression in the RVM of CPM- treated rats. A, Representative microphotographs of aromatase 
immunoreactivity (red fluorescence) in the RVM from saline-  and CPM- treated rats. B, A schematic coronal section of the brainstem at the level 
of −11.30 mm from Bregma. Red square indicates area (the nucleus raphe magnus) shown in A. C, Upper panel shows representative Western 
blot bands of aromatase (MW: 58 kDa) and β- actin (MW: 42 kDa) in the RVM from saline-  and CPM- treated rats. Lower pannel is the bar graph 
showing the relative density of aromatase in the RVM from saline-  and CPM- treated rats. *P < .05, n = 6 for each group, Independent- Samples 
t- test
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(CPM + vehicle 3.0 ± 0.2 vs CPM + LET 1.4 ± 0.1, n = 6 each, P < .01, 
Figure 4B). Furthermore, there was a decrease in the expression of 
MOR in the RVM of CPM- treated rats (CPM- treated 0.4 ± 0.0 vs 
saline- treated 1.0 ± 0.2, n = 6 each, P < .01, Figure 4C). And, CPM- 
induced decrease in the expression of MOR in the RVM was also 
restored by intracisteral injection of FAD (CPM + FAD 0.9 ± 0.1 
vs CPM + Vehicle 0.4 ± 0.0, n = 6 each, P < .01, Figure 4C) and LET 
(CPM + LET 1.1 ± 0.1 vs CPM + Vehicle 0.5 ± 0.0, n = 6 each, P < .001, 
Figure 4D). These results indicate that CPM- induced colorectal hyper-
algesia is associated with significant upregulation of pMOR and phar-
macological inhibition of brainstem aromatase activity was sufficient 
to restore MOR signaling.

4  | DISCUSSION

It is now becoming increasingly clear that many brain regions are 
capable of de novo synthesizing neurosteroids including estrogens, 
which may have important influences on brain functions. In this study, 
we explored whether aromatase, the enzyme that catalyzes the con-
version of androgens to estrogens, is expressed in the RVM, which is 
an essential component of the brainstem descending pain modulation 
pathway. A rat model of CPM- induced chronic cystitis with referred 
colorectal hyperalgesia was used to assess the possible role of RVM 
aromatase in the regulation of visceral hyperalgesia. Our data demon-
strated that aromatase was indeed detectable in the RVM, and CPM- 
induced colorectal hyperalgesia was associated with an upregulated 

aromatase and pMOR expression in the RVM. Furthermore, pharma-
cological inhibition of brainstem aromatase activity markedly attenu-
ated CPM- induced colorectal hyperalgesia and restored pMOR and 
MOR expression in the RVM. These results strongly suggest that lo-
cally synthesized estrogens may negatively impact on opioid signaling 
in the descending pain modulation pathway, which may contribute to 
the maintenance of chronic visceral pain.

There has been an increasing interest in the role of estrogens in the 
regulation of pain, due to the prevalence of chronic pain conditions in 
females than in males. Circulating estrogens are primarily made in the 
ovaries and the variation in circulating estrogen level likely accounts 
for the gender differences in pain and analgesia as well as the variation 
of pain symptom across the estrous cycle in female subjects.31-33 In 
addition to the peripheral sources of estrogens which may impact on 
neuronal regulation of pain, many areas in the CNS such as the hypo-
thalamus, the amygdala, and the hippocampus are known to be capable 
of locally synthesizing estrogens from cholesterol.16-20,34-36 Therefore, 
it is possible that locally synthesized estrogens in discrete regions of 
the pain pathways may impact on pain and analgesia. Consistent with 
this notion, there have been reports demonstrating the expression of 
aromatase, the key enzyme responsible for the conversion of testos-
terone to estradiols, in areas important for the ascending transmission 
of pain signals, such as the dorsal horn of the spinal cord and the nu-
cleus of the solitary tract.37,38

In this study, we focused on the RVM, a pivotal brain region in de-
scending modulation of pain and an important site of morphine anal-
gesia.39-43 Previous studies suggest that the RVM exerts bidirectional 

F IGURE  3 The effects of aromatase 
inhibitors on colorectal hyperalgesia and 
aromatase expression in the RVM. A, 
Protocol of the experiment. B, Bar graph 
comparing the abdominal withdrawal 
responses to colorectal distension 
(averaged AUC of pressure- AWR score 
curves) among 5 groups of rats: saline- 
treated rats (n = 6), CPM- treated rats 
(n = 6), CPM + vehicle (CPM- treated 
with intracisternal application of vehicle, 
n = 6), CPM + FAD (CPM- treated with 
intracisternal application of fadrozole, 
n = 6) and CPM + LET (CPM- treated with 
intracisternal application of letrozole, 
n = 7). ***P < .001, One- Way ANOVA 
followed by Tukey post hoc test. C, D, 
Comparison of the expression level of 
aromatase (MW: 58 kDa) in the RVM 
of different groups of rats. *P < .05, 
***P < .001, n = 6 for each group, One- Way 
ANOVA followed by Tukey post hoc test
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regulatory effects on visceral pain: facilitation or inhibition of visceral 
pain depending on the type of neurons activated in the RVM.44-46 
Importantly, imbalance of the descending facilitation and descend-
ing inhibition may contribute to chronic visceral pain conditions. For 
example, descending facilitation from the RVM reportedly played a 
critical role in the maintenance of pancreatic pain.14 Through immuno-
fluorescent staining and Western blot assay, we revealed the existence 
of aromatase immunoreactivity in the RVM. In addition, we found that 
aromatase expression was significantly increased in the CPM- induced 
chronic cystitis model. These results indicate that aromatase and 
hence locally synthesized estrogens may impact on the descending 
modulation of visceral pain.

CPM- induced cystitis is an established and highly reproducible vis-
ceral pain model. Single i.p. injection of a large dose of CPM (typically 
150 mg/kg) would induce acute hemorrhagic cystitis characterized 
by intense inflammatory changes in the urinary bladder accompanied 
by marked pain symptoms.47 Repetitive application of smaller dose of 
CPM has been shown to induce chronic but mild to moderate cystitis 
which was accompanied by referred hyperalgesia and colorectal hyper-
sensitivity.27,28 As discussed by Brumovsky et al28, both peripheral (ie, 

sensitization of the primary afferent neurons) and central mechanisms 
(ie, plasticity of the ascending transmission and central processing of 
pain) may mediate the colorectal hypersensitivity seen in chronic cys-
titis. Therefore, CPM- induced chronic cystitis represents a valid model 
for us to test the hypothesis that aromatase and locally synthesized 
estrogens in the RVM might play a role in the regulation of chronic 
visceral pain. As the severity of visceral pain may vary across the men-
strual cycle, we determined the animals’ estrous cycle phase through 
the vaginal smear test and carried out the behavior tests for colorectal 
sensitivity only at the proestrus phase. Consistent with previous ob-
servations,28,48 we detected moderate cystitis approximately 10 days 
following the last of three injections of 50 mg/kg CPM. Compared 
with the saline- treated rats, CPM- treated rats displayed significantly 
enhanced abdominal withdrawal responses (AWR) to graded colorec-
tal distension (CRD) despite the absence of apparent pathology in the 
colorectum, indicative of central colorectal hyperalgesia.

We found that CPM- induced colorectal hyperalgesia was accom-
panied by a significantly increased aromatase expression in the RVM. 
Furthermore, inhibition of brainstem aromatase activity through in-
tracisternal application of fadrozole (FAD) or letrozole (LET) resulted 

F IGURE  4 Effects of aromatase 
inhibitors on the expression of 
phosphorylated μ- type opioid receptor 
(pMOR) in the RVM. A and B, Bar graphs 
comparing the expression of pMOR (MW: 
70~90 kDa) in the RVM of different groups 
of rats. **P < .01, ***P < .001, n = 6 for 
each group, One- Way ANOVA followed by 
Tukey post hoc test. C and D, Bar graphs 
comparing the expression of MOR (MW: 
~65 kDa) in the RVM of different groups of 
rats. **P < .01, ***P < .001, n = 6 for each 
group, One- Way ANOVA followed by Tukey 
post hoc test
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in rapid reversal of the enhanced nocifensive responses to colorectal 
distension. Previous reports indicated that intracisternal infusion of 
drugs was an effective means to pharmacologically manipulate the 
ventral areas of the brainstem.49,50 Undoubtedly, however, areas of 
the dorsal brainstem might also be affected by intracisternally ap-
plied agents. Nevertheless, the RVM is the most important region of 
the brainstem in the regulation of colorectal hyperalgesia, and our 
results show that aromatase is abdundant in the RVM. The nucleus 
of the solitary tract (NTS) of the dorsal medulla has also been shown 
to express aromatase,22 but it relays sensory signals from upper GI 
tract and is not directly related to colorectal sensitivity. Therefore, 
it is reasonable to consider the inhibitory effects of letrozole and 
fadrozole on colorectal hyperalgesia being mediated by inhibition of 
RVM aromatase activity.

Previously, O’Brien et al37 reported that systemic administration of 
LET by subcutaneous injection reduced tumor- induced hyperalgesia in 
fibrosarcoma- bearing animals. Clinical studies also showed that LET 
could effectively improve chronic pelvic pain symptoms in patients 
with refractory endometriosis.51-54 In contrast, however, Ghorbanpoor 
et al21 reported that in a model of central pain syndrome (spinotha-
lamic tract injury), While aromatase expression was upregulated in the 
dorsal horn, inhibition of the spinal cord aromatase through intrathe-
cal application of LET exacerbated (but not relieved) pain. It appears 
possible that aromatase in different regions of the pain pathway or in 
different pain conditions may affect pain differently. Nevertheless, our 
results suggest that upregulation of aromatase in the RVM might be 
involved in the maintenance of chronic visceral pain and pharmaco-
logical inhibition of RVM aromatase might offer effective pain relief.

The RVM is one of the major functional areas where opioids 
exert analgesic effects primarily through activation of MOR.42,43,55,56 
Estrogens have been shown to negatively affect MOR- mediated sig-
naling in the arcuate nucleus, the medial preoptic nucleus and the 
dentate gyrus, probably via promoting phosphorylation of MOR.57-

60 Additionally, Ji et al61 demonstrated that E2 attenuated morphine 
analgesia in a model of visceral pain by acting at the peripheral and 
supraspinal sites. This study revealed that CPM- induced colorectal hy-
peralgesia was accompanied by concomitant increases in aromatase 
and pMOR expression and that aromatase inhibitors restored pMOR 
and MOR expression in the RVM. These results suggest that an in-
creased local estradiol synthesis in the RVM contributed to CPM- 
induced colorectal hyperalgesia through inhibition of MOR- mediated 
signaling.

In summary, this study has provided evidence that aromatase is 
expressed in the RVM and upregulation of aromatase expression may 
contribute to chronic visceral hyperalgesia through inhibiting opioid 
signaling.
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