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Abstract

The mechanism underlying estrogen modulation of visceral pain remains unclear. Our previous
studies indicate activation of estrogen receptor a (ERa) enhances visceral pain. The purpose of
the present study was to investigate the role of estrogen receptor p (ERp) activation in spinal
processing of visceral stimuli. The effects of selective ERP agonists on the visceromotor response
(VMR) and dorsal horn neuronal responses to colorectal distention (CRD) were tested in
ovariectomized and intact female rats. The magnitude of the VMR to CRD was significantly
attenuated by ERp agonists diarylpropionitrile (DPN) and WAY 200070 four hours after
subcutaneous injection. Pretreatment with the estrogen receptor antagonist ICI 182,780 obscured
the DPN-evoked attenuation. There was no effect of DPN on the VMR at earlier time points.
Subcutaneous and spinal administration of DPN attenuated the response of visceroceptive dorsal
horn neurons with a comparable time course. DPN attenuated the VMR in intact rats regardless of
estrous cycle stage. The timecourse of effect of ER activation on the visceromotor response and
neuronal activity is consistent with transcriptional or translational modulation of neuronal activity.

Perspective—Activation of ERp is antinociceptive in the colorectal distention model of visceral
pain, which may provide a therapeutic target to manage IBS in the clinic.
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Introduction

Some painful disorders such as irritable bowel syndrome (IBS), temporomandibular disorder
and fibromyalgia are more common in women 6112021 Gonadal hormone modulation of
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nociceptive sensitivity is likely a major factor underlying the female prevalence of these
disorders. The incidence of IBS dramatically increases post menarche and decreases post
menopause, suggesting that high or fluctuating serum levels of estrogen contributes to pain
in IBS. Several retrospective studies suggest there is a correlation between the menstrual
cycle and IBS symptoms, the increase in symptoms occurring most often during menses or
in the perimenstrual period 24:30:49.53,70 Animal studies show that visceral sensitivity of rats
fluctuates across the estrous cycle 232760, Accumulating evidence suggests that estrogen is
pronociceptive 14:510.14,31.39.56.57 byt antinociceptive actions have also been

reported 2%:3%:36.59  Several possibilities could account for these conflicting results including
different functions mediated by different estrogen receptors (ER), ER expression fluctuating
with the estrous cycle, or by the change in the ratio of different ERs in the tissue 12:41.48,

Two classical estrogen receptors, ERa and ER, have been cloned 3437, Both are expressed
in the peripheral and central nervous systems 12:46.54.61.64.65 e previously reported that
selective activation of spinal ERa mimicked the pronociceptive effects of 17p-estradiol (E2)
on visceral sensitivity 28, In contrast, selective activation of ERB attenuated chemical or
spinal nerve ligation-induced hyperalgesia and allodynia and chronic inflammatory pain
induced by complete Freund’s adjuvant, while not affecting normal pain sensitivity 17:38:55,
but the role of ERp in visceral nociceptive processing is unknown.

The purpose of the present study was to investigate the role of ERp in visceral nociceptive
processing in a model of visceral pain, colorectal distention (CRD). Modulation of visceral
sensitivity was determined by changes in the visceromotor response (VMR) and dorsal horn
neuronal activity following application of ERp selective agonists. A potential role for
nuclear and/or membrane initiated signaling was determined by examining the timecourse of
behavioral and neuronal responses to ERp activation.

Materials and Methods

Animals

Experimental protocols were approved by the University of Maryland School of Dentistry
Institutional Animal Care and Use Committee and adhered to guidelines for experimental
pain in animals published by the International Association for the Study of Pain. Female
Sprague-Dawley rats weighing 225-250 g were obtained from Harlan. Rats were housed in
same sex pairs with free access to food and water at 25 °C with 12 h/12 h alternating light-
dark cycle. Rats were anesthetized with isofluorane (2-5%) and ovariectomized by a
dorsolateral approach. Rats were treated postoperatively with buprenorphine (0.03 mg/kg,
s.c., twice per day) for 2 days. The VMR and neuronal responses were each tested under 2
time courses: 0-2 h and 4—7 h post agonist administration 10-14 days after surgery.

Visceromotor response (VMR)

Electromyogram (EMG) electrodes made from Teflon-coated 32 gauge stainless steel wire
(Cooner Wire Company, Chatsworth, CA) were stitched into the ventrolateral abdominal
wall at the same time as the ovariectomy surgery. The electrode leads were tunneled
subcutaneously and exteriorized at the back of the neck. Rats were individually housed and
were fasted for 18-24 h prior to testing. Water was available ad /ibitum.

On the day of testing, rats were briefly sedated with isofluorane and a 5-6 cm balloon
attached to Tygon tubing was inserted into descending colon and rectum through the anus.
The secured end of the balloon was at least 1 cm proximal to the external anal sphincter and
the tubing was taped to the tail. Rats were loosely restrained in Plexiglas tubes and given 30
min to recover from sedation. The EMG signals were recorded with a CED 1401 plus and
analyzed using Spike 2 for windows software (Cambridge Electronic Design, Cambridge,
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UK). CRD was produced by inflating the distention balloon with air. The pressure was
monitored and kept constant by a pressure controller/timing device. For the first experiment
at least three graded intensity stimulation trials (20, 40, 60, 80 mmHg CRD, 20 sec duration,
3 min interstimulus interval) were run to establish a stable baseline. Rats were then injected
subcutaneously (s.c.) with an ERp selective agonist (diarylpropionitrile, DPN: 1.5 mg/kg (n
=11), 3.0 mg/kg (n = 18), 5.0 mg/kg (n = 12) or WAY200070: 10 mg/kg (n = 12); Tocris
Bioscience, Ellisville, MO, USA) or vehicle (dimethyl sulfoxide, DMSO, 100 p.l, n = 10).
Rats were returned to their cages and tested again 4 h after injection of agonist or vehicle.
To verify the effects of ERp activation, the nonselective estrogen receptor antagonist ICI-
182,780 (10 nmol, Tocris Bioscience, Ellisville, MO, USA) was intrathecally (i.t.) injected
15 minutes before s.c. administration of 5 mg/kg DPN (n = 11).

In the second experiment, the ability of ERp activation to affect a rapid membrane-initiated
response was examined. Rats were distended to 80 mmHg five times (10 sec duration and 2
min interstimulus interval) to establish the baseline VMR. DPN was injected (3 mg/kg, s.c.,
n = 12) and the VMR recorded 0, 30, 60, 90 and 120 minutes after injection.

The EMG was analyzed by rectifying the signal. The background activity of the same
duration as the distention stimulus was subtracted from the response during the stimulus.
Data were plotted as the mean response at each distention pressure or the area under the
curve (AUC) for the entire trial.

Electrophysiology

Rats were anesthetized with Nembutal (50 mg/kg, i.p.). Recording procedures were similar
to those previously described 26:28  Briefly, the left jugular vein was catheterized for
continuous infusion of Nembutal (5-10 mg/kg/hr). The left carotid artery was catheterized to
monitor arterial blood pressure and bolus administration of pancuronium bromide (0.2 mg/
kg/h). A tracheal cannula was inserted for artificial ventilation. End-tidal CO, was
maintained at 3.5-4.5%. Body temperature was maintained with a water-jacket heating pad
and overhead lamp. The rat was placed in a head holder, suspended with thoracic vertebral
and ischial clamps, and the lumbosacral (L6-S2; LS) spinal cord segments exposed by
laminectomy. The dura matter was cut and the spinal cord was bathed in warm paraffin oil.
The distention balloon was placed into the colon.

Tungsten microelectrodes (1-2 MQ; Micro probe, Potomac, MD) were used for extracellular
single-unit recording in the LS spinal segments (0-1.5 mm lateral to midline, 500-1300 pm
ventral to spinal cord dorsum). Signals were amplified (model 1800 AC amplifier; A-M
systems, Carlsborg, WA) and passed through a window discriminator (DDIS-1; BAK
Electronics, Germantown, MD) to isolate a single unit. Data were collected with a CED
micro 1401 and Spike 2 for Windows software for analysis.

Neurons with excitatory responses to CRD were classified as Abrupt or Sustained on the
basis of their response to 80 mmHg CRD. Abrupt neuron activity increased at stimulus onset
and ceased within 2 sec of stimulus cessation, activity dropping below the mean plus 2
standard deviations of the background activity. Sustained neurons had an afterdischarge that
persisted longer than 4 sec, response terminating when it dropped below the mean plus 2
standard deviations of the background activity for 2 sec.

In the first experiment two graded intensity distention trials (20, 40, 60 and 80 mmHg, 20
sec duration, 3 min interstimulus interval) were run to test the response of dorsal horn
neurons between 4 and 7 h after DPN s.c. injection (3 mg/kg, n = 22 for Abrupt neurons and
n = 14 for Sustained neurons) or between 3 and 7 h after DPN applied directly to the surface
of spinal cord (25 pl, 0.5 g, n =5 for Abrupt neurons and n = 6 for Sustained neurons).
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This protocol was designed as a population study in which the magnitude of response of
neurons to graded intensities of CRD was compared between vehicle and DPN experimental
groups.

In the second experiment, after identifying a neuron, rats were distended to 80 mmHg 5
times (10 sec duration, 2 min interstimulus interval) to establish the baseline response. DPN
(3 mg/kg, 100 .1, n = 18 for Abrupt neurons and n = 17 for Sustained neurons) or vehicle
(DMSO, n = 13 for Abrupt neurons and n = 11 for Sustained neurons) was injected s.c. and
the response to CRD was recorded at 0, 30, 60, 90 and 120 min after injection. Only one
neuron was studied per rat and the response post DPN/vehicle was compared to the baseline
response.

Abrupt unit activity was quantified as the mean discharge frequency during the distention
minus the mean background spontaneous activity in the preceding 10 or 20 sec. The
response of Sustained neurons was quantified as the mean response starting from CRD onset
until the afterdischarge ceased minus the mean background spontaneous activity (20 sec).

VMR and neuronal data are expressed as mean + SEM. Data were analyzed by one or two
way ANOVA as appropriate. p < 0.05 was considered significant.

The visceromotor response to CRD

The VMR was recorded in 96 awake ovariectomized rats. In the first experiment the effect
of DPN was examined starting 4 h after s.c. injection. Vehicle had no effect on the
magnitude of the VMR (two way RM ANOVA, p= 0.998; Figure 1A). There was no
difference in the overall magnitude of the VMR to CRD 4 h after injection of 1.5 mg/kg
DPN (two way RM ANOVA, p=0.088). Increasing the concentration of DPN significantly
attenuated the VMR compared to baseline (two way RM ANOVA: 3 mg/kg, p=0.002; 5
mg/kg, p < 0.0001; Figure 1C, D). Summing the graded responses (area under the curve,
AUC) and comparing to baseline revealed a dose-dependent attenuation by DPN (one way
ANOVA, p=0.017; Figure 1E). Seven of the 12 rats tested with 5 mg/kg DPN were tested
again at 48 h post DPN. At this later time point, the magnitude of the VMR returned to the
level at baseline (two way RM ANOVA, p> 0.05; Figure 1D).

We previously reported that selective activation of ERa facilitated the VMR as soon as 15
minutes after agonist administration 28. To determine if ERP activation affected the VMR
through a potential membrane-initiated signaling mechanism, the VMR to 80 mmHg was
recorded before and immediately following DPN injection through 2 h. There was no
change in the VMR following either vehicle or 3 mg/kg DPN (one way RM ANOVA, p >
0.05; Figure 2).

The inhibitory effect of ERp activation on the VMR was confirmed two ways. First, a
second ERp agonist, WAY200070 (10 mg/kg), attenuated the VMR (two way RM ANOVA,
p < 0.0001; Figure 3A). Second, a fifteen minute pretreatment with the estrogen receptor
antagonist 1CI 182,178 (10 nmol, i.t.) obscured the effects of 5 mg/kg DPN when tested 4 h
later (two way RM ANOVA, p> 0.05; Figure 3B). There was no significant change in the
total AUC of four graded intensities CRD at 4 h post ICI 182,178 plus DPN compared with
baseline (paired t-test, p= 0.322), whereas 5 mg/kg DPN significantly attenuated the AUC
(paired t-test, p= 0.003; Figure 3B inset).

Estradiol facilitates the response to CRD in ovariectomized rats which is mimicked by
selective activation of ERa 2628, |n addition, the magnitude of the VMR is greater when
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serum estradiol is high during proestrus 232760, To determine if exogenous ERB would
obscure the pronociceptive effect of estrogen, DPN (5 mg/kg, s.c.) was tested in intact
cycling rats. Based on vaginal smears taken daily for 2 weeks and the estrous phase on the
day of testing, rats were divided into 2 groups, proestrus (n = 5) and non-proestrus (n = 15: 3
were in estrus and 12 were in diestrus). Four hours following DPN administration the VMR
was significantly attenuated compared to baseline in both proestrus and non-proestrus rats
(two way RM ANOVA, p<0.0001 for both groups; Figure 4). In addition, the percent
decrease in the VMR for the proestrus, non-proestrus and OVx rats treated with 5 mg/kg
DPN was the same (-42+13, -37+6 and —41+9, respectively).

Response of spinal dorsal horn neurons to CRD

To test the hypothesis that ERp acts at the level of the spinal cord to inhibit colorectal
sensitivity to noxious and innocuous stimuli, the response of dorsal horn neurons to graded
intensities of CRD was examined. Similar to the VMR study, the effects of DPN were
examined between 4 and 7 h after injection and within the first 2 h. Four hours following
injection there was no difference in the response of Abrupt neurons to s.c. injection of 1.5
and 3 mg/kg DPN (p = 0.949), therefore the data were pooled as the s.c. DPN group.
Compared with vehicle, both s.c. DPN (two way ANOVA, p < 0.0001) and spinal
administration of DPN (p < 0.02) significantly decreased the response of Abrupt neurons to
CRD (Figure 5A). There was no difference in the response of Abrupt neurons between s.c.
DPN and spinal application of DPN (two way ANOVA, p = 0.551), suggesting that the
effects of s.c. DPN are mediated, at least partially, through modulation of dorsal horn neuron
activity.

Similar to Abrupt neurons, the response of Sustained neurons to both s.c. DPN (pooled 1.5
and 3 mg/kg; two way ANOVA, p < 0.0006) and spinal administration (p < 0.05) of DPN
was significantly lower than the vehicle group (Figure 5B). The responses of Sustained
neurons to s.c. DPN and spinal DPN were similar (p= 0.739). In addition, there was no
significant difference in background spontaneous discharges among different groups either
in the response of Abrupt neurons (two way ANOVA, p = 0.462) or Sustained neurons (o =
0.069), indicating the inhibitory effects of ERp activation on visceral pain are the result of
evoked activity of spinal neurons and not due to differences in spontaneous activity.

To investigate the time course of ERp activation on CRD-evoked dorsal horn neuron
activity, the response of dorsal horn neurons was recorded before and for 2 h immediately
following DPN injection. S.c. injection of 3 mg/kg DPN inhibited the responses of Abrupt
neurons starting 90 min after injection of DPN compared to baseline (one way ANOVA, p=
0.005; Figure 6A). Vehicle had no effect (p=0.980). In contrast, neither DPN nor vehicle
(one way ANOVA, p> 0.05) had any effect on the response of Sustained neurons within 2 h
of administration (Figure 6B). To compare the background spontaneous activities before and
after administration of DPN, there was no significant difference between pre-DPN and
different time points post-DPN either in Abrupt neurons (one way ANOVA, p = 0.986) or
Sustained neurons (one way ANOVA, p = 0.658). Vehicle had no effect on the background
spontaneous activities also (one way ANOVA, p=0.946 for Abrupt neurons and p=0.981
for Sustained neurons).

Discussion

The present study reports s.c. injection of the ERp selective agonist DPN attenuated the
VMR to CRD 4 h after injection, but not at earlier time points. This visceral antinociception
by ERP activation was confirmed using a second agonist, WAY200070. In addition,
excessive activation of ER in intact rats inhibited the VMR, further supporting the
antinociceptive function of ERp. The electrophysiology studies provide further confirmation
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and suggest this effect occurs at the level of the spinal cord. Finally, that antinociception was
not apparent till 4 h following ERp activation suggests a rapid membrane-initiated signaling
mechanism is not involved.

Activation of ERB inhibits visceral sensitivity

The quantifiable VMR to CRD is a sensitive pseudoaffective measure of visceral
nociception in awake animals and is correlated to human psychophysical studies employing
CRD °1, The decrease in the magnitude of the VMR by activation of ERB in the present
study is consistent with the inhibitory effect of ER agonists on neuropathic and
inflammatory pain 17:38:55, The ERP agonist ERb-131 alleviated tactile hyperalgesia induced
by capsaicin, reversed tactile allodynia caused by spinal nerve ligation, and inhibited
hyperalgesia induced by sulprostone, phenylephrine and NMDA 55, Another ERB agonist,
ERB-041 significantly blocked PGE; and capsaicin-induced thermal hyperalgesia and
reversed thermal hyperalgesia in a carrageenan-induced acute inflammation model 38
ERB-041 reversed the chronic diarrhea in HLA-B27 transgenic rats, improved histological
disease scores in the colon and inhibited the expression of the majority of genes and proteins
in the spleen, lymph nodes and liver altered in adjuvant-induced arthritis 16:1°, These data
along with the present results suggest that ERp activation is antinociceptive or has a
protective function. Because ERB-041 has poor blood-brain barrier permeability, the effects
of ERB-041 are likely mediated by peripheral ERB. In contrast, DPN and WAY 200070
readily penetrate the blood-brain barrier 40:69 and ER is present in many regions of the
brain and spinal cord related to pain transmission and modulation 12:54.61.65 oyr
electrophysiological data support the postulation that ERp in the central nervous system may
play an important role in visceral nociceptive processing.

In contrast to these apparent antinociceptive effects, ERp appears pronociceptive in the
formalin test. The interphase between phases 1 and 2 of the formalin test is associated with
inhibitory mechanisms in the spinal cord 18:22. This interphase appears to be activated by
ERB since licking behavior was decreased during the interphase in ERB knockout mice and
increased in ovariectomized mice injected with DPN 12, Interestingly, ERB modulation of
the formalin response only occurred in females, there was no effect in males. In contrast,
ERa activation in the formalin model was antinociceptive 12 while it was pronociceptive in
the CRD model of visceral pain 28. The inconsistent results between the formalin study and
studies in which ERp activation is antinociceptive may be due to the differences in species,
pain model, drug dosing, test time points or anti-inflammatory effects of estrogens.

Potential mechanisms underlying ERB-mediated inhibition of visceral sensitivity

Estrogen receptors can modulate neuronal activity by several mechanisms. Classical
estrogen receptor activity involves dimerization, nuclear translocation, binding to an
estrogen response element and subsequent modulation of transcription, a process that takes a
minimum of several hours 4445, Estrogen receptors are also involved in membrane-initiated
rapid signaling whereby membrane-bound estrogen receptors activate second messenger
pathways to modulate receptor and ion channel activity. This process could be activated
within seconds to affect synaptic transmission 9:33:43.47.58.63 | astly estrogen receptors
could be activated in the plasma membrane or in the cytoplasm to activate second messenger
mechanisms that indirectly modulate transcription, but also could modulate translation and
trafficking, a process that could occur over minutes to hours 73266,

In the present study the electrophysiology data are consistent with the behavioral data
following activation of ERp, providing a mechanism for spinal ERB modulation of visceral
sensitivity. Abrupt and Sustained neurons are the two most prominent phenotypes of dorsal
horn neurons that are excited by CRD 26:29:50.52 ERp is expressed in dorsal horn
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neurons 1546:54.61 therefore the inhibition of visceral sensitivity by ERp activation may be
explained, at least partly, by the decrease of dorsal horn neuron activity.

Our previous study showed that selective activation of ERa facilitated the visceromotor
response within 15 minutes, suggesting membrane-initiated rapid signaling was activated 28,
However, in the present study inhibition of the VMR was not observed earlier than 4 h
following ERP activation, suggesting that membrane-initiated rapid signaling does not
contribute to ERP modulation of visceral sensitivity, at least through direct modulation of
receptors or ion channels. However, the timing of the neuronal and behavioral modulation is
not inconsistent with direct or indirect transcriptional modulation or post-translational
modification 73266,

Although the present data suggest a spinal location for the effects of ERp, they do not
differentiate between effects on spinal dorsal horn neurons and primary afferent terminals.
ERa is not expressed in colonic afferents in intact female rats and ovariectomy had no
effects on the response of colonic afferents to CRD 28. There are no specific data for ERB in
visceral pain, although ER is expressed in dorsal horn neurons and unlabeled DRG

cells 1546.54.61,64.65 |ndeed, prolonged exposure of DRG neurons to 17p-estradiol reduces
the TRPV1 response to capsaicin, which is mediated by intracellular ERp, but the response
is not affected by short exposure (within 1 h) to estradiol, suggesting a rapid signaling
pathway is not involved in this model 71,

Alternatively, it cannot be concluded that the Abrupt and Sustained neurons in the present
study express ERp and the possibility exists that ERP activation increases activity in
inhibitory interneurons. Estradiol increased enkephalin in the spinal cord with a time course
consistent with the present results 2. This increase in enkephalin was partially colocalized to
neurons expressing ERa,, but ERB was never examined 3. Furthermore, activation of ERB
increases key synaptic proteins including the presynaptic marker synaptophysin,
postsynaptic scaffold protein PSD-95 and the AMPA receptor subunit GIuR1 in the
hippocampus, and regulates GIuR1 trafficking and phosphorylation 40. An increase in
excitability of inhibitory interneurons could decrease activity in Abrupt and Sustained
neurons leading to visceral antinociception.

Indeed, a recent study reported that activation of ERp elevates /2 mRNA expression in the
dorsal raphe nuclei. Tryptophan hydroxylase-2 (TPH2) is a rate-limiting enzyme for 5-HT
synthesis in the brain, suggesting ERB may increase 5-HT synthesis in the dorsal raphe
nuclei 13 enhancing the serotonergic (5-HT) descending inhibitory pathway. Anatomical
studies show that a majority of ERp expressing cortical neurons double label for
GABAergic-associated calcium-binding protein parvalbumin, suggesting activation of ERP
can regulate neuronal excitability in brain through modulating inhibitory neurons 8.
Although the inhibition by ERP was confirmed using behavioral and electrophysiological
methods in the present study, the anatomical evidence is currently difficult to obtain because
the absence of a specific ER antibody 62 prevents colocalization of ERB with other
transmitter receptors to further investigate the underlying mechanisms of ERB function in
the nervous system.

Conclusion

IBS is a common functional gastrointestinal disorder and better therapeutic agents for IBS
treatment are needed. The results of the present study showing ERB’s antinociceptive effects
on visceral pain may provide a therapeutic target to manage IBS in the clinic. Previous
studies showing ERP has anxiolytic and anti-depressive action 42:67-69 is also beneficial to
IBS patients because stress may trigger or exacerbate IBS.
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Figure 1.

The VMR to graded intensities colorectal distention are inhibited by ERp activation. A-D:
The VMR before and after subcutaneous injection of vehicle (A, n = 10) or DPN (B: 1.5 mg/
kg, n =11; C: 3 mg/kg, n = 18; D: 5 mg/kg, n = 12). ** p< 0.01, *** p< 0.001 compared
with baseline. ## p < 0.01, ### p < 0.001 compared with baseline for same pressure. E, The
percent change from baseline in the area under the curve (AUC) to graded intensities of
colorectal distention for different doses of DPN. 88 p< 0.01 compared with the vehicle
group. F, Original electromyogram recording shows the VMR in a rat was inhibited by 3
mg/kg DPN.
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Figure 2.

ERB activation does not inhibit the VMR by membrane-initiated rapid signaling. The
magnitude of the VMR remained constant when measured every 30 minutes for 2 h
following injection of 3 mg/kg DPN (n=12) or vehicle (n=10).
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Figure 3.

Confirmation of ERp inhibition of visceral pain. A: The magnitude of the VMR to graded
intensities colorectal distention before and 4 h after s.c. injection of the ERB agonist

WAY 200070 (10 mg/kg, n = 12). *** p< 0.001 compared with the baseline. # p < 0.05, ##
p<0.01, ## p< 0.001 compared with baseline for same pressure. B: Fifteen minutes
pretreatment with the estrogen receptor antagonist ICI 182,780 (10 nmol) obscured the
inhibitory effect of 5 mg/kg DPN (n=11) at 4 h. The inset shows the AUC of four graded
intensities distention at baseline and 4 h after 5 mg/kg DPN with or without ICI 182,780. 88
p < 0.01 compared with baseline in same group. For clarification, error bars are only shown
in one direction in panel B.
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Figure4.

Exogenous DPN inhibited the VMR in intact rats. The magnitude of the VMR to graded
intensities colorectal distention before and 4 h after s.c. injection of ERp agonist DPN (5
mg/Kkg) in non-proestrus rats (A, n = 15) and proestrus (B, n = 5) rats. *** p<0.001
compared with baseline; # p< 0.05, ## p< 0.01, ### p< 0.001 compared with baseline for
same pressure.
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The response of dorsal horn neurons to graded intensities of colorectal distention 4-7 h after
subcutaneous injection of vehicle (n = 12 for Abrupt and n = 11 for Sustained) or DPN (3
mg/kg, n = 22 for Abrupt and n = 14 for Sustained), and after spinal application of DPN (n =
5 for Abrupt and n = 6 for Sustained). A, Abrupt neurons. B, Sustained neurons. * p < 0.05,
*** n<0.001 compared with the vehicle group. # p < 0.05, ## p < 0.01, ### p< 0.001
compared with the vehicle group for same pressure.
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Figure6.

The response of dorsal horn neurons to constant pressure (80 mmHg) colorectal distention
over the first 2 h following injection of 3 mg/kg DPN (n = 18 for Abrupt; n = 17 for
Sustained) or vehicle (n = 13 for Abrupt; n = 11 for Sustained). A, Abrupt neurons. B,
Sustained neurons. ** p < 0.01 compared with baseline.
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