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Abstract
Pain symptoms in several chronic pain disorders in women, including irritable bowel syndrome,
fluctuate with the menstrual cycle suggesting a gonadal hormone component. In female rats,
estrogens modulate visceral sensitivity although the underlying mechanism(s) are unknown. In the
present study the effects of 17-β estradiol on N-methyl-D-aspartate (NMDA) receptor signaling of
colorectal nociceptive processing in the spinal cord were examined. Estrogen receptor alpha and the
NR1 subunit of the NMDA receptor are co-expressed in dorsal horn neurons, supporting a direct
action of estradiol on NMDA receptors. Intrathecal administration of the NMDA receptor antagonist
D(−)-2-amino-5-phosphonopetanoic acid (APV) dose-dependently attenuated the visceromotor
response with greater potency in ovariectomized (OVx) rats compared to OVx with estradiol
replacement (E2) rats. Estradiol significantly increased protein expression of NR1 in the lumbosacral
spinal cord compared to OVx rats. Colorectal distention significantly increased phosphorylation of
NR1ser-897, a PKA phosphorylation site on the NR1 subunit in E2, but not OVx rats. Intrathecal
administration of a PKA inhibitor significantly attenuated the visceromotor response, decreased NR1
phosphorylation and increased the potency of APV to attenuate the visceromotor response compared
to vehicle-treated E2 rats. These data suggest that estradiol increases spinal processing of visceral
nociception by increasing NMDA receptor NR1 subunit expression and increasing site specific
receptor phosphorylation on the NR1 subunit contributing to an increase in NMDA receptor activity.
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Introduction
Pain arising from visceral organs is one of the most common forms of pain in the clinical
setting, and one of the most frequent reasons why patients seek medical attention (Cervero and
Laird 1999). In general, women are more sensitive to pain than men and functional bowel
disorders, such as irritable bowel syndrome (IBS) are 2–3 times more prevalent in women
(Berkley 1997;Heitkemper and Jarrett 2001;Mayer et al. 2004). The severity of pain symptoms
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in women with IBS fluctuates with the menstrual cycle suggesting female gonadal hormone
(s) modulate pain processing (Houghton et al. 2002;Palomba et al. 2005).

Estrogenic influences on visceral sensitivity have been reported in animal studies. Escape
responses to vaginal and uterine distention change across different stages of the estrous cycle
(Bradshaw et al. 1999). The threshold to evoke a visceromotor response or pressor response
to colorectal distention (CRD) is lowest in proestrus (Sapsed-Byrne et al. 1996). Compared to
intact rats, ovariectomy reduces the magnitude of the CRD-evoked visceromotor response and
the response of dorsal horn neurons, which is reversed by estradiol replacement (Ji et al.
2003b;Ji et al. 2005). These data suggest estrogens play an important role in modulating
visceral nociceptive processing although the underlying mechanisms are not well understood.

Studies suggest that NMDA receptors partially mediate acute or transient visceral pain in
humans (Willert et al. 2004;Strigo et al. 2005) and visceral nociception in animals (Kolhekar
and Gebhart 1994;Coutinho et al. 1996;Olivar and Laird 1999;McRoberts et al. 2001;Zhang
et al. 2004). Systemic and intrathecal NMDA receptor antagonists attenuate CRD-induced
spinal Fos expression, the visceromotor response and the response of dorsal horn neurons to
noxious and innocuous CRD (Zhai and Traub 1999;Ji and Traub 2001;Traub et al. 2002). These
data suggest the involvement of spinal NMDA receptors in the signaling of acute visceral
stimuli.

Gonadal steroid hormones modulate NMDA receptor activity in several areas of the brain
(Gazzaley et al. 1996;Woolley et al. 1997;El Bakri et al. 2004;Romeo et al. 2005). Sex
hormones alter glutamatergic transmission in the brain by regulating expression of glutamate
receptors (Diano et al. 1997;D'Souza et al. 2003;Romeo et al., 2005) or by post translational
modification (Gazzaley et al., 1996). Estrogens increase NMDA receptor-mediated
hypothalamic neuron excitability (Kow et al. 2005), Ca2+ influx through NMDA receptors in
hippocampal cultures (Nilsen et al. 2002) and activate cAMP-response element-binding protein
(CREB) signaling via an increase in intracellular Ca2+ (Zhao et al. 2005). Since there are some
commonalities in mechanisms underlying NMDA receptor-mediated plasticity in the
hippocampus and spinal cord, there may be hormonal modulation of NMDA receptor activity
in the spinal cord (Ji et al. 2003a).

The purpose of the present study was to determine the underlying mechanism(s) for estradiol
modulation of NMDA receptor-mediated colorectal nociceptive processing in the spinal cord.
Some of these data were previously reported in abstract form (Tang et al. 2005;Traub et al.
2007).

Methods
Two groups of Sprague-Dawley rats were used in this study. One group was ovariectomized
rats (235–275 g; OVx) purchased from Harlan (Frederick, MD). The second group was OVx
rats given estradiol replacement (E2: 50 µg 17-β-estradiol -3 benzoate dissolved in 100 µl of
safflower oil, given s.c. 48 hrs prior to testing). Rats were used between 10 and 20 days
following OVx surgery. This time was sufficient to reduce the plasma estradiol concentration
below 5 pg/ml (Ji et al., 2003b), but too short to result in OVx-induced hyperalgesia (Sanoja
and Cervero 2005) or decreases in NMDA receptor expression (Adams et al. 2001).

Rats were double-housed in a room maintained at 25 °C under 12 h-12 h alternating light-dark
cycle with free access to food and water. All experimental protocols were approved by the
University of Maryland Dental School 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.
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Double immunofluorescent staining
Rats were overdosed with Nembutal and perfused through the heart with saline followed by
500 ml ice cold 4% paraformaldehyde in 0.1 M phosphate buffer. The lumbosacral (LS) spinal
cord segments were removed, placed in fresh fixative overnight and transferred to 30% sucrose
for 24–48 h. Twenty micron transverse sections were cut on a cryostat. Free floating sections
were first incubated in Goat anti-NR1 (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA)
followed by donkey-anti goat conjugated to Alexa fluor 594 (1:1,000, Molecular Probes,
Carlsbad, CA). Sections were then incubated in rabbit-anti-ERα (1:1,000, Upstate
Biotechnology, Lake Placid, NY) followed by donkey-anti-rabbit IgG conjugated to Alexa
fluor 488 (1:1,000, Molecular Probes, Carlsbad, CA). Sections were mounted on gelatin subbed
slides and coverslipped with Prolong Gold (Molecular Probes, Carlsbad, CA).

For semiquantitative analysis, sections were examined at 400× using a Nikon microscope
equipped for epifluorescence and filter sets for simultaneous viewing of Alexa fluor 488 and
594 as well as filters for viewing each fluorophore individually.

Fluorescence images were taken as 25~30 optical sections with 0.4 or 1 µm (with 63 and 20X,
respectively) thickness with a charge-coupled device based digital camera installed on an
Axiovert200M microscope with a 63×, 1.3 NA lens or 20X, 0.8NA lens, and an Apotome
coupled to Axiovision software (Zeiss). Images were reconstituted as a projected image by the
software. JPEG images were opened in Adobe Photoshop CS 8.0 to merge multiple images
into a montage.

Behavioral experiments
Rats were anesthetized with halothane and placed in a head holder, the atlanto-occipital
membrane was exposed and an intrathecal (i.t.) catheter (PE32 tubing, ReCathCo, Allison Park,
PA) was inserted 7.8 cm so the tip was at the level of the lumbosacral spinal segments.
Electromyogram (EMG) electrodes made from Teflon-coated 32 gauge stainless steel wire
(Cooner Wire Company, Chatsworth, CA) were stitched into the ventrolateral abdominal wall.
The electrode leads were tunneled subcutaneously and exteriorized with the intrathecal catheter
at the back of the neck (Traub et al., 2002). After the surgery, rats were individually housed
and tested 5–7 days later. Rats were fasted for 18–24 hrs prior to testing. Water was available
ad libitum.

On the day of the experiment, rats were briefly sedated with halothane in order to place a 5–6
cm latex balloon attached to Tygon tubing through the anus into the descending colon and
rectum. The secured end of the balloon was at least 1 cm proximal to the external anal sphincter.
Rats were then loosely restrained in Plexiglas tubes with free access to water. Isobaric
colorectal distention was maintained by a pressure controller–timing device (Bioengineering,
University of Iowa, Iowa City, IA). Starting 30 min after discontinuing the halothane, rats were
given 4 trials of colorectal distention (each trial was 6 distentions to 80 mmHg, 20 sec duration,
3 min interstimulus interval) to achieve a stable response. The mean of the last two trials
constituted the baseline response to CRD. After establishing the baseline visceromotor
response, D(−)-2-amino-5-phosphonopetanoic acid (APV; Sigma, 0.1, 1, 10, 30, 100 nmol,
dissolved in normal saline, pH 7.2) was intrathecally injected (10 µl) followed by a 5 µl saline
flush. Rats were tested 15, 45, 90 and 150 min after drug administration. Only one dose of
APV was given per animal (n = 4–8 per group).

The EMG recordings were collected with a CED 1401 plus and analyzed using Spike 2 for
Windows software (Cambridge Electronic Design, Cambridge, UK). The EMG was rectified,
and the area under the curve (AUC) for the 20 sec before distention was subtracted from the
AUC during the 20 sec distention. The baseline response between groups differed necessitating
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converting values to percent inhibition in order to compare the effects of APV between
experimental groups. The % inhibition of APV was obtained according to the formula: %
inhibition = [post drug AUC-baseline AUC] / [0-baseline AUC] × 100. The data are expressed
as mean ± SEM.

Data were analyzed in Sigmastat 3.0 using t-test, two-way ANOVA, or one or two way
ANOVA for repeated measures as appropriate. If an ANOVA term was significant, multiple
comparisons were performed using a Student-Newman-Kuels, p<0.05 was considered
significant.

The PKA inhibitors Rp-8-Br-cAMP (Calbiochem, 200 nmol dissolved in saline (Miletic et al.
2004;Yang et al. 2004)), H89 (Calbiochem, 10 nmol, dissolved in 10% DMSO; (Wu et al.
2007)) or the PKC inhibitor chelerythrine chloride (Sigma, 30 nmol dissolved in saline; (Jones
and Sorkin 2005)) were injected intrathecally (10 µl) followed by a 5 µl saline flush. Control
rats were injected with the corresponding vehicle. The visceromotor response to CRD (80
mmHg, 30 sec duration, 90 sec interstimulus interval) was recorded for 30 min commencing
10 min after intrathecal injection (n = 6–8 per group). On completion of the last distention, the
rats were overdosed with Nembutal and spinal cord removed for Western blot analysis.

Western blots
Rats were briefly sedated with halothane to insert the distention balloon into the descending
colon and rectum and then loosely restrained in tubes. After 30 minutes of recovery, rats either
stayed in the tube (control) or were distended for another 30 minutes (80 mmHg, 30 sec
duration, 90 sec interstimulus interval) (n = 4–5 per group). Immediately after that, rats were
overdosed with Nembutal (100 mg/kg) and decapitated. The spinal cord was removed by
hydraulic extrusion from the spinal canal with 10 ml ice cold saline. The L6 to S2 region of
the spinal cord, identified by the lumbar enlargement, was isolated. The spinal cord was cut
into dorsal and ventral halves through the central canal. The dorsal spinal cord tissue was snap
frozen and kept at −80 °C until use. The tissue was sonicated in RIPA buffer containing (50
mM Tris-HCl, pH 8.0; 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% deoxycholic acid, 0.1%
SDS, 1 mM Na3VO4, 1 U/ml aprotinin, 20 µg/ml leupetin, and 20 µg/ml pepstatin A). The
homogenate was centrifuged at 14,000 g for 10 minutes at 4 °C and the supernatant was
collected. The protein concentration was measured using the Bradford method. Protein samples
were loaded 25–40 µg per lane and separated on a 7.5% SDS-PAGE gel and transferred to a
nitrocellulose membrane. After blocking with 5% bovine serum albumin (BSA) or skim milk
in Tris-buffered saline with Tween-20 (TBST) for 1 hour, the membrane was incubated with
primary antibody for p-NR1 897, p-NR1 896 (1:1000, Upstate Biotechnology, Lake Placid,
NY), or NR1 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA) and β-actin (1:1000, Santa
Cruz Biotechnology, Santa Cruz, CA) at 4 °C overnight. The membrane was then washed with
TBST for 30 minutes and incubated for 1 hr with a HRP conjugated secondary antibody
(1:3000, Santa Cruz Biotechnology, Santa Cruz, CA). The membrane was washed with TBST
for 30 minutes before the bands were viewed using HRP chemiluminescence and film. Band
density was determined using ImageJ software (NIH). The blots probed with pNR1 antibody
were further incubated in stripping buffer (Pierce Biotechnology, Inc. IL) for 30 min at 50 °C
and reprobed with anti-NR1 (1:1000, Cell Signalling technology, Danvers, MA) antibody.

Results
Colocalization of ERα with NMDA receptor in the spinal cord

To determine whether there is an anatomical basis for direct modulation of spinal NMDA
receptors by estrogens, we used double immunofluorescent labeling to detect ERα and the NR1
subunit of the NMDA receptor in dorsal horn neurons in the LS spinal cord. NR1 was
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extensively expressed in the dorsal and ventral spinal cord (Figure 1). Consistent with previous
reports (Amandusson et al. 1995;Williams and Papka 1996) ERα immunoreactive nuclei were
most densely observed in the superficial dorsal horn, the neck of the dorsal horn including the
sacral parasympathetic nucleus, lamina X and the dorsal gray commissure. Several hundred
ERα immunolabeled neurons in sections from 2 OVx and 2 E2 treated rats were examined at
400×. Most ERα labeled neurons had very clear nuclei labeled for ERα with label for NR1 in
the surrounding cytoplasm (see Figure 1). In instances where double labeling was not apparent
with the dual filter (mainly lamina II where neurons have large nuclei relative to the cell body),
the neuron was examined with filters for the individual fluorophores. In every case where there
was a nucleus labeled for ERα there was surrounding cytoplasm labeled for NR1. These data
indicate that estrogen receptor α is 100% colocalized with NR1 (although many NR1 labeled
cells did not colocalize ERα) and that ERα is anatomically located to directly modulate NMDA
receptor activity in spinal dorsal horn neurons.

Estradiol modulates NMDA receptor activity
Our previous reports that OVx decreases the magnitude of the visceromotor response and
estradiol replacement restores the response to levels observed in intact female rats (Ji et al.,
2003b;Ji et al., 2005) along with the present observation that estrogen receptor α colocalizes
with NMDA receptors in dorsal horn neurons suggest that estradiol can modulate the
visceromotor response to CRD by altering NMDA receptor activity. To test this hypothesis,
the effects of intrathecal injection of APV on the visceromotor response to CRD were compared
in OVx and E2 rats. The baseline response to noxious CRD was significantly greater in E2 rats
compared to OVx rats (t-test, p<0.01; Figure 2A). The peak inhibition of the visceromotor
response by APV occurred 15 min after drug administration in both groups (ANOVA, p<0.005;
Figure 2A). Since the baseline response to CRD was different between the two groups, the data
were transformed to % inhibition to compare the effects of APV at 15 min post drug
administration. There was no effect of 0.1 nmol APV on the visceromotor response in E2 rats,
but it produced approximately 30% inhibition of the visceromotor response in the OVx rats
(Figure 2 B). Increasing doses of APV dose-dependently attenuated the visceromotor response
to CRD in both groups with greater potency of APV at lower doses in OVx rats (Two-way
ANOVA: p<0.001; Interaction p<0.05; Figure 2 B). The visceromotor response was virtually
eliminated by 100 nmol APV in both groups.

Estradiol modulation of the NR1 subunit of the NMDA receptor
We tested two mechanisms through which estradiol could modulate NMDA receptor activity:
changing NMDA receptor expression and modulating NMDA receptor phosphorylation.

First, the expression of the NR1 subunit of the NMDA receptor in the LS spinal cord in OVx
and E2 rats was compared. Estradiol increased NR1 protein expression by 62% compared to
OVx rats (p<0.001; Figure 3).

Phosphorylation of two serine residue sites, 896 and 897, on the C-terminal of NR1 are
increased in the spinal cord after noxious stimulation on the hindpaw (Zou et al. 2000;Brenner
et al. 2004). To determine whether noxious CRD could induce changes in the level of NR1
subunit phosphorylation (pNR1) in LS spinal cord and whether there is a differential expression
of pNR1 in OVx and E2 treated animals, rats received colorectal distention or rats were
restricted without colonic distention for 30 minutes before the spinal cord was taken for
Western blot analysis. Following noxious CRD, pNR1-ser897 was significantly increased in
E2 (t-test, p<0.01), but not OVx rats compared with their non-distended controls (Figure 4A,
B), resulting in significantly greater levels of pNR1 in E2 rats (t-test, p<0.001; Figure 4C). In
both groups the total NR1 level was not affected by distention. CRD did not induce a change
in the level of phosphorylation of the ser-896 in either group (data not shown). These data
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suggest that estradiol mediated phosphorylation of NR1-ser897 could account for the
difference in NMDA receptor mediated visceral sensitivity in E2 rats compared to OVx rats.

PKA but not PKC inhibitors attenuate the effect of estradiol
Phosphorylation of the ser-896 and 897 residues of the NR1 subunit are catalyzed by PKC and
PKA, respectively (Tingley et al. 1997). Results from the Western blot experiments indicate
that the phosphorylation of NR1-ser897, but not NR1-ser896, is significantly increased after
CRD in E2, but not OVx rats. To further determine the role of PKA in estradiol modulation of
NMDA receptor-mediated colorectal nociceptive processing in the spinal cord, the PKA
inhibitor, Rp-8-Br-cAMP (200 nmol), was injected into the LS spinal cord in E2 or OVx rats.
After establishing a stable baseline response, Rp-8-Br-cAMP was intrathecally injected and
the visceromotor response to CRD was recorded 10 minutes later. Rp-8-Br-cAMP caused a
significant attenuation of the visceromotor response in E2 rats commencing 13 minutes after
the injection (Figure 5A; One way RM ANOVA, p<0.001). The response remained constant
during the next 60 minutes. By 76 minutes after Rp-8-Br-cAMP, the visceromotor response
returned towards the baseline level. Rp-8-Br-cAMP had no significant effect in OVx rats over
time (Figure 5A; One way RM ANOVA, p=0.9). Overall, Rp-8-Br-cAMP induced
significantly greater inhibition of the visceromotor response in E2 rats than that of OVx rats
(51% vs. 13%, t-test, p<0.05).

In a separate group of E2 rats, the visceromotor response was recorded starting 10 minutes
after the intrathecal injection of Rp-8-Br-cAMP or vehicle. Thirty minutes later, the LS spinal
cord was taken for Western blots. As expected, the visceromotor response was significantly
attenuated by Rp-8-Br-cAMP (Figure 5B). Western blots from tissue taken from these animals
show Rp-8-Br-cAMP decreased the phosphorylation of NR1-ser897 compared with vehicle
treated rats (Figure 5C). Intrathecal injection of the PKA inhibitor H89 (10 nmol) also
significantly attenuated the visceromotor response compared with vehicle-treated E2 rats
confirming the role of PKA in visceral nociceptive processing in E2 rats. The PKC inhibitor,
chelerythrine choride (30 nmol), had no effect on the visceromotor response compared to
vehicle treated rats (Figure 5 E).

PKA inhibitor potentiates the effect of APV in E2 rats
Behavioral and Western blot data implicate estradiol-mediated phosphorylation of NMDA
receptors as a mechanism to modulate colorectal nociceptive processing in the spinal cord. To
further confirm this hypothesis, the effect of the PKA inhibitor Rp-8-Br-cAMP on the potency
of APV was examined in E2 rats. Rp-8-Br-cAMP (200 nmol) or saline was intrathecally
injected 20 minutes prior to intrathecal injection of APV (10 nmol) in E2 rats. In saline
pretreated E2 rats, APV attenuated the visceromotor response by 44%. In the Rp-8-Br-cAMP
pretreated E2 rats, APV was significantly more effective, attenuating the visceromotor
response by 85% (Figure 6. t-test, p<0.01). The shift in the effect of APV induced by inhibiting
PKA activity further supports our hypothesis that estradiol increases sensitivity to visceral
stimuli by modulating the activity of NMDA receptors via PKA mediated phosphorylation.

Discussion
The present study demonstrates that: 1) There is a colocalization of ERα with NMDA receptors
in LS spinal dorsal horn neurons; 2) Spinal NMDA receptor activity is modulated by estradiol;
3) An increase in the expression of NMDA receptors and CRD-evoked phosphorylation of the
NR1 subunit of the NMDA receptor by PKA in estradiol treated rats contributes to the
differential activity of spinal NMDA receptors in modulating visceral nociceptive processing.
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We have previously reported that the magnitude of the visceromotor response (a suprathreshold
response) does not fluctuate with the estrous cycle (Ji et al. 2006), although the threshold to
evoke the visceromotor response does fluctuate across the estrous cycle (Sapsed-Byrne et al.,
1996;Holdcroft et al. 2000). These data and our previous reports that E2 replacement reverses
the antinociceptive effect of ovariectomy (Ji et al., 2003b;Ji et al., 2005), suggests female
gonadal hormones modulate visceral nociceptive processing. The contradictory findings in
intact cycling rats indicate that other factors in addition to estrogens contribute to nociceptive
processing in intact female rats. In fact, we and others have reported antinociceptive effects of
progesterone (Ren et al. 2000;Ji et al., 2005). Since the increase in estradiol and progesterone
coincide during the rat estrous cycle, the pronociceptive effect of estradiol and the
antinociceptive effect of progesterone in the CRD model may obscure each other reducing
fluctuations during the course of the estrous cycle. Therefore, in the present study, only OVx
and OVx plus E2 rats were examined to determine potential mechanisms underlying the
pronociceptive effect of estradiol.

A growing body of evidence suggests gonadal hormones (especially estrogens) play a critical
role in modulating pain sensitivity, but the exact site of action is not clear. The present data
support estradiol modulation of NMDA receptor activity in the spinal dorsal horn as a
mechanism for modulation of visceral nociception in females. Although estradiol was
administered systemically in the present study, intrathecal E2 facilitates the visceromotor
response in OVx rats to a similar degree as systemic E2 supporting a spinal site of action (Tang
et al. 2006).

Spinal NMDA receptors contribute to the processing of somatic (Woolf and Thompson
1991;Ren et al. 1992) and visceral (Kolhekar and Gebhart 1994;Coutinho et al., 1996;Zhai and
Traub 1999;Olivar and Laird 1999;Ji and Traub 2001;McRoberts et al., 2001;Traub et al.,
2002;Zhang et al., 2004) nociceptive stimuli. The activity of NMDA receptors can be
modulated by several physiological/pathophysiological factors. For example, inflammation or
nerve injury in somatic tissue increases NMDA receptor subunit phosphorylation, expression
and pain-related behaviors (Zou et al., 2000;Guo et al. 2004;Gao et al. 2005;Iwata et al.
2007). Recent studies in some brain areas suggest the activity of NMDA receptors can also be
modulated by gonadal hormones. Estradiol increases NMDA receptor-mediated excitatory
postsynaptic potentials and long-term potentiation in the hippocampus (Foy et al. 1999). In the
CA1 region of the hippocampus, estradiol increases NMDA receptor binding in
gonadectomized females, but not in gonadectomized males, which is possibly caused by a
greater number of ERα-labeled dendritic spines in females than males (Romeo et al., 2005).
ERα colocalizes with NMDA receptors in hypothalamic neurons suggesting a direct effect of
estradiol on NMDA receptors (Chakraborty et al. 2003). In the present study we detected
colocalization of ERα and NMDA receptors in spinal dorsal horn neurons in the superficial
dorsal horn, deeper laminae and lamina X, providing an anatomical framework for estradiol
to modulate NMDA receptors in areas of the spinal cord where neurons respond to noxious
visceral stimulation.

The mechanism through which estradiol modulates NMDA receptor activity is not well
understood. One hypothesis is estradiol upregulates NMDA receptor expression increasing
total receptor activity. In the present study, we observed estradiol replacement increased the
total amount of NR1 protein expressed in LS spinal cord. This increase is consistent with
findings in the CA1 and dentate gyrus that immunofluorescence intensity of NR1 was
significantly increased by estradiol replacement in OVx rats (Gazzaley et al., 1996). Although
no change in NR1 mRNA levels was observed by the same investigative group, a later report
showed an increase in NR1 and NR2B mRNA in the hippocampal CA1 region with estradiol
replacement (Cyr et al. 2001). Since the NR1 subunit is an obligatory component of NMDA
receptors, the greater expression of NR1 in E2 rats may reflect an increase in the number of
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NMDA receptors that contribute to increased receptor binding in E2 treated rats (Romeo et al.,
2005). This increase in the number of receptors could lead to attenuation of the potency of
NMDA receptor antagonists as observed in the present study.

Alternatively, estradiol could increase NMDA receptor phosphorylation increasing receptor
activity. Phosphorylation of the NR1 subunit increases NMDA receptor trafficking into
synapses (Scott et al. 2003) and neuronal activity by increasing Ca2+ influx (Lan et al.
2001;Bird et al. 2005). In hippocampal and hypothalamic neurons, estradiol increases NMDA
receptor current and neuronal excitability through phosphorylation of the NR1 and NR2
subunits (Bi et al. 2000;Kow et al., 2005). This phosphorylation can occur through estradiol
mediated increases in PKC and PKA activity and modulation of NMDA receptor binding (Qiu
et al. 2003;Romeo et al., 2005). Consistent with this hypothesis we observed an increase in
phosphorylation of ser-897 of the NR1 subunit in E2, but not OVx rats after visceral
stimulation. Intrathecal administration of PKA inhibitors in E2 rats significantly attenuated the
phosphorylation of NR1, decreased the magnitude of the visceromotor response and increased
the potency of APV. These data support our hypothesis that estradiol increases responses to
nociceptive visceral stimuli by modulating NMDA receptor activity.

An alternative, though not mutually exclusive hypothesis that remains to be tested is that spinal
estradiol increases glutamate release from primary afferent terminals in the spinal cord.
Estrogen receptors are expressed in primary afferent neurons (Papka et al. 1997;Taleghany et
al. 1999) as are NMDA receptors (Liu et al. 1994;Carlton et al. 1998;McRoberts et al.,
2001;Chaban et al. 2004) and estradiol modulates primary afferent excitability (Robbins et al.
1992;Chaban et al. 2003;Liu et al. 2005;Hucho et al. 2006;McRoberts et al. 2007). Colonic
inflammation increases NMDA receptor activity in colonic afferents (Li et al. 2006), but it is
unknown if estradiol mediates this increase in primary afferent NMDA receptor activity.

In conclusion, the present study demonstrates that estradiol increases spinal colorectal
nociceptive processing by modulating NMDA receptor activity. Possible mechanisms include
increasing the expression of NMDA receptors and changing the level of subunit
phosphorylation.
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Figure 1. Colocalization of ERα and NR1 in the dorsal spinal cord
A: Low power photomontage (4 images using a 20× objective) showing double labeled cells
(arrows) in the dorsal horn. NR1 is labeled red, ERα is labeled green. B,C,D: High power (60×
objective) images of the cells in the box in A. B: NR1; C: ERα; D: merged image.
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Figure 2. The effect of intrathecal APV on the visceromotor response (VMR) to CRD in OVx and
E2 rats
A: Time course of attenuation of the visceromotor response following 100 nmol APV. The
peak effect occurred starting 15 min following APV administration. # p<0.01 vs. OVx
(baseline). * p<0.001 vs. 15 min post APV for each treatment group. B: % inhibition of the
visceromotor response as a function of dose of APV. * p<0.001 vs. E2. § p<0.01 vs. same dose
in E2 rats.
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Figure 3. Total NR1 protein expression in estradiol treated rats is significantly greater than OVx
rats
A: representative Western blot showing the NR1 band from two OVx and two E2 rats. β-actin
was used as the loading control. B: quantified Western blot data. Values represent the NR1/
actin ratio normalized to OVx rats. * p<0.001.
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Figure 4.
Phosphorylation of NR1 ser-897 (pNR1) is increased in the LS spinal dorsal horn in E2, but
not OVx rats, following CRD (A,B). Representative Western blots are shown in the upper
panels and quantified results in the lower panels. Values represent the pNR1/NR1 ratio
normalized to nondistended rats. * p<0.01. C: NR1 ser-897 phosphorylation was significantly
greater in E2 rats than OVx rats following CRD. Values represent the pNR1/NR1 ratio
normalized to OVx + CRD rats. NR1 was used as the loading control in all groups. * p<0.001.
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Figure 5. Intrathecally administered PKA inhibitors attenuated the effect of estradiol
A: the time course of the effect of intrathecally injected Rp-8-Br-cAMP (200 nmol) on the
visceromotor response (VMR) to CRD in OVx and E2 rats. b: baseline. * p<0.05, **p<0.01
vs. baseline response in E2 rats. B: the visceromotor response to CRD was atttenuated by Rp-8-
Br-cAMP (Rp), but not vehicle in E2 rats. # p<0.05 vs. saline treated group. * p<0.05, **
p<0.01 vs. same time point in saline group. C: representative Western blots (left) and
quantification of Western blot data (right) showing Rp-8-Br-cAMP attenuated the
phosphorylation of NR1 ser-897 in the rats shown in B. Values represent the pNR1/NR1 ratio
normalized to saline treated rats. * p<0.01. D, E: the peak attenuation of the visceromotor
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response by intrathecal H-89 (D) or chelerythrine chloride (E) compared to the appropriate
vehicle (V). * p<0.05 vs. vehicle.
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Figure 6. Intrathecally injected Rp-8-Br-cAMP (Rp) potentiates the effect of APV in E2 rats
A: the time course of the effect of intrathecally injected Rp-8-Br-cAMP (200 nmol) on the
visceromotor response to CRD in E2 rats. * p<0.05 vs. 10 minutes. B: the magnitude of the
visceromotor response before any intrathecal drug injection (b), following pretreatment with
saline or Rp-8-Br-cAMP (Sal/Rp) and post APV. C: The percent inhibition of the visceromotor
response by intrathecally injected APV in saline or Rp-8-Br-cAMP pretreated rats. * p<0.01.
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