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Abstract

We previously reported that 17p — estradiol (E2) is pronociceptive in a visceral pain model in the
rat. Subcutaneously (s.c.) administered E2 reversed the decrease in the colorectal distention
(CRD)-evoked visceromotor response produced by ovariectomy (OVx) and CRD-induced
nociceptive responses were greater in proestrous rats compared to met/diestrous rats. The site of
action, the type of estrogen receptors activated and the possible intracellular signaling pathway
involved are yet to be established. In the present study, intrathecal (i.t.) E2 administered to OVx
rats mimicked the effects of s.c. E2, suggesting spinal E2 receptors are involved. This is further
supported by the observations that the anti-estrogen 1CI 182,780 injected i.t. in intact female rats
significantly decreased the visceromotor response to CRD, the response of colonic afferents was
not affected by OVx and colonic afferents did not label for estrogen receptor a (ERa). The ERa
selective agonist, 4,4',4"-[4-propyl-(1H)-pyrazole-1,3,5-triyl]tris-phenol (PPT; s.c. or i.t.)
facilitated the visceromotor response similar to E2, suggesting ERa activation is involved in
mediating the pronociceptive effect of E2. PPT (s.c. or i.t.) increased the response of spinal dorsal
horn neurons to CRD, indicating a spinal site of action. In addition, s.c. E2 or PPT increased
CRD-induced spinal extracellular-signal-regulated kinase (ERK) phosphorylation that was not
observed in OVx rats and a mitogen-activated protein kinase (MAPK) kinase (MEK) inhibitor
blocked facilitation of the visceromotor response by PPT. Taken together, the present study
demonstrates that spinal ERa mediates the pronociceptive effect of E2 on visceral signal
processing through activation of the MAPK pathway.
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Introduction

The role of estrogens in nociceptive processing is unclear. Many studies suggest an increase
in plasma or local estrogen levels parallel an increase in nociceptive sensitivity
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[3,7,8,13,21,41,47,63]. Consistent with these observations, our previous studies showed the
response to colorectal distention (CRD) is greater in rats in proestrus compared to diestrus,
and short-term ovariectomy (less than 3 weeks) decreases sensitivity to CRD that is reversed
by systemically administrated estradiol (E2) [34-36]. In contrast, long-term loss of gonadal
hormones by ovariectomy (at least 6 weeks) produced somatic and visceral hyperalgesia that
was reversed by E2 replacement and E2 is antinociceptive in some somatic pain tests
[51,66,67,73].

The classical estrogen receptors alpha (ERa) and beta (ERpB) are nuclear receptors.
Activation of both receptors initiates transcriptional changes through direct or indirect
interaction with promoters of target genes modulating cellular function on a time scale of
hours to days [18,52]. E2 also elicits rapid effects via membrane bound receptors by
triggering rapid activation of intracellular signaling transduction pathways including PLC/
IP3, PIBK/AKT and MAPK (ERK, JNK and p38), which modulate receptor function, gene
expression and cell proliferation [11,33,46,55,90]. Furthermore, activation of different ERs
initiates different signaling cascades in different cells. Activation of ERa induces cAMP/
ERK and PI3K/AKT activation in breast cancer and endothelial cells [27] while ERp
activation increases ERK and JNK phosphorylation in CHO cells [62] and activates p38 in
human colon cancer cells [1]. Given the diverse effect of differential ER activation in
different cell types, it is of interest to investigate the signaling cascade involved in the
pronociceptive effect of E2.

ERa and ERp are both expressed in the peripheral nervous system, spinal cord and
supraspinal sites [20,58,69,74,81-83]. In the spinal cord, ERa. is expressed predominantly in
the superficial dorsal horn, localized to modulate nociceptive processing. ERp is denser in
deeper laminae, suggesting a differential role of these receptors in nociceptive processing.
However, there is no clear consensus as to the relative contribution of the different ERs to
nociceptive processing.

In the present study, we focus on the role of spinal ERa in modulating visceral nociception.
We hypothesize that spinal ERa mediates E2-induced visceral pronociception. The
intracellular signaling pathway that could be initiated by ERa activation was also explored.

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. All survival
surgical procedures were done under aseptic conditions as stipulated by approved protocols.
In this study we focused on the lumbosacral spinal cord since we previously reported this is
the main spinal site involved in processing acute nociceptive colonic stimuli [78,79].

Intact and ovariectomized (OVx) adult female Sprague-Dawley rats (225-250 g) were
purchased from Harlan (Frederick, MD). Ovariectomized rats were tested between 10 and
14 days following surgery. Only OVx rats were treated with E2. We have previously
reported that 7 days following OV, the plasma E2 concentration was below 5 pg/ml and
approximately 100 pg/ml 48 hours following subcutaneous injection of 50 ug E2 [34].

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.
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Electromyogram (EMG) electrodes and intrathecal catheters

For surgical implantation of EMG electrodes alone, rats were anesthetized with isofluorane.
For implantation of intrathecal catheters and EMG electrodes, rats were anesthetized with a
cocktail of 55 mg/kg ketamine, 5.5 mg/kg xylazine, 1.1 mg/kg acepromazine.
Electromyogram electrodes made from Teflon coated 32 g stainless steel wire (Cooner Wire
Co., CA) were implanted in the lateral abdominal muscle and passed subcutaneously to be
exteriorized at the back of the neck. Following EMG electrode placement, the rat was placed
into a stereotaxic apparatus. The atlantooccipital membrane was exposed and incised. A
catheter made of 32 g polyethylene tubing (ReCathCo, Allison Park, PA) was inserted 7.8
cm in the subdural space to reach to the lumbosacral spinal cord (L6-S2). The catheter and
electrode leads were exteriorized at the back of the neck. Rats were subsequently singly
housed and allowed to recover from surgery for 5-7 days.

Visceromotor response

All rats were fasted 24 hours (water ad libitum) prior to testing to facilitate balloon
placement. On the day of experiment, rats were briefly sedated with isoflurane and a 6 cm
balloon made from the finger of a latex glove attached to Tygon tubing was inserted through
the anus into the colon. Rats were loosely restrained in rodent restrainers and allowed 30
minutes to recover from the isofluorane. Colorectal distention (CRD; graded intensity trials:
20, 40, 60, 80 mmHg, or single intensity trials: 60 mmHg; 20 sec duration, 3 minute
interstimulus interval) was produced by inflating the distention balloon with air. The
pressure was monitored and kept constant by a pressure controller/timing device.

The electromyogram was recorded with a CED 1401plus and analyzed using Spike 2 for
windows software (Cambridge Electronic Design, UK). The electromyogram was rectified
and the area under the curve (AUC) for the 20 seconds prior to distention subtracted from
the AUC during the 20 second distention to derive the visceromotor response (vmr).

Electrophysiology

Rats were anesthetized with Nembutal (50 mg/kg, i.p.). The left jugular vein was
catheterized for continuous infusion of Nembutal at a rate of 5-10 mg/kg/hr. The left carotid
artery was catheterized for continuous arterial blood pressure monitoring and bolus
administration of pancuronium bromide (0.2 mg/kg/hr). A tracheal cannula was inserted for
artificial ventilation. End-tidal CO, was maintained at 3.5-4.5%. Body temperature was
maintained with a circulating water heating pad and overhead lamp. The rat was placed in a
head holder and suspended with thoracic vertebral and ishial clamps. The LS (L6-S2) spinal
cord segments or dorsal roots were exposed by laminectomy. The dura matter was cut and
the spinal cord was bathed in the warm paraffin oil. The distention balloon was placed into
the colorectum and the rat left undisturbed for 1 hour before recording.

Primary afferents—A pair of silver electrodes was used for recording. The dorsal roots
were cut near the root entry zone and the cut proximal end was carefully split into fine
filaments until a single CRD responsive fiber could be isolated. Signals were amplified
(model 1800 AC amplifier; A—-M systems, Carlsborg, WA) and passed through a dual time
and voltage 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 online and offline analysis. Responses to graded intensities of CRD were
recorded. The activity was quantified as the mean discharge frequency during the 20 sec of
the CRD stimulus minus spontaneous activity determined in the preceding 20 sec. The data
are expressed as mean + SEM.
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Dorsal horn neurons—The surgery was done as described above. 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, 500-1500 um ventral
to spinal cord dorsum). Visceroceptive neurons showing excitatory responses to 80 mmHg
CRD were classified as Abrupt or Sustained [86]. Abrupt neurons ceased responding within
4 seconds of terminating the stimulus; activity dropping below the mean plus 2 standard
deviations of the background spontaneous activity (20 sec prior to distention) for 2 sec.
Sustained neurons had an afterdischarge that persisted longer than 4 seconds. Neurons were
tested with two graded intensity distention trials (20, 40, 60 and 80 mmHg, 20 sec duration,
3 minute interstimulus interval). The mean response at each pressure was used as the
response from that cell.

Western blots

Rats were briefly sedated with isoflurane for inserting the distention balloons and then
loosely restrained in tubes and allowed 30 minutes to recover. Rats were distended 48 hours
after injection of E2 or 5 minutes, 2 hours, or 4 hours following injection of PPT. Rats were
distended for 30 minutes (80 mmHg, 20 sec duration, 3 minute interstimulus interval). Rats
were subsequently overdosed with Nembutal (100 mg/kg) and decapitated. The spinal cord
was removed by pressure ejection with 10 ml ice cold saline. The L6 to S2 region of the
spinal cord was isolated, snap frozen and kept at —80 °C until use. The ventral part of the
spinal cord was removed. To generate the whole lysate protein, tissue was sonicated in
RIPA buffer containing (50 mM Tris-HCI, pH 8.0; 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.5% deoxycholic acid, 0.1% SDS, 1 mM NazVOy, 1 U/ml aprotinin, 20 ug/ml
leupetin, and 20 pg/ml pepstatin A). The homogenate was centrifuged at 14,000 g for 10
minutes at 4 °C and the supernatant was collected. Cytosolic and nuclear proteins were
prepared by differential centrifugation [28] with modification. Briefly, tissue was
homogenized in RIPA buffer without Triton X-100 and deoxycholic acid. The homogenate
was centrifuged at 6000g for 20 minutes at 4°C. The above process was repeated and the
resulting supernatants were combined and used as cytoplasmic extracts. RIPA buffer was
added to the nuclear pellets, the mixture was incubated on ice for 1 hour before being
centrifuged at 21000g for 5minutes. The resulting supernatants were used as nuclear
extracts. The specificity of subcellular fractions was determined by probing parallel Western
blots with histone H2A antibody (abcam, Cambridge, MA).

The protein concentration was measured using the Bradford method. Protein samples were
loaded (25-40 pg per lane) and separated on a 4-12% Bis-Tris gel and transferred to a
nitrocellulose membrane. After incubating in blocking buffer (Pierce) for 1 hour, the
membrane was incubated with pERK1/2 (1:500; Cell Signaling Technology, cat no. 9101) at
4 °C overnight. The membrane was then washed with TBST for 30 minutes and incubated
for 1 hour 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 were further incubated in stripping buffer (Pierce
Biotechnology, Inc. IL) for 30 minutes at 50 °C and reprobed with anti-ERK antibody
(1:1000, Cell Signaling Technology, cat no. 9102).

Retrograde labeling of colonic afferents and immunocytochemistry

Intact female rats were anesthetized with the rat cocktail. A laparotomy exposed the
descending colon and rectum or bladder. Cholera toxin subunit B conjugated to Alexa Fluor
594 (ctb-594; 25 pl total, 1 mg/ml saline) was injected in 8-10 sites in the colon wall or 5-7
sites in the bladder wall. Seven days later rats were euthanized with isofluorane and perfused
with saline followed by 500 ml 4% paraformaldehyde. The T13-L2 and L6-S2 DRG were
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removed, post fixed overnight and transferred to 30% sucrose. The DRG were cut at 20 um
on a cryostat, every third section saved on the same slide. Briefly, sections were incubated in
rabbit anti-ERa (1:1000, Upstate Biotechnology, Lake Placid, NY) followed by donkey anti-
rabbit 1gG conjugated to Alexa fluor 488 (1:1000, Molecular Probes, Carlsbad, CA).
Sections were coverslipped with Prolong Gold (Molecular Probes, Carlsbad, CA). One slide
from each pair of ganglia from T13-L2 and L6-S2 was analyzed. Sections were examined at
400x 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. Every ctb labeled cell was counted (only cells with a visible
nucleus) and then examined for expression of ERa.

17B-E2 benzoate (E2; Sigma) was dissolved in safflower oil (100 ul injection volume, 500
ug/ml) for subcutaneous injection. For intrathecal injection, water soluble E2 (Sigma, 0.46,
4.6 and 46 ng in 10ul) was dissolved in normal saline. The ERa selective agonist 4,4',4”-[4-
propyl-(1H)-pyrazole-1,3,5-triyl]tris-phenol (PPT; Sigma, 1, 3mg/kg, 100 ul, s.c.; 50 ng/5
ul, i.t.) was dissolved in DMSO (100% and 0.1%, respectively). The MEK inhibitor
PD98059 (Sigma) was dissolved in 4% DMSO to a final concentration of 1ug /5 pl. The
steroidal anti-estrogen ICI 182,780 (Tocris, 10 nmol) was dissolved in 10% ethanol. Control
rats were injected with the corresponding vehicle.

Data analysis

Results

Data were analyzed using the t-test or one or two-way repeated measures (RM) ANOVA
followed by Student-Newman-Keuls Method for multiple comparisons as appropriate. p<
0.05 was considered significant. NS, not significant.

Estrogen does not modulate the activity of colonic afferents—We previously
reported that ovariectomy decreased the magnitude of the visceromotor response which was
reversed by E2, but the site of action was not determined [34,35]. One possibility is that
estrogen modulates colonic afferent activity. To test this hypothesis, single unit recordings
were made from dorsal roots that were decentralized from the spinal cord. There was no
difference in the stimulus response functions from LS colonic afferents recorded from intact
females and ovariectomized females (two way RM ANOVA: pressure, p<0.001; treatment,
interaction, NS; Figure 1A). This was supported by a double labeling experiment in which
colonic afferents retrogradely labeled with ctb-594 were double labeled for estrogen receptor
o (ERo; Figure 1 B). Zero out of 499 colonic afferents double labeled for ERa although
many unidentified neurons in the same sections were labeled for ERa. As a positive control,
bladder afferents which were reported to express ERa [6] were retrogradely labeled
following injection of ctb. Approximately 20% of retrogradely labeled bladder afferents
double labeled for ERa (Figure 1C). These data suggest the previously reported effects of
systemically administered E2 on colorectal sensitivity and nociceptive processing were
centrally mediated.

Spinal estrogen receptor activation facilitates the visceromotor response

The effect of intrathecal E2 on the visceromotor response in OVx rats—We
previously reported that spinal dorsal horn neurons express ERa [74]. To test the hypothesis
that E2- induced pronociception is spinally mediated the effect of intrathecally administered
E2 (water soluble; 0.46, 4.6, 46 ng) or vehicle (saline) on the visceromotor response to 60
mmHg CRD was examined 4 and 48 hours following injection. Overall, intrathecal E2
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facilitated the visceromotor response (two way ANOVA: treatment, p<0.005; time, p<0.001;
treatmentxtime, NS, p>0.1. Figure 2). Forty-eight hours following injection, E2 significantly
increased the visceromotor response compared with saline (0.46 ng: p<0.05, n=9; 4.6 ng:
p<0.001, n=14; 46 ng: p<0.01, n=8), though no dose-dependency was observed. Four hours
post injection, there was a tendency for E2 to increase the magnitude of the visceromotor
response, but this only reached significance if the doses of E2 were pooled (t-test: p<0.05).

The magnitude of the visceromotor response at 48 hours after intrathecal injection of E2 was
approximately 60 mV/sec which was comparable to that following systemic injection of E2
[34], although the plasma E2 concentration after intrathecal injection was below the
detectable level (<5 pg/ml).

The effect of intrathecal ICI 182,780 on visceromotor response in intact rats—
To confirm a spinal site of action of estradiol, an estrogen receptor antagonist or vehicle
(10% ETOH) was administered intrathecally to intact female rats. One day following a
single i.t. injection of 1CI 182,780 (10 nmol) there was no change in the magnitude of the
visceromotor response (paired t-test, p=0.8, n=4; Figure 2B). I.t. administration of ICI
182,780 daily for four days significantly decreased the magnitude of the visceromotor
response (paired t-test, p<0.05, n=6). One time (n=4) or 4 daily injections (n=11) of vehicle
did not induce any change in the magnitude of the visceromator response. Taken together,
the intrathecal agonist and antagonist data support the hypothesis that spinal estrogen
receptors mediate the E2-induced increase in visceral nociceptive processing.

E2 increases ERK activation in the spinal cord

Accumulating lines of evidence suggest Ca2* influx through NMDA receptors causes
activation of protein kinase A (PKA), which further induces phosphorylation of ERK and
CREB, and subsequently influences synaptic plasticity [5,31,40,43,85]. CRD-induced
visceral signal processing in the spinal cord involves activation of NMDA receptors and E2
facilitates this process [37,74,80], suggesting E2 increases activation of ERK in the spinal
cord. To test this hypothesis, the effect of CRD on pERK expression was compared in OVx
and 48 hour E2 treated rats. Following noxious CRD only a few pERK-like immunoreactive
neurons were scattered in the LS spinal cord in OVx rats (Figure 3A). A greater number of
pPERK labeled neurons were observed in the superficial and deep layers of the dorsal horn in
E2-treated rats (Figure 3B). The increase in phosphorylation of ERK in the spinal cord was
quantified by Western blot. The pERK and ERK antibodies recognized two immunoreactive
bands, pERK1/2 and ERK1/2, respectively. Noxious CRD increased pERK2 expression in
E2-treated rats compared to OVx rats (p<0.05, t-test, n=4-5; Figure 3C,D). Noxious CRD
did not alter the level of pERK1 in either group. There was no difference in ERK1/2
expression between the groups. Taken together, these data suggest that E2 increases the
CRD-induced phosphorylation of ERK2 in spinal dorsal horn neurons.

ERa activation mimics E2 induced facilitation of visceral nociception

Systemic PPT time-dependently increases the visceromotor response—To test
whether ERa mediates E2-induced visceral pronociception, the ERa selective agonist PPT
(1 mg/kg) was injected subcutaneously to see if it mimics the effect of E2. The dose of PPT
for systemic injection was selected based on previous studies [48,87]. The effect of PPT on
the visceromotor response was first evaluated four hours and 48 hours post injection, the
same time points examined following E2 injection. Four hours after PPT injection the
visceromotor response was significantly increased with the response returning towards the
baseline level at 48 hours (two way RM ANOVA: time, time x pressure, p<0.05; pressure,
p<0.001; n=6; Figure 4A). In a separate group of rats, the visceromotor response was
measured at several time points between 15 minutes and 4 hours post PPT administration.
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PPT significantly increased the visceromotor response at each timepoint measured starting
15 minutes after injection, a facilitation that persisted at least through 4 hours (two way RM
ANOVA: time, p<0.05; pressure, p<0.001; interaction, NS; n=6; Figure 4B). The response
at four hours was similar to that observed in rats initially tested at 4 hours post injection
(Figure 4A), confirming the pronociceptive effect of PPT. PPT at a higher dose (3 mg/kg)
did not further increase the magnitude of the visceromotor response (data not shown).

Intrathecal PPT increases the visceromotor response—In order to determine if
PPT acts at a spinal site, PPT (50ng/5ul) or vehicle was injected intrathecally in OVx rats
and the visceromotor response to 60 mmHg CRD was recorded 4 hours following injection.
Spinal PPT significantly increased the magnitude of the visceromotor response (p<0.05,
paired t-test, n = 10; Figure 4C). Vehicle injection had no effect (p=0.8, paired t-test, n=4).

Systemic and spinal PPT increase dorsal horn neuronal activity—To further
confirm that spinal activation of ERa mediates the pronociceptive component of estradiol on
visceral nociceptive processing, spinal dorsal horn neuronal activity was examined using
extracellular single unit recording. There was no difference in the response of Abrupt
neurons to CRD after s.c. or spinal vehicle (two way RM ANOVA: i.t. vs. s.c., p=0.6) so the
data were pooled for subsequent analyses. Between 4 and 7 hours following s.c. or spinal
administration of PPT there was a significant increase in the response of Abrupt neurons
compared to vehicle (two way RM ANOVA: treatment, p<0.05; pressure, p<0.001;
interaction, p<0.001; n= 5-9; Figure 5A), but no difference in response between spinal or
systemic administration. In contrast, PPT administered systemically or spinally did not alter
the response of Sustained neurons (Figure 5B). This pattern of responses is similar to our
previous report looking at the effect of E2 on the response of dorsal horn neurons to CRD
[34], suggesting that activation of ERa mediates the pronociceptive effect of estradiol.

ERa activation facilitates visceral nociceptive processing via ERK activation

PPT increases spinal ERK activation—To test whether ERa activation induces
activation of ERK in the spinal cord, 1 mg/kg PPT or vehicle was administered
subcutaneously in OVx rats. The rats were distended at a noxious pressure (80mmHg) for 30
minutes (30 sec on; 90 sec off) starting 5 minutes, 2 or 4 hours following PPT injection.
Control rats were not distended but were injected with vehicle for PPT. Western blot data
showed a parallel change in the cytosolic pPERK1/ERK1 and pERK2/ERK2 ratio in all
groups following CRD (Figure 6A). CRD increased ERK phosphorylation in the cytosol in
vehicle-injected OVx rats compared with control rats (One Way ANOVA, pERK1 p<0.001,
PERK2 p<0.005, n=4/group). However, in PPT treated rats there was no change in cytosolic
ERK phosphorylation. In contrast, the nuclear pERK/ERK ratio did not change in vehicle
treated rats following distention, but CRD-induced pERK expression was significantly
elevated in PPT injected rats 2 and 4 hours post injection (One Way ANOVA, pERK1
p<0.001, pERK?2 p<0.001, n= 4/group; Figure 6B), suggesting a translocation of pERK from
cytoplasm to the nucleus.

Inhibition of spinal ERK activation by PD98059 decreases the visceromotor
response—To determine whether ERK activation contributed to the PPT-induced increase
in the visceromotor response, OVx rats were injected s.c. with PPT or its vehicle (veh-PPT).
Four hours later rats were injected intrathecally with the MEK inhibitor PD 98059 (1 ug/5
ul) (n=8) or its vehicle (PD-veh; n=6) and the visceromotor response to CRD (80mmHg)
was recorded. In PPT treated rats, PD 98059 significantly decreased the magnitude of the
visceromotor response compared to the PD-veh (Two way RM ANOVA, treatment,
p<0.001; n=6-8/group; Figure 7A). In PPT vehicle treated rats PD 98059 had no effect on
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the visceromotor response compared to PD-veh (Two way RM ANOVA, p=0.4; n=5-6/
group; Figure 7B).

Discussion

The present study demonstrates that estradiol facilitates colorectal distention-induced
visceral nociceptive processing at the level of the spinal cord, at least partially through
activation of spinal ERa. An increase in ERK phosphorylation in the spinal cord may
contribute to E2-induced pronociception. This facilitatory effect of E2 is observed at 4 and
48 hours, while selective agonist activation of ERa-mediated facilitation of visceral
nociception occurs slightly faster. Colonic afferents appear not to contribute to the E2-
induced facilitation.

Spinal Estrogen receptors modulate nociceptive activity

We have previously reported that E2 systemically administrated to OVx rats facilitated the
visceromotor response to CRD, but the site of action was not clear [34]. The present study
suggests this was not mediated by colonic afferents since the response of colonic primary
afferent fibers to CRD did not differ between ovariectomized and intact female rats and
retrogradely labeled colonic afferents did not label immunocytochemically for ERa. This
observation was surprising since ERa is expressed in afferents innervating the urinary
bladder [6] and E2 increased activity in afferents innervating the uterine-cervix [47] as well
as unidentified DRG neurons in vitro [16,53]. However, we cannot rule out the possibility
that ERs modulate transmitter release at the primary afferent terminal [71] as this would not
be apparent in the primary afferent recordings since the colonic afferents were decentralized.

A spinal site of action of E2 was supported by the present observation that intrathecally
injected E2 facilitated the visceromotor response similar to systemically administered E2,
and intrathecal injection of the anti-estrogen IC1-182,780 [30] attenuated the visceromotor
response to CRD in intact female rats. However, it took several days for the ER antagonist
to take effect. Estrogen induces transcriptional activation directly through nuclear receptor
activation or indirectly following rapid membrane receptor mediated events (for review, see
[17,45,84]). In a normal cycling female rat, it could take several days for a loss of E2/ER
interaction and subsequent downstream effects to be manifest as a decrease in pain
sensitivity. This concept is supported by the observation that multiple injections of ICI
attenuated uretal calculosis crises in intact female rats [2]. Although it seems to conflict with
the immediate attenuation in thermal sensitivity in Japanese quail following i.t.
administration of an aromatase inhibitor [22], comparable results of an aromatase inhibitor
have not been reported in rodents and the mechanisms through which estrogen modulates
nociceptive processing remain unclear. Indeed, our observation that PPT had a relatively
rapid onset of action in facilitating the visceromotor response to CRD suggests membrane
ERs could have been activated [12,56,84]. However, ERK phosphorylation was not elevated
within the first 30 minutes, indicating other intracellular mechanism(s) might be involved.
The increase in the visceromotor response at four hours post PPT clearly involves ERK
activation, since the MAPK inhibitor blocked PPT-induced visceral pronociception.

Alternatively, ICI is an agonist at the putative estrogen receptor GPR30 (GPER) [50,60] and
these effects could have countered the antagonist action at ERa/p in the short term.

Both ERa and ERp are expressed in spinal cord neurons in rodents and primates
[4,54,58,74,81,83]. In primates, the lumbosacral spinal cord and the caudal spinal trigeminal
nucleus had significantly more ERa immunoreactive neurons than other spinal segments
[83]. If this differential segmental distribution is maintained in humans, it might help explain
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why the severity of a few pain syndromes such as migraine headaches, temporomandibular
disorders and irritable bowel syndrome fluctuate with the estrous cycle.

In contrast to the differential segmental distribution in primates, estrogen receptors in
rodents are evenly distributed along the rostrocaudal length of the spinal cord [54,81].
However, very subtle or no changes in acute somatic nociception were observed during the
estrous cycle although there are profound changes in visceral nociceptive processing
[14,15,29,36,63,68,76]. One potential explanation for the discrepancy is that the noxious
intensity of acute somatic stimuli (mechanical, thermal) are relatively brief and may not
activate cellular processes that are modulated by estrogens. In contrast, acute visceral stimuli
are applied for tens of seconds and may activate different cellular processes. Indeed, acute
visceral, but not somatic, stimuli activate NMDA receptor signaling [37,80] and NMDA
receptor activity is modulated by E2 [53,74,88]. In addition, acute visceral, but not somatic
stimuli, increase ERK activation, the extent of which is modulated by E2 [24,31,42].

The specific role of the classical estrogen receptors (ERa, ERp) in nociceptive processing is
unclear. Depending on experimental parameters E2 is reported to have pro- or
antinociceptive effects. Our data support a pronociceptive effect of estrogen that is mediated
by spinal ERa since administration of the ERa agonist PPT mimicked the effect of E2 by
increasing the magnitude of the visceromotor response to acute distention. In addition,
similar to the effects of systemic E2 [34,64], systemic and spinal PPT facilitated the
response of visceroceptive Abrupt spinal dorsal horn neurons to colonic stimuli, but had no
effect on Sustained neurons, providing further support that spinal ERa is involved in E2-
induced facilitation of visceral nociception.

The role of ERp in visceral pain processing is yet to be clarified since the ERf agonist DPN
gives inconsistent results (unpublished observations). However, during the interphase of the
formalin test ERB knockout mice had less nociceptive behaviors than wildtype, suggesting
ERp dampened inhibitory mechanisms [72]. In contrast, the ER[ agonist ERb-041 was
antihyperalgesic in several pain models [26,44,59].

Signaling pathways

The spinal MAPK pathway is a key signaling pathway in the spinal processing of noxious
stimuli. Nociceptive stimuli applied to somatic tissue elicits ERK phosphorylation in the
spinal dorsal horn [31,32,39]. Acute inflammation and distention of the colon induced ERK
activation in the spinal cord in male rats [24,89]. In the present study, we demonstrated
increased CRD-induced spinal pERK expression in the nucleus of dorsal horn neurons in the
presence of E2. In addition, we have shown a rapid increase in CRD-induced cytoplasmic
pERK in OVXx rats in the absence of ERa activation.

ERK activity is extensively modulated by E2. E2 increased masseter muscle inflammation-
induced pERK in trigeminal ganglion cells exacerbating hyperalgesia and allodynia, and a
MAPK inhibitor attenuated spinomedullary dorsal horn neuronal activity evoked by ATP in
the normal and inflamed TMJ [49,75]. Significantly more ERK2 phosphorylation was
detected in the hippocampus of E2-treated rats than OVx rats [9]. In addition, normally
cycling rats in proestrus had more pERK than diestrus rats [10] and pERK expression was
positively correlated with the plasma E2 concentration [9,10,61]. The present finding that E2
increased ERK2 phosphorylation extends E2 modulation of ERK to the spinal cord
following visceral stimulation.

Activation of ERK and its role in synaptic plasticity is complex. ERK phosphorylation is
initiated by the activation of many receptors. One pathway involves NMDA receptor
activation-Ca2* influx-PKA activation-ERK phosphorylation [77,85]. Glutamate is one of
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the major neurotransmitters released from primary afferents upon stimulation. Spinal
NMDA receptors are activated by noxious and non-noxious visceral and/or somatic stimuli
[19,25,37,65,80] and a noxious stimulus-induced increase in spinal ERK was attenuated by
NMDA receptor antagonists [31,38,40]. We previously reported E2 increased expression of
spinal NMDA receptors, which could partially account for increased NMDA receptor
activity [74] and enhanced ERK phosphorylation in E2-treated rats in the present study. On
the other hand, NMDA receptors could be a downstream target for pERK. PKA-ERK
activation induced phosphorylation of NMDA receptor subunits in the spinal cord and a
MAPK inhibitor attenuated NMDA-evoked currents in the amygdala of arthritic rats [23,70].
Spinal PKA inhibitors attenuated NR1 phosphorylation decreasing the visceromotor
response to CRD [74]. Our observation that a MAPK inhibitor also blocked the distention-
evoked visceromotor response in PPT-treated rats provides further evidence that the MAPK
signaling pathway is involved in estrogen receptor-mediated enhancement of visceral
sensitivity.

ERK translocation

E2-induced rapid activation of cell signaling pathways could result in changes in the nucleus
that regulate gene expression, cell proliferation and cell death. The MAPK cascade is
required for E2-mediated neuroprotection. However, not all MAPK activation has
neuroprotective effects. The differential distribution of pERK in the cell body seems to be a
predictive factor in whether a neuroprotective outcome would occur. For example, E2 and
progesterone rapidly and transiently activated nuclear ERK in primary cultured hippocampal
neurons and attenuated a glutamate induced [Ca2*]i rise[57]. In contrast, ERK activated by
the synthetic progestin medroxyprogesterone acetate (MPA) remained cytosolic with no
nuclear signal and E2-induced neuroprotection was blunted [57].

In the present study, in OVx rats we observed colorectal distention induced cytosolic ERK
activation with no detectable changes in nuclear pERK and no effect of a MAPK inhibitor
on the visceromotor response. In contrast, nuclear pERK increased in PPT-treated rats
following colorectal distention at later time points. This paralleled the increase in the
visceromotor response which was attenuated by the MAPK inhibitor. These data suggest
transcriptional changes induced by pERK translocation to the nucleus likely contributes to
E2 induced visceral pronociception.

In conclusion, the present study demonstrates that E2 increases the processing of colorectal
nociception by activation of spinal ERa and modulation of spinal ERK activity. These
findings further our understanding of the mechanism underlying E2 modulation of visceral
pain and provide a basis for therapeutic management of E2 related pain syndromes.

Summary

Estradiol exacerbates visceral pain in ovariectomized rats. Selective activation of the
estrogen receptor alpha isoform in the spinal cord underlies this pronaciceptive effect.
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Figure 1.
A: Colonic afferents are unresponsive to modulation by estradiol. A: There was no

difference in the stimulus response functions of colonic afferents to graded intensities of
CRD between intact and OVx rats, n=18-38/group. B: Photomicrographs of the same field
from an L6 DRG showing colonic afferents retrogradely labeled with ctb-594 (Bi); the same
field labeled for ERa (Bii); and the merged image showing a lack of double labeled cells
(Biii). Arrowheads point to examples of colonic afferents that do not express ERa. C:
Photomicrographs of the same field from an L6 DRG showing bladder afferents retrogradely
labeled with ctb-594 (Ci); the same field labeled for ERa (Cii); and the merged image
showing several double labeled cells (Ciii). Arrowheads point to bladder afferents that
express ERa.
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Figure 2.

Spinal E2 increases visceral nociceptive processing in OVx rats. A: |.t. E2 facilitated the
visceromotor response (vmr) for all doses 48 hours post injection (*, **, *** p<0.05, 0.01,
0.005 vs. saline at 48 hours; n=8-14/group). At the earlier time point there was a tendency
for E2 to increase the vmr (pooled drug vs. saline, p<0.05). B: a single i.t. injection of ICI
182,780 in intact female rats had no effect on the vmr. Four daily injections of ICI
attenuated the vmr. * p<0.05 vs. pre-injection.
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Figure 3.

E2 increases the phosphorylation of the Extracellular-Signal-Regulated Kinase (pERK)
induced by colorectal distention in OVx rats. A, B: Representative sections of CRD-induced
PERK expression in the LS spinal dorsal horn from a vehicle- (A) and E2-treated (B) rat. C:
Western blots (C) and quantified data (D) showing that CRD significantly increased the
pERK?2 level in E2-treated rats. Values represent the pERK1/2 to ERK1/2 ratio normalized
to vehicle + CRD rats. * p<0.05 vs. vehicle + CRD.
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Figure 4.

Selective ERa activation in OV rats increases the visceromotor response to CRD. A:
Systemically injected PPT increased the magnitude of the vmr 4 hours post injection
compared to baseline (p<0.05). By 48 hours the response returned to baseline levels. *
p<0.05 vs. baseline. B: The effects of systemically injected PPT on the magnitude of the
visceromotor response were measured at several time points between 15 minutes and 4
hours post injection. There was an overall increase in the vmr by PPT (p<0.05) and the
increase was significant at each time point examined (* p<0.05, ** p<0.01 vs. baseline). C:
Intrathecally injected PPT facilitated the visceromotor response. * p<0.05 vs. pre-injection.

Pain. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jietal.

Figure 5.

>

Response frequency ( Hz)

w

Response frequency (Hz)

S
o
1

w
o
1

N
o
1

-
o
1

o
L

w
o
1

N
o
1

-
o
1

o
L

LS Abrupt

M vehicle
A s.c. PPT
& spinal PPT

mmHg

LS Sustained

B vehicle

A scPPT
& spinal PPT
I T T 1
20 40 60 80

mmHg

Page 20

ERa activation in OVx rats modulates the response of visceroceptive dorsal horn neurons.

A: Subcutaneously (1mg/kg) and spinally (50 ng) administered PPT selectively facilitated
the response of Abrupt neurons to CRD (two way RM ANOVA, p<0.05). * p<0.05,
**p<0.01 vs. vehicle; n=5-9/group. B: PPT had no effect on the response of Sustained

neurons (n=4-6/group). The insets show a typical response for each type of neuron. The

small bar is the duration of the distention (20 sec).
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Figure 6.

ERa activation in OVx rats induced changes in spinal ERK expression measured with
Western blots. A: CRD increased pERK expression in vehicle- treated rats in the cytosolic
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fraction (ERK1 p<0.001; ERK2 p<0.005). There was no effect of CRD in PPT treated rats. #
p<0.005 vs. veh, PPT 5 minutes, PPT 2 hour. B: CRD increased pERK expression in the
nuclear fraction in PPT treated rats (ERK1 p<0.001; ERK2 p<0.001). There was no effect of
CRD in vehicle treated rats. ** p< 0.005, *** p<0.001 vs. veh, veh + CRD, 5 min PPT.
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Intrathecal injection of the MEK inhibitor PD 98059 (1 ug) blocked the facilitation of the
visceromotor response induced by PPT. A: In PPT-treated rats, the visceromotor response
following i.t. PD 98059 was significantly less compared to i.t. vehicle (p<0.001). *, **, ***
p<0.05, 0.01, 0.001 vs. vehicle at that time point. B: In rats injected with the vehicle for
PPT, i.t. PD 98059 had no effect on the magnitude of the visceromotor response compared

to i.t. vehicle.
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