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Abstract
The existence of a sex difference in several chronic pain syndromes and the fluctuation of symptoms
during the menstrual cycle strongly suggest sex hormones are involved in pain processing. The
mechanisms underlying these changes are not well understood. Using the colorectal distention model
in the rat, we previously reported a sex difference in the response to distention (Am J Phys 2006,
291:R037) and that ovariectomy decreased the responses to distention while estrogen replacement
reversed the decrease (J Neurosci 2003, 23:3908), suggesting estrogen increases visceral nociception.
In the present study we tested the hypothesis that the visceromotor response to colorectal distention
fluctuates with the estrous cycle. Three measurements (vaginal smears, uterine tube weight and
plasma estrogen concentration) were used to determine the estrous phase. Comparison of the
visceromotor response threshold and magnitude was made between proestrus and metestrus/diestrus.
Our experiment demonstrated that the distention threshold was significantly lower in proestrus
(median: 15 mmHg) as compared with metestrus/diestrus (median: 25 mmHg); and the magnitude
of the visceromotor response to graded intensities of colorectal distentions (20, 40, 60, 80 mmHg)
was significantly higher in proestrus. The results indicate that the visceromotor response fluctuates
with estrous phase, providing evidence for endogenous estrogen modulation of visceral nociceptive
processing that could contribute to sex differences.
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Several chronic pain syndromes such as irritable bowel syndrome (IBS), migraine,
fibromyalgia and temporomandibular disorders are 2-10 times more prevalent in women
(Unruh, 1996; Berkley, 1997; Craft, 2007). In many cases, symptoms become more severe in
certain phases of the menstrual cycle (Dao et al., 1998; Kane et al., 1998; Fillingim and Ness,
2000; Dao and LeResche, 2000; Fillingim and Edwards, 2001; Houghton et al., 2002).
Experimental studies in humans suggest there is a sex difference in nociception (for review,
see (Riley et al., 1998)) and noxious stimuli-induced painful sensations are influenced by the
menstrual cycle (for review, see (Riley et al., 1999)), suggesting female gonadal hormones are
involved in modulation of painful signal processing.
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The mechanisms underlying sex differences and cyclic changes of pain sensation in humans
are not well understood. As a first step to explore the mechanisms, multiple animal models
have been employed in the lab (for review, see (Fillingim and Ness, 2000; Craft et al., 2004;
Aloisi and Bonifazi, 2006)) to address two general issues: 1. Is there a sex difference in
nociceptive behavior in a specific animal model? 2. Do sex hormones contribute to the sex
difference? The latter was investigated by comparing nociceptive responses in gonadectomized
and hormone replacement animals or across phases of the estrous cycle in intact cycling female
animals.

It is generally accepted that the first stage of any sex difference study should be a comparison
of gonadally intact adult females and males followed by studies of gonadal hormones (Becker
et al., 2005; Greenspan et al., 2007). Using a model of visceral nociception, colorectal
distention, we have reported that there exists a sex difference in nociceptive processing (Ji et
al., 2006) and that ovariectomy decreased visceromotor as well as spinal dorsal horn neuronal
responses to colorectal distention and estrogen replacement reversed this effect (Ji et al.,
2003), suggesting estrogen modulates visceral nociceptive processing. It is of interest to know
if fluctuation of endogenous estrogen also influences nociceptive processing.

We previously reported the visceromotor response to colorectal distention did not fluctuate
with the estrous cycle at a fixed pressure (60 mmHg) in awake rats (Ji et al., 2006). However,
a study in anesthetized rats showed the visceromotor response threshold to colorectal distention
fluctuated across the estrous cycle, with the lowest threshold occurring in proestrus (Holdcroft
et al., 2000). Based on our previous observations that there exists a sex difference in visceral
nociceptive processing (Ji et al., 2006) and ovariectomy decreased the rats' response to
distention (Ji et al., 2003), we hypothesized that there exists a cyclic change of the visceromotor
response that is not readily discernible without extraordinary care. To confirm this, we used
three measurements to help precisely determine phases of the estrous cycle, and observed a
change of visceromotor response that paralleled changes in plasma estrogen concentration.

Methods
Animals

Intact female Sprague-Dawley rats (200-220 g, 9-10 weeks of age) were used in the present
study. Rats were housed 2 per cage, with free access to food and water and maintained on a 12
hr -12 hr light-dark cycle. All protocols were approved by the University of Maryland Dental
School Institutional Animal Care and Use Committee and adhered to the guidelines for
experimental pain in animals published by the International Association for the Study of Pain.

Vaginal smear
Vaginal smears were taken once daily at 10:00 am to 11:00 am starting 4 days after the surgery
(see below) for at least two estrous cycles (8-10 days) to determine the cycling pattern for each
rat. The samples were placed on glass microscope slides and viewed under dark field
illumination at 100× magnification to determine the estrous phase. Images were digitally
recorded.

Visceromotor response
All rats were implanted with electromyogram (EMG) electrodes 12-14 days before testing. In
isoflurane anesthetized rats, an electrode made from Teflon coated 32 g stainless steel wire
(Cooner Wire Co., CA) was placed in the lateral abdominal wall, the electrode leads tunneled
subcutaneously and exteriorized at the back of the neck. On the day of the experiment, rats
were briefly sedated with isoflurane and a 5-6 cm balloon attached to Tygon tubing was inserted
through the anus into the descending colon and rectum. The distal end of the balloon was
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maintained 1 cm proximal to the external anal sphincter by taping the tubing to the tail. Rats
were loosely restrained in Plexiglas rodent restrainers and allowed 30 min to recover from the
anesthetic. Colorectal distention (CRD) was produced by inflating the distention balloon with
air. The pressure was monitored and kept constant by a pressure controller/timing device
(Bioengineering, University of Iowa). The visceromotor response (the EMG in response to
CRD) was recorded with a CED 1401plus and analyzed using Spike 2 for windows software
(Cambridge Electronic Design, UK). The EMG was rectified offline and the area under the
curve (AUC) determined. The baseline visceromotor response was defined as the AUC 10
seconds prior to distention.

Two sets of data were collected in this experiment: The threshold pressure to evoke a
visceromotor response and the magnitude of response to supra-threshold distention pressures.
To determine threshold, the visceromotor response to graded intensities of distention (5, 10,
15, 20, 25, 30, 35 mmHg, five distentions at each pressure, 10 seconds duration, 30 seconds
inter-stimulus interval) was measured and the threshold was defined as the minimum pressure
that elicited a response at least 60% of the time. A response to CRD was considered positive
if the AUC during distention was greater than two times the standard deviation above the
baseline AUC. The visceromotor response to supra-threshold stimuli was measured using 20,
40, 60, 80 mmHg CRD (five distentions at each pressure, 10 seconds duration, 30 seconds
inter-stimulus interval).

Plasma estrogen concentration
On completing each experiment (1:00 to 2:00 pm), the rats were deeply anesthetized with
Nembutal and blood samples were collected by cardiac puncture and put into tubes pretreated
with heparin. The samples were let stand for one hour before centrifuging at 14000 rpm for 10
minutes. The blood serum was then collected and stored at -80 °C until use. Serum estradiol
levels were measured using Estradiol EIA kit (Catalog No. 582251. Cayman Chemical
Company, MI). The sensitivity was 19 pg/ml.

Uterine weight
After the blood was collected, the abdomen of the rat was cut open, both uterine horns were
cut at the ovary and carefully dissected to where the uterine horns join the cervix and removed
for weighing. Fluid in the lumen of the uterine horns was extruded before weighing.

Data analysis
The data are expressed as mean ± sem. Data were analyzed using t-test, Rank sum test, one or
two-way ANOVA followed by Student-Newman-Keuls Method for multiple comparisons as
appropriate. p< 0.05 was considered significant.

Results
Estrous phase

Three measurements were taken into account to identify rats in different stages of the estrous
cycle. Intact female rats (n=29) were primarily classified as in metestrus (n=6), diestrus (n=6),
proestrus (n=12) or estrus (n=5) on the day of the visceromotor recording according to the
cellular characteristics of their vaginal smears (Figure 1). All rats had 4-5 day cycles. The
weight of the uterus and plasma estrogen concentration were measured and used as the second
and third index for determination of the estrous phase. Since metestrus only lasts for a short
period of time (5-6 hours) and the plasma estrogen concentration in metestrus did not differ
from that in diestrus, data from these two groups of rats were pooled. Of the 5 rats with an
estrus vaginal smear pattern, two had either a markedly high plasma estrogen concentration or
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uterine weight. One rat that had a diestrus smear one day showed an estrus smear pattern the
following day, suggesting it was in the early stage of estrus. Due to this observation and some
other reasons (see discussion), rats in estrus were not included in the data analysis.

The classification of rats as in metestrus/diestrus or proestrus phase by vaginal smear was
further supported by the measurement of their uterine weight and/or plasma estrogen
concentration upon completion of each experiment. Overall, the uterus from rats in proestrus
was thick and filled with fluid and weighed significantly more than rats in metestrus/diestrus
(Figure 2A; t-test, p<0.001). Rats recognized as in proestrus had significantly higher plasma
estrogen concentration than those in metestrus/diestrus (Figure 2B; t-test, p<0.001). The uterine
weight was positively correlated with the plasma estrogen concentration (Figure 2C; Linear
regression, p<0.05.).

Visceromotor response threshold
Reports from Holdcroft's group showed that in lightly anesthetized rats the distention threshold
was the lowest in proestrus (Sapsed-Byrne et al., 1996; Holdcroft et al., 2000). To determine
whether similar cyclic changes in threshold occur in awake rats, the visceromotor response to
increasing intensities of colorectal distention was recorded to determine the threshold. As
shown in figure 3A, the threshold to evoke a visceromotor response was significantly lower in
proestrus (Range: 5-25mmHg; Median: 15 mmHg) as compared with metestrus/diestrus
(Range: 10-40mmHg; Median: 25 mmHg; Rank sum test, p<0.05), suggesting rats in proestrus
are more sensitive to visceral stimuli.

Visceromotor response to graded intensities of CRD
We have reported previously that there was no cyclic fluctuation in the rats' visceromotor
response to 60 mmHg of distention (Ji et al., 2005). Since other lines of evidence suggest rats
with higher estrogen levels tend to have greater responses to distention (Ji et al., 2006) (Ji et
al., 2003), we re-evaluated the effect of the estrous phase on the visceromotor response by
comparing the rats' response to graded intensities of pressure in two phases: proestrus and
metestrus/diestrus (see discussion for the rationale of excluding rats in estrus). The
visceromotor response to CRD in both phases was pressure-dependent (Figure 3B; one-way
RM ANOVA, p <0.001). Statistical analysis indicated a significant difference in the
visceromotor response to 20, 40, 60 and 80 mmHg of distention between proestrus and
metestrus/diestrus (two-way RM ANOVA, p <0.05).

Discussion
In the present study, we used three measurements to determine the phase of the estrous cycle
and observed a fluctuation in the magnitude of the visceromotor response with estrous phase,
by showing that rats in proestrus (when high plasma estrogen concentration was present) had
significantly lower threshold and higher magnitude of response to colorectal distention as
compared with rats in metestrus/diestrus (when plasma estrogen concentration was low),
further supporting our previous observation that estrogen increases visceral pain.

Vaginal smears have been commonly used for determining the rats' estrous phase (Cooper et
al., 1993; Hubscher et al., 2005). Since the estrous cycle in a laboratory rat is relatively short
(4-5 days), and in a typical cycle proestrus (12-14 hours) and metestrus (5-6 hours) are much
shorter than estrus (24-27 hours) and diestrus (55-57 hours), ideally, multiple smears should
be taken each day to precisely monitor the estrous phase. This is not practical in behavioral
studies since multiple handling could be extremely stressful to the rat and therefore impact the
result of the study (Balcombe et al., 2004; Becker et al., 2005). Obviously, it is not appropriate
to measure the plasma estrogen concentration without taking into consideration the estrous
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phase, since the same estrogen level when climbing would give different meaning than when
it is decreasing. As reported by others (White et al., 1978), we found that the uterine weight
fluctuates with the estrous phase and a positive correlation was found between the uterine
weight and plasma estrogen concentration, suggesting this could be a useful index to help
determine the estrous phase. For example, a high uterine weight with high estrogen
concentration would strongly suggest the rats were in or close to proestrus. A combination of
plasma estrogen level with vaginal smear and uterine weight should be more reliable in
determining the estrous phase.

The plasma estrogen concentration fluctuates across the estrous cycle, with the lowest estrogen
concentration occurring during estrus. Estrogen increases gradually during metestrus/diestrus
and peaks during proestrus (Freeman, 1994; Becker et al., 2005). Although the onset of the
effect of estrogen on neuronal activity is rapid, the effect lasts for a longer period of time due
to its genomic effects (McEwen, 1991; McEwen and Alves, 1999; McEwen, 2001). For
example, we have reported that subcutaneous injection of estradiol in ovariectomized rats
caused an increase in behavioral as well as spinal dorsal horn neuronal responses to colorectal
distention that occurred at 4 hours and persisted more than 48 hours (Ji et al., 2003). In addition,
the threshold for activating uterine afferents in the hypogastric nerve was lowest during
proestrus/estrus (Robbins et al., 1990). Therefore, in early estrus, although there is a sudden
drop of estrogen, the prolonged effect of the elevated estrogen level from the previous phase
on some physiological activities might persist. This could influence the results in certain tests
especially when the impact of estrogen is determined by a comparison made between the
proestrus (when blood estrogen is the highest) and estrus (when blood estrogen level is low).
To avoid this, comparisons between the proestrus and metestrus/diestrus were made to give
more explicit results (Bereiter, 2001; Bi et al., 2001; Bereiter et al., 2002; Okamoto et al.,
2003).

We found a significant difference in the visceromotor response threshold between the proestrus
and metestrus/diestrus in awake rats. This is consistent with the report from Holdcroft's lab
showing rats in proestrus had significantly lower threshold compared with rats in other phases
in lightly anesthetized rats (Sapsed-Byrne et al., 1996; Holdcroft et al., 2000), suggesting that
rats in proestrus are more sensitive to colorectal distention. This is further supported by our
present findings that the magnitude of the visceromotor response to graded intensities of CRD
was significantly greater in proestrus rats compared to metestrus/diestrus rats. Our previous
observations that ovariectomy decreased the visceromotor response and that estrogen
replacement reversed the decrease (Ji et al., 2003; Ji et al., 2006) suggest estrogen increases
visceral nociception and therefore is a key factor underlying cyclic changes in the visceromotor
response during the estrous cycle.

The fluctuation of visceral nociception with estrous cycle is not likely due to changes in the
tone of the colon wall based on our previous observation that estrogen does not change the
compliance of the colon (Ji et al., 2003). Other cyclic changes that may occur in the colon
might be reflected by changes in primary afferent activity. The descending colon and the rectum
are innervated by both the hypogastric/lumbar colonic and pelvic nerves. These nerves also
transmit sensory information from pelvic reproductive organs such as the uterus and vagina.
The minimal necessary pressures in the vagina or uterus to elicit neuronal activity in the afferent
fibers was significantly lower during proestrus (Robbins et al., 1992). Similarly, spinal dorsal
root fibers are more sensitive to colorectal distention in proestrus (Wang and Al-Chaer,
2007). Ovariectomy decreased the response and estrogen replacement reversed this further
indicating a facilitatory role of estrogen on primary afferents responding to colorectal distention
(Wang and Al-Chaer, 2007). Primary afferent nerves innervating visceral tissues express
P2X3, vanilloid receptor 1 (VR1), N-methyl-D-aspartate receptors (NMDARs), etc
(McRoberts et al., 2001; Chaban et al., 2004; Brierley et al., 2005a; Brierley et al., 2005b).
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One of the mechanisms through which estrogen modulates primary afferent activity is the
potentiation of NMDA currents in dorsal root ganglia (DRG) neurons, increasing their
mechanical sensitivity (McRoberts et al., 2007).

Estrogen could act at multiple sites in the nervous system to modulate nociceptive signal
processing. In addition to expression in DRG, estrogen receptors are expressed in the spinal
cord and supraspinally (Williams and Papka, 1996; Alves et al., 1998; Ravizza et al., 2002;
Chakraborty et al., 2005; Tang et al., 2007). Neuronal activity was the highest in proestrus,
and the lowest in the metestrus in the lateral septal nucleus (Contreras et al., 2000), an area
that is involved in the motivational-affective dimension of nociception (Khanna, 1997; Leite-
Almeida et al., 2006). In the trigeminal subnucleus caudalis/upper cervical cord (Vc/C2)
junction region, more Fos-positive neurons were produced after acute injury to the
temporomandibular joint (TMJ) region and injection of bradykinin into the TMJ evoked greater
magnitude and duration of responses in neurons from rats in proestrus compared with diestrus
(Bereiter, 2001; Okamoto et al., 2003). Our previous experiment showed subcutaneous
injection of estrogen increased dorsal horn neuronal response and Fos expression to CRD
(Tang et al., 2006), however, it does not necessarily mean the effect was occurring in the spinal
cord since increased primary afferent activity could induce an increase in dorsal horn neuronal
activity. Intrathecal injection of estrogen caused an increase in the visceromotor response
(Tang et al., 2006) supporting an effect of estrogen on the spinal cord that could contribute to
the increased visceromotor response in proestrus. An increase in estrogen receptor binding
sites in the lumbosacral spinal cord during proestrus could further the effect of estrogen
(Williams et al., 1997). Our observation that estrogen increases spinal NMDAR subunit 1
phosphorylation and extracellular signal-regulated kinase (ERK) activation provides one
possible mechanism underlying pronociceptive effect of estrogen (Traub et al., 2007; Tang et
al., 2007).

In summary, the existence of a sex difference in the prevalence of human chronic pain
syndromes such as IBS suggests gonadal hormones could influence visceral pain perception.
The mechanisms underlying the sex difference in the clinical condition remain unclear. Our
previous observations that there is a sex difference in behavioral and neuronal response to
colorectal distention, along with the findings that ovariectomy decreased and estrogen
replacement reversed the response to colorectal distention suggest the model could be useful
in exploring sex differences in visceral pain. The present findings that fluctuations in the
magnitude of the visceromotor response positively correlated to the plasma estrogen
concentration in different phases of the estrous cycle provide evidence for endogenous estrogen
modulation of visceral pain.
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Figure 1.
Representative photomicrographs showing smears from rats in metestrus/diestrus, proestrus
and estrus. A: Metestrus is characterized by the appearance of small leukocytes, mixed with
round or irregular shaped nucleated or squamous epithelial cells in a vaginal smear. B: Diestrus
smear has fewer leukocytes mixed with cornified epithelial cells. C: The smear from a proestrus
rat is characterized by a predominance of round nucleated cells of uniform size, with a complete
absence of leucocytes. Cells are distributed individually or in clusters. D: Estrus, nonnucleated
cornified epithelial cells are predominant.
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Figure 2.
The uterine tube weight and plasma estrogen concentration are positively correlated. A: the
uterine tube weight from rats in proestrus (n=12) is significantly greater than rats in metestrus/
diestrus (n=12). B: Rats in proestrus (n=6) had significantly greater plasma estrogen
concentration than rats in metestrus/diestrus (n=12). C: the uterine tube weight is positively
correlated with plasma estrogen level. # t-test p<0.001 compared with met/di. * linear
regression p<0.05.
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Figure 3.
Rats in proestrus are more sensitive to colorectal distention compared with rats in metestrus/
diestrus (n=12 per group). A: the threshold for eliciting a visceromotor response in proestrus
rats is significantly lower than metestrus/diestrus rats. * Rank sum test p<0.05; B: The
magnitude of the visceromotor response to graded intensities of distention was significantly
greater at each distention pressure in rats in proestrus compared to rats in metestrus/diestrus.
* Two way RM ANOVA p<0.05.
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