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Effects of female steroid hormones on A-type K+ currents
in murine colon
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Idiopathic constipation is higher in women of reproductive age than postmenopausal women or

men, suggesting that female steroid hormones influence gastrointestinal motility. How female

hormones affect motility is unclear. Colonic motility is regulated by ion channels in colonic

myocytes. Voltage-dependent K+ channels serve to set the excitability of colonic muscles. We

investigated regulation of Kv4.3 channel expression in response to acute or chronic changes

in female hormones. Patch clamp experiments and quantitative PCR were used to compare

outward currents and transcript expression in colonic myocytes from male, non-pregnant,

pregnant and ovariectomized mice. Groups of ovariectomized mice received injections of

oestrogen or progesterone to investigate the effects of hormone replacement. The capacitance of

colonic myocytes from non-pregnant females was larger than in males. Net outward current

density in male and ovariectomized mice was higher than in non-pregnant females and

oestrogen-treated ovariectomized mice. Current densities in late pregnancy were lower than in

female controls. Progesterone had no effect on outward currents. A-type currents were decreased

in non-pregnant females compared with ovariectomized mice, and were further decreased by

pregnancy or oestrogen replacement. Kv4.3 transcripts did not differ significantly between

groups; however, expression of the potassium channel interacting protein KChIP1 was elevated

in ovariectomized mice compared with female controls and oestrogen-treated ovariectomized

mice. Delayed rectifier currents were not affected by oestrogen. In the mouse colon, oestrogen

suppresses A-type currents, which are important for regulating excitability. These observations

suggest a possible link between female hormones and altered colonic motility associated with

menses, pregnancy and menopause.
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Idiopathic constipation is a disorder which predominantly
affects females of reproductive age, and many of
these patients have coexistent disorders of menstruation
(Preston & Lennard-Jones, 1986; Turnbull et al. 1989;
Kamm et al. 1991). A recent clinical study revealed
that colonic transit time is significantly longer in the
luteal phase of the menstrual cycle, when oestrogen
levels are elevated, compared with the follicular phase,
when oestrogen levels are relatively low (Jung et al.
2003). Additionally, during pregnancy (when oestrogen
levels are elevated) there is a higher incidence of
constipation (Baron et al. 1993). Thus, there appears
to be a strong correlation between female hormone
levels and colonic motility. These clinical observations
are supported by in vivo experiments, in which oestrogen
and progesterone have been shown to influence gastro-
intestinal transit time (Ryan & Bhojwani, 1986). Rats in a
high oestrogen–progesterone cycle stage had significantly

slower colon transit times compared with animals in a
low hormonal stage. Ovariectomized rats pretreated with
oestrogen and progesterone had significantly slower transit
times than untreated ovariectomized animals. Colonic
transit time in pregnant rats was essentially identical
to those of animals pretreated with oestradiol (Ryan &
Bhojwani, 1986). However, the mechanisms by which
female steroid hormones affect gastrointestinal motility
are unclear.

Oestrogen affects transcriptional regulation by binding
to specific response elements and regulating target
gene expression. Oestrogen also exerts ‘non-genomic’
effects which involve steroid-induced modulation of
cytoplasmic or of cell membrane-bound regulatory
proteins such as mitogen-activated protein kinases,
phosphatidylinositol 3-OH kinase (PI3K), ion channels,
and G-protein-coupled receptors. Genomic effects of
oestrogen include the regulation of expression of a
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variety of ion channels, including: down-regulation of
Cav1.2 mRNA expression and L-type Ca2+ channel
density (Johnson et al. 1997; Patterson et al. 1998)
and up-regulation of large conductance Ca2+-activated
K+ channels (Jamali et al. 2003), ATP-sensitive K+

channels (Ranki et al. 2002), small conductance K+

channels (Jacobson et al. 2003) and Kv1.5 channels (Tsang
et al. 2004). Recent studies have made an important
link between oestrogen and down-regulation of A-type
currents and Kv4.3 channels in myometrial smooth muscle
(Wang et al. 1998; Song et al. 2001; Suzuki & Takimoto,
2005). It is possible that loss of this conductance, which
is important in regulating excitability in smooth muscles,
might affect excitability activity. We have previously shown
that A-type currents in colonic myocytes are mainly
encoded by Kv4.3 channels based on pharmacology,
kinetics and molecular expression. (Amberg et al. 2002).
A-type currents are inhibited by 4-aminopyridine (4-AP)
and flecainide (Vogalis et al. 1993; Amberg et al. 2002) and
activate at negative potentials. Currents via Kv4.3 channels
influence the resting membrane potentials and excitability
of colonic smooth muscle and inhibition of A-type current
by 4-AP-induced depolarization and increased contra-
ctility of colonic muscles (Koh et al. 1999). Here we
investigated the effects of female steroid hormones on
Kv4.3 channel expression in colonic smooth muscle cells
to study the link between female hormones and altered
colonic excitability.

Methods

Animals

BALB/c mice between 30 and 60 days old were used
for the described studies. Animals were obtained from
the Jackson Laboratory (Bar Harbour, MN, USA). Mice
were anaesthetized with isoflurane drop method (Baxter,
Deerfield, IL, USA) to effect prior to cervical dislocation
and decapitation. The animals were maintained and the
experiments performed in accordance with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals. The Institutional Animal Use and
Care Committee at the University of Nevada approved all
procedures used.

Ovariectomized mice (OVX; 20–30 days old) were
purchased from Charles River Laboratories (Wilmington,
MA, USA) 10 days following ovariectomy. A group of OVX
mice received injections of 17β-oestradiol (5 ng (g body
wt)−1) or progesterone (5 ng (g body wt)−1) for 7 days
prior to killing and tissue collection.

Immunohistochemistry

For preparation of whole-mount colon tissue specimens
for immunohistochemistry, entire colons (from cecum

to rectum) were removed through a midline abdominal
incision. Colons were cut open along the longitudinal
axis close to the mesenteric border and washed clean
with a calcium-free solution containing (mm): 125 NaCl,
5.36 KCl, 15.5 NaOH, 0.336 Na2HPO4, 0.44 KH2PO4, 10
glucose, 2.9 sucrose and 11 Hepes, adjusted to pH 7.4 with
tris (hydroxymethyl)aminomethane (Tris). After pinning
flat to a Sylgard-lined dissecting dish, the mucosa and
submucosa were carefully removed, leaving the under-
lying tunica muscularis intact. Tissue segments were then
fixed in acetone for 10 min at 4◦C and washed thoroughly
(5 × 15 min or overnight) with phosphate-buffered saline
(PBS). To reduce non-specific binding, tissues were
incubated in bovine serum albumin (1% v/v in PBS) for 1 h
prior to incubation of tissues in primary antisera. Primary
rabbit polyclonal antibodies specific for α- and β-isoforms
of the oestrogen receptor (obtained from Abcam Inc.,
Cambridge, MA, USA) were diluted to 2 μg ml−1 in PBS
containing 0.3% Triton X-100 (Calbiochem, San Diego,
CA, USA). Tissues were incubated in primary antibody
solution for 48 h at 4◦C. Following 3–4 h of washing with
PBS, tissues were incubated in corresponding secondary
antibody conjugates (Alexa Fluor 488 goat anti-rabbit IgG
for both α- and β-receptor isoforms; purchased from
Molecular Probes Inc, CA, USA) diluted to 1 : 500 in PBS
for 1 h at room temperature. After 3–5 × 15 min washes
with PBS, tissue specimens were mounted and viewed
using a Zeiss LSM 510 confocal microscope (Carl Zeiss
Inc.). Confocal micrographs of whole-mount preparations
of colon tissue are digital reconstructions of 15 optical
sections, each with a depth of 1.0 μm. Final images were
constructed using Zeiss LSM 5 Image Examiner Software.

Preparation of isolated myocytes

To prepare isolated colonic myocytes, colons were cut
open along the longitudinal axis, pinned in a Sylgard-lined
dish and washed with Ca2+-free solution as described
above. Mucosa and submucosal layers were removed
and the remaining tunica muscularis cut into segments.
Tissue segments were incubated in 1 ml of Ca2+-free
solution supplemented with 2 mg fatty acid-free bovine
serum albumin, 1.3 mg collagenase and 2 mg trypsin
inhibitor for 8–12 min at 37◦C. Following incubation
in the enzyme solution, tissues were washed repeatedly
(3–5 times) with Ca2+-free solution and gently agitated
to create a cell suspension. Dispersed cells from both
circular and longitudinal muscle layers were stored at
4◦C in Ca2+-free solution. Experiments were performed
at room temperature within 6 h of dispersing cells.

Voltage-clamp patch experiments

The whole-cell patch clamp technique was used to record
membrane currents from dissociated murine colonic
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smooth muscle cells. Currents were amplified with a List
EPC-7 (List Electronic, Darmstadt, Germany) or Axopatch
200B (Axon Instruments, Union City, CA, USA). Data were
digitized with 16-bit analog-to-digital converter (Digidata
1322A, Axon Instruments). Data were stored directly and
digitized on-line using pCLAMP software (version 9.2,
Axon Instruments). Data were sampled at 4 kHz and
filtered at 2 kHz using an eight-pole Bessel filter, and
analysed using pCLAMP (version 9.2; Axon Instruments),
Graphpad Prism (version 3.0, Graphpad Software Inc.,
San Diego, CA, USA) and Origin software (version 5.0,
OriginLab Corp., Northampton, MA).

Solutions for patch clamp experiments

In order to measure outward currents, smooth muscle
cells were bathed in a Ca2+-free physiological salt solution
(MnPSS) containing (mm): 5 KCl, 135 NaCl, 2 MnCl2,
10 glucose, 1.2 MgCl2 and 10 Hepes adjusted to pH 7·4
with Tris. The pipette solution contained (mm): 110
potassium gluconate, 20 KCl, 5 MgCl2, 2.7 K2ATP, 0.1
Na2GTP, 2.5 creatine phosphate disodium, 5 Hepes and
10 BAPTA, adjusted to pH 7·2 with Tris. 4-Aminopyridine
(4-AP, Sigma) or tetraethylammonium (TEA, Sigma)
were added as described in the Results section. Patch
clamp experiments were performed at room temperature
(22◦C).

Analysis of electrophysiological data

Data are expressed as means ± standard errors of the mean
(s.e.m.). Student’s t test was used where appropriate to
evaluate differences in the data. P values less than 0.05
were taken as statistically significant. For patch clamp
experiments, we analysed the peak currents before and
after drug treatments.

Total RNA isolation and quantitative PCR

Total RNA was isolated from the tunica muscularis
of mouse colon (following removal of the mucosa
and submucosa) using the SNAP Total RNA isolation
kit (Invitrogen, Carlsbad, CA, USA), according to
the manufacturer’s instructions. First-strand cDNA was
prepared from the total RNA using the Superscript
reverse transcriptase kit (Gibco, Gaithersburg, MD, USA).
One microgram of total RNA was reverse transcribed
with 200 units reverse transcriptase in a 20 μl reaction
mixture containing 25 ng oligo-dT primer, 500 μm each
dNTP, 75 mm KCl, 3 mm MgCl2, 10 mm dithiothreitol
and 50 mm Tris-HCl (pH 8.3). As a control, PCR primers
specific for GAPDH (see Table 1 for details) were used to
establish that the prepared cDNA was non-genomic. In
qualitative experiments GAPDH primers amplified only
the non-intron amplification product (170 bp band) from
all cDNA samples, indicating that preparations were free

Table 1. PCR primer pairs

mRNA (Genebank
accession no.) Position Primer sequence (5′-to 3′)

Kv4.3 (AF107781) 1398–1418 CAAGACCACCTCACTCATCGA
1553–1573 TCGAGCTCTCCATGCAGTTCT

KChIP1 (AB075041) 126–145 ACCGGCCTGAGGGACTGGAG
270–289 GCTGGCATCTCCGTGAGGGA

KChIP4 (AF305071) 229–250 GAGGCCCAGAGCAAATTCACCA
394–414 TCCATTGTGGTCCGTGTCGAA

GAPDH (BI851476) 353–371 GTCTTCACCACCATGGAG
505–522 AAGCAGTTGGTGGTGCAG

of genomic DNA contamination (270 bp band was not
observed; data not shown). cDNA reverse transcription
products were amplified with Kv4.3, KChIP1, KChIP4
and GAPDH-specific primers by reverse transcriptase
polymerase chain reaction (RT-PCR) using AmpliTaq
Gold reagents (PE Applied Biosystems, Foster City, CA,
USA). The primer pairs used are listed in Table 1. The
amplification protocol for these primer pairs was as
follows: 95◦C for 10 min to activate the AmpliTaq poly-
merase, followed by 40 cycles of 95◦C for 15 s and
60◦C for 1 min. Aliquots of the PCR reactions were
analysed by 2% agarose gel electrophoresis and visualized
by ethidium bromide fluorescence. The identity of PCR
amplification products obtained were confirmed by DNA
sequencing.

Real-time RT-PCR was used to quantify the expression
levels of Kv4.3, KChIP1 and KChIP4 relative to the
GAPDH between animal groups. SYBR Green I was
used as the fluorescent probe on an ABI 5700 sequence
detector (PE Applied Biosystems). Real-time PCR was
performed in triplicate using the same amplification
protocol described above. Reaction mixtures lacking
cDNA (non-template controls) were included during
each session to assess contamination and non-specific
amplification. To examine Kv4.3 and KChIP primer
efficiencies, standard curves were generated for each
primer pair by regression analysis of PCR amplifications on
log10 serial dilutions of cDNA. Standard curves were used
to normalize the abundance of each transcript relative to
the amount of GAPDH transcript present within the same
sample. Data are reported as the mean ± s.e.m.; n refers to
the number of animals from which tissues were collected.
Statistical significance was evaluated by one-way analysis
of variance with Tukey’s multiple comparison test. P values
less than 0.05 were considered significant.

Results

Oestrogen receptors are expressed by colonic smooth
muscle cells

Immunohistochemical staining was performed on
whole-mount preparations with antibodies targeted to the
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α- and β-isoforms of oestrogen receptors to determine
whether these receptors are expressed in colonic smooth
muscle cells. α- and β-oestrogen receptor-like immuno-
reactivity was distributed throughout both the circular
and longitudinal muscle cells of the murine colon (Fig. 1A
and B).

Acute application of oestrogen or progesterone did
not alter outward currents

Control experiments were performed to test the acute
application of steroid hormones on voltage-dependent
K+ currents in colonic myocytes. Recordings of outward
currents were made from freshly dispersed colonic
myocytes using conventional, dialysed whole-cell patch
clamp techniques. Contamination from large conductance
Ca2+-activated K+ channels was minimized by bathing
cells in MnPSS (see Methods) and including BAPTA
(10 mm) in the pipette solutions. Under these conditions,
17β-oestradiol (5 ng ml−1) or progesterone (5 ng ml−1)
had no effect on outward current density or kinetics (data
not shown).

Outward current density was higher in male
and ovariectomized mice compared
with non-pregnant females

Colonic myocytes were isolated from male, female and
ovariectomized (OVX) mice to test the effects of chronic
differences in female steroid hormone levels on outward
currents. Cell capacitance of female colonic myocytes
was significantly greater than for male myocytes (i.e.
60.4 ± 5.7 pF, n = 10 females versus 40.3 ± 2.3 pF, n = 13
males, P < 0.01). This difference was not observed between
male myocytes and cells isolated from OVX females

Figure 1. Oestrogen receptors are expressed in murine colonic
myocytes
Immunohistochemistry using an antibody against the α-isoform of the
oestrogen receptor revealed α-oestrogen receptor-like
immunoreactivity within smooth muscle cells of the circular and
longitudinal muscle layers of the murine colon (A). β-oestrogen-like
immunoreactivity was also ubiquitously expressed within both muscle
layers (B). Images are digital reconstructions of 15 confocal optical
sections (each with depth of 1.0 μm) within the tunica muscularis of
the murine colon.

(i.e. 38.5 ± 3.3 pF, n = 8, OVX). Due to the differences
in cell capacitance, we used current density and voltage
dependence of conductances for comparative analysis.
Colonic myocytes were held at −80 mV and stepped to
test potentials ranging from −80 to +50 mV in 10 mV
intervals (Fig. 2A–C). Outward current density at 0 mV
and +40 mV were 26.8 ± 3.1 and 62.5 ± 5.4 pA pF−1,
respectively, in male myocytes (n = 13, Fig. 2D and E),
18.3 ± 2.6 and 46.7 ± 4.4 pA pF−1, respectively, in female
myocytes (n = 10), and 22.3 ± 1.6 and 59.0 ± 2.9 pA pF−1,
respectively, in female myocytes from OVX mice (n = 8,
Fig. 2E and F). The current density in male mice was
significantly higher than that of female mice (Fig. 2D,
P < 0.05). Current densities in female and OVX myo-
cytes were also significantly different (Fig. 2E, P < 0.05).
However, current densities in myocytes from OVX mice
and males were not significantly different (Fig. 2F). We
also examined the voltage dependence of activation and
inactivation among the three groups. Half-activation
voltage (V a1/2) in male, female and OVX myocytes were
−5 ± 1 mV (n = 13), −1 ± 1 mV (n = 10) and 1 ± 1 mV
(n = 8), respectively. Half-inactivation voltage (V i1/2) in
male, female and OVX mice were −50 ± 1, −47 ± 2
and −49 ± 2 mV, respectively. There were no significant
differences in the voltage dependence of the outward
current among the three groups.

Treatment of ovariectomized mice with oestrogen
suppressed outward current density

In order to examine oestrogen effects on outward currents,
17β-oestradiol (OES, 5 ng (g body wt)−1) was injected
subcutaneously into OVX mice for 7 days. We compared
the current densities in myocytes from OVX mice that
received saline injections (OVX), OVX mice that had
received OES injections (OES), and non-pregnant females.
Typical recordings from colonic myocytes isolated from
each group are shown in Fig. 3A–C. Peak outward
current density at 0 mV and +40 mV were 22.3 ± 1.6
and 59.0 ± 2.9 pA pF−1, respectively, in OVX (n = 8,
Fig. 3D), 16.4 ± 2.6 and 44.1 ± 4.0 pA pF−1, respectively,
in OES (n = 17, Fig. 3D and E), and 18.3 ± 2.6 and
46.7 ± 4.4 pA pF−1, respectively, in non-pregnant females
(n = 10, Fig. 3E and F). The current density in OES
and non-pregnant females was significantly lower than
in myocytes from OVX mice receiving saline injections
only (Fig. 3D and F , P < 0.05). Comparison of current
densities in non-pregnant female myocytes and in myo-
cytes from OVX females receiving OES showed no
significant difference (Fig. 3E). Voltage dependence of
activation and inactivation were not affected by oestrogen
injection (i.e. V a1/2 = 1 ± 1 mV in OVX and 1 ± 2 mV in
OES; V i1/2 = −49 ± 2 mV in OVX and −49 ± 1 mV in
OES).
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Treatment of ovariectomized mice with progesterone
did not alter outward current density

In order to examine the chronic effects of progesterone
on outward currents from colonic myocytes, we
compared the current density between three groups;
OVX that had received saline only injections (OVX),
OVX that had received progesterone injections,
and non-pregnant females that had received saline
injections (Fig. 3G–I). Peak outward current density
at 0 mV and +40 mV, respectively, were 22.3 ± 1.6
and 59.0 ± 2.9 pA pF−1 for OVX (n = 8, Fig. 3I), and
26.1 ± 2.3 and 63.7 ± 4.1 pA pF−1 for progesterone
(n = 12). The current density in OVX with treatment of
progesterone was not significantly different from OVX
mice (Fig. 3I), but significantly larger compared with
non-pregnant females (data not shown). These data
suggest that progesterone did not significantly alter the
expression of ion channels generating outward currents
in colonic myocytes.

Outward current density decreases during pregnancy

Oestrogen levels climb during pregnancy and pregnancy
is often associated with decreased colonic transit and
constipation (Lawson et al. 1985; Ryan & Bhojwani, 1986;
Baron et al. 1993). Therefore, we examined and compared
outward current density in colonic myocytes isolated

Figure 2. Outward currents are higher density in male and ovariectomized (OVX) mice compared with
females
Typical recordings of outward currents elicited from colonic myocytes isolated from male (A), female (B) and OVX
female (C) mice. To elicit outward currents, colonic myocytes were held at −80 mV and stepped to test potentials
ranging from −80 to +50 mV in 10 mV increments (A–C). Comparison of outward current density revealed that
current density in males and OVX females was significantly higher than that of females (D and E). Current density
in male and OVX mice were not different at any of the tested potentials (F).

from non-pregnant mice and those within the first and
final trimesters of pregnancy (Fig. 4A–C). The capacitance
of colonic myocytes did not differ significantly between
non-pregnant and pregnant females (i.e. non-pregnant,
60.4 ± 5.7 pF; first trimester, 57.3 ± 6.8 pF; last trimester,
67.8 ± 3.8 pF). Peak outward current density at 0 mV
and +40 mV were 18.3 ± 2.6 and 46.7 ± 4.4 pA pF−1,
respectively, in myocytes from non-pregnant mice
(n = 10, Fig. 4D), 17.7 ± 4.0 and 45.7 ± 7.1 pA pF−1 in
myocytes isolated during the first trimester of pregnancy
(n = 7, Fig. 4D), and 11.4 ± 1.5 and 31.9 ± 1.2 pA pF−1

in myocytes isolated during the last trimester of
pregnancy (n = 10, Fig. 4D). Outward current densities in
myocytes isolated during the last trimester were
significantly decreased compared with myocytes from
non-pregnant females and those within the first trimester
of pregnancy (Fig. 4D, P < 0.05 at test potential more
than +10 mV). Voltage dependence of activation and
inactivation were not affected by pregnancy (i.e.
V a1/2 = 1 ± 1 mV in non-pregnant and −0.5 ± 4 mV in
the last trimester; V i1/2 = −47 ± 2 mV in non-pregnant
and −46 ± 2 mV in the last trimester, Fig. 4E).

A-type K+ currents in colonic myocytes are increased
by ovariectomy

In order to determine the effects of female
steroid hormones on A-type currents, we added
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tetraethylammonium chloride (TEA, 10 mm) into the
bathing solution (MnPSS; see Koh et al. 1999). As
previously reported, remaining currents after TEA have
fast activation and inactivation kinetics (Koh et al.
1999). We compared the density of TEA-insensitive
A-type currents in colonic myocytes isolated from male,
female and OVX mice (Fig. 5A–C). The peak current
density at 0 mV and +40 mV were 25.5 ± 3.2 and
55.0 ± 6.2 pA pF−1, respectively, in male mice (n = 13,
Fig. 5D and E), 14.9 ± 1.5 and 35.1 ± 3.7 pA pF−1,
respectively, in non-pregnant female mice (n = 10), and
26.8 ± 6.2 and 60.6 ± 12.6 pA pF−1, respectively, in OVX
mice (n = 8, Fig. 5E and F). A-type current density in male

Figure 3. Net outward current density in OVX mice by chronic injection of 17β-oestradiol and
progesterone
To examine the effect of elevating circulating levels of oestrogen in OVX mice, 17β-oestradiol (OES) was injected
into OVX mice for 7 days. Outward currents were recorded from colonic myocytes from three animal groups: OVX
(A), OVX with OES (B) and non-pregnant females (C). Outward current density in OVX with OES and non-pregnant
females was lower than OVX mice (D and F, P < 0.05 at test potentials > +30 mV). Current densities between
non-pregnant female and OVX with OES treatment were not significantly different at any test potentials tested
(E). To examine chronic effects of progesterone on outward currents, current density was compared between three
animal groups: OVX (G) and OVX which had received progesterone (PGT) injections for 7 days (H). Current density
in OVX with PGT treatment was not significantly different from OVX mice (I).

mice was significantly higher than that of non-pregnant
female mice (Fig. 5D, P < 0.05 at test potentials more
positive than −20 mV). Current density measurements
also revealed that A-type current density was significantly
higher in OVX females compared with non-pregnant
females (P < 0.05 at test potentials more positive than
−20 mV, Fig. 5E). Interestingly, A-type current density
in male and OVX mice were not different at all tested
potentials (Fig. 5F), suggesting that ovariectomy leads
to a significant increase in A-type currents. We also
examined the voltage dependence of activation (V a1/2)
and inactivation (V i1/2) among the three groups. V a1/2

in male, female and OVX mice were −9 ± 1 mV (n = 13),
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−3 ± 1 mV (n = 10) and −6 ± 1 mV (n = 8), respectively
(Fig. 5G and H). V i1/2 in male, female and OVX mice were
−51 ± 1, −46 ± 1 and −51 ± 1 mV, respectively (Fig. 5G
and H). There was no significant difference between
V a1/2 in male, female and OVX groups. Interestingly
the differences between V i1/2 in males and females, and
between female and OVX were statistically significant
(P < 0.05 for each comparison).

Oestrogen replacement in OVX mice reduces A-type
current density

In order to evaluate the effects of oestrogen on A-type
currents, we compared the current density in the
presence of TEA among three groups; OVX, OVX that
had received oestrogen (OES) injections for 7 days (OES),
and non-pregnant female mice (Fig. 6A–C). In these
conditions the peak current density at 0 mV and +40 mV
were 26.8 ± 6.2 and 60.6 ± 12.6 pA pF−1, respectively, in
OVX (n = 8, Fig. 6D), 13.8 ± 2.2 and 34.8 ± 3.5 pA pF−1,
respectively, in OES (n = 19, Fig. 6D and E), and 14.9 ± 1.5
and 35.1 ± 3.7 pA pF−1, respectively, in non-pregnant
females (n = 10, Fig. 6E). The current density in OVX
with treatment of OES was significantly lower than that
of OVX mice (P < 0.05 at test potentials more positive

Figure 4. Net outward currents are reduced during the last trimester of pregnancy
To assess the effects of pregnancy on outward currents in colonic myocytes comparisons were made between
non-pregnant females (A) and pregnant mice in the first trimester (Early; B) and last trimester (Late; C) of pregnancy.
Current density in late pregnancy was significantly reduced compared with non-pregnant females and those in the
early stage of pregnancy (D). Voltage dependence of activation and inactivation were not affected by pregnancy
(E).

than −20 mV, Fig. 6D). Comparison of A-type current
density between female and OES showed no significant
difference (Fig. 6E). There was no significant shift in the
voltage dependence of activation and inactivation in OES
cells compared with OVX cells (i.e. V a1/2 = −6 ± 1 mV
for OVX and −1 ± 1 mV for OES; V i1/2 = −51 ± 1 mV
for OVX and −49 ± 1 mV for OES, Fig. 6F).

Inactivation time constants of A-type currents are
altered by ovariectomy

A-type current in male colonic myocytes declined in
two phases that were well described by the sum of
two exponentials (Fig. 7A). The magnitude and rate of
current decline was too small to be measured accurately at
potentials negative to −20 mV. The voltage dependence of
the rate of decline of the A-type currents is summarized
in Fig. 7E where the averaged fast and slow time constants
(τ f and τ s) from eight cells are plotted as a function of
test potentials. τ f and τ s were 32 ± 6 ms and 132 ± 25 ms,
respectively, at +30 mV and were insensitive to potential
over the range of voltages tested (n = 9). Interestingly,
inactivation of A-type currents in OVX colonic myocytes
were also well fitted with two exponentials (τ f = 34 ± 5 ms
and τ s = 98 ± 19 ms at +30 mV, n = 6, Fig. 7B and E).
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There was no statistical difference between inactivation
time constants for males and non-OES-treated OVX
females over the range of voltages tested. Inactivation
of A-type currents in female and OES groups were
better fitted with a single exponential function than with
two exponentials (Fig. 7C and D). Time constants of
inactivation at +30 mV in non-pregnant female and OES
groups were 69 ± 8 ms (n = 10) and 74 ± 7 ms (n = 17),
respectively. For both female and OES groups, inactivation
time constants were not significantly altered by voltage.
Summarized data are shown in Fig. 7F . There was no
statistical difference in time constants of A-type current
inactivation between female and OES groups over the
range of voltages tested.

Figure 5. A-type K+ current density is significantly higher in male and OVX females compared with
females
A-type currents were isolated in colonic myocytes by application of TEA (10 mM) to the bathing solution. Typical
A-type currents recorded from male, non-pregnant female and OVX female mice are shown in A–C, respectively.
Statistical analysis revealed that the density of A-type currents was significantly higher for males compared with
non-pregnant females (D). A-type currents were also of significantly greater density for the OVX group compared
with non-pregnant females (E). There was no difference in A-type current density between male and OVX mice
(F). Voltage dependence of activation and inactivation were shifted to slightly more negative potentials for both
male and OVX mice (G and H).

A-type current density is reduced during pregnancy

We also compared A-type current density (in the
presence of TEA) between colonic myocytes isolated from
non-pregnant mice and those in the first and last trimesters
of pregnancy (Fig. 8A–C). Peak A-type current density at
0 mV and +40 mV was 14.9 ± 1.5 and 35.1 ± 3.7 pA pF−1,
respectively, in non-pregnant mice (n = 10, Fig. 8D),
11.4 ± 3.1 and 30.7 ± 6.9 pA pF−1 in the first trimester
(n = 7, Fig. 8D), and 9.9 ± 1.4 and 25.7 ± 2.3 pA pF−1 in
the final trimester (n = 10, Fig. 8D). Statistical analysis
revealed that peak A-type current density in the final
trimester of pregnancy was significantly lower than
non-pregnant and first trimester groups (Fig. 8D, P < 0.05
at test potentials more positive than −20 mV). There
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Figure 6. 17β-oestradiol (OES) reduces A-type current density in OVX mice
Typical A-type currents from untreated OVX, OVX with 7 days OES treatment and non-pregnant females are shown
in A–C, respectively. A-type current density in OVX with OES treatment (OES) was significantly lower than OVX
mice (D). Current densities between non-pregnant female and OVX with OES treatment were not different at any
test potentials tested (E). Voltage dependence of activation and inactivation were not shifted in OVX mice by OES
injection (OES) compared with OVX mice which had received saline injections (OVX) (F).

was no significant difference in the voltage dependence
of activation and inactivation with pregnancy (i.e.
V a1/2 = −3 ± 1 mV in cells of non-pregnant mice and
1 ± 1 mV in the last trimester of pregnancy (P > 0.05);
V i1/2 = −46 ± 1 mV in non-pregnant and −44 ± 1 mV in
the last trimester, Fig. 8E; P > 0.05).

Figure 7. Inactivation time constants of
A-type currents in male, female, OVX and
OES groups
Typical A-type currents from male, OVX, female
and OVX with 7 days OES treatment are shown
in A–D, respectively. Membrane potential was
stepped from −80 mV to +30 mV for 380 ms.
Inactivation of A-type currents were fitted with
double exponential time constants (male and
OVX) and single exponential time constants
(female and OES). Fits (red lines) are shown
superimposed upon current traces (A–D). Plot
of the fast and slow time constants describing
inactivation of A-type currents during the
380 ms steps as a function of test potential in
male (•; n = 9) and OVX ( �; n = 6) groups (E).
Plot of the single time constants describing
inactivation of A-type currents during the
380 ms steps as a function of test potential in
female (n = 10) and OES (n = 17) groups (F).
Error bars denote S.E.M.; where error bars
cannot be seen, they are smaller than the
symbol.

Delayed rectifier K+ currents are increased
by ovariectomy

In murine colonic myocytes, outward currents remaining
after the application of 4-AP are classical delayed rectifier
K+ currents (Koh et al. 1999). These currents exhibit slow
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activating and inactivating kinetics which are different
from currents that remain after TEA. Therefore, in order
to determine the effects of female steroid hormones on
delayed rectifier K+ currents, we added 4-AP (5 mm) to
the bathing solution. We compared the density of delayed
rectifier K+ currents in male, female and OVX mice in
the presence of 4-AP (Fig. 9A–C). The current density at
0 mV and +40 mV was 9.5 ± 1.3 and 28.4 ± 3.3 pA pF−1,
respectively, in male mice (n = 13, Fig. 9D and E),
5.5 ± 0.6 and 18.8 ± 1.7 pA pF−1, respectively, in female
mice (n = 10) and 11.3 ± 1.8 and 35.7 ± 3.6 pA pF−1,
respectively, in OVX mice (n = 8, Fig. 9E and F). The
current density in male mice was significantly higher than
that of female mice (P < 0.05 at test potentials more
positive than −30 mV, Fig. 9D). Comparison of OVX
and non-pregnant female data demonstrated that delayed
rectifier current densities were significantly higher in OVX
than non-pregnant females (P < 0.05 at test potential
more than −20 mV, Fig. 9E). Density of delayed rectifier
currents in OVX mice and males were not different
at all tested potentials (Fig. 9F). We also compared
the voltage dependence of activation and inactivation
between the three groups. V a1/2 in male, female and
OVX mice were 4 ± 1 mV (n = 13), 6 ± 1 mV (n = 10)
and 5 ± 1 mV (n = 8), respectively (Fig. 9G and H). V i1/2

in male, female and OVX mice were −46 ± 2, −40 ± 2
and −43 ± 2 mV, respectively (Fig. 9G and H). Average
voltage dependence of activation and inactivation values
for male and OVX mice were shifted toward more negative

Figure 8. A-type current density is reduced in late stages of pregnancy
Typical A-type currents from non-pregnant, the first and last trimester of pregnancy are shown in A–C. Peak outward
current density in the presence of TEA was significantly reduced in the last trimester of pregnancy compared
with non-pregnant females and those in the first trimester (D). However, voltage dependence of activation and
inactivation were not shifted significantly in the last trimester of pregnancy (E).

potentials (∼5 mV) than female mice. However, statistical
analysis determined that this shift was not significant.

Oestrogen replacement in OVX mice did not
significantly change density or voltage dependence
of delayed rectifier currents

The effect of oestrogen on delayed rectifier K+ currents
was examined by comparing current density in the pre-
sence of 4-AP in three groups: OVX, OVX injected daily
with 17β-oestradiol for 7 days (OES) and non-pregnant
females (Fig. 10A–C). The current densities at 0 mV
and +40 mV were 11.3 ± 1.8 and 35.7 ± 3.6 pA pF−1,
respectively, in OVX mice (n = 8, Fig. 10D), 9.1 ± 1.0
and 30.9 ± 2.0 pA pF−1, respectively, in OES (n = 19,
Fig. 10D and E), and 5.5 ± 0.6 and 18.8 ± 1.7 pA pF−1,
respectively, in the non-pregnant female group (n = 10,
Fig. 10E). Statistical analysis revealed that although mean
current density values were lowered in OVX animals by
OES injections, differences between OVX and OES were
not statistically significant (Fig. 10D). Delayed rectifier
current densities for untreated OVX mice and those
receiving and oestrogen (OES) were significantly higher
than non-pregnant females (P < 0.05 at test potentials
more positive than−20 mV, Fig. 10E). Voltage dependence
of activation and inactivation was not shifted by oestrogen
injection to OVX mice (i.e. V a1/2 = 5 ± 1 mV in OVX
and 9 ± 1 mV in OES, V i1/2 = −43 ± 2 mV in OVX and
−44 ± 1 mV in OES, Fig. 10F). These data suggest that
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17β-oestradiol injections did not affect the transcription
or translation of channels generating delayed rectifier
K+ currents.

Delayed rectifier current density was not changed
by pregnancy

We also examined and compared the density of
delayed rectifier K+ currents in non-pregnant mice,
and those in the first and last trimesters of pregnancy
(Fig. 11A–C). In the presence of 4-AP peak outward
current density at 0 mV and +40 mV was 5.5 ± 0.6
and 18.8 ± 1.7 pA pF−1, respectively, in non-pregnant
mice (n = 10, Fig. 11D), 6.4 ± 0.9 and 22.3 ± 2.5 pA pF−1,
respectively, in the first trimester (n = 7, Fig. 11D) and
4.9 ± 0.9 and 19.7 ± 4.1 pA pF−1, respectively, in the last
trimester (n = 10, Fig. 11D). There was no significant
difference between delayed rectifier current density in
non-pregnant, first trimester or last trimester pregnant

Figure 9. Density of delayed rectifier currents is higher in male and OVX females compared with females
4-AP (5 mM) applied to the bathing solution revealed slowly activating and inactivating delayed rectifier currents
in colonic myocytes from male (A), female (B) and OVX (C) mice. Current density in male and OVX mice was
significantly higher than for females (D and E). Current density for OVX and male mice were not significantly
different at any tested potential (F). There were no significant differences in the voltage dependence of the
outward current among the three groups (G and H).

mice (Fig. 11D). Additionally, the voltage dependence of
activation and inactivation were not affected by pregnancy
(i.e. V a1/2 = 6 ± 1 mV in non-pregnant and 9 ± 1 mV in
the final trimester of pregnancy; V i1/2 = −40 ± 2 mV in
non-pregnant and −39 ± 2 mV in the final trimester,
Fig. 11E). These data further suggest that oestrogen does
not influence the expression of delayed rectifier K+

currents in murine colonic myocytes.

Quantitative PCR analysis revealed an increase in
KChIP1 expression in colons of ovariectomized mice

Results from electrophysiological experiments suggested
that oestrogen suppresses A-type current expression in
colonic myocytes. Previous studies suggest that A-type
currents in colonic smooth muscle cells are primarily
encoded by Kv4.3 (Amberg et al. 2002). Therefore,
using quantitative PCR, we compared the relative
expression of transcripts encoding Kv4.3 in female,
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Figure 10. Density of delayed rectifier currents is not significantly reduced by chronic administration of
17β-oestradiol
Delayed rectifier currents (isolated by application of 4-AP; 5 mM) were recorded from colonic myocytes of
ovariectomized females which had received injections of either saline (OVX; A) or 17β-oestradiol (OES; B).
4-AP-insensitive currents were also recorded from non-pregnant females (Female; C). In these conditions, current
densities from saline or 17b-oestradiol-treated OVX mice were not significantly different at any voltage tested
(D) and there was no change in either the voltage dependence of activation or inactivation with oestradiol
administration (F). The density of delayed rectifier currents was significantly lower for non-pregnant females
compared with oestradiol-treated OVX females through a wide range of voltages tested (E).

Figure 11. Density of delayed rectifier currents is not altered by pregnancy
Delayed rectifier currents (isolated by application of 4-AP; 5 mM) were recorded from colonic myocytes of
non-pregnant females (A) and females within the first (B) and last (C) trimesters of pregnancy. Neither current
density (D) nor voltage dependence (E)were significantly affected by pregnancy.
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OVX and OES mice. Statistical analysis revealed that
there was no significant difference in transcriptional
expression of Kv4.3 between the three groups of female
mice (i.e. intact females, 6.78 × 10−2 ± 3.55 × 10−2

(n = 5); OVX, 12.66 × 10−2 ± 9.41 × 10−2 (n = 6);
and OES, 4.10 × 10−2 ± 1.20 × 10−2 (n = 4), values
normalized to GAPDH expression; Fig. 12A. Inter-
estingly, quantitative PCR demonstrated that levels
of KChIP1 (K+ channel interacting protein type 1)
transcripts were significantly different between non-
pregnant females (2.58 × 10−2 ± 0.24 × 10−2), OVX
(7.75 × 10−2 ± 2.24 × 10−2) and OES (1.59 × 10−2 ±
0.24 × 10−2) groups (P = 0.03, by analysis of variance
followed by multiple comparisons Tukey’s test, Fig. 12B).
No significant difference was found between KChIP4
transcript expression between intact, OVX and OES
females (i.e. intact females, 4.23 × 10−2 ± 1.72 × 10−2;
OVX, 3.43 × 10−2 ± 1.06 × 10−2; and OES, 2.24 × 10−2 ±
0.05 × 10−2; values normalized to GAPDH expression,
Fig. 12C).

Discussion

Previous clinical studies (Lawson et al. 1985; Hutson et al.
1989; Baron et al. 1993; Meier et al. 1995; Bond et al.
1996; Jung et al. 2003; Sadik et al. 2003) and in vivo
and in vitro animal experiments (Ryan & Bhojwani, 1986;
Chen et al. 1995; Coskun et al. 1995) have suggested
that female steroid hormones can significantly influence
gastrointestinal function and motility. To address the
hypothesis that ovarian hormones influence the activity
and expression of ionic conductances involved in colonic
smooth muscle excitability we investigated outward
current density following acute and chronic manipulation
of oestrogen and progesterone levels.

There are a number of studies which suggest that
acute application of oestrogen can modulate K+ channels
through multiple intracellular signalling pathways (Kelly
et al. 2003; Tsang et al. 2003; Coiret et al. 2005; Fatehi
et al. 2005). We found that acute application of oestrogen
or progesterone did not affect outward current amplitude
or voltage dependence in colonic myocytes. We have not
yet carried out experiments to test the effects of acute
oestrogen and progesterone on cells with permeabilized
patches where intracellular signalling pathways are left
intact. So at present we can conclude there is no
direct blocking or facilitating effects of oestrogen and
progesterone, but this does not rule out non-genomic
effects on outward currents that are mediated by intra-
cellular signalling pathways activated or suppressed by
female hormones.

Elevation of female steroid hormones that accompanies
pregnancy produces electrical remodelling of some
smooth muscle tissues, such as the myometrium
(Thorburn & Challis, 1979; Verhoeff et al. 1985a,b).

Consistent with the hypertrophy that occurs during
pregnancy in the uterus, the capacitance of uterine
myocytes increases as pregnancy progresses (Yoshino et al.
1997). In the present study we examined the capacitance
of colonic myocytes from male, intact non-pregnant and
OVX female mice. Colonic myocytes from intact females
had significantly larger capacitance than cells from males
or OVX females, supporting the hypothesis that ovarian
hormones can influence cell size.

A major finding of this study was that the density
of net outward currents for non-pregnant females (a
model for females of reproductive age) was significantly
lower than for males or OVX females (a model for post-
menopausal females), suggesting female steroid hormones
may modulate the expression of outward currents in
colonic myocytes and therefore influence the excitability
of colonic muscles. We found that treatment of OVX
mice with 17β-oestradiol for 7 days suppressed outward

Figure 12. Relative expression of mRNA transcripts encoding
Kv4.3, KChIP1 and KChIP4 in murine colon tissues
Quantitative PCR analysis failed to detect a significant difference in
Kv4.3 transcript expression between non-pregnant female (n = 5),
OVX (n = 6) or OES (n = 4) groups (A). Expression of transcripts
encoding KChIP1 were statistically different between groups, with the
highest expression level in the OVX group (B; ∗statistical significance;
P = 0.03 by analysis of variance followed by multiple comparisons;
Tukey’s test). No significant difference in expression levels of KChIP4
transcripts was detected between the three groups (C).
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current density to levels similar to non-pregnant females.
In contrast, injection of progesterone did not alter
outward current density, suggesting that oestrogen,
but not progesterone, regulates K+ channel expression.
Cell capacitance and outward current density was also
compared in non-pregnant and pregnant animals. No
statistical difference was detected in capacitances of
colonic myocytes from non-pregnant and pregnant
females, suggesting that pregnancy did not produce
significant hypertrophy of colon smooth muscle cells.
However, colonic myocytes isolated from animals within
the final trimester of gestation (when blood oestrogen
concentrations are highest) exhibited decreased outward
current density compared with those within the first
trimester or non-pregnant females. Together, these data
suggest that oestrogen is an important determinant of K+

channel expression in colonic myocytes. Changes in the
expression of K+ channels which are critically involved
in setting the resting membrane potential probably has
important implications for colonic motility. For example,
if increased oestrogen levels suppress the expression of
a K+ channel necessary to maintain a hyperpolarized
resting membrane potential, this is likely to promote
depolarization and tonic contraction. To determine which
types of K+ channels are affected by oestrogen, we
isolated and examined A-type currents and classical
delayed rectifier K+ currents in each of our animal models.

A-type currents are voltage-gated, Ca2+-independent
K+ currents that are distinguished from typical delayed
rectifier K+ currents by rapid inactivation. A-type currents
activate at negative membrane potentials, with measurable
thresholds typically between −45 and −60 mV and
display strong steady-state voltage-dependent inactivation
(Amberg et al. 2003). Repolarization to potentials negative
to −50 mV is typically required for restoration of channel
availability with rapid recovery from inactivation (Beech
& Bolton, 1989; Smirnov et al. 1992; Vogalis et al. 1993;
Serodio et al. 1994; Koh et al. 1999; Hatano et al. 2002).
Inhibition by 4-AP and insensitivity to extracellular TEA
ions are considered to be pharmacological hallmarks of
A-type currents (Thompson, 1977). Previous studies have
deduced that the most likely molecular candidate for
the A-type current in murine colonic myocytes is Kv4.3
(Amberg et al. 2002).

In the current study, A-type currents were isolated
in colonic myocytes of male, female and OVX mice by
application of TEA. The current density of A-type currents
was significantly decreased in non-pregnant females
compared with males or OVX females, with a positive
shift in voltage dependence of activation and inactivation.
Females in the final trimester of gestation and OES mice
(which had received injections of oestradiol) exhibited
a reduced density of A-type currents compared with
non-pregnant and OVX groups, respectively. Our results
are consistent with a previous study which demonstrated

that A-type K+ current densities decline in myometrial
smooth muscle cells during pregnancy (Wang et al. 1998).
Changes in myometrial transient A-type currents were also
mimicked by administration of 17β-oestradiol to sexually
immature female rats whilst progesterone was without
effect (Erulkar et al. 1994). However, in contrast to our
study on colonic smooth muscle, myometrial Kv4.3 mRNA
and protein levels were reduced by pregnancy or oestradiol
replacement to OVX rats (Song et al. 2001). We did not
observe a significant change in Kv4.3 transcript expression
between intact female, OVX or OES mice suggesting
that the increase in A-type current density in colonic
myocytes that accompanies ovariectomy may not be a
direct consequence of up-regulated Kv4.3 expression.
It has been suggested that functional expression of
Kv4.3 channels is not only controlled by the levels of
pore-forming subunits, but requires their association with
auxiliary subunits such as K+ channel interacting proteins
or ‘KChIPs’ (Suzuki & Takimoto, 2005). Therefore, it is
most noteworthy that we detected a significant elevation
of transcripts encoding the auxillary subunit KChIP1 (K+

channel interacting protein, type 1), but not KChIP4, in
OVX females compared with intact females. KChIP1 is
thought to bind to the cytoplasmic domain of Kv4.3 and
serve to modulate the inactivation kinetics and rate of
recovery from inactivation (An et al. 2000). Expression
studies have also demonstrated that A-type current density
is markedly enhanced by the coexpression of Kv4.3 with
KChIP1 as compared with when Kv4.3 is expressed alone
(Hatano et al. 2002). Thus, increased expression of KChIP1
may provide a possible explanation for the elevated
A-type current density and altered kinetics of inactivation
observed in colonic myocytes isolated from OVX mice.

Delayed rectifier currents are encoded by Kv1 family
channels in the murine colon (Koh et al. 1999). In
the current study we found that the density of delayed
rectifier K+ currents (isolated by adding 4-AP to the
external solution) was lower in colonic myocytes from
non-pregnant females compared with males and OVX
females. However, interestingly delayed rectifier currents
were not reduced by oestrogen to OVX mice, suggesting
that Kv1 expression is not regulated by oestrogen. There
appears to be an unknown consequence of OVX that
regulates Kv1 family channels in the colon.

In conclusion, these data suggest that chronic changes
of oestrogen concentration can influence A-type current
density in murine colonic smooth muscle. Differences in
A-type current density and inactivation kinetics observed
in males, control and OVX females may be partially
due to oestrogen-mediated changes in the transcriptional
expression of the auxiliary subunit KChIP1. As A-type
currents have been implicated in setting the resting
membrane potential of colonic smooth muscle, changes
in current density are likely to affect colonic excitability
and motility. Thus, these findings may provide a possible
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link between changes in colonic motility and the altered
hormonal status associated with menstrual cycle stage,
pregnancy and menopause in females.
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