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ABSTRACT

In a search for genes involved in regulation of uterine
contractility, we cloned a novel calcium-activated chloride
channel gene, named ratClca4, from pregnant rat uterus. The
gene shares approximately 83% and 70% nucleotide homology
with mouse Clca6 and human CLCA4, respectively, and was
expressed primarily in rat uterus. The transcripts were upregu-
lated at Gestational Day 22 (prior to parturition), implying a
functional involvement in parturition. Western blot analysis
showed that rat CLCA4 protein was present in uterus, lung, and
heart, but not in any other tissues examined. Confocal
microscopy revealed that rat CLCA4 is localized in cell
membrane and could not be removed by alkaline or PBS
washing. Transient transfection of rat CLCA4-enhanced green
fluorescent protein in Chinese hamster ovary cells resulted in
production of characteristic Cl � currents that could be activated
by Ca2þ and ionomycin but inhibited by niflumic acid, a CLCA-
channel blocker. The identification and characterization of rat
Clca4 help decipher the contribution of Ca 2þ -activated Cl�
conductance in myometrial contractility.
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INTRODUCTION

Regulation of myometrial contractility is critical for
maintenance of pregnancy and for parturition [1]. The
myometrium is maintained in a relatively quiescent state
during most of pregnancy but changes to a contractile state at
parturition under the influence of a number of physiological
signals [2]. Asynchrony between the onset of myometrial
contraction and fetal maturation leads to preterm delivery, a
clinical syndrome accounting for 11% of all births but 85% of
overall prenatal morbidity and mortality [3].

Depolarizing and hyperpolarizing membrane mechanisms
play vital roles in the process of myometrial contractility [4, 5].
Calcium-activated Cl� conductance currents have been report-
ed in smooth muscle cells of the dog [6] and rat [7]. The
equilibrium potential in smooth muscle for chloride ion is more

positive than the resting membrane potential. The most likely
role for ICl(Ca) in smooth muscle is thought to be production of
membrane depolarization, the influx of Ca2þ , and subsequent
contraction in response to excitatory stimuli [5]. Of signifi-
cance, Jeong et al. [8] described the steroid-mediated regulation
of calcium-activated chloride channel 3 (CLCA3) in the mouse
uterus, and they found that CLCA3 was upregulated in
response to estrogen but suppressed by progesterone. Murine
Clca4also was found to be expressed in several smooth muscle
types, including uterus [9].

However, our overall knowledge of the regulation and
function of Clca isoforms in uterine contractility is limited.
Although both bestrophin and calcium-activated chloride
channel families were proposed to be the candidate genes for
smooth muscle contraction [10, 11], their exact function and
regulation remain to be confirmed. The majority ofClca family
members function as Ca2þ -sensitive Cl� channels when
expressed in mammalian cells. In addition, someClca isoforms
act to mediate adhesion molecules or tumor suppressers [11–
14], and others may have roles in asthma [15, 16] or cystic
fibrosis [17, 18]. Identification ofClca isoforms in uterus and
examination of their regulation will help us decode their roles
in uterine contractility, determine their connection to native
ICl(Ca), and elucidate the physiological importance of ICl(Ca) in
parturition.

Here, we report the cloning and functional analysis of a
novelClcamember based on the microarray screening of genes
expressed in the pregnant rat uterus. The gene was named rat
Clca4 based on the comparative sequence analysis. Further
analysis indicated that rat CLCA4 is a membrane protein
capable of producing Ca2þ -activated Cl� current in Chinese
hamster ovary (CHO) cells. Abundant expression of rat
CLCA4 in rat uterus, as well as its upregulation at the end of
gestation, suggests it may be a potential regulator for



membrane even after 4 h of extensive PBS washing, which
leads to release of cellular content from the broken cells (Fig.
4D). Overall, these results suggest that rat CLCA4 is a
membrane protein, not a secreted protein.

Electrophysiological Properties of Rat CLCA4

Using the whole-cell patch-clamp apparatus, we success-
fully recorded the specific Cl� current from CHO cells
transiently expressing EGFP-tagged rat CLCA4. The currents
evoked by a series of voltage steps before and after ionomycin
application were typical for those of CLCA members (Fig. 5).
At low Ca2þ (25 nM) in pipette and high Ca2þ (2 mM) in bath
solution, no significant current could be recorded (Fig. 5A).

However, 4–5 min after addition of ionomycin (10lM), a
prominent current was recorded in cells transfected with rat
CLCA4-EGFP (Fig. 5B). Under the same conditions, no
inward currents were evoked by ionomycin in mock-transfect-
ed cells. The patches were recorded using solutions in which
both Naþ and Kþ were completely removed, so we were able
to focus on currents of Cl� alone. The current/voltage
relationship for the resulting different currents in cells
expressing rat CLCA4 is shown in Figure 5E. The reversal
potential was at 0 mV, which was consistent with the
symmetrical chloride solution. The average current atþ70
mV normalized for cell size was 5.56 pA/pF (n¼ 9) and was
increased to 85.609 pA/pF in the presence of ionomycin. With
2 mM Ca2þ in the pipette and the bath solution, a prominent

FIG. 2. Alignment of the expected amino
acid sequence encoded by rat CLCA4 with
those sequences of the selected members of
the CLCA family: mouse CLCA6, human
CLCA4, mouse CLCA5, and human CLCA2.
Sites are marked for Clca for monobasic
proteolytic cleavage (downward arrow),
signal sequence (solid top line), and multi-
ple cysteine motifs (C). Additionally, con-
sensus sites for N-linked glysosylation are
indicated (N with * above). The alignment
was generated by Clustal method.

A CALCIUM-ACTIVATED CHLORIDE CHANNEL IN RAT UTERUS 791






