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Abstract 

Objective: The present study tested the hypothesis that gestational hypoxia up-regulates protein 
kinase C (PKC) and inhibits calcium-activated potassium channels (KCa)-mediated relaxations of 
uterine arteries in pregnancy. Study design: Uterine arteries were isolated from nonpregnant 
(NPUA) and pregnant (PUA) (~140 day gestation) sheep maintained at either sea level or high 
altitude (3,820 m for 110 days, PaO2: 60 mmHg). Contractions of uterine arteries were deter-
mined. Key findings: In normoxic PUA, selective inhibition of large-conductance KCa (BK) 
channels significantly enhanced PKC activator phorbol 12, 13-dibutyrate (PDBu)-induced con-
tractions. This effect was abrogated by chronic hypoxia in gestation. Unlike BK channels, inhibition 
of small-conductance KCa (SK) channels had no significant effect on PDBu-mediated contractions. 
In normoxic PUA, activation of both BK with NS1619 or SK with NS309 produced concentra-
tion-dependent relaxations, which were not altered by the addition of PDBu. However, in uterine 
arteries treated with chronic hypoxia (10.5% O2 for 48 h), both NS1619- and NS309-induced 
relaxations were significantly attenuated by PDBu. In NPUAs, inhibition of BK channels significantly 
enhanced PDBu-induced contractions in both normoxic and hypoxic animals. Conclusion: The 
results suggest that in the normoxic condition BK inhibits PKC activity and uterine vascular 
contractility, which is selectively attenuated by chronic hypoxia during gestation. In addition, 
hypoxia induces PKC-mediated inhibition of BK and SK activities and relaxations of uterine arteries 
in pregnancy. 
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Introduction 
Chronic hypoxia during gestation significantly 

increases the incidences of preeclampsia and fetal 
intrauterine growth restriction (IUGR) [1-8]. Howev-
er, the mechanisms underlying hypoxia-induced ad-
verse pregnancy outcomes are largely unknown. Pre-
vious studies suggested that hypoxia-induced aberra-
tion of uteroplacental circulation in pregnancy was 
important in pathogenesis of many pregnancy com-
plications [5,8-12]. Indeed, chronic hypoxia during 
gestation has profound adverse effects on uterine ar-

tery contractility and significantly increases uterine 
vascular tone, leading to attenuation of pregnan-
cy-induced increase in uterine blood flow and in-
creased risk of IUGR and preeclampsia [1,12-14]. 

 The molecular mechanisms underlying the ad-
aptation of uterine arterial contractility to normal 
pregnancy and chronic hypoxia are complex and re-
main poorly understood. Pregnancy is characterized 
by an increase in uterine vascular relaxation and a 
decrease in uterine arterial constriction and vascular 
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tone. Recent studies have demonstrated that preg-
nancy-induced decrease in uterine vascular tone is 
mediated by an increase in Ca2+-activated K+ (KCa) 
channel expression and activity [3,15]. Inhibition of 
KCa channels reversed the pregnancy-mediated de-
crease in uterine vascular myogenic tone and increase 
in uterine blood flow [15-17], suggesting that en-
hanced KCa channel function plays an important role 
in the adaptation of uterine circulation during preg-
nancy. Chronic hypoxia during gestation inhibited 
pregnancy-induced attenuation of uterine vascular 
tone via suppressing KCa channel function [3,18]. 
These studies demonstrated a mechanism of KCa 
channels in regulating myogenic adaption of uterine 
arteries in pregnancy as well as in maladaptation of 
uterine circulation caused by chronic hypoxia during 
gestation. 

 In contrast to KCa channels that are up-regulated 
by pregnancy and down-regulated by chronic hy-
poxia, the activity of protein kinase C (PKC) and its 
mediation of uterine vascular contraction are 
down-regulated by pregnancy and up-regulated by 
chronic hypoxia [19-22]. Thus, pregnancy and chronic 
hypoxia differentially regulate KCa channel function 
and PKC activities in uterine arteries. The balance 
between activations of KCa channels and PKC is likely 
to play an important role in the adaptation of uterine 
vascular tone to pregnancy and chronic hypoxia. 
However, the interaction between KCa channels and 
PKC as well as how they orchestrate and integrate to 
regulate uterine vascular contractility during preg-
nancy in response to chronic hypoxia remain largely 
unknown. 

 The goal of the present study is to investigate the 
potential effect of KCa channel inhibitors on 
PKC-mediated uterine arterial contractions in non-
pregnant and pregnant sheep that reside in normoxic 
sea levels or exposed to long-term high altitude hy-
poxia. To further determine the interaction of PKC 
and KCa channel function and the effect of pregnancy 
and chronic hypoxia, we also investigated the effect of 
PKC activation on KCa channel-mediated relaxations 
of uterine arteries in nonpregnant and pregnant ewes 
in the normoxic and hypoxic conditions. 

Materials and Methods 
Tissue preparation and treatment 

All procedures and protocols used in the present 
study were approved by the Animal Research Com-
mittee of Loma Linda University and followed the 
guidelines by the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. As pre-
viously described [2], nonpregnant and time-dated 
pregnant sheep were obtained from the Nebeker 

Ranch in Lancaster, CA (altitude: ~300 m; arterial 
PaO2: 102 ± 2 mmHg). For chronic hypoxic treatment, 
nonpregnant and pregnant (30 days of gestation) 
animals were transported to the Barcroft Laboratory, 
White Mountain Research Station, Bishop, CA (alti-
tude, 3,820 m; maternal PaO2, 60 ± 2 mmHg) and 
maintained there for ~110 days. After hypoxic treat-
ment, the animals were transported to the laboratory 
immediately. Animals were anesthetized with keta-
mine (10 mg/kg, iv), followed by incubated and an-
esthesia is maintained on 1.5% to 3.0% isoflurane 
balanced in O2 throughout the surgery. An incision in 
the abdomen was made and the uterus exposed. 
Uterine arteries were isolated and removed without 
stretching, and placed into a cold physiological salt 
solution (PSS) containing (in mM): 130 NaCl, 10.0 
HEPES, 6.0 Glucose, 4.0 KCl, 4.0 NaHCO3, 1.80 CaCl2, 
1.2 MgSO4, 1.18 KH2PO4, and 0.025 EDTA, pH 7.4. 
After removal of the tissues, animals were killed with 
T-61 (euthanasia solution, Hoechst-Roussel, Somer-
ville, NJ).  

Relaxation studies 
The fourth generation branches of the main 

uterine artery from pregnant sheep were separated 
from the surrounding tissue, and cut into 2-mm ring 
segments. For ex vivo treatment, the uterine arterial 
segments were incubated in phenol red-free DMEM 
with 1% charcoal-stripped FBS for 48 hours at 37 °C in 
both normoxic chamber with 21% O2 and hypoxia 
chamber with 10.5% O2. Isometric tension was meas-
ured in the Krebs solution in a tissue bath at 37 °C, as 
described previously [18]. Briefly, each ring was 
equilibrated for 60 minutes and then gradually 
stretched to the optimal resting tension, as deter-
mined by the tension that developed in response to 
120 mmol/L KCl added at each stretch level. Our 
previous studies have demonstrated that activation of 
both large-conductance Ca2+-activated K+ channels 
(BK) and small-conductance Ca2+-activated K+ chan-
nels (SK) can cause uterine arterial relaxation.3,18 To 
see whether PKC regulates BK and SK-mediated re-
laxation, the arterial rings were pre-contracted with 
submaximal concentrations of norepinephrine, fol-
lowed by additions of BK opener NS1619 or SK 
opener NS309 in the absence or presence of phorbol 
12,13-dibutyrate (PDBu, PKC activator), added in a 
cumulative manner. 

Contraction studies 
The fourth generation branches of the main 

uterine artery from both pregnant and nonpregnant 
sheep were isolated, and cut into 2-mm ring segments 
and mounted in 10 mL tissue baths containing modi-
fied Krebs solution equilibrated with a mixture of 95% 
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O2 and 5% CO2. To see whether PKC and adrenergic 
receptor-mediated contractions were regulated by BK 
and SK, PDBu and norepinephrine-induced isometric 
tensions were determined in the absence or presence 
of BK inhibitor iberoitoxin (IBTX; 100 nmol/L), tetra-
ethylammonium (TEA; 1 mmol/L) or SK blocker 
apamin (500 nmol/L), as described previous [23-25]. 

Data analysis 
Concentration-response curves were analyzed 

by computer-assisted nonlinear regression to fit the 
data using GraphPad Prism (GraphPad Software, San 
Diego, CA). Results were expressed as means ± SEM 
obtained from the number of experimental animals 
given. Differences were evaluated for statistical sig-
nificance (P < 0.05) by ANOVA or t test, where ap-
propriate. 

 

 
Figure 1. Effect of KCa channel blockers on PDBu-induced contractions of 
uterine arteries from normoxic pregnant sheep. PDBu-induced contractions 
were determined in uterine arteries obtained from normoxic pregnant sheep in the 
absence (control) or presence of 100 nM IBTX or 500 nM apamin pretreatment for 
20 min. Data are means ± SEM of tissues from 4-5 animals in each group.  

 

Results 
 Inhibition of BK channels increased 
PKC-mediated contractions 

Our recent studies have demonstrated that both 
BK and SK channels are expressed in uterine arterial 
smooth muscle cells [3,15,18]. In the present study, we 
investigated whether both types of KCa channels 
played a role in regulating PKC-mediated uterine 
vascular contractility. As shown in Figure 1, inhibition 
of BK channels with IBTX significantly potentiated 
PKC activator PDBu-induced contractions in uterine 
arteries of pregnant animals (pD2 values: 4.5 ± 0.2 in 
control group vs. 5.8 ± 0.3 in IBTX-treated group; P < 
0.05; Emax: 39.7 ± 5.8 % in control vs. 88.9 ± 13.1 % in 
IBTX-treated groups; P < 0.05). In contrast, inhibition 
of SK channels with apamin did not affect 
PDBu-induced contractions (pD2: 4.5 ± 0.2 vs. 4.5 ± 0.1; 
P > 0.05; Emax: 39.7 ± 5.8 % vs. 41.7 ± 4.9 %; P > 0.05). 
The data suggest that BK, but not SK channels play an 

important role in inhibiting PKC-mediated uterine 
vascular contractions in pregnancy. 

Gestational hypoxia abrogated inhibitory 
effect of BK on PKC-mediated contractions 

In agreement with the previous findings that 
chronic hypoxia enhanced PKC-mediated uterine 
vascular contractions during pregnancy [1,21,22], 
PDBu-induced contractions of uterine arteries of 
pregnant sheep were significantly greater in hypoxic 
animals (Emax: 83.8 ± 5.4 %) (Figure 2B) than those in 
normoxic animals (Emax: 38.5 ± 1.8 %) (Figure 2A) (P < 
0.05). Inhibition of BK channels with TEA (Figure 2A) 
significantly enhanced PDBu-induced contractions of 
uterine arteries in pregnant sheep of normoxic ani-
mals (Emax: 69.1 ± 2.1 % vs 38.5 ± 1.8 %, P < 0.05). In 
contrast, inhibition of BK channels (Figure 2B) had no 
significant effect on PDBu-induced contractions of 
uterine arteries in pregnant sheep of hypoxic animals 
(Emax: 83.8 ± 5.4% in control group vs. 76.9 ± 12.5 % in 
TEA-treated groups; P > 0.05). In the presence of TEA, 
there was no significant difference in PDBu-induced 
contractions between normoxic control (Emax: 69.1 ± 
2.1 %) and hypoxic (Emax: 76.9 ± 12.5 %) animals (Fig-
ure 2). As shown in Figure 3, in uterine arteries of 
nonpregnant sheep, BK channel inhibition signifi-
cantly enhanced PDBu-induced contractions in both 
normoxic (Figure 3A) and hypoxic (Figure 3B) ani-
mals. These data suggest that the inhibitory effect of 
BK channels on PKC-mediated contractions is selec-
tively abrogated in uterine arteries of pregnant, but 
not nonpregnant animals acclimatized to long-term 
high altitude hypoxia. 

Chronic hypoxia induced PKC-mediated 
inhibition of KCa channel activity 

As shown in Figure 4 and 5, both BK channel 
opener, NS1619 and SK channel opener, NS309 
caused concentration-dependent relaxations of uter-
ine arteries from pregnant animals. PDBu had no sig-
nificantly effect on either NS1619- or NS309-induced 
relaxations under the normoxic condition (Figure 4A 
and 5A). Treatment of tissues with chronic hypoxia 
(10.5% O2 for 48 h) (Figure 4B) significantly reduced 
NS1619-induced relaxations as compared with 
normoxic control (21% O2 for 48 h) (Figure 4A) (Emax: 
19.9 ± 1.1 vs. 30.6 ± 2.2; P < 0.05). Similar to NS1619, 
NS309-induced relaxations were also significant dif-
ferences between the normoxic (21% O2) (Figure 5A) 
and hypoxic (10.5% O2) (Figure 5B) treatment (Emax: 
18.9 ± 1.8 vs. 26.5 ± 1.6; P < 0.05). In addition, under 
the hypoxic condition, PDBu significantly inhibited 
both NS1619- and NS309-induced uterine arterial re-
laxations (Figure 4B and 5B). 
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Figure 2. Effect of BK blocker on PDBu-induced contractions of uterine 
arteries from normoxic and hypoxic pregnant sheep. PDBu-induced con-
tractions were determined in uterine arteries obtained from nomoxic (panel A) and 
hypoxic (panel B) pregnant sheep in the absence (control) or presence of 1 mM TEA 
pretreatment for 20 min. Data are means ± SEM of tissues from 4 animals in each 
group.  

 
Figure 3. Effect of BK blocker on PDBu-induced contractions of uterine 
arteries from nonpregnant sheep. PDBu-induced contractions were determined 
in uterine arteries obtained from normoxic (panel A) and hypoxic (panel B) non-
pregnant sheep in the absence (control) or presence of 1 mM TEA pretreatment for 
20 min. Data are means ± SEM of tissues from 4-5 animals in each group.  

 

 
Figure 4. Effect of PDBu on BK opener-induced relaxations of uterine 
arteries from pregnant sheep. Uterine arteries were isolated from pregnant 
sheep and incubated under 21% O2 or 10.5% O2 for 48 h. BK opener NS1619 
-induced relaxations of uterine arteries under normoxic (panel A) and hypoxic (panel 
B) treatments were determined in uterine arteries pre-contracted with norepi-
nephrine (1 µM), in the absence (control) or presence of 1 µM PDBu. Data are means 
± SEM of tissues from 8-9 animals in each group. 

 
Figure 5. Effect of PDBu on SK opener-induced relaxations of uterine 
arteries from pregnant sheep. Uterine arteries were isolated from pregnant 
sheep and incubated under 21% O2 or 10.5% O2 for 48 h. SK opener NS309 -induced 
relaxations of uterine arteries under normoxic (panel A) and hypoxic (panel B) 
treatment were determined in uterine arteries pre-contracted with norepinephrine 
(1 µM), in the absence (control) or presence of 1 µM PDBu. Data are means ± SEM of 
tissues from 5-8 animals in each group. 
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Figure 6. Effect of BK blocker on norepinephrine (NE)-induced contractions of uterine arteries. NE-induced contractions were determined in uterine arteries 
obtained from normoxic nonpregnant (panel A), hypoxic nonpregnant (panel B), normoxic pregnant (panel C) and hypoxic pregnant (panel D) sheep in the absence (control) or 
presence of 1 mM TEA pretreatment for 20 min. Data are means ± SEM of tissues from 4-5 animals in each group. 

 

Inhibition of BK channels had no effect on 
norepinephrine-induced contractions 

To determine the specific interaction of BK 
channels and PKC-mediated contractions in uterine 
arteries, the effect of BK channel inhibition on 
α-adrenoceptor-mediated contractions were exam-
ined. As shown in Figure 6, inhibition of BK channels 
had no significant effects on norepinephrine-induced 
contractions of uterine arteries from nonpregnant or 
pregnant sheep under either normoxic or hypoxic 
conditions. 

Discussion 
Our previous studies have demonstrated that 

both PKC and KCa channels play an important role in 
uterine vascular adaptation to pregnancy and chronic 
hypoxia [1,3,15,18,21,22,26]. The present study pro-
vides new evidence that PKC and KCa channels inter-
act and integrate to regulate uterine vascular contrac-
tility under physiological and pathophysiological 
conditions. The major findings of the present study 
are the followings: 1) inhibition of BK but not SK 
channels potentiated PKC-mediated contractions of 

uterine arteries; 2) chronic hypoxia abrogated the in-
hibitory effect of BK channels on PKC-induced con-
tractions of uterine arteries from pregnant, but not 
nonpregnant animals; 3) in uterine arteries of preg-
nant animals activation of PKC had no significant 
effects on either BK- or SK-mediated relaxations un-
der the normoxic condition, but significantly inhibited 
them under the hypoxic condition; 4) inhibition of BK 
channels had no significant effects on α-adrenoceptor- 
mediated uterine arterial contractions.  

The present finding that inhibition of BK but not 
SK channels significantly enhanced PDBu-induced 
contractions suggests that the basal BK channel activ-
ity plays a significant role in counteracting 
PKC-mediated myogenic tone of uterine arteries. BK 
channels are important in the regulation of resting 
membrane potential and control of vascular tone 
[15,17]. Previous studies demonstrated that PKC 
played a key role in pressure-dependent myogenic 
response of uterine arteries [1], and inhibition of BK 
channels significantly increased pressure-dependent 
myogenic tone in uterine arteries of pregnant sheep 
[15]. This is consistent with the findings that in-
tra-arterial infusion of BK channel inhibitor TEA into 
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the uterine artery circulation of late-gestation sheep 
caused a significant decrease of basal uterine blood 
flow from 50% to 80% in the absence of systemic ef-
fects or a change in contralateral uterine blood flow 
[16,17]. We have demonstrated that TEA and IBTX 
inhibit the BK channel currents by the same extent of 
53% in uterine arterial myocytes [15].  

 Of importance, chronic hypoxia during gestation 
abrogated inhibitory effect of BK channels on 
PKC-mediated contractions of uterine arteries, sug-
gesting that loss of negative regulatory component of 
basal BK channel activity may be a key signaling 
mechanism in chronic hypoxia-mediated increase in 
PKC-induced myogenic contractions of uterine arter-
ies in pregnancy, as demonstrated in the present 
study as well as the previous studies [1,26]. This no-
tion is supported by our recent findings that gesta-
tional hypoxia down-regulated BK channel β1 subunit 
gene expression and BK channel activity in uterine 
arteries [3]. Of interest, this hypoxic-mediated effect is 
pregnancy-dependent, as inhibition of BK channels 
enhanced PDBu-induced contractions of uterine ar-
teries of nonpregnant sheep in both normoxic and 
hypoxic animals. Previous studies demonstrated that 
pregnancy up-regulated BK channel function in uter-
ine arteries via the action of 17β-estradiol [15]. Further 
studies showed that chronic hypoxia during gestation 
caused heightened promoter methylation and result-
ant estrogen receptor-α (ERα) gene repression in 
uterine arteries [27]. Taken together, these findings 
suggest a specific vulnerability of steroid hor-
mone-mediated response in uterine vascular adapta-
tion in pregnancy to gestational hypoxia. 

In addition to that basal BK channel activity may 
be important in regulating PKC-mediated contrac-
tions of uterine arteries, several studies have shown a 
regulatory role of PKC on KCa channel activation 
[28-30]. Our previous study showed that activation of 
PKC inhibited basal BK channel current density in 
uterine arteries [15]. In the present study, we found 
that both BK channel opener NS1619- and SK channel 
opener NS309-induced relaxations of uterine arteries 
were not altered by the PDBu treatment. This finding 
is intriguing and suggests different regulatory mech-
anisms of basal and activated KCa channel activities in 
the uterine artery. Of importance, chronic hypoxia 
treatment induced PKC-mediated inhibition of 
NS1619- and NS309-produced relaxations. Our pre-
vious studies demonstrated that chronic hypoxia sig-
nificantly increased the PKC activity in uterine arter-
ies of pregnant sheep [1], suggesting a key role of 
hypoxia-mediated up-regulation of PKC activity in 
inhibiting BK and SK channel-mediated relaxations of 
uterine arteries in pregnancy. Although the mecha-
nisms of hypoxia-induced up-regulation of inhibitory 

effect of PKC on activated KCa channel activities re-
main to be determined, a selective increase in the ac-
tivity of PKCε isoform in uterine arteries by chronic 
hypoxia [1] may play a role. Indeed, activation of 
PKCε causes a stimulation of L-type Ca2+ channel 
through c-SRC, resulting in inhibition of KCa channel 
activity [31]. There are more than twelve PKC 
isoforms in vasculature. Each of them may act differ-
ently in regulating vascular contractility. In present 
study, we only employed a pan-PKC activator 
(PDBu). Therefore, isoform-specific activators or in-
hibitors might be needed to define the specific role of 
each PKC isoform in regulation of uterine vascular 
reactivity in future studies. Previous studies have 
demonstrated that PKC plays an important role in 
human uterine contractility at pathophysiological 
condition [32-34]. Jofre et al [32] showed a key role of 
PKCα in the maintenance of normal pregnancy my-
ometrial quiescence in humans. Furthermore, they 
observed a reduction in the degree of PKCα activation 
in the samples obtained after the premature onset of 
labor, suggesting that an anticipated reduction in 
PKCα activity may be etiologically related to preterm 
labor.  

 

 
Figure 7. Diagram of the integrated effects of pregnancy and chronic 
hypoxia on the interactions of PKC and KCa channels in modulating 
uterine arterial contractility. The diagram shows that under the normoxic 
condition, heightened basal BK channel activity in pregnant animals has a negative 
regulatory effect on PKC-induced contraction and myogenic tone of the uterine 
artery. Chronic hypoxia during gestation down-regulates basal BK channel activity 
and abrogates its inhibition of PKC-mediated myogenic response. In addition, chronic 
hypoxia induces an inhibitory effect of PKC on activated KCa channel-mediated 
relaxations of the uterine arteries in pregnant animals. 

 
Taken together, as shown in Figure 7, pregnancy 

and chronic hypoxia differentially regulate the inter-
action of PKC and KCa channels in modulating uterine 
arterial contractility. Thus, under the normoxic con-
dition, heightened basal BK channel activity in preg-
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nant animals has a negative regulatory effect on 
PKC-induced contraction and myogenic tone of the 
uterine artery. Chronic hypoxia during gestation 
down-regulates basal BK channel activity and abro-
gates its inhibition of PKC-mediated myogenic re-
sponse. In addition, chronic hypoxia induces an in-
hibitory effect of PKC on activated KCa chan-
nel-mediated relaxations of the uterine arteries in 
pregnant animals. Collectively, these findings 
demonstrate complex yet integrated effects of preg-
nancy and chronic hypoxia on the interaction of PKC 
and KCa channel activities in the uterine artery, which 
are important in normal adaptation of reduced uter-
ine vascular tone in pregnancy as well as in mala-
daptation of increased uterine vascular contractility in 
response to chronic hypoxia in gestation.  
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