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Long-Term Hypoxia Alters Calcium Regulation in Near-Term Ovine Myometrium’
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ABSTRACT

Previous studies showed that long-term hypoxia (LTH) during
pregnancy alters myometrial contractility. The present study was
designed to test the hypothesis that LTH during pregnancy sup-
presses myometrial contractility in sheep by affecting the cal-
cium signaling cascade. Pregnant sheep were maintained at high
altitude (3820 m) from Day 30 to Day 139 of gestation, when
the animals were killed for collection of myometrial tissue. Tis-
sue was also collected from age-matched, normoxic controls.
Circular and longitudinal layers were separated, and strips from
each layer were mounted in a muscle bath. After pretreatment
with 10-% M oxytocin, the strips were exposed to increasing half-
or quarter-log doses of nifedipine (L-type calcium-channel
blocker), ruthenium red, ryanodine (blockers of inositol 1,4,5-
trisphosphate-insensitive calcium stores), or 2-nitro-4-carboxy-
phenyl-N,N-diphenylcarbamate (NCDC; phospholipase C inhib-
itor). Area under the contraction curve was analyzed, and pD,
(log of concentration yielding 50% of maximum response) val-
ues and maximum relaxation responses were calculated. The
maximum relaxation response to nifedipine was increased in
both longitudinal (P < 0.01) and circular (P < 0.05) myometrial
layers from LTH compared to control tissue, whereas no differ-
ence was observed in response to ruthenium red or ryanodine.
The maximum relaxation response to NCDC was lower in the
LTH circular layer (P < 0.05). Together, these data are indicative
of an increase in the dependence of ovine uterine smooth mus-
cle on extracellular calcium influx through the L-type, voltage-
gated calcium channels following LTH. This appears to occur not
through an increase in L-type calcium channels but, rather,
through a possible decline in importance of the oxytocin-in-
duced, phospholipase C-mediated pathway, resulting in a great-
er proportion of extracellular calcium contributing to contrac-
tion. Layer-dependent differences also exist between the circular
and longitudinal myometrium in response to phospholipase C
inhibition.

calcium, environment, oxytocin, pregnancy, uterus

INTRODUCTION

The contraction of myometrial smooth muscle is an in-
tricate process that can be atered by many factors. One of
these variables affecting the contractile function of myo-
metrium is hypoxia. Numerous studies have pointed to a
decrease in force production when myometrial tissue was
exposed to hypoxia [1-4]. Nevertheless, because these pre-
vious studies focused on acute hypoxia, little is known
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about the effects of long-term hypoxia (LTH) on uterine
smooth muscle. We have shown that chronic hypoxia de-
creases myometrial contractility and delays parturition in
rats [5-7]. Other studies from our laboratory have demon-
strated that the circular myometrial layer from LTH sheep
myometrium also exhibits a reduced contractile response to
oxytocin (OT), with a reduction in OT-receptor protein.
However, despite an increase in OT-receptor protein in lon-
gitudinal muscle, no differences were found in contractility
between control and LTH myometrium [8]. Therefore,
events downstream of the OT receptor, such as calcium
regulation, also likely are affected by LTH.

Phasic smooth muscle contractions are dependent on the
cycling of intracellular calcium, which can be modulated
by many factors. The major pathways involve membrane
L-type calcium channels, sarcoplasmic reticulum (SR) ry-
anodine receptors, and stimulation of phospholipase C
(PLC). The L-type calcium channels are voltage-gated ion
channels in the plasma membrane that alow the influx of
extracellular calcium into the cytosol during depolarization.
Nifedipine, a blocker of L-type calcium channels, can in-
hibit both spontaneous and agonist-induced contractions in
myometrium [9-12]. In contrast, ruthenium red [13] and
ryanodine [14, 15] have been reported to block calcium
release from inositol 1,4,5-trisphosphate (IPs)-insensitive
calcium stores located in the SR. Ryanodine receptors are
gated by calcium ions and associated with calcium-induced
calcium release (CICR). PLC activity resulting in the pro-
duction of diacylglycerol (DAG) and IP; [16, 17], is
blocked by the potent PLC inhibitor, nitro-4-carboxyphenyl-
N-N-diphenylcarbamate (NCDC).

Embryologically, the longitudinal and circular layers of
the myometrium originate from different embryological tis-
sues; thus, they may differ substantially in their pharma-
cological and physiological properties. Numerous studies
have found differences between the two layers, such as
changes in electrical and mechanical properties [18], cate-
cholamine receptors [19, 20], OT and prostaglandin sensi-
tivity [8, 21-23], and OT-receptor distribution [8, 24]. Be-
cause the ovine myometrium also seems to exhibit specific
characteristics dependent on layer [8], differentiation be-
tween layers may be important to distinguish the effects of
LTH on contractile function. The pregnant sheep is ideal
for studying these effects, both because it represents a well-
established animal model for parturition and separation of
myometrial muscle layers and because in vitro contractility
experiments are readily accomplished. The sheep is dso a
widely used model for studies regarding the effects of
chronic hypoxia during pregnancy.

The present study was designed to test the hypothesis
that LTH during pregnancy suppresses myometrial contrac-
tility in sheep by affecting the calcium signaling cascade.
Specifically, we collected the myometrium from pregnant
ewes exposed to hypoxia for approximately the last 110
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days of gestation, separated the longitudinal and circular
layers, and examined the effect of LTH on various aspects
of calcium regulation.

MATERIAL AND METHODS

Animals and Tissue Collection

Time-dated pregnant sheep of mixed Western breeds were divided be-
tween two treatment groups: normoxic control (n = 32) and LTH (n =
28). The sheep in the LTH group were maintained at high altitude (Barcroft
Laboratory White Mountain Research Station, Bishop, CA; elevation,
3820 m; maternal partial pressure of oxygen [Po,], 59.1 + 5.4 mm Hg)
from Day 30 to Day 139 of gestation (term = 146 days). After arrival at
Loma Linda University Medical Center Animal Research Facility (eleva-
tion, 346 m), each ewe was surgically implanted with an arterial catheter
and a tracheal catheter. The maternal Po, for the LTH group was main-
tained at approximately 60 mm Hg by adjusting humidified nitrogen gas
flow through the maternal tracheal catheter as previously described [8].
The normoxic control ewes were maintained near sea level (~300 m)
throughout gestation. All animals were of the same genetic background,
and feeding and management procedures were the same for both groups.

Between Days 139 and 141 of gestation, the animals were killed, and
myometrial tissue was collected from the middle third of the uterine horn.
All procedures were approved by the Institutional Animal Care and Use
Committee of Loma Linda University and followed the guidelines in the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Tissue Preparation

After collection, myometria tissue was immediately placed in cold,
oxygenated Na* Krebs buffer solution (122.09 mM NaCl, 25.59 mM
NaHCO;, 5.16 mM KCI, 2.49 mM MgSO,, 11.10 mM glucose, 1.60 mM
CaCl,, and 0.114 mM ascorbic acid; pH 7.4), and both endometrium and
perimetrium were removed. Under a dissecting microscope, the longitu-
dinal and circular layers were separated and cut into small strips. Each
strip of myometrium was mounted in a standard organ bath filled with
Na* Krebs and bubbled with 95% 0O,:5% CO, at 37°C. The tissue strips
were equilibrated for a minimum of 1 h before experiments. The meth-
odology is similar to that previously described in detail [5, 6, 8].

Experimental Design

After equilibration, the myometrial strips were gradually stretched to
optimal resting tension, which was previously determined in our laboratory
[8], and were stimulated with 120 mM K+ three times to ensure a maximal
contractile response. After each stimulation, the tissues were rinsed with
Nat Krebs buffer and allowed to re-equilibrate for approximately 10 min.
Following the fina re-equilibration, a 10-8 M dose of OT (Bachem, Tor-
rance, CA) was added to reach 75% of the maximal contractile response
as calculated from previous studies [8]. Fifteen minutes later, strips were
exposed to increasing half- or quarter-log cumulative doses of either ni-
fedipine (10710 to 104 M; Sigma, St. Louis, MO), ruthenium red (10 °
to 10-275 M; Sigma), ryanodine (10-7 to 104 M; Calbiochem, La Jolla,
CA), or NCDC (106 to 10 2 M; Sigma). Contractile data were collected
using Labview software (National Instruments, Austin, TX), and area un-
der the curve was calculated for 5-min contraction intervals using Micro-
soft Excel software (Redmond, WA) as previously described [5, 8].

Statistical Analysis

The maximum relaxation response was normalized to a percentage of
maximum tension in response to OT. The maximum relaxation response
and the pD, (—log of concentration yielding 50% of maximum response)
were calculated with curve-fitting software (GraphPad Prism, San Diego,
CA). Differences between treatment groups and myometrial tissue layers
were assessed by one-way analysis of variance with the Bonferroni post-
hoc test when P < 0.05.

RESULTS
Nitedipine

Figure 1 illustrates the relaxation response curves from
both control and LTH myometrium treated with nifedipine.
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FIG. 1. Relaxation responses to nifedipine in circular (A) and longitu-

dinal (B) myometrial smooth muscle from control (n = 9) and LTH (n =
8) sheep. Responses are represented as the area under the contraction
curve normalized to a percentage of maximum tension. All values rep-
resent the mean + SEM.

Maximum relaxation responses and pD, values are listed in
Table 1. A significant difference in the maximum relaxation
response was observed between groups for both circular
(58.52% =+ 2.62% vs. 70.59% =+ 3.66% for control and
LTH, respectively; P < 0.05) and longitudinal layers
(58.27% = 7.33% vs. 85.84% =+ 2.96% for control and
LTH, respectively; P < 0.01). The circular layer from LTH
animals also exhibited a lower pD, value than the circular
layer from control animals (6.67 = 0.07 vs. 6.04 = 0.10
for control and LTH, respectively; P < 0.01). When com-
parisons were made between layers within groups, the lon-
gitudinal layer from LTH animals relaxed more than the
circular layer (70.59% = 3.66% vs. 85.84% + 2.96% for
circular and longitudinal layers, respectively; P < 0.01).
No differences were observed between circular and longi-
tudinal layers within the control group.

Ruthenium Red

The relaxation curves obtained from LTH and control
myometrium treated with ruthenium red are shown in Fig-
ure 2. No significant differences in maximum relaxation
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TABLE 1. Myometrial relaxation response to nifedipine, ruthenium red, and NCDC.

Circular® Longitudinal®

Maximum Maximum
Group? pD, relaxation (%) pD, relaxation (%)

Nifedipine Control (9) 6.67 = 0.07 58.52 = 2.62 6.26 = 0.18¢ 58.27 = 7.33
LTH (8) 6.04 = 0.10d 70.59 *= 3.66¢ 5.96 = 0.06 85.84 + 2.96¢d
Ruthenium red Control (9) 3.34 = 0.13 80.27 = 13.16 2.92 + 0.42 89.76 * 12.94

LTH (6) 3.43 = 0.14 89.33 = 14.50 3.14 = 0.15 84.25 = 21.1
NCDC Control (8) 3.40 = 0.06 75.66 = 3.46 3.05 = 0.05¢ 93.90 = 4.31¢
LTH (8) 3.48 = 0.05 63.99 = 2.66° 2.97 + 0.05¢ 81.76 = 4.29¢

2 Value in parentheses represents the number of animals in each group.

b Values are presented as mean = SEM.
¢ P < 0.01, circular vs. longitudinal.

d p < 0.01, LTH vs. control.

e P < 0.05, LTH vs. control.
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FIG. 2. Relaxation response to ruthenium red in circular (A) and longi-
tudinal (B) myometrial smooth muscle from control (n = 9) and LTH (n
= 6) sheep. Responses are represented as the area under the contraction
curve normalized to a percentage of maximum tension. All values rep-
resent the mean = SEM.

response or pD, were observed when like tissue layers were
compared between treatment groups. However, when layers
within treatment groups were compared, the pD, value
from the circular layer were significantly greater than that
from the longitudinal layer in both control and LTH tissues
(38.45 = 0.07 vs. 3.07 = 0.09 for control circular and lon-
gitudinal layers, respectively [P < 0.01], and 3.49 = 0.07
vs. 3.15 = 0.06 for LTH circular and longitudinal layers
respectively [P < 0.01]) (Table 1).

Ryanodine

Treatment with ryanodine did not result in appreciable
myometrial relaxation in control (n = 6) or LTH (n = 6)
myometrium, nor were significant differences found be-
tween layers (Fig. 3).

NCDC

The relaxation curves obtained from circular and longi-
tudinal layers in LTH and control animals are shown in
Figure 4, and maximum relaxation responses and pD, val-
ues are listed in Table 1. Although the maximum relaxation
responses were reduced in both circular and longitudinal
tissues from the LTH group compared to control, the dif-
ference was only significant in the circular myometrial lay-
er (75.66% =+ 3.46% vs. 63.99% =+ 2.66% for control and
LTH, respectively; P < 0.05). In control myometrium, the
longitudinal layer relaxed significantly more than the cir-
cular layer (93.90% = 4.31% vs. 75.66% * 3.46%; P <
0.01) (Table 1). A similar effect was noted in tissue from
LTH animals (81.76% = 4.29% vs. 63.99% =+ 2.66% for
longitudinal and circular layers, respectively; P < 0.01).
Furthermore, in both control and LTH sheep, the pD, value
from the circular layer was significantly greater than that
from the longitudinal layer (P < 0.01) (Table 1).

DISCUSSION

To our knowledge, the present study is the first to ex-
amine the effects of LTH on calcium regulation in pregnant
myometrium. More specifically, we provide the first evi-
dence for a greater reliance of myometrial smooth muscle
on extracellular calcium rather than on intracellular calcium
in tissues from LTH animals. We show layer-dependent dif-
ferences in response to PLC inhibition as well as a negli-
gible role for CICR via ryanodine receptors within the
ovine myometrium.

Agonist-induced, phasic contractions result, in a large
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FIG. 3. Relaxation response to ryanodine in circular (A) and longitudinal

(B) myometrial smooth muscle from control (n = 6) and LTH (n = 6)
sheep. Responses are represented as the area under the contraction curve
normalized to a percentage of maximum tension. All values represent the
mean = SEM.

part, from extracellular calcium entry through L-type, volt-
age-gated calcium channels in the plasma membrane [25,
26]. Thus, blockade of these channels with nifedipine, a
specific L-type calcium-channel blocker, leads to a relaxa-
tion response. In the present study, the maximal relaxation
response of both circular and longitudinal layersin the LTH
group was significantly greater than that in control, dem-
onstrating that L-type calcium channels may play an in-
creased role in myometrial contractile activity following
LTH. Because data from the present study suggest that
myometrial tissue from LTH animals relies, to a greater
extent, on extracellular calcium through L-type calcium
channels for agonist-induced contraction, one could hy-
pothesize a number of possible mechanisms: 1) an upreg-
ulation of L-type calcium channels in the plasma mem-
brane, 2) an activation of L-type calcium channels via phos-
phorylation, or 3) a shift in the dependence of the cell from
intracellular to extracellular sources of calcium.

Although L-type calcium channel number has been
shown to be regulated in several smooth muscle types, such
as canine colon, in response to inflammation [27] and rat
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FIG. 4. Relaxation response to NCDC in circular (A) and longitudinal
(B) myometrial smooth muscle from control (n = 6) and LTH (n = 8)
sheep. Responses are represented as the area under the contraction curve
normalized to a percentage of maximum tension. All values represent the
mean = SEM.

myometrium during pregnancy [28], studies in sheep car-
diac muscle have failed to show an LTH-induced change
in L-type calcium channel number [29]. Also, if L-type
calcium channel number was increased after LTH, contrac-
tion might be expected to be increased when strips are ex-
posed to a high K+ solution, but previous experiments in-
dicate that LTH does not change active tension when stim-
ulated with 120 mM K+ [8]. Thus, it appears that the num-
ber of L-type calcium channels in uterine smooth muscle
may not be altered after exposure to LTH.

The L-type calcium channel can aso be regulated by
various second messengers, such as protein kinases [30].
Protein kinase C (PKC) has been reported to enhance cur-
rent through L-type calcium channels in myometrium [31,
32]. Presumably, this is because of phosphorylation of the
L-type calcium channel; however, the L-type calcium chan-
nel appears to be maximally phosphorylated during resting
conditions [33]. Therefore, PKC activation should not sub-
stantially alter the activity of L-type channels. Indeed, PKC
has been shown to inhibit OT-induced phasic myometria
contractions in the rat [34]. In the present study, the most
likely explanation for the increased relaxation response in
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myometrium exposed to LTH seems to be a switch in the
relative importance of the source for the cytosolic calcium
rise, from SR to more external forms of calcium.

In addition to extracellular calcium, intracellular calcium
stores can also contribute to the calcium pool available for
contraction. Specifically, calcium can be released from the
SR via stimulation of the I1P; receptor and/or the ryanodine
receptor. Previous studies have implicated |P; production
when agonists bind G protein-coupled receptors [35-39],
whereas other studies have indicated that myometrium may
not rely heavily on SR calcium release through 1Pz-insen-
sitive channels [15, 40]. Because all three isoforms of the
ryanodine receptor are expressed in the myometrium [41],
blockade of this receptor can help to elucidate the relative
importance of CICR on agonist-induced myometrial con-
tractility following LTH.

Ruthenium red and ryanodine have been widely used in
previous experiments to study CICR via ryanodine recep-
tors in myometrium [13, 42, 43]. However, recent studies
have shown that ruthenium red may have a nonspecific in-
hibitory effect on many proteins important to calcium reg-
ulation, such as voltage-gated channels [44], plasma mem-
brane calcium pumps [45], and calcium-binding proteins
(e.g., camodulin) [46, 47]. In the present study, we found
that the relaxation response to ruthenium red was similar
between control and LTH groups and followed a pattern
similar to the response observed with nifedipine.

In marked contrast to ruthenium red, ryanodine had no
effect on myometrial relaxation in either control or LTH
tissues. Ryanodine specifically blocks the ryanodine recep-
tor in the “open’” position [48] and is inhibitory at high
concentrations (>10 uM) [49]. Thus, it appears that the
majority of the relaxation that occurred during ruthenium
red inhibition was caused by nonspecific effects. Indeed,
because the relaxation response in circular myometrium in-
duced by ruthenium red was actually greater than that in-
duced by nifedipine, the effect of ruthenium red likely re-
sults from its blockade of voltage-gated calcium channels
in the plasma membrane plus additional effects on other
calcium-related proteins, such as calmodulin and calcium
pumps, as described above. The inability of ryanodine to
inhibit myometrial contraction is in agreement with the
conclusions of others that CICR has no clear role in smooth
muscle despite the presence of ryanodine receptors [50].
Thus, the role of CICR mediated through ryanodine chan-
nels appears to be negligible in sheep myometrium.

The lack of difference between control and LTH animals
after ruthenium red treatment is another indication that the
population density of L-type calcium channelsis not altered
by LTH. If ruthenium red actually blocks calcium-related
mechanisms in the myometrium, including a large effect on
L-type calcium channels, then one would expect an in-
creased relaxation response in LTH animals similar to the
response to nifedipine. Instead, LTH had no effect on re-
laxation caused by exposure to ruthenium red. The lack of
such a relaxation response supports the idea that LTH does
not change L-type calcium-channel density.

A major component of agonist-induced myometrial con-
traction involves the activation of PLC and the subsequent
release of IP; and DAG. Previous studies not only have
shown that PLC is expressed in myometrium [51, 52] but
also have supported the idea that PLC plays an important
role in OT-generated phasic myometrial contractions [53—
56]. When PLC was inhibited with NCDC, the longitudinal
layer relaxed more than the circular layer regardless of the
treatment group. To our knowledge, data from the present

study not only provide the first evidence for arole of PLC
in ovine myometrium but also are the first to show a PLC-
related difference between circular and longitudinal smooth
muscle layers. The longitudinal layer exhibited significant
differences in the maximum relaxation response and pD,
compared to the circular layer following NCDC in both
control and LTH tissues (Table 1). Whether this effect is
caused by a layer-dependent difference in L-type calcium
channels or more complex modulation within the cell is
uncertain. However, these results further emphasi ze the dif-
ferential responsiveness between the circular and longitu-
dina layers, and they underscore the importance of differ-
entiating between the two layers when evaluating changes
in myometrial contractile function.

Results from the NCDC study also extend the idea that
the myometrium is decreasing its dependence on intracel-
lular sources for calcium and enhancing the importance of
extracellular calcium entry following LTH. The reduction
in maximum relaxation in the LTH myometrium compared
to contral in response to NCDC suggests that the LTH tis-
sues are less dependent on the PLC-mediated pathway for
contraction. Thus, if intracellular calcium release is reduced
and the number of L-type calcium channels remains the
same, then the relative percentage of calcium ions entering
the cytosol is shifted toward extracellular calcium ions. Pre-
sumably, a decreased reliance on the OT-induced PL C path-
way would manifest itself in decreased |P; production, be-
cause ryanodine receptors do not seem to play a significant
rolein intracellular calcium regulation. In fact, other studies
from our group have shown that the I1P; pathway in vascular
smooth muscle is suppressed in LTH animals [57, 58].

Large-conductance, calcium-gated potassium channels
(BKcz) may be involved in the decreased contractility of
LTH myometrium. Because the cell relies more on extra-
cellular calcium through voltage-gated calcium channels,
the surface membrane excitability will have a greater im-
pact on contractile activity. For a given rise in intracellular
calcium, BK, channels would be activated, and the resul-
tant decrease in membrane excitability would suppress L-
type channel opening. Because the hypoxic myometrium is
more dependent on extracellular calcium entry, the decrease
in calcium influx would cause LTH tissue to be less con-
tractile. The BK, channels are expressed in human myo-
metrium [59, 60], but to our knowledge, they have not been
studied in sheep myometrial tissue.

In conclusion, our results support the findings that LTH
increases the dependence of ovine uterine smooth muscle
on extracellular calcium influx through the L-type, voltage-
gated calcium channels. This appears to occur not through
an increase in L-type calcium channels but, rather, through
a possible decline in importance of the OT-induced PLC-
mediated pathway, resulting in a greater proportion of ex-
tracellular calcium contributing to contraction. Also, CICR
does not seem to play a significant role in myometrial con-
tractility in sheep. Finally, layer-dependent differences exist
between the circular and longitudinal layers. Future studies
will focus on elucidating differences in L-type calcium-
channel density and IP; production in control and LTH
myometrium.
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