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Spontaneous and oxytocin induced contractile activity was quantified in the bicornuate
uteri of pregnant rabbits maintained in situ, using data from two- and uni- dimensional
video spatiotemporal maps (VSTM) of linear and area strain rate and compared
statistically. Spontaneous contractions occurred over a range of frequencies between
0.1 and 10 cpm, in gravid animals at 18-21 and at 28 days of gestation, and propagated
both radially and longitudinally over the uterine wall overlying each fetus. Patches of
contractions were randomly distributed over the entire surface of the cornua and were
pleomorphic in shape. No spatial coordination was evident between longitudinal and
circular muscle layers nor temporal coordination that could indicate the activity of a
localized pacemaker. The density and duration of contractions decreased, and their
frequency increased with the length of gestation in the non-laboring uterus. Increasing
intravenous doses of oxytocin had no effect on the mean frequencies, or the mean
durations of contractions in rabbits of 18-21 days gestation, but caused frequencies
to decrease and durations to increase in rabbits of 28 days gestation, from greater
spatial and temporal clustering of individual contractions. This was accompanied by an
increase in the distance of propagation, the mean size of the patches of contraction,
the area of the largest patch of contraction and the overall density of patches. Together
these results suggest that progressive smooth muscle hypertrophy and displacement
with increasing gestation is accompanied by a decrease in smooth muscle connectivity
causing an increase in wall compliance and that oxytocin restores connectivity and
decreases compliance, promoting volumetric expulsion rather than direct propulsion of
the fetus by peristalsis. The latter effects were reversed by the B2 adrenergic receptor
agonist salbutamol thus reducing area of contraction, and the duration and distance
of propagation.

Keywords: motility, spatiotemporal mapping, uterus, oxytocin, salbutamol, gestation, birth

Frontiers in Endocrinology | www.frontiersin.org 1

November 2019 | Volume 10 | Article 802


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2019.00802
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2019.00802&domain=pdf&date_stamp=2019-11-21
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:r.g.lentle@massey.ac.nz
https://doi.org/10.3389/fendo.2019.00802
https://www.frontiersin.org/articles/10.3389/fendo.2019.00802/full
http://loop.frontiersin.org/people/543938/overview
http://loop.frontiersin.org/people/420196/overview
http://loop.frontiersin.org/people/811275/overview
http://loop.frontiersin.org/people/833313/overview
http://loop.frontiersin.org/people/768526/overview

Hulls et al.

Quantification of Uterine Contractile Activity

INTRODUCTION

The principal mechanical functions of the mammalian uterus
are to act as a repository in which fetal growth can take place
and to provide a means by which the fetus can be expelled
once fully developed. The former is achieved by amelioration of
the tone in the walls of the uterus and hence their compliance
i.e,, the ease with which the uterine cavity may be dilated.
Hence cavity volume is increased, in human subjects from
around 50ml (1) to over 4,000ml (2), so as to accommodate
the growing fetus without undue elevation of intra-luminal
pressure (3). However, little is known of the changes in contractile
dynamics that underlie this “accommodative” modulation of tone
and, furthermore, there is conflicting evidence regarding the
spatiotemporal disposition of uterine contractions.

A body of indirect evidence regarding the disposition and
timing of individual contractions comes from the qualitative
analyses of changes in associated electrical potential in multi-
electrodes (4). The bulk of this work suggests that the
propagation of electrical phenomena associated with uterine
contractions i.e., localized bursts of activity, is chaotic rather than
ordered, with locally varying patterns with re-entry evident in
some species (4, 5). A further a body of work suggests that uterine
contractions do not progress circumferentially along the long axis
of the uterine cavity. Hence for example uterine contractions (6)
and associated electrical activity (7) are relatively reduced around
the site of placentation (8). Again, whilst work indicates that
nature and timing of uterine contractions can be modified by
hormonal and other stimuli (9), we can find no direct evidence
that these stimuli facilitate the spatiotemporal organization of
contractions across the full thickness of the uterine muscle
to engender peristaltic progression. Qualitative direct studies
of human uterine contraction using two dimensional electro-
hysterographic mapping similarly show that the propagating
front of electrical burst activity is irregular (10) and that uterine
contractions vary in frequency and strength between proximal
and distal regions and between adjacent sites (6, 11).

Together such findings support a hypothesis that the
movement of uterine contents in the appropriate direction could
be produced solely by a change in intrauterine pressure i.e., an
overall increase in the tone of the wall so as to reduce lumen
volume, in both rabbits and in human subjects (12, 13). Further,
evidence suggests that such action could result solely or partly
from local mechano-transduction (14). Thus, strips of uterine
muscle are sensitive to stretch (15) and a mechano-transductive
response occurs when a bolus of Tyrodes solution is injected into
the uterine cavity. The latter comprises an initial “early stretch”
response when luminal pressure rises above baseline pressure
and a subsequent period when rhythmic contractions decrease
in amplitude and intra-uterine pressure declines over a period
of 20 min (16). Similarly a number of experiments have shown
that hydrostatic (17) and tensional (18) forces can evoke similar
contractions in the pregnant uterus. Hence, impairment in the
magnitude of mechanoreceptor evoked micro-contractions may
act to reduce intrauterine pressure and secure accommodation
in a similar manner to that in capacious structures such as
the resting urinary bladder (19, 20) and gastric fundus (21).

Again hormonal (22) and other stimuli (23) may act to alter the
threshold of such resetting so as to increase intrauterine pressure
and engender fetal expulsion. Hence for example oxytocin is
reported to increase the frequency and intensity of contractions
in the ostrogenized uterus via a variety of pathways (24).

A number of other studies have suggested that uterine
contractions are spatiotemporally organized. An early paper
showed orderly progression of electrical activity in the uterine
cornua of pregnant ewes (25). Again, whilst recent multi-
electrode studies showed little evidence of tightly ordered
proximal to distal propagation of individual uterine contractions,
the broad overall direction of the development of propagating
electrophysiological bursts was reported to be from proximal
to distal along the long axis of the uterus (26-29). Recent
ultrasonographic studies based on cross sectional data have also
suggested that the inner, predominantly circular, layer of uterine
muscle next to the endometrium i.e., the stratum subvasculare
may become spatiotemporally organized to form “peristaltic
like” contractions (30). More recently, concerted histological
and electrophysiological work in the isolated uterus of the rat
has indicated the presence of myometrial/placental pace-making
zones that are closely associated with the site of placentation,
prompting a hypothesis that “spatial organization of these areas
likely promotes coordinated delivery of fetuses in a polytocus
uterus” (31).

Sensu strictu peristalsis comprises the integrated action of
steadily propagating bands of longitudinal and circular muscle
contraction to produce a propagating luminal constriction
that bears directly against, and imparts impulsion to, the
contents of the lumen (32, 33). In the small intestine
such integrative action is aided by the anatomical and
physiological separation of the longitudinal and circularly
orientated smooth muscle (34). There is a similar anatomical
demarcation of the longitudinal and circular muscle in the
uterine wall of certain species including that of species with
a bicornuate uterus such as the rabbit (35). However, the
orientations of the long axes of the component myocytes
in the wall of the human uterus appear to be less sharply
demarcated, although recent work indicates there are higher
concentrations of circularly orientated fibers near the cavity
and around the tubal openings, and higher concentrations of
longitudinally orientated fibers near the serosa (36). Other
work indicates that the wall of the human uterus consists
of localized masses of smooth muscle (37) whose long axes
are extensively intertwined (36), an anatomy which led one
worker to hypothesize that this structure and the manner of its
interconnection by interstitial tissue provide for local mechanical
function (38).

Were uterine contractions organized to form peristalsis in
order to directly propel the uterine content then we would expect
that their direction of propagation would vary with function.
Hence, the human uterus is reported to exhibit intermittent
contraction (39) during menstruation to void cellular debris
(40), during the proliferative phase of the menstrual cycle to
secure retrograde transport of spermatozoa (41) and during early
pregnancy to secure the proper placement of the conceptus
in the uterine cavity (42). Currently we can find no definitive

Frontiers in Endocrinology | www.frontiersin.org

November 2019 | Volume 10 | Article 802


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Hulls et al.

Quantification of Uterine Contractile Activity

evidence that these events are organized to propagate in the
appropriate direction.

Conversely, if the uterus were to act primarily on a basis
of mechanotransduction and the movement of the contents to
be consequent on changes in volume or intrauterine pressure,
then the direction of their movement could be determined by
concomitant reciprocal variation in the level of occlusion of the
proximal i.e., tubal, or the distal i.e., cervical openings of the
cavity rather than by change in the spatial organization and
sequence of contraction. This would obviate any need for changes
in direction of contraction via neural or myogenic means.

In the current work we use various video spatiotemporal
mapping (VSTM) techniques to directly quantify and statistically
evaluate the temporal and spatial form, area, and coordination
of spontaneous contractions in the wall of the pregnant uterus of
the rabbit maintained in situ prior to and at term and after dosage
with increasing quantities of oxytocin and after subsequent
dosage with salbutamol. This, with a view to comparing the
spatial and temporal characteristics of contractions during the
accommodative and expulsive phases of uterine action during
pregnancy with those obtained from multi-electrode electro-
physiological and other studies. Further, to determine whether in
the latter phase the spatial pattern of contractions are consistent
with direct propulsion of contents by peristalsis or by expulsion
from the resetting of uterine tone.

MATERIALS AND METHODS

All the experimental procedures were approved by the Massey
University Animal Ethics Committee (MUAEC approval number
17/100), and complied with the New Zealand Code of Practice for
the Care and Use of Animals for Scientific Purposes.

Anesthesia
Each rabbit was maintained on 100% oxygen in a clear acrylic
induction chamber for 5min prior to administration of the
anesthetic. Halothane (4%) was then given in 100% oxygen
until the animal lost its righting reflex and surgical anesthesia
induced with alfaxalone IV (2-3 mg/kg) via a 20 G catheter in
the cephalic vein. The animal was then intubated with a 3.5 mm
cuffed endotracheal tube and anesthesia subsequently maintained
by a combination of halothane (EtHal 0.8-1.2%) in oxygen and
intravenous alfaxalone maintained at 0.1-0.2 mg/kg/min.
Arterial blood gases were monitored by a 22 G catheter and
mechanical ventilation used to maintain normocapnia. Peak
systolic blood pressure was maintained above 60 mmHg with
intravenous noradrenaline (0.5-1.5 jvg/kg/min) when necessary,
and body temperature was maintained at 38-39°C via forced-
air warming.

Procedure
Eight pregnant New Zealand white rabbits were obtained from a
commercial breeder and maintained on commercial feed, which
was available ad libitum with water until immediately prior to
the procedure.

Following administration of anesthetic (see above) the animal
was placed in a supine position and the abdomen was opened

with a vertical ventral paramedian incision sited lateral to the
line of the breast tissue. The anterior surface of the left cornu
of the uterus was exposed and lightly dusted with carbon black.
The animal was then rotated to the left into a semi-prone
position so that the left cornu of the uterus, and contained
fetuses, could prolapse laterally through the incision into an
organ bath perfused with oxygenated (95% O, 5% CO,) Earle-
Hepes buffered saline (HS) of pH 7.35, comprising 124.0 mM
NaCl, 5.4 mM KCI, 0.8 mM MgSOy, 1.0 mM NaH,;POy, 14.3 mM
NaHCO3, 10.0 mM Hepes, 1.8 mM CaCl,, and 5.0 mM glucose
maintained at 37°C and continuously recirculated at a flow rate
of 160 ml/min (Figure 1).

The carbon-dusted anterior surface of the left cornu was
adjusted to face the video camera (Supplementary Figure 1).
Myoelectrical activity in uterine wall was recorded with two
multi-stranded stainless-steel wire electrodes (see below). Note
that it was not possible to insert electrodes into the area of the
uterus undergoing VSTM as the presence of the wire interfered
with the video image and hence the subsequent analysis.

Image sequences were recorded on a video camera mounted
above the organ bath to capture the three most distal fetuses
in the left cornu of the uterus and saved as uncompressed AVI
video files for off-line processing. Hence the motility pattern
over the surface of each cornu was subsequently evaluated by
cross-correlation techniques in one or two dimensions using the
techniques described below.

An intravenous line was inserted through which requisite
doses of the pharmaceutical agent oxytocin was given (Phoenix.
Vetpharm (NZ) Ltd). Oxytocin is a known specific activator of
uterine contractility at term (43). Salbutamol (GlaxoSmithKline
(NZ) Ltd) is known to inhibit contractions in the gravid
uterus (44). Salbutamol was added directly to the organ bath
superperfusate to give a bath concentration of 174 nmol/L.
The latter route was chosen to minimize the generation of
any systemic e.g., cardiovascular effects that could have a
confounding effect on uterine motility.

At the conclusion of the recordings the anesthetized animal
was euthanized with an IV bolus of pentobarbitone (125 mg/Kg)
(National Veterinary Supplies Ltd. Auckland, New Zealand).
The crown rump lengths of the fetuses from the eight pregnant
rabbits were subsequently determined post-mortem and used to
determine their gestational age (45) and hence the duration of the
pregnancy. This enabled the preparations to be categorized on a
basis of their gestation.

The temporal correlations of the various parameters derived
by spatiotemporal mapping were subsequently correlated with
those of the electrophysiological recordings. The variations
in the various quantified temporal and spatial parameters of
uterine contractions were subsequently compared according to
gestational age so as to identify any significant cross correlation.

Video spatiotemporal mapping (VSTM) allows the local
movement of the distinctive visual features (in this case formed
by the carbon particles) between successive frames to be
quantified by the displacements of reference points on a grid
of equally spaced points within a rectangular region of interest
(ROI). Linear strain rates can be recorded either along the
longitudinal or the radial dimensions of the uterine cornu.
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FIGURE 1 | Unidimensional plots of temporal and positional variation in area strain rate, vertical transects and their fast Fourier transforms before and following IV
administration of increasing doses of oxytocin from a rabbit uterus at day 18 of gestation.

Conventionally, strain rates have a negative value when the
distance between a given pair of markers is decreasing i.e., the
tissue is contracting, and a positive value when the distance
between markers is lengthening i.e., the tissue is expanding. Thus
L-type spatiotemporal (ST) maps i.e., unidimensional plots of the
variation in linear strain rate at all points along an appropriately
curved longitudinal line of interest (LOI) and along a straight
radial LOI (x-axis) over time (y-axis), were generated from
the video recordings (Figure 1). The longitudinal LOIs were
positioned along the central axis of the anterior surface of the
cornu and the radial LOIs orthogonal to this i.e., vertically across
the anterior surface overlying the mid-point of the fetus.

The speed and direction (radial or longitudinal) of
propagation of a burst of contractions, or of its component
individual contractions, across the surface of the uterus can be
directly determined from these unidimensional maps. Hence,
the (acute) angle formed between the front of a propagating
contraction and the horizontal axis is inversely proportional to
its speed of propagation, a shallow angle indicating a faster speed.
The direction of movement of the propagating front is indicated
by the direction of the acute angle i.e., left to right or right to left.
The frequencies of the burst type contractions can be determined
from the points of intersection of successive bursts on a vertical
line on the ST map in the time dimension. Further, the profile
of frequencies between 1 and 10 cycles per minute (cpm) of all
contractile events including burst contractions could be assessed
from Fast Fourier transforms taken along the same vertical
transects of the L-type ST maps over a period of 300s, derived
in Microsoft Excel. The Fast Fourier transforms could then be
compared between the two gestational age groups and between
the three doses of oxytocin within each group. The amplitudes
and durations of the individual and burst contractions can be
determined from vertical transects and similarly compared.

Area strain rates (ASR) at each reference point on the ellipses
can be determined from the local displacement rates of markers
using the same technique that was described in a previous paper
(19). Briefly, ASR are expressed as the percentage change in
muscle area per unit time, i.e., % s~!. Like linear strain rates,
ASRs have a negative value when area is decreasing and a

positive value when area is increasing. Unidimensional plots of
the variation in ASR over time (A-type plots) can be plotted in
the same manner as L-type maps. Alternatively two-dimensional
plots of variation in ASR can be overlaid onto real time video
frames to produce two dimensional A-type plots. The sensitivity
of the ASR mapping method is well-established. Hence, for
example, ASR maps derived from myocardial MRI have been
shown to provide better discrimination between normal and
ischemic zones than other indices of strain (46).

A sequence of uni-dimensional (A-type or L-type) and two-
dimensional (A-type) ST maps, were prepared. The latter were
superimposed on corresponding video images of the uterine
cornu to enable the patterns of motility on its surface to be
directly visualized. The area of superimposition was limited
by a user-specified, standardized ellipsoidal masks with their
longitudinal axes located on and aligned with the longitudinal
axis of the cornua and their radial axis position across the midline
of the fetal outline. Each data set was taken from an ellipse that
occupied 45% of the anterior uterine surface. This proportion was
chosen in order to exclude all sites that were close to the edge
of the organ profile in which artifacts from rotational movement
of the organ and parallax could occur (Figure 1). Hence the
45% area of the 18-21 day gestation group (110 mm?) was
significantly smaller than that of the 28 day gestation group (695
mm?). Thus, comparisons of data between the two gestational
ages could be confounded by differences in total area. Hence a
further data set was taken in which the area of the ellipse on the
28 day group identical to that on the 18 day group i.e., 110 mm?
with the longitudinal axis of the ellipse similarly located on the
longitudinal axis of the cornu so as to standardize for area. The
resulting ASRs were color-coded such that rapidly contracting
areas appeared yellow (-ve ASR), more slowly contracting areas
appeared red and expanding areas appeared blue (+ve ASR).

The two dimensional parameters of groups of propagating
patches of contraction (PPCs) within the ellipse of A-type ST
maps of controls and following the various treatments were each
determined from 300 video frames taken at 1s intervals over
a 5min period. Each original video image was imported into
ArcGIS (v10.4 1999-2015 Esri Inc). In this analysis component
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pixels in which the strain rate was below —4% s ~!, were classified
as contracting and colored yellow. Correspondingly, component
pixels where strain was zero, or greater than —4% s ~! ie.,

stretched, were classified as not contracting and colored blue.

ELECTROPHYSIOLOGY

Myoelectrical activity in the uterine wall was recorded
synchronously with VSTM by a pair of stranded stainless-
steel wire electrodes (Part no. AS632, Cooner Wire Company,
Chatsworth, California, USA). The bared tips (1-2mm long)
of the electrodes were implanted into the muscle layer by
puncturing the outer serosa with a sterile 23 G needle which
also served to insert the wire electrode. The exposed tips of
the electrodes were hooked to ensure they remained secure
in the muscle. The bipolar electrodes were placed strategically
in a location on the gravid uterus that was close to the site of
VSTM. Each pair of electrodes were positioned ~4-5 mm apart.
A grounding needle electrode was inserted subcutaneously on
a bony face of the tibia of each subject. The electrodes were
connected via shielded cables to a bio amplifier (Animal Bio amp
ML136, AD Instruments, Dunedin, New Zealand) and Powerlab
data acquisition system (Power-lab 8/35, AD Instruments). Raw
myoelectric data was recorded using LabChart 8 Pro v8.1.13 ata
rate of 1 kbyte per second and stored on a PC for future analysis.
This was filtered with a band-pass digital filter set between 0.2
and 40Hz so as to distinguish contractile activity from gross
movement artifacts and line noise.

FURTHER DATA PROCESSING AND
STATISTICS

Mean durations of uterine contractions were derived from pixel
counts of consecutive events on 300s vertical transects of area
type i.e., A-type maps. Mean frequencies were calculated from
fast Fourier transforms of the same vertical transects.

We adapted parameters that were originally developed in
the FRAGSTATS software suite (47) to describe the spatial
structure of patches of vegetation in landscapes to quantify the
changes in shape and size of uterine contractions during their
development and involution. Hence successive classified raster
plots were exported from ArcGIS as GeoTIFFs, for processing
by FRAGSTAT, i.e., in order to determine (47):-

1) Patch density (%PLAND). The total areas of all patch
contractions occurring in a given A-type ST elliptical map as
a percentage of the total area of the ellipse,

2) Largest Patch Index (LPI). The mean area of the largest patch
contraction as a percentage of the total area of the ellipse,

3) Number of Patches (NP). The mean number of patches within
the ellipses,

4) MPS. Mean patch size in mm?.

The values for the various parameters were subsequently
compared by one way ANOVA or by repeated measures ANOVA,
where relevant, in IBM® SPSS® Statistics (Version 25) to
determine the significance of differences between gestational age

and the effects of administration of oxytocin and salbutamol.
Unless otherwise stated, all results are presented as the mean +
SE of the mean observation for each animal.

RESULTS

Spontaneous local uterine contractile activity was successfully
recorded in four rabbits at mid gestation (18-21 days) and four at
late gestation (28 days) and after increasing IV doses of oxytocin
and subsequent dosage with salbutamol at various sites across the
left uterine cornu.

Mid Gestation (18-21 Days)

Unidimensional Plots

Unidimensional plots of variation in linear (see later) and area
strain rate (Figure 1) each showed short-lived contractions that
occurred over a range of frequencies from 0.5 and 10 cpm and
propagated rapidly over short distances in the radial and in the
longitudinal plane. Consequently, they were angled slightly to
the left or right of the ST map. There was no tendency for

Duration of Contraction (s)
FS

0  Control 161U Salbutamol
Oxytocin Infusion Rate (/hr)

m18-21 Days W28 Days

Control 161U Salbutamol

(o)}

Frequency of Contraction (cpm)
w

o

Oxytocin Infusion Rate (/hr)

m18-21 Days MW 28 Days

FIGURE 2 | Effects of gestational growth, oxytocin and salbutamol on
durations (A) and frequencies (B) of uterine contractions in the gravid rabbit at
18-21 days and at 28 days on parameters derived from unidimensional VSTM.
Differences from control on repeated measures ANOVA following dosage with
IV oxytocin; *p < 0.05, **p < 0.01, **p < 0.001.
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the direction of propagation of an individual contraction to
change (Figure 1).

There were no significant differences, on repeated measures
ANOVA, in the durations or the frequencies of contractions or
their direction of propagation (Figure 2 and Table 1), following
the IV administration of increasing doses oxytocin.

Two Dimensional Plots

Two dimensional plots of variation in area strain rate
showed spontaneous short- lived contractile activity occurred
in pleomorphic patches at all sites on the uterine cornu in all
rabbits of 18-21 days gestation (Supplementary Figure 2). These
patches increased in size by peripheral growth and by aggregation
with smaller contractions and decreased in size by the reverse
process. The sites of such intermittent contraction were randomly
distributed across the entire radial surface of the cornua overlying
and around each fetus.

Following treatment with increasing IV doses of oxytocin
there were no significant increases, on repeated measures
ANOVA, either in the densities of contractions within the
45% ellipse i.e., contraction density, or in mean number of
patches, the largest patch index or the mean patch area
(Figure 3A and Table 2A).

Late Gestation (28 Days)

Unidimensional Plots

Unidimensional plots of variation in linear (Figure4) and
area (Figure 5) strain rate showed no evidence of spontaneous
emergence in late gestation of consecutive, radially disposed,
bands of circular and longitudinal contractions, such as are
seen in peristalsis, either in the radial or the longitudinal
transects of plots of variation in area strain rate. Similarly,
there was no evidence of temporal or spatial coordination
after increasing doses of oxytocin (Figure 5). Thus, localized
longitudinal and circular components of contractions continued
to occur irregularly, and on occasion concurrently, with no
evidence of temporal or regional (Figure 5) organization.

At 28 days gestation the mean frequency of contractions was
significantly increased, and the durations significantly reduced,
on one way ANOVA compared with those at 18-21 days gestation
(Figures 3A,B and Table 1).

Conversely, increasing IV doses of oxytocin (from 8 to 16 IU)
caused local contractions to become grouped into broader, more

regular, composite bands of significantly longer duration and
lower frequency on one way ANOVA (Figures 3-5 and Table 1).
The changes in mean frequency were also reflected in the fast
Fourier transforms of the vertical transects of the unidimensional
maps of variation in area strain rate, by an increase in the
lower frequencies around 10 cpm (Figure 5). There was also
an increasing tendency for the composite burst contractions to
propagate proximally rather than distally and to propagate across
the entire length of the unidimensional plot (Figure 5).

Unidimensional area strain rate plots taken with LOIs
traversing two successive fetuses and spanning the region
between the two (Figure 6), showed that on occasion, composite
contractions propagated from the wall that overlay one fetus onto
the wall overlying the neighboring fetus. However, the bulk of the
data showed no consistent correlation of the activities in the two
sites (Figure 6).

Two Dimensional Plots

The same spontaneous short- lived contractile activity
occurred in pleomorphic patches at all sites on the uterine
cornu in all rabbits of 28 days gestation (Figure7A and
Supplementary Videos 1,2) as did at 18-21 days gestation
(Supplementary Figure 2). When the patterns of spontaneous
contractile activity in the controls at 28 days gestation were
compared with those at 18-21 days gestation, using an ellipsoid
mask of identical size (110 mm?) there were no significant
differences either in the number of patches or areas of largest
patches (LPI) (Figure 3A) (Table 2A). Again, with the smaller
mask, both the densities of contraction (%PLAND) and mean
patch size (MPS) were significantly lower on ANOVA at 28 days
gestation than at 18-21 days gestation (Figure 3A and Table 2A).
However, the values for MPS were significantly greater when
contraction data obtained with the (larger) 695 mm? ellipse
taken at 28 days gestation was compared with the data from
the (smaller) 110 mm? ellipse taken at 18-21 days (Figure 3B
and Table 2B), indicating that patch size increased with the
uterine enlargement, but there was not a significant decrease in
contraction density (%PLAND).

Whilst none of these parameters changed significantly
after treatment with increasing doses of oxytocin at 18-21
days gestation, they increased significantly following dosage
at 28 days gestation (Figure 3B and Supplementary Video 2

TABLE 1 | Quantitative data derived from vertical transects of ST maps of variation in strain rate from contraction in the gravid uterus of the rabbit.

Duration of contraction (s) Control 41U/h 81U/h 16 IU/h Salbutamol
OXYTOCIN INFUSION RATE

Day 18-21 of Gestation 3.4 +0.16 3.46 + 0.06 3.80+0.13 3.87 +£0.22 1.82 + 0.32**
Day 28 of Gestation 2.56 + 0.15% 4.58 + 0.56 5.79 +1.03* 7.61 £+ 0.95" 1.82+0.24
Frequency of Contractions (CPM)

Day 18-21 of Gestation 3.61 +£0.56 4.03 £+ 0.91 512 +0.94 431 +0.77 5.45 +0.08
Day 28 of Gestation 5.62 + 0.59* 3.82 £0.58 2.56 + 0.22** 2.19 + 0.25"* 4.78 + 0.06

Mean durations of contractions were derived from pixel counts of consecutive contractions on 300 s vertical transects of unidimensional A-maps. Mean frequencies were calculated

from fast Fourier transforms of the same vertical transects.

Differences between controls at different gestations on one way ANOVA; #p < 0.05, ##p < 0.01, N = 4.
Differences between corresponding treatment and control on one way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, N = 4.
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TABLE 2A | Variation of Indices of contractile activity within ellipses of A-type maps with gestation, oxytocin, and ellipse size.

Day 18-21 of Gestation Control 41U/h 81U/h 16 IU/h Salbutamol
fragStat metrics

OXYTOCIN INFUSION RATE

Patch density (% 25.27 + 0.67## 27.33 +£0.80 26.47 £ 0.70 27.54 +0.88 18.21 £ 1.21
Landscape of Mask)

Number of Patches 1.88 £0.03 1.89 +£0.03 1.92 +£0.05 1.89 £0.03 2.23 £ 0.07"
(NP)

Largest Patch Index 23.02 £ 0.33 23.09 £+ 0.36 23.59 + 0.39 23.29 + 0.26 13.48 £ 1.22"*
(LPI)

Mean Patch Size Area in 15.67 + 0.28## 15.51 £ 0.62 15.65 £ 0.18 15.93 + 0.60 10.41 £ 0.94*

mm? (Area MN)
Day 28 of Gestation
fragStat metrics

Patch density (%
Landscape of Mask)

22,10 £ 0.55## 25.51 £ 0.43*

28.83 4+ 0.66* 29.96 £+ 0.57* 12.59 £ 0.79"

Number of Patches 2.06 + 0.08 2.00 + 0.06 1.64 + 0.06™ 1.69 + 0.06™ 2.57 £+ 0.09**
(NP)

Largest Patch Index 20.57 + 1.56 23.24 +1.42 27.50 £+ 1.66* 28.46 + 1.59* 18.46 £ 1.59
(LPI)

Mean Patch Size Area in 14.39 + 0.32## 16.18 £ 0.27* 21.43 £ 0.53"** 2212 £ 0.47* +1.3

mm? (Area MN)

Comparison on a basis of standard ellipse size (110 mm?).

TABLE 2B | Comparison on a basis of percentage surface area of cornua (45% of width i.e., 110 mm? at v18-21 day vs. 695 mm? at 28 days).

FragStat Metrics Control 41U/h 81U/h 16 IU/h Salbutamol

OXYTOCIN INFUSION RATE

% Landscape of Mask 20.45 £ 0.444# 23.23 £ 0.64*

(PLAND) A

Number of Patches 2.82 £0.03 3.04 + 0.04*
(NP) A

Largest Patch Index 18.07 + 0.69 20.42 £0.78
(LP) AA

Mean Patch Size Area 74.50 £ 4.414## 82.22 + 0.59

inmm? AA (Area MN)

25.90 £+ 0.35"** 25.09 + 0.54*** 12.59 £ 0.79"

3.54 £ 0.04™ 3.81 £ 0.04* 2.57 £ 0.09*

22.67 £+ 0.23* 24.59 £ 0.43** 10.23 £ 0.70"*

105.18 £+ 3.58"* 95.77 £ 0.87* 75.50 £+ 6.81

Data was obtained from A-type ST maps of strain rate. Each parameter value was determined from 300 video frames (one every second over a period of 5min) N = 4 animals in

all cases.

Differences from control on repeated measures ANOVA following dosage with IV oxytocin; *p < 0.05, **p < 0.01, **p < 0.001.

Differences between controls on one way ANOVA; ##p < 0.02.

Differences on doubly repeated measures ANOVA comparing responses to IV oxytocin at day 18-21 with those at day 28 as the significance of interaction term between gestation and

oxytocin responses; Ap<0.001, AAp < 0.005.

and Table 2B). Hence, there was a significant increase in
the contraction density (%PLAND) on repeated measures
ANOVA within the 695 mm? ellipses in rabbits of 28
days gestation (p < 0.05, df 3.9, f = 18.46) (Figure4
and Table2B). Similarly, there were significant increases
on repeated measures ANOVA in the largest patch index
and in MPS (Figure 3B and Table 2B). Similar results were
obtained with data from the smaller mask size (110 mm?)
(Figure 3A and Table 2A).

Effects of Salbutamol After Oxytocin

Addition of salbutamol directly to the organ bath superperfusate,
to a concentration of 174 nmol/L, following treatment with
increasing doses of oxytocin at 20 days caused the contractions

to fragment into their short-lived, component, individual micro-
contractions (Figures2, 3 and Supplementary Figure 3 and
Tables 1, 2) with corresponding reduction in their duration and
distance of propagation despite the lack of effect of oxytocin.
Hence there were significant reductions on ANOVA in duration
[F(4,15) = 1777, p = 0.004] %PLAND [F(4’15) = 1972, p =
0.0003], largest patch index (LPI) [F(4,5 = 49.14, p = 0.0005],
and the number of patches [F(4;5 = 11.22, p = 0.0005] and
compared to those after dosage with oxytocin.

Addition of salbutamol directly to the organ bath
superperfusate, to a concentration of 174 nmol/L,
following treatment with increasing doses of oxytocin at
28 days caused the relatively prolonged contractions of
lower frequency and longer duration that formed after
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dosage with oxytocin to fragment into their short-lived,
component, individual micro-contractions (Figures2, 3 and
Supplementary Figure 3 and Tables 1, 2) with corresponding
reductions in their duration and distance of propagation.
Hence there were significant reductions on ANOVA in
duration [F(4;5 = 22.28, p = 0.002] and %PLAND [F(4;s)
= 130.02, p 0.0005] and number of patches [F4 ;5 =
27.37, p 0.0005] and compared to those after dosage
with oxytocin.

Hence salbutamol had similar effects after dosage with
oxytocin regardless of gestational age and the lack of any
significant effects of oxytocin at 20 days gestation.

Electrophysiology

The electrophysiological recordings taken at sites adjacent to
those of VSTM (a total of four rabbits) had overall frequencies
of burst type events that were of a similar order of magnitude
to those of micro-contractions with a similar relative increase
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FIGURE 6 | Temporal sequence of unidimensional maps showing variation in area strain rate from contractile activity in adjacent fetuses in a rabbit uterine cornua of
day 28 gestation, following IV administration of IV dosage with 161U oxytocin. The circles (Right) represent the sites of VSTM sampling for L Maps (Left) site 1 overlies
the distal pole of the first fetus in the cornua, site 2 the interval between the fetuses (distended with displaced amniotic fluid), site 3 the proximal pole of the next fetus

following dosage with IV oxytocin (Supplementary Figure 4).
Hence the mean frequencies during control periods (N=4)
was 1.72 (SE 0.86), that following 4 IU of oxytocin was 2.39
(SE 1.20), that following 8 IU was 2.75 (SE 1.37), and that
following 16 IU was 3.48 (SE 1.74). Likewise the frequencies
in these recordings decreased 0.51 (SE 0.29) following addition
of salbutamol .

DISCUSSION

This is the first study to use one and two-dimensional VSTM to
directly quantify the location and timing of uterine contractile
activity at different stages of gestation and in response to oxytocin
and salbutamol. The results provide new insights into gestational
changes in the mechanics of myometrial contraction as well as
providing reciprocal illumination regarding the results of existing
electrophysiological studies (27).

Hence, our work shows that ongoing, spontaneous,
pleomorphic, localized patches of contraction occurred on
an ongoing basis at sites that were distributed across the
entire surface of the uterus throughout the middle and later
stages of pregnancy. Further, that their overall frequency
increased and duration decreased with increase in length of
gestation whilst their frequency decreased and their duration
increased following the administration of oxytocin. Whilst this
finding fits in with prior electrophysiological work (5, 27, 48)
and in this sense are not novel, it is important to confirm
these prior findings as the validity of electrophysiological
evidence has recently been called into question. Hence it was
hypothesized that the results of multi-electrode studies in
the gastric body and antrum were an epiphenomenon that

resulted from the relative movements of electrodes relative
to the tissue during its contraction (49, 50). In the case
of the gastric antrum, the criticism was in part refuted by
concurrent spatiotemporal mapping and electrophysiological
recording in the anterior surface of the antrum when myogenic
contraction was pharmacologically inhibited (51), but similar
work has not until now been carried out with regard to uterine
contractile activity.

The ongoing nature of contractions found in this study also
fits in with prior studies showing that ongoing oscillations in
amniotic pressure that were associated with uterine contractions
continued throughout pregnancy (52). Similarly, they fit in with
work measuring localized changes in intra-myogenic pressure
at various sites in the uterine wall (53) and with the results
of a number of electrophysiological studies using multiple
electrodes (27).

The pattern of aggregation of adjacent patches of
contraction and their subsequent decay by the reverse
process  (Figure7 and  Supplementary Figure2 and
Supplementary Videos 1, 2) suggests that their disposition
is governed primarily by local myogenic rather than
concerted neurogenic activity. This statistically supported
conclusion, based on the direct quantitative spatiotemporal
data, fits in with reported electro-physiological events i.e.,
irregular, sometimes re-entrant, patterns of propagation of
excitation (27).

The significant overall decrease in the density of patch
contractions and their duration, and the increase in the
frequencies of contractions with the length of gestation, together
suggest that the concomitant increase in uterine size and cavity
volume from smooth muscle hypertrophy (54) results in a
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decrease in connectivity between adjacent myocytes (Figure 8).
This in turn causes the compliance of the uterine wall and
its mechano-sensitivity to progressively decrease, allowing the
uterine cavity to accommodate the growing fetus (Figure 8).
Whilst it is possible that such accommodation could result
from extrinsic neurogenic signaling, our results suggest that it
is myogenic in origin (see below). This fits in with the findings
that the capacity of the uterus to accommodate the growing
fetus is preserved in uterine transplants in which extrinsic neural
connections have necessarily been severed (55), and the fact that
no functional intrinsic neutral network has yet been identified in
the uterine wall.

Given the reported increase in densities of oxytocin receptors
in late pregnancy (43), the tendency at late gestation for
component patches of contraction to be larger, of longer
duration and to propagate over greater distances after dosage

with oxytocin, fit in with the electrophysiological findings
that electrical connectivity between myocytes increases in later
pregnancy (56) and the progressive recruitment of action
potentials to form more sustained, faster moving, composite
bursts of contractions (5, 57-59) (Supplementary Video 2).

The finding that contractions that originate at sites on the
uterine wall which overlie one fetus may on occasion propagate
to neighboring fetuses, indicates the extent of such increased
connectivity and mitigates against a hypothesis of a single
localized peri-placental origin of excitation (48) i.e., pacemaker
in this species .

Together the findings regarding the spatiotemporal
distribution of uterine contractions after the administration
of increasing doses of oxytocin render it unlikely that the
reorganization of contractile activity during late gestation
could induce concerted direct distal-ward propulsion of a

Frontiers in Endocrinology | www.frontiersin.org

11

November 2019 | Volume 10 | Article 802


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Hulls et al.

Quantification of Uterine Contractile Activity

Day 18-21

Discreet, randomly distributed,
unsynchronized spontaneous patches
of contraction (yellow) maintain tone in
wall of uterus.

Hypertrophy and increase in
volume of uterine cavity.

Small but significantincrease in sizes of contractile
patches from stretching (orange). Increase in mass of
non-contracting smooth muscle (green) causes significant
reduction in contraction density and tone.

oxytocin, and salbutamol.

o

FIGURE 8 | Possible mechanism for variation in the distribution, size, and number of spontaneous uterine contractions in the gravid rabbit uterus with gestation,

Addition of oxytocin has no
effect on size or distribution of
contractile patches

Addition of oxytocin allows
synchronous activation of
hypertrophic
smooth muscle from areas of
spontaneous contraction
(green changes to orange).

Salbutamol

D

Addition of Salbutamol
reduces connectivity of
hypertrophied
muscle to patches of
spontaneous contraction.

contained fetus and thus could be classified as peristaltic.
Hence, uterine contractile activity in late gestation continued to
consist of pleomorphic patches that were randomly distributed
across the surface of the uterus around and overlying each
fetus, did not form distally progressing bands, and did not
comprise synchronous separate longitudinal and circumferential
patches of contraction such as have been reported in peristalsis
(60) (Figure6). Further, the overall trend of direction of
propagation of patches was from distal to proximal, rather
than from proximal to distal. It is therefore more likely that
late gestational reorganization progressively reduces the mean
compliance of the uterine walls and thus promotes expulsion by
volumetric reduction. The lack of any consistent site of origin
of contractions, notably in regions adjacent to the placenta (31)
suggests that under our experimental conditions, where the
uterus was maintained in situ, there was no pacemaker-induced
coordination of contractile activity. The trend of distal to
proximal progression of patches of contraction possibly results
from uterine smooth muscle being drawn from the proximal
pole of each fetus toward the distal pole.

The reorganization of smaller individual patches of
uterine contraction into larger, more numerous, pleomorphic
propagating patches of lower frequency and longer duration
following dosage with oxytocin at 28 weeks gestation is similar to
the changes that occur in the isolated urinary bladder following
administration of cholinergic agents and promotes expulsion of
urine (19, 61). Hence in both cases it appears that the changes in
the patterns of contraction accompany a change in function from

accommodation to expulsion and may involve a local resetting of
myogenic connectivity, although that of the bladder occurs more
promptly than that of the uterus.

The effect of salbutamol in reducing the duration and
overall distance of propagation of composite contractions
and inducing their fragmentation into component individual
contractions regardless of the length of gestation, fits in
with its reported pharmacological action in reducing the
excitability of myocytes via the generation of cAMP (62, 63)
and the connectivity of myocytic tight junctions (64). Whilst
it is possible that it could act to reduce the excitability of
intermediary cells such as interstitial cell of Cajal-like cells,
their reported electro-physiological characteristics do not fit
in with such a role (65). The overall effects of salbutamol in
reducing the overall incidence of contractions and hence overall
uterine tone are in line with the reported effects on general
contraction (66) and cavity pressure (67) in the intact uterus of
the rat.

Apart from providing a greater understanding of uterine
function, the reciprocal changes in the frequency duration, area
and density of uterine contractions that were found to occur
with increasing gestation, and following dosage with oxytocin
at 28 days, may provide a useful means for identifying the
switching of uterine function from accommodation to expulsion,
although further work is needed to confirm that similar changes
occur in human subjects. Again, the demonstration that the
VSTM methodology is able to directly quantify changes in
the development and disposition of uterine contractions in the
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rabbit preparation following administration of pharmaceuticals
lays the ground for statistically based assays of other agents
that influence myometrial contractility at various stages of
uterine function.
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Supplementary Video 1 | Spontaneous contractile activity in the rabbit uterus at
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Rabotti C, Mischi M, Oei SG, Bergmans JW. Noninvasive estimation of
the electrohysterographic action-potential conduction velocity. IEEE Trans
Biomed Eng. (2010) 57:2178-87. doi: 10.1109/TBME.2010.2049111
. Garfield RE, Maner WL. Physiology and electrical
of uterine contractions. Semin Cell Dev Biol. (2007)
95. doi: 10.1016/j.semcdb.2007.05.004
. Csapo Al Jaffin H, Kerenyi T, Lipman JI, Wood C. Volume and activity
of the pregnant human uterus. Am ] Obstet Gynecol. (1963) 85:819-
35. doi: 10.1016/S0002-9378(16)35542-9
Smith R, Imtiaz M, Banney D, Paul JW, Young RC. Why the heart is like an
orchestra and the uterus is like a soccer crowd. Am ] Obstet Gynecol. (2015)
213:181-5. doi: 10.1016/j.2j0g.2015.06.040
Young RC. Mechanotransduction
uterine  contractions in  human
152:R51-61. doi: 10.1530/REP-16-0156
Shelkovnikov S, Savitskii G, Abramchenko V. Spontaneous contractile activity
of isolated strips of uterine myometrium depending on the degree of
stretching. Fiziol Cheloveka. (1986) 12:1016.
Setekleiv ]. Uterine motility of the estrogenized rabbit. Acta Physiol. (1964)
62:79-93. doi: 10.1111/.1748-1716.1964.tb03954.x
Takeda H. Generation and propagation of uterine activity in situ. Fertil Steril.
(1965) 16:113-9. doi: 10.1016/S0015-0282(16)35473-5
Young RC, Goloman G. Mechanotransduction in rat myometrium:
coordination of contractions of electrically and chemically isolated tissues.
Reprod Sci. (2011) 18:64-69. doi: 10.1177/1933719110379637
Lentle RG, Reynolds GW, Janssen PWM, Hulls CM, King QM, Chambers
J. Characterisation of the contractile dynamics of the resting ex vivo urinary
bladder of the pig. BJU Int. (2015) 116:973-83. doi: 10.1111/bju.13132
Hulls CM, Lentle RG, King QM, Reynolds GW, Chambers J. Spatiotemporal
analysis of spontaneous myogenic contractions in the urinary bladder of the
rabbit: timing and patterns reflect reported electrophysiology. Am J Physiol
Renal Physiol. (2017) 313:F687-98. doi: 10.1152/ajprenal.00156.2017

activity
18:289-

mechanisms ~ for  coordinating

labor.  Reproduction.  (2016)

20.

Frontiers in Endocrinology | www.frontiersin.org

13

November 2019 | Volume 10 | Article 802


https://www.frontiersin.org/articles/10.3389/fendo.2019.00802/full#supplementary-material
https://doi.org/10.1016/S0015-0282(16)54772-4
https://doi.org/10.1111/j.1471-0528.1985.tb01047.x
https://doi.org/10.1111/j.1471-0528.1992.tb14385.x
https://doi.org/10.1111/j.1582-4934.2009.00894.x
https://doi.org/10.1007/s004240050279
https://doi.org/10.1053/sper.2001.26417
https://doi.org/10.1152/ajpregu.00704.2007
https://doi.org/10.1016/0002-9378(60)90118-6
https://doi.org/10.1093/humupd/dmg011
https://doi.org/10.1109/TBME.2010.2049111
https://doi.org/10.1016/j.semcdb.2007.05.004
https://doi.org/10.1016/S0002-9378(16)35542-9
https://doi.org/10.1016/j.ajog.2015.06.040
https://doi.org/10.1530/REP-16-0156
https://doi.org/10.1111/j.1748-1716.1964.tb03954.x
https://doi.org/10.1016/S0015-0282(16)35473-5
https://doi.org/10.1177/1933719110379637
https://doi.org/10.1111/bju.13132
https://doi.org/10.1152/ajprenal.00156.2017
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Hulls et al.

Quantification of Uterine Contractile Activity

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lentle RG, Reynolds GW, Hulls CM, Chambers J. Advanced spatiotemporal
mapping methods give new insights into the coordination of contractile
activity in the stomach of the rat. Am ] Physiol Gastrointest Liver Physiol.
(2016) 311:G1064-75. doi: 10.1152/ajpgi.00308.2016

Mironneau J. Effects of oxytocin on ionic currents underlying rhythmic
activity and contraction in uterine smooth muscle. Pfliigers Arch. (1976)
363:113-8. doi: 10.1007/BF01062278

Willets JM, Brighton PJ, Mistry R, Morris GE, Konje JC, Challiss RJ.
Regulation of oxytocin receptor responsiveness by G protein-coupled receptor
kinase 6 in human myometrial smooth muscle. Mol Endocrinol. (2009)
23:1272-80. doi: 10.1210/me.2009-0047

Shmygol A, Gullam J, Blanks A, Thornton S. Multiple mechanisms
involved in oxytocin-induced modulation of myometrial contractility.
Acta Pharmacol Sinica. (2006) 27:827-32. doi: 10.1111/j.1745-7254.2006.
00393.x

Parkington H, Harding R, Sigger J. Co-ordination of electrical activity
in the myometrium of pregnant ewes. Reproduction. (1988) 82:697-
705. doi: 10.1530/jrf.0.0820697

Planes J, Morucci J, Grandjean H, Favretto R. External recording and
processing of fast electrical activity of the uterus in human parturition. Med
Biol Eng Comput. (1984) 22:585-91. doi: 10.1007/BF02443874

Lammers WJ. The electrical activities of the uterus during pregnancy. Reprod
Sci. (2013) 20:182-9. doi: 10.1177/1933719112446082

Rabotti C, de Lau H, Haazen N, Oei G, Mischi M. Ultrasound analysis of
the uterine wall movement for improved electrohysterographic measurement
and modeling. Conf Proc IEEE Eng Med Biol Soc. (2013) 2013:7436-
9. doi: 10.1109/EMBC.2013.6611277

Mikkelsen E, Johansen P, Fuglsang-Frederiksen A, Uldbjerg N.
Electrohysterography — of propagation  velocity
and direction. Acta Scand.  (2013)  92:1070-
8. doi: 10.1111/a0gs.12190

Leyendecker G, Kunz G, Herbertz M, Beil D, Huppert P, Mall G, et al. Uterine
peristaltic activity and the development of endometriosis. Ann N 'Y Acad Sci.
(2004) 1034:338-55. doi: 10.1196/annals.1335.036

Lutton EJ, Lammers WJ, James S, van den Berg HA, Blanks AM. Identification
of uterine pacemaker regions at the myometrial-placental interface in the rat.
J Physiol. (2018) 596:2841-52. doi: 10.1113/JP275688

WB. The movements of the
means of the Roéntgen rays. Am ]  Physiol.
77. doi: 10.1152/ajplegacy.1902.6.5.251

Cannon WB. The Mechanical Factors of Digestion. London: Edward
Arnold (1911).

Smith TK, Robertson WJ. Synchronous movements of the longitudinal and
circular muscle during peristalsis in the isolated guinea-pig distal colon. J
Physiol. (1998) 506:563-77. doi: 10.1111/.1469-7793.1998.563bw.x

Lambert E Pelletier G, Dufour M, Fortier M. Specific properties of smooth
muscle cells from different layers of rabbit myometrium. Am ] Physiol Cell
Physiol. (1990) 258:C794-802. doi: 10.1152/ajpcell.1990.258.5.C794

Weiss S, Jaermann T, Schmid P, Staempfli P, Boesiger P, Niederer P, et al. Three-
dimensional fiber architecture of the nonpregnant human uterus determined
ex vivo using magnetic resonance diffusion tensor imaging. Anat Record.
(2006) 288:84-90. doi: 10.1002/ar.a.20274

Huszar G, Naftolin F. The and
in normal and preterm labor. N Engl ] Med.
81. doi: 10.1056/NEJM198408303110905

Savitsky AG, Savitsky GA, Ivanov DO, Mikhailov AV, Kurganskiy AV, Mill KV.
The myogenic mechanism of synchronization and coordination for uterine
myocytes contractions during labor. | Maternal Fetal Neonatal Med. (2013)
26:566-70. doi: 10.3109/14767058.2012.738261

Kelly JV. Myometrial participation in human sperm transport: a dilemma.
Fertil Steril. (1962) 13:84-92. doi: 10.1016/S0015-0282(16)34387-4

Bulletti C, de Ziegler D, Polli V, Diotallevi L, Ferro ED, Flamigni C. Uterine
contractility during the menstrual cycle. Hum Reprod. (2000) 15(suppl. 1):81-
9. doi: 10.1093/humrep/15.suppl_1.81

Eytan O, Jaffa AJ, Har-Toov J, Dalach E, Elad D. Dynamics of the intrauterine
fluid-wall interface. Ann Biomed Eng. (1999) 27:372-9. doi: 10.1114/1.181
Wray S.  Uterine contraction and physiological mechanisms
of modulation. Am ] Physiol Cell Physiol. (1993) 264:Cl-
18. doi: 10.1152/ajpcell.1993.264.1.C1

contractions:
Gynecol

labor
Obstet

Cannon intestines  studied by

(1902)  6:251-

uterine  cervix
(1984) 311:571-

myometrium

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Fuchs A-R, Fuchs F, Husslein P, Soloff MS. Oxytocin receptors in the
human uterus during pregnancy and parturition. Am J Obstet Gynecol. (1984)
150:734-41. doi: 10.1016/0002-9378(84)90677-X

McDevitt D, Wallace R, Roberts A, Whitfield C. The uterine and
cardiovascular effects of salbutamol and practolol during labour. BJOG Int |
Obstetr Gynaecol. (1975) 82:442-8. doi: 10.1111/j.1471-0528.1975.tb00667.x
Evans H, Sack WO. Prenatal development of domestic and laboratory
mammals: growth curves, external features and selected references. Anat
Histol Embryol. (1973) 2:11-45. doi: 10.1111/j.1439-0264.1973.tb00253.x

Azhari H, Weiss JL, Rogers W], Siu CO, Shapiro EP. A
noninvasive comparative study of myocardial strains in ischemic
canine hearts using tagged MRI in 3-D. Am ] Physiol. (1995)

268:H1918-26. doi: 10.1152/ajpheart.1995.268.5.H1918

McGarigal K, Cushman S, Ene E. FRAGSTATS v4: Spatial Pattern Analysis
Program for Categorical and Continuous Maps. Amherst, MA: University of
Massachusetts (2012). goo gl/aAEbMKk.

Lammers W, Morrison J, Lubbad L, Stephen B, Hammad F. Electrical
propagation in the guinea pig urinary bladder. Proc Physiol Soc. (2013)
307:F172-F182.

Rhee PL, Lee JY, Son HJ, Kim JJ, Rhee JC, Kim S, et al. Analysis of
Pacemaker Activity in the Human Stomach. ] Physiol. (2011) 589:6105-
18. doi: 10.1113/jphysiol.2011.217497

Bayguinov O, Hennig G, Sanders K. Movement based
artifacts ~ may  contaminate  extracellular  electrical  recordings
from GI  muscles. Neurogastroenterol — Mot.  (2011)  23:1029-

498. doi: 10.1111/j.1365-2982.2011.01784.x

Angeli TR, Du P, Paskaranandavadivel N, Janssen PW, Beyder
A, Lentle RG, et al. The bioelectrical basis and validity of
gastrointestinal extracellular slow wave recordings. ] Physiol. (2013)
591:4567-79. doi: 10.1113/jphysiol.2013.254292

Alvarez H, Caldeyro R. Contractility of the human uterus recorded by new
methods. Surgery Gynecol Obstetr. (1950) 91:1-13.

Caldeyro-Barcia R, Poseiro JJ. Oxytocin and contractility of the
pregnant human uterus. Ann N Y Acad Sci. (1959) 75:813-
30. doi: 10.1111/.1749-6632.1959.tb44593.x

Owens GK, Schwartz SM. Alterations in vascular smooth muscle mass in the
spontaneously hypertensive rat. Role of cellular hypertrophy, hyperploidy,
and hyperplasia. Circ Res. (1982) 51:280-9. doi: 10.1161/01.RES.51.3.280
Briannstréom M, Johannesson L, Bokstréom H, Kvarnstréom N, Mélne ], Dahm-
Kihler P, et al. Livebirth after uterus transplantation. Lancet. (2015) 385:607-
16. doi: 10.1016/S0140-6736(14)61728-1

Garfield RE, Yallampalli C. Structure and function of uterine muscle. In:
Chard T, Grudzinskas JG, editors. The Uterus. Cambridge Reviews in Human
Reproduction (1994). p. 54-93.

Caldeyro-Barcia R, Alvarez H. Abnormal uterine action in labour. J Obstet
Gynaecol Br Emp. (1952) 59:646.

Lammers W, Arafat K, el-Kays A, el-Sharkawy TY. Spatial and
temporal variations in local spike propagation in the myometrium
of the 17-day pregnant rat. Am ] Physiol Cell Physiol. (1994)
267:C1210-23. doi: 10.1152/ajpcell.1994.267.5.C1210

Marshall JM. Regulation of activity in uterine smooth muscle. Physiol Rev.
(1962) 42:213-27.

Spencer NJ, Walsh M, Smith TK.
obey the ’law of the intestine’?
98. doi: 10.1111/j.1469-7793.1999.0889s.x
Hulls CM, Lentle RG, King QM, Chambers JP, Reynolds GW.
Pharmacological modulation of the spatiotemporal disposition of
micromotions in the intact resting urinary bladder of the rabbit; their
pattern is under both myogenic and autonomic control. BJU Int. (2019)
123(Suppl. 5):54-64. doi: 10.1111/bju.14715

Hajagos-T6th J, Falkay G, Géspar R. Modification of the effect of nifedipine in
the pregnant rat myometrium: the influence of progesterone and terbutaline.
Life Sci. (2009) 85:568-72. doi: 10.1016/j.1f5.2009.08.008

Zingg HH, Laporte SA. The oxytocin receptor. Trends Endocrinol Metab.
(2003) 14:222-7. doi: 10.1016/S1043-2760(03)00080-8

Ou C-W, Orsino A, Lye SJ. Expression of connexin-43 and connexin-26 in
the rat myometrium during pregnancy and labor is differentially regulated
by mechanical and hormonal signals. Endocrinology. (1997) 138:5398-
407. doi: 10.1210/en.138.12.5398

Does the
] Physiol.

guinea-pig ileum
(1999) 517:889-

Frontiers in Endocrinology | www.frontiersin.org

November 2019 | Volume 10 | Article 802


https://doi.org/10.1152/ajpgi.00308.2016
https://doi.org/10.1007/BF01062278
https://doi.org/10.1210/me.2009-0047
https://doi.org/10.1111/j.1745-7254.2006.00393.x
https://doi.org/10.1530/jrf.0.0820697
https://doi.org/10.1007/BF02443874
https://doi.org/10.1177/1933719112446082
https://doi.org/10.1109/EMBC.2013.6611277
https://doi.org/10.1111/aogs.12190
https://doi.org/10.1196/annals.1335.036
https://doi.org/10.1113/JP275688
https://doi.org/10.1152/ajplegacy.1902.6.5.251
https://doi.org/10.1111/j.1469-7793.1998.563bw.x
https://doi.org/10.1152/ajpcell.1990.258.5.C794
https://doi.org/10.1002/ar.a.20274
https://doi.org/10.1056/NEJM198408303110905
https://doi.org/10.3109/14767058.2012.738261
https://doi.org/10.1016/S0015-0282(16)34387-4
https://doi.org/10.1093/humrep/15.suppl_1.81
https://doi.org/10.1114/1.181
https://doi.org/10.1152/ajpcell.1993.264.1.C1
https://doi.org/10.1016/0002-9378(84)90677-X
https://doi.org/10.1111/j.1471-0528.1975.tb00667.x
https://doi.org/10.1111/j.1439-0264.1973.tb00253.x
https://doi.org/10.1152/ajpheart.1995.268.5.H1918
https://doi.org/10.1113/jphysiol.2011.217497
https://doi.org/10.1111/j.1365-2982.2011.01784.x
https://doi.org/10.1113/jphysiol.2013.254292
https://doi.org/10.1111/j.1749-6632.1959.tb44593.x
https://doi.org/10.1161/01.RES.51.3.280
https://doi.org/10.1016/S0140-6736(14)61728-1
https://doi.org/10.1152/ajpcell.1994.267.5.C1210
https://doi.org/10.1111/j.1469-7793.1999.0889s.x
https://doi.org/10.1111/bju.14715
https://doi.org/10.1016/j.lfs.2009.08.008
https://doi.org/10.1016/S1043-2760(03)00080-8
https://doi.org/10.1210/en.138.12.5398
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Hulls et al.

Quantification of Uterine Contractile Activity

65.

66.

67.

Duquette R, Shmygol A, Vaillant C, Mobasheri A, Pope M, Burdyga
T, et al. Vimentin-positive, c-kit-negative interstitial cells in human
and rat uterus: a role in pacemaking? Biol Reprod. (2005) 72:276-
83. doi: 10.1095/biolreprod.104.033506

Abel MH, Hollingsworth M. The effects of long-term infusion
of salbutamol, diltiazem and nifedipine on uterine contractions
in the ovariectomized, post-partum rat. Br ] Pharmacol. (1986)
88:577-84. doi: 10.1111/j.1476-5381.1986.tb10238.x

Abel MH, Hollingsworth M. The potencies and selectivities of four calcium
antagonists as inhibitors of uterine contractions in the rat in vivo. Br J
Pharmacol. (1985) 85:263-9. doi: 10.1111/j.1476-5381.1985.tb08855.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Hulls, Lentle, Chua, Suisted, King, Chagas, Chambers and Stewart.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

15

November 2019 | Volume 10 | Article 802


https://doi.org/10.1095/biolreprod.104.033506
https://doi.org/10.1111/j.1476-5381.1986.tb10238.x
https://doi.org/10.1111/j.1476-5381.1985.tb08855.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Spatiotemporal Mapping of the Contracting Gravid Uterus of the Rabbit Shows Contrary Changes With Increasing Gestation and Dosage With Oxytocin
	Introduction
	Materials and Methods
	Anesthesia
	Procedure

	Electrophysiology
	Further Data Processing and Statistics
	Results
	Mid Gestation (18–21 Days)
	Unidimensional Plots
	Two Dimensional Plots

	Late Gestation (28 Days)
	Unidimensional Plots
	Two Dimensional Plots
	Effects of Salbutamol After Oxytocin

	Electrophysiology

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material
	References


