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T he heart and the laboring uterus

use different mechanisms to coor-

dinate contractions.

This is a discussion of synchrony and

coupled oscillatory behavior in the

context of the physiology of the laboring

uterus and the heart.

One of the great marvels of life is the

degree of order that is created as life

captures energy and transforms it into

physiological structure and function

against the forces of entropy (second law

of thermodynamics1). Life in many ways

is a battle against entropy that is inevi-

tably lost for each individual. For human

beings, this battle occurs continuously to

preserve the function of each tissue. The

battle is most heated in the organs that

require the most energy: the brain, heart,

and laboring uterus. Each uses energy to

produce highly organized behavior.

During pregnancy the mother’s

body diverts a large amount of blood

flow to the uterus. This increased

blood flow carries energy that is used

to create order in the developing fetus.

Blood flow and energy are also

required to create the regular powerful

contractions required for human labor.

Intriguingly, the human uterus dis-

plays a low level of order for the ma-

jority of pregnancy in that contractions

are minimal, and activity at any one

time, at different places in the uterus,

is very similar. This picture changes at

the time of labor in a dramatic way

with an increase in contractility, energy

consumption, and order, as the activity

at different times is different, either

relaxed or contracting.2-4 This is quite

different from the behavior of the

heart. The heart and the uterus have

evolved rather different ways of regu-

lating order and contractile behavior.

The heart is like an orchestra, playing

continuously under the direction of a

conductor. The uterus is like a soccer

crowd, inactive most of the time but

getting together for a song, producing

a climax, and then dispersing to

remain quiet until the next game.

Effective cardiac function requires the

ability to rapidly change cardiac output

to meet the varying needs of the corpus.

When Olympic champion sprinter Usain

Bolt leaves the blocks, his heart rate

climbs from perhaps 50 beats per minute

to well over 220, with a matching in-

crease in cardiac output. The cardiac

output of the ventricles is improved

by the preceding contraction of the atria

that primes the ventricular pump, in-

creasing the ventricular volume and the

efficiency of the contraction. The fre-

quency of contractions is determined by
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The human uterus has no pacemaker or motor innervation, yet develops rhythmic,

powerful contractions that increase intrauterine pressure to dilate the cervix and force the

fetus through the pelvis. To achieve the synchronous contractions required for labor, the

muscle cells of the uterus act as independent oscillators that become increasingly

coupled by gap junctions toward the end of pregnancy. The oscillations are facilitated by

changes in resting membrane potential that occur as pregnancy progresses. Reductions

of potassium channels in the myocyte membranes in late pregnancy prolong myocyte

action potentials, further facilitating transmission of signals and recruitment of neigh-

boring myocytes. Late in pregnancy prostaglandin production increases leading to

increased myocyte excitability. Also late in pregnancy myocyte actin polymerizes allowing

actin-myosin interactions that generate force, following myocyte depolarization, calcium

entry, and activation of myosin kinase. Labor occurs as a consequence of the combination

of increased myocyte to myocyte connectivity, increased depolarizations that last longer,

and activated intracellular contractile machinery. During labor the synchronous con-

tractions of muscle cells raise intrauterine pressure to dilate the cervix in a process distinct

from peristalsis. The synchronous contractions occur in a progressively larger region of

the uterine wall. As the size of the region increases with increasing connectivity, the

contraction of that larger area leads to an increase in intrauterine pressure. The resulting

increased wall tension causes myocyte depolarization in other parts of the uterus,

generating widespread synchronous activity and increased force as more linked regions

are recruited into the contraction. The emergent behavior of the uterus has parallels in the

behavior of crowds at soccer matches that sing together without a conductor. This

contrasts with the behavior of the heart where sequential contractions are regulated by a

pacemaker in a similar way to the actions of a conductor and an orchestra.

Key words: emergent behavior, mechanotransduction, pregnancy, uterine

synchronization

AUGUST 2015 American Journal of Obstetrics& Gynecology 181

ajog.org Obstetrics Clinical Opinion



a specialized group of pacemaker cells,

called the sinoatrial node, within the

atria.5 The pacemaker cells receive input

from systemic hormonal signals and

from specific neuronal connections. The

sinoatrial node generates a pacemaking

signal that travels through the atria and

causes atrial contraction (Figure 1). Im-

portantly, this signal is delayed at the

atrioventricular node; this delay is crit-

ical in optimal function of the heart as it

allows the ventricles to relax and fill with

blood before initiating ventricular

contraction. Thus the heart requires a

highly orchestrated contraction sequence

to work optimally.

The behavior of the heart parallels the

behavior of an orchestra under the

guidance of a conductor. Each musician

is capable of independent activity and

rhythm, but if each played without

knowledge of the others, there would

be a low level of order. For the orchestra

to function effectively the conductor

invests energy to regulate the activity

of individual musicians to achieve

coherence and synchrony of behavior.

Connectivity of individual musicians

is provided by visual cues from the

conductor and by visual and aural cues

from other musicians. The actual output

of any given musician is determined

by the score and by that individual’s

ability. The operation of a conductor

allows an individual to influence the

behavior of a large number of compo-

nents in a wide range of behaviors,

changing tempo, mood, and volume.

The contrast between the heart and

the human uterus is quite stark. The heart

is equipped with specialized pacemaker

and conducting systems while the human

uterus has no innervation regulating

contractility. Most smooth muscle cell

organs or tissues demonstrate sponta-

neous contractility, especially in response

to stretch, such as the bowel or bladder.

The reproductive tract of mammals is

rather different. A key aspect of the evo-

lution of amniotes, of which primates are

an order, is the ability to lay eggs on dry

land that are impermeable to water yet

permeable to oxygen. These eggs have a

tough outer membrane that is formed

inside the reproductive tract. To form

this specialized egg the conceptus must

be retained in the reproductive tract and

contractions of the tractmust be arrested.

Mammals have taken this process further

and the conceptus is retained with am-

niotic membranes within the reproduc-

tive tract while additional nutrition for

fetal development is provided by the

placenta. Throughout this period of fetal

development the contractile activity of

the reproductive tract must be sup-

pressed, and in particular its response to

stretch.

In the human being, contractility of

the uterus is suppressed at the beginning

of pregnancy to allow implantation.

Hormonal signals suppress uterine

contractility. The signals come from the

maternal ovary that produces progester-

one and the developing morula of fetal

and trophoblastic cells that secretes cho-

rionic gonadotrophin.6The progesterone

and the chorionic gonadotrophin to-

gether suppress myometrial contractility,

providing a “brake” on the uterus. The

brake reduces uterine contractility for the

vast majority of pregnancy. The brake

mechanism includes keeping indivi-

dual myocytes disconnected from one

another. This is achieved by reducing gap

junctions between individual myocytes.7

Gap junctions are connections between

individual cells that are formed by

the protein connexin 43 (Cx43). These

junctions allow the passage of small

molecules, such as inositol trisphosphate,

and facilitate electrical connection. The

formation of Cx43 is inhibited by a

transcription factor called zinc finger E-

box binding homeobox (ZEB)1, which is

stimulated by progesterone.8 As preg-

nancy proceeds the production of pro-

gesterone gradually increases and the

enlarging placenta becomes the major

source of progesterone. The suppression

of Cx43 expression ensures that even if a

myometrial cell depolarizes, the electrical

signal does not travel far and no increase

in intrauterine pressure occurs.

Depolarization and contraction of

uterine myocytes during pregnancy are

also suppressed by other mechani-

sms. Progesterone has antiinflammatory

effects and suppresses production of

prostaglandins that stimulate myocyte

depolarization.9,10 Hormones produ-

ced by the placenta also act to reduce

contractile pathways within myometrial

cells.11Chorionic gonadotrophin acts on

the myocytes through 7 transmembrane

domain receptors that link to Gas pro-

teins that activate adenylate cyclase to

stimulate production of the intracellular

messenger cyclic AMP (cAMP). cAMP

activates protein kinase A (PKA), which

activates phosphatases that reduce my-

osin light chain kinase phosphorylation,

decreasing the myosin-actin cross-

bridge cycling that underlies muscle

contraction. The cAMP-activated path-

ways also likely reduce formation of

actin fibers that are required for the

development of tension.12,13 Chorionic

gonadotrophin is not the only placental

hormone that can affect these pathways

to promote relaxation. The placenta

also produces corticotrophin-releasing

hormone (CRH), which increases exp-

onentially through pregnancy14 and pro-

motes relaxation of myometrial myocytes

through cAMP-dependent pathways.15

The likelihood of a myometrial cell

depolarizing and contracting is related to

the electrical potential difference it

maintains across its plasma membrane.

The membrane potential is created and

maintained by an energetically driven

process; sodium ions (Naþ)/potassium

ions (Kþ) adenosine triphosphatase

moves Kþ into the cell and Naþ ions out

of the cell against their ionic gradients.

Kþ then diffuse out of the cell down the

concentration gradient to generate an

electrochemical gradient, leaving the

inside of the cell relatively negative

compared to the outside. Intracellular

calcium concentrations rise when a cell

expresses an action potential, voltage-

activated calcium channels open, and

calcium ions (Ca2þ) move into the cell

through the channels.9 Rises of intra-

cellular free Ca2þ then lead to active

contraction through the activation of

myosin light chain kinase, effective

myosin-actin interaction, and produc-

tion of tension.16

During pregnancy the relatively high

Kþ gradient makes it difficult to depo-

larize the cell and thereby assists in

maintaining quiescence.17 Therefore,

multiple pathways interact during preg-

nancy to prevent the development of

uterine contractions and to promote
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the quiescent state within the myome-

trium of the uterus as fetal development

and growth occur within the amniote

membranes.

One of the puzzles of human preg-

nancy is the mechanism that generates

the onset of labor. The available data

strongly support the presence of a brake

on uterine contractility provided by

progesterone and other agents such as

CRH. The hypothesis of the progester-

one block was developed by Csapo18 in

the middle of last century and for many

years little further progress occurred. A

primary problem was how the block was

removed. In many mammals processes

occur at the end of pregnancy to reduce

maternal or placental production of

progesterone so that maternal circu-

lating concentrations of progesterone fall

dramatically precipitating labor; but this

does not happen in human beings.19,20

In human beings, maternal circulating

concentrations of progesterone rise

progressively across pregnancy and only

decline with the delivery of the placenta.

It seems that in human beings, estrogen

action may increase to override the ac-

tion of the progesterone brake.

During human pregnancy 2 major

estrogens are produced: estriol and

estradiol. Estriol is produced in the

placenta from 16-hydroxy-dehy-

droepiandrostenedione (DHEAs), a ste-

roid created by the action of the fetal

liver on DHEAs produced in the fetal

adrenal. The production of fetal DHEAs

is partly regulated by CRH, which in-

creases exponentially across preg-

nancy21; consequently estriol levels rise

markedly at the end of pregnancy.

Estradiol is also made in the placenta

from DHEAs that has not been 16-hy-

droxylated, and the majority of this

comes from the maternal adrenal and

levels of estradiol increasemore slowly in

late pregnancy. A consequence of these

events is that the ratio of estriol to

estradiol increases late in pregnancy.

This changing ratio appears critical and

occurs in singleton and twin pregnancies

and in those delivering preterm.20 The

ratio is relevant because while both es-

triol and estradiol are effective agonists

at estrogen receptors, when present at

equimolar concentrations they block

their respective actions by the formation

of heterodimers.22 Thus, when late in

pregnancy estriol becomes dominant

over estradiol, the formation of estriol

homodimers allows the environment to

become estrogenic.

Estrogen has many actions on the

uterine myometrium. Acting via micro-

RNA species estrogen action reduces the

formation of ZEB transcription factors

that inhibit production of Cx43.23,24 The

estrogens also turn on expression of

cyclooxygenase 2 that enzymatically ge-

nerates prostaglandins that promote

uterine myocyte depolarization and

contraction.25 At the same time that

these events are occurring, there is a

decline in the concentrations within the

myometrial cells of components of the

Gas-adenylate cyclase-cAMP-PKApathway

that promotes relaxation.26,27 The de-

cline in the PKA pathway leads to actin

fiber formation.12 The ion channels that

participate in cellular action potentials

are also important regulators of labor.

For example, the expression of many

types of potassium channels vary as

pregnancy progresses, which modulates

myocyte excitability and action potential

duration.28-30 These events combine at

the end of pregnancy to dramatically

increase the connectivity of myometrial

FIGURE 1

Regulation of cardiac and uterine contractility

The figure illustrates the ‘Conductor’ like role of the sinoatrial node in regulating the order of

contractile behavior in the atria and ventricles of the heart. The lower illustration shows the gradual

development of synchronous behavior in areas of the uterus that eventually lead to the widespread

rhythmic contractions of the uterus that increase intrauterine pressure and dilate the cervix at the

time of labor. This has parallels with the development of hand waving and singing by members of

soccer crowds who achieve synchrony of behaviour without a conductor.

Smith. Heart like an orchestra, uterus like a soccer crowd. Am J Obstet Gynecol 2015.
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myocytes, whichmakes themmore likely

to concurrently depolarize and to remain

depolarized for longer (Figure 2).31

The increase in connectivity between

individual myocytes at the end of preg-

nancy and the increase in myocyte excit-

ability allows the myocytes to behave as

coupled oscillators and generate coordi-

nated contractions. This coupled oscilla-

tory behavior is similar to that shown by

fireflies that synchronize their light

flashes.32 This process has been observed

in women using the array of super-

conducting magnetometers in Little

Rock, AR, which has been used to

monitor synchronous activity in the hu-

man uterus as women approach labor.33

The recordings demonstrate no evi-

dence of a localized pacemaker, but areas

of the uterus progressively become more

synchronized in association with faster

conduction of electrical signals across

the uterus. Further, this behavior can be

modelled in silico by varying connectiv-

ity, excitability, refractory period, and

action potential duration to produce the

same behaviors observed in Little Rock,

AR.34 In this work, the area over which

an action potential could spread was a

key determinant of the development of

synchronous contractions. If the area

over which an action potential could

spread was large enough, contraction of

this region or patch of tissue would

increase intrauterine pressure leading to

an increase in uterine wall tension.35 In-

creased uterinewall tension then provoked

widespread synchronous contraction of

myocytes. If the area over which an ac-

tion potential propagated was too small

to raise intrauterine pressure then no

synchronous contractions of the whole

uterus would occur. Synchronous con-

tractions across the uterus raise the in-

trauterine pressure leading to dilatation

of the cervix; when the membranes

rupture pressure is maintained by oc-

clusion of the pelvic outlet by the fetal

head.

This type of behavior is also similar to

that observed in crowds at soccer

matches that develop synchronized ac-

tivities such as hand waving and the

singing of songs. These patterns of

singing and waving may begin in any

part of the stadium and are determined

by the connectivity of the members of

the crowd and by the level of excitability

of the crowd.36,37 The difficulty of syn-

chronizing a large crowd mitigates

against high-frequency activity such

as might be required in an orchestra or

in the heart but provides resilience as

it is not dependent on a pacemaker.

Thus, a conductor orchestrates the rapid

rhythms of the heart but human birth

(Video) has the excitement of a soccer

crowd to maintain contractions with the

goal of birth and the creation of order.

Self-organizing systems are optimal

for mechanisms requiring progressive

development and are robust, yet allow

different input conditions to yield the

same output.38 Perhaps the challenge for

uncovering the regulator of human birth

has been quixotic in the sense that the

uterus is self-organizing. Recent dis-

coveries of cellular and organizational

mechanisms have highlighted how the

heart and the uterus use different solu-

tions for creating order from entropy.

Further understanding and development

of these concepts are expected, as we

search for the biological causes of

adverse pregnancy outcomes. -

REFERENCES

1. Carnot S. Reflections on the motive power of

fire. Paris, France: Chez Bachelier Library; 1824.

FIGURE 2

Myometrial activity before and after the onset of labor

Not in Labor illustrates the low level expression of Cx43 during the majority of pregnancy that

prevents the development of synchronized myocyte contractions that are required to increase

intrauterine pressure. Labor illustrates how increased expression of Cx43 channels allows the

development of synchronous contractile activity in patches of the myometrium that are large enough

to raise intrauterine pressure. The rise in intrauterine pressure causes and increase in tension

throughout the uterine wall providing a signal that allows the whole uterus to synchronize contractile

activity, generating the rhythmic contractions required to dilate the cervix.

Smith. Heart like an orchestra, uterus like a soccer crowd. Am J Obstet Gynecol 2015.

Clinical Opinion Obstetrics ajog.org

184 American Journal of Obstetrics& Gynecology AUGUST 2015



2. Garfield RE, Sims S, Daniel EE. Gap junc-

tions: their presence and necessity in myome-

trium during parturition. Science 1977;198:

958-60.

3. Garfield RE, Maner WL, Maul H, Saade GR.

Use of uterine EMG and cervical LIF in monitoring

pregnant patients. BJOG 2005;112(Suppl):

103-8.

4. Govindan RB, Siegel E, McKelvey S,

Murphy P, Lowery CL, Eswaran H. Tracking the

changes in synchrony of the electrophysiological

activity as the uterus approaches labor using

magnetomyographic technique. Reprod Sci

2015;22:595-601.

5. Lai MH, Wu Y, Gao Z, Anderson ME,

Dalziel JE, Meredith AL. BK channels regulate

sinoatrial node firing rate and cardiac pacing

in vivo. Am J Physiol Heart Circ Physiol

2014;307:H1327-38.

6. Fanchin R, Ayoubi JM, Righini C, Olivennes F,

Schonauer LM, Frydman R. Uterine contractility

decreases at the time of blastocyst transfers.

Hum Reprod 2001;16:1115-9.

7. Sakai N, Tabb T, Garfield RE. Studies of

connexin 43 and cell-to-cell coupling in cultured

human uterine smooth muscle. Am J Obstet

Gynecol 1992;167:1267-77.

8. Renthal NE, Chen CC, Williams KC,

Gerard RD, Prange-Kiel J, Mendelson CR. miR-

200 family and targets, ZEB1 and ZEB2,

modulate uterine quiescence and contractility

during pregnancy and labor. Proc Natl Acad Sci

U S A 2010;107:20828-33.

9. Young RC, Smith LH, McLaren MD. T-type

and L-type calcium currents in freshly dispersed

human uterine smooth muscle cells. Am J

Obstet Gynecol 1993;169:785-92.

10. Young RC, Zhang P. Inhibition of in vitro

contractions of human myometrium by mibe-

fradil, a T-type calcium channel blocker: support

for a model using excitation-contraction

coupling, and autocrine and paracrine signaling

mechanisms. J Soc Gynecol Investig 2005;12:

e7-12.

11. Slattery MM, Brennan C, O’Leary MJ,

Morrison JJ. Human chorionic gonadotrophin

inhibition of pregnant human myometrial

contractility. BJOG 2001;108:704-8.

12. Tyson EK,Macintyre DA, Smith R, Chan EC,

Read M. Evidence that a protein kinase A sub-

strate, small heat-shock protein 20, modulates

myometrial relaxation in human pregnancy.

Endocrinology 2008;149:6157-65.

13. MacIntyre DA, Tyson EK, Read M, et al.

Contraction in humanmyometrium is associated

with changes in small heat shock proteins.

Endocrinology 2008;149:245-52.

14. McLean M, Bisits A, Davies J, Woods R,

Lowry P, Smith R. A placental clock controlling

the length of human pregnancy [see comments].

Nat Med 1995;1:460-3.

15. Tyson EK, Smith R, Read M. Evidence that

corticotropin-releasing hormone modulates

myometrial contractility during human preg-

nancy. Endocrinology 2009;150:5617-25.

16. Word RA, Tang DC, Kamm KE. Activation

properties of myosin light chain kinase during

contraction/relaxation cycles of tonic and phasic

smooth muscles. J Biol Chem 1994;269:

21596-602.

17. Parkington HC, Coleman HA. Excitability in

uterine smooth muscle. Front Horm Res

2001;27:179-200.

18. Csapo A. Progesterone “block.” Am J Anat

1956;98:273-92.

19. Csapo AI, Knobil E, van der Molen HJ,

Wiest WG. Peripheral plasma progesterone

levels during human pregnancy and labor. Am J

Obstet Gynecol 1971;110:630-2.

20. Smith R, Smith JI, Shen X, et al. Patterns of

plasma corticotropin-releasing hormone, pro-

gesterone, estradiol, and estriol change and the

onset of human labor. J Clin Endocrinol Metab

2009;94:2066-74.

21. Smith R, Mesiano S, Chan EC, Brown S,

Jaffe RB. Corticotropin-releasing hormone

directly and preferentially stimulates dehydro-

epiandrosterone sulfate secretion by human

fetal adrenal cortical cells. J Clin Endocrinol

Metab 1998;83:2916-20.

22. Melamed M, Castano E, Notides AC,

Sasson S. Molecular and kinetic basis for the

mixed agonist/antagonist activity of estriol. Mol

Endocrinol 1997;11:1868-78.

23. Renthal NE, Williams KC, Mendelson CR.

MicroRNAsemediators of myometrial contrac-

tility during pregnancy and labor. Nat Rev

Endocrinol 2013;9:391-401.

24. Williams KC, Renthal NE, Gerard RD,

Mendelson CR. The microRNA (miR)-199a/214

cluster mediates opposing effects of proges-

terone and estrogen on uterine contractility

during pregnancy and labor. Mol Endocrinol

2012;26:1857-67.

25. Bisits AM, Smith R, Mesiano S, et al. In-

flammatory etiology of human myometrial acti-

vation tested using directed graphs. PLoS

Comput Biol 2005;1:132-6.

26. Europe-FinnerGN,PhaneufS,TolkovskyAM,

Watson SP, Lopez Bernal A. Down-regulation

of G alpha s in human myometrium in term

and preterm labor: a mechanism for parturition.

J Clin Endocrinol Metab 1994;79:1835-9.

27. MacDougall MW, Europe-Finner GN,

Robson SC. Humanmyometrial quiescence and

activation during gestation and parturition

involve dramatic changes in expression and

activity of particulate type II (RII alpha) protein

kinase A holoenzyme. J Clin Endocrinol Metab

2003;88:2194-205.

28. Benkusky NA, Korovkina VP, Brainard AM,

England SK. Myometrial maxi-K channel beta1

subunit modulation during pregnancy and

after 17beta-estradiol stimulation. FEBS Lett

2002;524:97-102.

29. McCloskey C, Rada C, Bailey E, et al. The

inwardly rectifying Kþ channel KIR7.1 controls

uterine excitability throughout pregnancy.

EMBO Mol Med 2014;6:1161-74.

30. Parkington HC, Stevenson J, Tonta MA,

et al. Diminished hERG K channel activity facili-

tates strong human labor contractions but is

dysregulated in obese women. Nat Commun

2014;5:4108.

31. Tong WC, Tribe RM, Smith R, Taggart MJ.

Computational modeling reveals key contribu-

tions of KCNQ and hERG currents to the

malleability of uterine action potentials under-

pinning labor. PLoS One 2014;9:e114034.

32. Copeland J, Moiseff A. Flash precision at the

start of synchrony in photuris frontalis. Integr

Comp Biol 2004;44:259-63.

33. Ramon C, Preissl H, Murphy P, Wilson JD,

Lowery C, Eswaran H. Synchronization analysis

of the uterine magnetic activity during contrac-

tions. Biomed Eng Online 2005;4:55.

34. Young RC, Barendse P. Linking myo-

metrial physiology to intrauterine pressure;

how tissue-level contractions create uterine

contractions of labor. PLoS Comput Biol

2014;10:e1003850.

35. Csapo A. The diagnostic significance of the

intrauterine pressure, II: clinical considerations

and trials. Obstet Gynecol Surv 1970;25:

515-43.

36. Caglioti E, Loreto VV. Dynamical proper-

ties and predictability of a class of self-

organized critical models. Phys Rev E Stat

Phys Plasmas Fluids Relat Interdiscip Topics

1996;53:2953-6.

37. Caglioti G, Bucci A. The dynamics of ambi-

guity. Berlin: Springer Verlag; 1992.

38. Prigogine I. The end of certainty: time,

chaos, and the new laws of nature. New York:

Free Press; 1997.

ajog.org Obstetrics Clinical Opinion

AUGUST 2015 American Journal of Obstetrics& Gynecology 185


