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Gap Junctions: Their Presence and Necessity in

Myometrium During Parturition

Abstract. Thin sections of longitudinal and circular muscle of myometrium obtained
from rats during pregnancy, at term, during delivery, and postpartum were quan-
titatively examined in the electron microscope. Gap junctions (low resistance path-
ways) were only present during or immediately prior to delivery and immediately
postpartum. The absence of gap junctions during gestation may be necessary for
maintenance of pregnancy, while their occurrence during parturition may lead to

effective termination of pregnancy.

Nexuses or gap junctions appear as a
fusion of membranes into five or seven
layers in ultrathin sections of tissue, or
as aggregates of membrane particles
when examined by freeze-fracture elec-
tron microscopy. They are thought to
provide sites of low resistance to current
flow between electrically excitable cells
(1), including smooth muscle (2), and
thus to be the pathway for conduction of
action potentials or applied pulses (/).
However, these junctions have not been
Jemonstrated in several types of smooth
nuscle known to be electrically coupled
3, 4). In previous studies of the ultra-
structure of rat myometria, we have not
found even a single nexus or gap junction
between smooth muscle cells in tissues
from pregnant animals or those treated
with estrogen or progesterone, or both
(3). However, nexuses occurred fre-

quently between the fibrocytes which
surround the muscle bundles (3).
Recently, we found gap junctions be-
tween smooth muscle cells of the longi-
tudinal and circular muscle layers of rat
myometria that had been fixed for elec-
tron microscopy (5) during parturition
(see Fig. 1). We have now quantitatively
examined (6) the presence of gap junc-
tions in thin sections of rat myometrium
obtained during pregnancy, at term, dur-
ing labor, and postpartum (Table 1).
There were no nexuses or gap junc-
tions between muscle cells in either the
longitudinal or circular muscle layers in
tissues from animals fixed on approxi-
mately day 14 of gestation, or in any tis-
sue from immature animals including
animals injected with estrogen or pro-
gesterone, or both (Table 1). In all the
tissues studied, there were many inter-

Fig. 1. (A) Electron
micrograph of gap
junction between two
smooth muscle cells
of the longitudinal
muscle layer of rat
myometrium fixed by
intra-arterial per-
fusion during part-
urition (scale bar, 0.1
pm). (B) Gap junction
between muscle cells
from tissue similar to
that in (A), as shown
at higher magnifica-
tion (scale bar, 0.1
pm).

mediate and close contacts between
muscle cells, and frequent gap junctions
between fibrocytes, as seen previously
3, 9.

In some tissues fixed at term (21 to 22
days) gap junctions were not observed in
either the longitudinal or circular muscle
layers (Table 1). However, in tissues
from other animals gap junctions were
present in both muscle layers. Gap junc-
tions were always present in both muscle
layers when they had been fixed during
parturition (when 1 to 12 fetuses were
delivered). Myometrial tissues from ani-
mals fixed 1 to 8 hours postpartum also
always contained gap junctions. The
numbers of gap junctions in animals de-
livering compared to animals not deliv-
ering or postpartum was insignificant
(P > .05). The mean diameter of gap
junctions in the muscle layers increased
significantly in animals delivering
(P < .01) or postpartum (P < .05) com-
pared to animals at term. The corre-
sponding areas of gap junctions relative
to total membrane areas also increased
(data not shown). There were no signifi-
cant differences (P > .05) between mean
lengths during delivery compared to
postpartum.

That gap junctions are visible in thin
sections between smooth muscle cells
exclusively at term and during or follow-
ing parturition has important implica-
tions for the maintenance and termi-
nation of pregnancy. Throughout the
gestation period, the absence of gap
junctions between contractile cells may
be a major factor in the maintenance of
pregnancy by preventing electrical com-
munication between cells and coordi-
nated contractions. The appearance of
gap junctions between smooth muscle
cells immediately prior to parturition
may provide a large membrane area of
low resistance allowing spread of electri-
cal information between cells and termi-
nating pregnancy by synchronizing uter-
ine contractility for effective expulsion
of the fetus.

We believe that gap junctions are pres-
ent in tissues at term only when the ani-
mals have entered the final stages of ges-
tation, that is, are ready to deliver. This
hypothesis is supported by the finding
that some animals reputedly at term can-
not be induced to deliver by oxytocin
while some can; only the latter have gap
junctions in myometria. Since the time of
onset of readiness to deliver (labor) of a
particular animals varies, the occurrence
of junctions will also vary in animals sup-
posedly at term. This would explain our
failure to find gap junctions in all animals
reputedly ‘‘at term’’ (Table 1).
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Measurements of space constants by
microelectrodes during pregnancy and
parturition should indicate the extent of
electrical coupling. However, these pa-
rameters for the various muscle layers of
the rat uterus have not been adequately
defined before term, at term, and during
parturition. In the rabbit uterus, Csapo
(7) has shown in situ with implanted elec-
trodes that propagation of electrical ac-
tivity is greatest during parturition.

Rat uterine smooth muscle strips from
both pregnant and nonpregnant animals
behave as an electrical syncytium or a
leaky cable over short distances as mea-
sured in vitro (8), and the cable theory
has been applied to the tissue (9). Low-
resistance contacts between smooth
muscle cells are assumed to be necessary
if the cable hypothesis is applied, but gap
junctions were not observed in these tis-
sues, suggesting that electrical coupling
in such cases may be dependent on the
presence of intermediate or close apposi-
tion contacts (3, 4) between cells. Since
cable properties of uterine muscle have
been studied in vitro, it is possible that
gap junctions form or aggregate in vitro
perhaps because of the loss of some hu-
moral agent which prevents their forma-
tion in vivo. However, we have never
found gap junctions in pregnant myo-
metria removed prior to term and in-
cubated in vitro (10). There is also the
possibility that small gap junctions seen
with freeze-fracture methods (//) may be
present between cells and these may not
be visible within our thin sections. If
so, the final stage of gestation is accom-
panied by the assembly of small gap
junctions into large ones. Studies with
freeze-fracture methods are required to
determine whether the creation of new
or assembly of small gap junctions oc-
curs at term. Our studies with these
methods indicate the presence of typical
gap junctions in tissues from parturient
animals, in agreement with our data from
thin sections which show conclusively
the rapid formation of large gap junctions
either just prior to or during parturition.
We suggest that this formation is essen-
tial prior to normal labor and if it occurs
prematurely it may lead to irreversible
premature labor.

Among the events prior to parturition
that could be responsible for stimulating
the structural changes in the myometrial
smooth muscle cell membrane leading to
gap junction formation are changes in the
concentrations of progesterone, estro-
gen, oxytocin, or prostaglandin. One
event that might initiate formation of
large gap junctions is progesterone with-
drawal. Indeed, the inhibition of the for-
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Table 1. Number and length of gap junctions (GJ’s) in myometrium obtained from rats during
pregnancy and postpartum, and from immature rats. Tissue samples were obtained from longi-
tudinal and circular muscle of myometrium. The number of pieces of tissue examined (one
section per uterine horn, and approximately equal numbers from longitudinal and circular
muscle) is shown by N. The number of GJ's indicates the total of five- or seven-membered
junctions found within 8 to 12 electron micrographs of each piece of tissue. Distance shows the
length of the membrane measured from electron micrographs of smooth muscle cells in trans-
verse orientation. Hormones were injected singly or together as follows: estrogen (estradiol) (50
ug) and progesterone (2 mg) daily for 15 days; estrogen (50 ug) only was injected for 1 to 3 days
in one group after the 15-day treatment with both hormones.

Ti hich Di j . Mean*
ime at whic GJ’s 18- unctions length
tissue was N (No.) tance per of GJ’s

obtained (um) 1000 wm (um)
During pregnancy
Day 14 7 0 4770
Day 21 to 22 (at term)
With GJ 23 62 14,019 4.42 0.15 = 0.11
NoGJ 11 0 6897
Day 22t023 14 50 7955 6.29 0.20 = 0.10%
Postpartum
1 to 8 hours 6 14 3334 4.20 0.25 = 0.13%
Day 16 6 0 4739
Immature
Control 3 0 2302
After hormone injections
Estrogen 3 0 1979
Progesterone 3 0 1986
Estrogen plus progesterone 3 0 2202
Estrogen plus progesterone plus 3 0 2130

1 to 3 days of estrogen only

*Mean * standard deviation.

between tissues at term and postpartum.

mation of gap junctions until parturition
may be the basis for the progesterone
block hypothesis advanced by Csapo (7).
There is convincing evidence that
changes in plasma progesterone levels in
some animals are related to the mainte-
nance and termination of pregnancy (7).
We propose that gap junction formation
is a necessary precondition for the
coordinated contractions of labor and is
controlled by a signal such as progester-
one withdrawal.

Evidence to support progesterone
withdrawal as the controlling factor in
gap function formation comes from the
following observations: (i) ovariectomy
of pregnant animals at midterm results in
abortion or resorption of fetuses and the
rapid appearance of gap junctions; both
abortion and gap junction appearance
are prevented by progesterone adminis-
tration; and (ii) gap junctions appear in
both gravid and nongravid horns during
delivery in animals unilaterally ova-
riectomized prior to conception. Pro-
gesterone administration to animals at
term may prolong or prevent the appear-
ance of gap junctions and delay or pre-
vent delivery. The failure of pro-
gesterone withdrawal to induce gap junc-
tions in nonpregnant animals (Table 1)
indicates that other factors may also be
involved.

It is not known whether gap junctions

+Significant differences (P < .01) between mean lengths of gap junctions in
tissues from animals at term and at delivery (unpaired z-test).

$Indicates significant differences (P < .05)

develop in the myometrium of other ani-
mals, including humans, during parturi-
tion. If they do, studies of the conditions
that control their formation may lead to a
better understanding of the physiology of
parturition as well as a more rational
basis for developing and evaluating drug
therapy used to prevent and terminate
pregnancy or delay premature labor.
R. E. GARFIELD

S. Sims, E. E. DANIEL
Department of Neurosciences,
McMaster University,
Hamilton, Ontario, Canada L8S 4J9
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Optical Transforms and the ‘‘Pincushion Grid’’ Illusion?

Schachar (/) has presented experimen-
tal evidence which he contends con-
tradicts the theory that the visual system
performs two-dimensional Fourier trans-
formations of observed patterns. He
does this on the basis of the **pincushion
grid’’ illusion in which diagonal lines are
seen when one views a square grid of
lines. Schachar presents what he claims
to be an optical transform of the grid,
and since no diagonal components ap-
pear in his optical transform, he con-
tends that the visual system does not
perform a Fourier transformation of the
observed grid.

In this communication I raise two ob-
jections to Schachar’s report.

First, his optical transform is not that
from a grid. The optical transform, or op-
tical diffraction pattern, of a square grid
is well known to be a square array of
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spots. The theory is developed in many
standard texts [see, for example, Ditch-
burn (2)] and is easily demonstrated with
a laser. Figure 1 is a photographic en-
largement of a grid whose actual spacing
is 0.085 mm. The beam of a helium-neon
laser was directed onto the grid, and the
diffraction pattern, intercepted by photo-
graphic paper at approximately 2 m from
the grid, is reproduced in Fig. 2. The
spot pattern is clearly evident and in-
cludes diagonal components.

The photograph presented by Scha-
char in his figure 1 does not exhibit any
of the spots characteristic of the dif-
fraction pattern of a grid, neither on the
major axes nor on the diagonal. It ap-
pears to be the pattern observed when a
laser beam passes through photographic
film of approximately even density.
Schachar does not give the spacing of the
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Fig. 1 (left). Photographic enlargement of a
diffraction grating. The grating was produced
by ruling black lines on white paper and
producing a photographic reduction on a glass-
supported emulsion. The actual spacing was
0.085 mm. Fig. 2 (right). An optical dif-
fractiébn pattern produced by directing a
helium-neon laser beam through the grating
produced in Fig. 1.

grid used for the diffraction experiment,
but if the cover of Science is a one-step
photographic enlargement of the 35-mm
slide mentioned in the article, then the
actual grid spacing on the slide would
have been on the order of 1 mm, about
the size of a typical laser beam, and there
would not have been a repeating object
to produce a diffraction pattern.

Second, a more fundamental question
arises concerning the applicability of op-
tical diffraction patterns as an analogy
for the Fourier transformation that is
postulated to occur in the visual process-
ing system. A diffraction pattern is not a
Fourier transform, but is the complex
square of the Fourier transform and is
not unambiguously related to the dif-
fracting object. It is this ambiguity that
makes the determination of crystal struc-
ture from x-ray diffraction patterns a
complicated task.

One specific form of this ambiguity re-
lates to an observation by Schachar. He
mentions that ‘‘a negative of the pin-
cushion grid (black pincushions sepa-
rated by white spaces) produces the illu-
sion of diagonal black lines.’ If the visu-
al system uses diffraction transforms,
not true Fourier transforms, this obser-
vation of the reversal of the color of the
illusion would be in contradiction to
Babinet’s principle (3), which states that
complementary objects, that is, those
that have reversed contrast, give identi-
cal diffraction patterns. Schachar’s ob-
servation of reversed color of the illusion
when complementary grids were used,
violates Babinet’s principle and demon-
strates that the visual system does not
behave as though it used diffraction
transforms. This neither proves nor dis-
proves that Fourier transforms are used
by the visual system, but it does show
that Schachar’s basic assumption, that
an optical transform can be used as an
analogy for possible Fourier transforma-
tions in the visual system, is not valid.

M. L. RUDEE
Department of Applied Physics
and Information Science,
University of California, San Diego,
La Jolla 92093
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Schachar (/) failed to observe diagonal
spatial frequencies in the optical Fourier
transform of a ‘‘pincushion grid.”” This
implied that the illusion of diagonal lines
that are observed in such a pattern can-
not be attributed to two-dimensional
Fourier analysis by the human visual
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