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ABSTRACT

The time course of pregnancy-induced changes in the con-
tractile responses of isolated uterine rings and sympathetic in-
nervation pattern were studied using electric field stimulation
and histofluorescence techniques, respectively, in intact and 6-
hydroxydopamine-treated rats. Neurally mediated contractions
elicited by field stimulation (0.6 msec, 1-70 Hz, 40 V) were
measured in uterine preparations obtained from nonpregnant,
6-hydroxydopamine-treated and 5-, 10-, 15-, 18-, and 22-day
(term) pregnant rats. At all frequencies, the amplitudes of con-
tractions were highest in nonpregnant uteri. Stimulation at 1-
2.5 Hz evoked contractions in 10-day pregnant uteri but failed
to cause contractions on Day 5 and from Day 15 onward. In
uterine preparations obtained from term and from 6-hydroxy-
dopamine-treated rats, contractions could not be evoked by
stimulation at 1-20 Hz. Fluorescence histochemistry of uterine
adrenergic nerves revealed rich perivascular and myometrial in-
nervation in nonpregnant and in pregnant rats through Day 10.
Degeneration and loss of adrenergic nerve fibers was apparent
by Day 15, and fluorescent myometrial and perivascular nerves
were practically absent by Day 22. These findings demonstrate
a progressive, frequency-related reduction of nerve-mediated
uterine contractions beginning in midterm pregnancy, in parallel
with a gradual loss of adrenergic nerve fibers. Pregnancy-in-
duced nerve degeneration may promote the development of
nonsynaptic «-adrenergic uterine contractile activity towards
term. The reduced responsiveness of uterine smooth muscle to
electric field stimulation in early pregnancy appears to be un-
related to alterations in uterine innervation but may be related
to changes associated with implantation.

catecholamines, female reproductive tract, implantation, preg-
nancy, uterus

INTRODUCTION

The rat uterus is innervated by both autonomic and sen-
sory nerves, including adrenergic [1, 2] and cholinergic [3],
as well as by different peptidergic fibers containing vaso-
active intestinal polypeptide (VIP), substance P (SP), cal-
citonin-gene-related peptide, and galanin [4, 5]. During
pregnancy, the motor and sensory innervation of the rat
uterus undergoes a profound denervation process, athough
the changes do not affect all types of nerves. Immunocy-
tochemical studies have indicated that myometrial and peri-
vascular VIP-containing fibers disappear at the end of preg-
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nancy [6]; in contrast, SP-containing primary afferent neu-
rons do not degenerate during pregnancy [7]. It is known
that, at the end of pregnancy (Days 20-22), the numbers
of both myometrial and perivascular adrenergic nerves are
decreased in the rat [8, 9], in the guinea pig [10, 11], and
in humans [12, 13]. It is important to determine whether
these morphologic changes have functional consequences
in relation to the pregnancy-induced adrenergic nerve de-
generation process that influences myometrial contraction.

The aim of the present study was to investigate the func-
tional consequences of adrenergic denervation on myome-
trial contractility from the beginning till the end of preg-
nancy. An in vitro electric field stimulation (EFS) model
was used to study the contraction responses of pregnant rat
myometrial rings to nerve stimulation. In order to focus on
the role of adrenergic control on uterine smooth muscle
function, the adrenergic bundles were stimulated electrical-
ly and the contractility response was measured. The adren-
ergic denervation process was also investigated by fluores-
cence histochemistry.

MATERIALS AND METHODS

Animals

Animal investigations were carried out with the approval of the Ethical
Committee for Animal Research, University of Szeged (registration num-
ber 23/1999). Sexually mature female Sprague-Dawley rats (body mass
180-240 g, 60-80 days old) were used in the experiments. Mating with
males was carried out in the early morning hours. Copulation was con-
firmed by the presence of a copulation plug or spermatozoa in the vagina.
The day of conception was considered to be the first day of pregnancy.
Nonpregnant females were cyclic, virgin rats held in separate cages from
males since birth. Animals were housed in temperature- and humidity-
controlled and light-regulated (12L:12D) rooms with water and food intake
ad libitum.

Selective destruction of the adrenergic nerve structures was accom-
plished by 6-hydroxydopamine (6-OHDA) treatment of cyclic, virgin rats
[14]. They received 100 mg/body mass kg of 6-OHDA-hydrochloride
(SigmaAldrich Ltd., Budapest, Hungary) per day for 2 days intravenously,
dissolved in physiological saline. The experiment was performed 48 h after
the second dose.

Uterus Preparation and Electric Field
Stimulation Parameters

The denervation process was studied in nonpregnant and in 5-, 10-,
15-, 18- and 22- day pregnant (term) rats and in 6-OHDA-treated rats.
The rats were killed by cervical dislocation at 1000 h, the uteri were
removed and trimmed of fat, the feto-placental units were removed, and
the decidua was scraped off. The myometrium was immediately placed in
an organ bath (de Jongh solution containing [in mM] 137 NaCl, 3 KCl, 1
CaCl,, 1 MgCl,, 12 NaHCO3, 4 Na,HPO,, 6 glucose; pH 7.4), perfused
with 95% oxygen and 5% carbon dioxide. Temperature was maintained at
37°C. Myometrial rings 1 cm long were sliced from the middle part of
each horn, including implantation sites in the case of pregnant animals,
and mounted vertically between two platinum electrodes in 10 ml of the
above mentioned organ bath under the same conditions. After mounting,
the uterine rings were equilibrated for 60 min before the experiment. The
initial tension was set at 1.5 g. To avoid spontaneous uterine contractions,
10-5 M verapamil (Chinoin Ltd., Budapest, Hungary) was added to the
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FIG. 1. Myometrial contraction responses
versus applied stimulating frequency (in
Hertz) in nonpregnant and in 5-, 10-, 15-,
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organ bath to block L-type calcium channels after incubation for 55 min.
After the incubation period, selective nerve stimulation was elicited by a
digital, programmable stimulator (ST-02; Experimetria Ltd., London, UK).
Each ring was stimulated by 1-min trains of square pulses with the fol-
lowing frequencies, in increasing sequence: 1, 2.5, 5, 10, 20, 30, 50, 70
Hz. After these 1-min trains of stimulation, the tissue was allowed to
recover for 4 min and a higher frequency was then applied. The square
pulse duration was set at 0.6 msec and the supramaximal voltage at 40 V.
The tension of the myometrial rings was measured with a strain-gauge
transducer (SG-02; Experimetria Ltd.) and recorded and analyzed by |SO-
SYS Data Acquisition System (Experimetria Ltd.).

Histofluorescence Examination of Uterine
Adrenergic Innervation

On Days 5, 10, 15, 18, and 22 of pregnancy, animals were killed by
cervical dislocation and were bled. The same was done with the nonpreg-
nant, cyclic virgin rats. After a midline abdominal incision, the uteri were
exposed and removed. The tissue samples from the middle part of the
uterus, including implantation sites in pregnant animals, were placed im-
mediately on cryostat chucks and frozen onto them with the aid of a small
amount of distilled water; longitudinal sections 15 pm in thickness were
cut and mounted on glass slides. Specimens were immersed for about 3
sec in asolution of 0.1 M glyoxylic acid containing (in mM) 235 KH,PO,
and 200 sucrose, pH 7.4 [15]. Air-dried sections were either covered with
liquid paraffin and placed in an oven at 95°C for 2.5 min or dried over
phosphorus pentoxide overnight and then reacted with paraformaldehyde
vapor at 80°C for 60 min. The preparations were examined under a Leica
DMLB fluorescence microscope (Wetzlar, Germany) equipped with appro-
priate filters.

Statistical Analyses

All experiments were carried out on at least six animals and values are
given as means = SEM. Bartlett tests revealed the homogeneity of vari-
ances. We investigated the presence of responses and their amplitudes. A
one-way ANOVA with a Newman-Keuls test was used to compare the
amplitudes of given contractile responses at different gestational ages to

FIG. 2. Myometrial contraction responses
versus applied stimulating frequency in
nonpregnant, in 22-day (term) pregnant,
and in 6-OHDA-treated nonpregnant rats.
Each bar represents the amplitude of con-
traction expressed (in grams) as mean =
SEM (n = 6). The contraction data were
statistically analyzed at each frequency
value independently. The asterisks indicate
the level of significant difference from (in-
tact) nonpregnant rat myometria (** P <
0.01; ns, P> 0.05, thus no significant dif-
ference).
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each frequency independently. The recorded data were statistically ana-
lyzed with the Prism 2.01 (Graph Pad Software Inc., San Diego, CA)
computer program.

RESULTS
Electric Field Stimulation Experiments

Nerve-induced uterine contractions were registered at
different times of pregnancy and in nonpregnant rats. Eight
distinct frequency values were established, and the presence
of a contractility response and its amplitude were detected.

Figure 1 illustrates the neurally evoked contractions of
myometrial preparations derived from the uteri of nonpreg-
nant and from 5-, 10-, 15-, 18-, and 22-day pregnant (term)
rats. In nonpregnant rats, the uterus responded to all the
applied frequencies with contraction. On Day 5 of preg-
nancy, the uterus did not respond to the lowest frequency
stimuli, 1 and 2.5 Hz. On Day 10, contraction responses
were detected to al applied frequencies, but contraction
amplitudes were lower than those observed in the nonpreg-
nant rats. By Day 15, contraction responses could not be
evoked by 1-5 Hz; the lowest frequency that elicited con-
traction in the myometria of 15-day pregnant rats was 10
Hz. The uteri of the 18-day pregnant rats did not respond
to even 10 Hz, but only to values of 20-70 Hz. By term,
the uterus responded only to 30—70-Hz stimulation; thus,
contractions could not be evoked at 1-20 Hz. The exami-
nation of the presence of nerve-induced myometrial con-
tractions therefore revealed a tendency toward a decreasing
ability to respond to lower frequency stimulation with in-
creasing gestational age from Day 10 to Day 22 of preg-
nancy.

A comparison of the amplitudes of uterine contractions

non pregnant
6-hy droxydopamine-treated
I 2?2 day pregnant

n

25

10.0 20.0
Frequency (Hz)
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TABLE 1. Summary of the presence of myometrial contraction responses
as a function of the applied frequency value of electric field nerve stim-
ulation in nonpregnant, in 6-hydroxydopamine (6-OHDA)-treated non-
pregnant, and in 5-, 10-, 15-, 18-, and 22-day pregnant rats according to
the data in Figures 1 and 2.

Contraction response to electric field stimulation®

Non- Days of pregnancy 6-OHDA-
Frequency  pregnant treated
(Hz) rats 5 10 15 18 22 rats

1 + - + - - - -

2.5 + -+ - = - -

5 + + + - - - -
10 + + + + - - -
20 + + + + + - -
30 + + + + + + +
50 + + + + + + +
70 + + + + + + +
2 +, Presence of response; —, lack of response.

in different stages of pregnancy to those in nonpregnant
rats demonstrated significant differences at all applied fre-
quencies. The amplitudes of the nerve-stimulated myome-
trial contractions were significantly lower (P < 0.01-0.001)
on each of the examined days of pregnancy compared with
nonpregnant animals throughout the whole frequency range
of 1-70 Hz. The myometria of the 15-day pregnant rats
responded with the lowest amplitude at 10- and 20-Hz fre-
quency, respectively (P < 0.001 compared with nonpreg-
nants rats at both frequencies). Although not shown in Fig-
ure 1, we note that paired comparisons reveaed signifi-
cantly lower amplitudes on Day 15 at 10 Hz (P < 0.05 vs.
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Day 5 and Day 10) and at 20 Hz (P < 0.05 vs. Days 5,
10, and 18).

The uteri of both the 22-day pregnant and 6-OHDA-
treated nonpregnant rats did not respond to stimuli of 1-20
Hz (Fig. 2). In the 22-day pregnant rats, significantly lower
amplitudes were detected in response to stimuli of 30—70
Hz than in the intact nonpregnant (P < 0.01) or in the 6-
OHDA-treated nonpregnant rats (P < 0.01). In the 6-
OHDA -treated nonpregnant rats, the amplitudes of contrac-
tions to stimuli of 30—70 Hz were not statistically different
(P > 0.05) from those in the intact nonpregnant rats.

Fluorescence Histochemistry

Uterine adrenergic nerves were demonstrated by using
glyoxylic acid- and formal dehyde-induced fluorescence his-
tochemistry (Fig. 3). In adult nonpregnant rats, the uterine
adrenergic nerve fibers displayed a characteristic topo-
graphic distribution: the uterine arteries were richly inner-
vated by thick, varicose adrenergic axons (Fig. 3a), whereas
the uterine smooth musculature was served by a moderate
mass of fine varicose fibers (Fig. 3b). A similar pattern of
rich perivascular and myometrial adrenergic innervation
was demonstrated in pregnant rats on Day 5 (Fig. 3c) and
Day 10 (Fig. 3d) of pregnancy. Loss of adrenergic nerves
was apparent by Day 15. On Day 15, degeneration of both
myometrial and perivascular axons was evident: nerve fi-
bers showed clear-cut fragmentation and swollen varicosi-
ties (Fig. 3e). On Day 18, the adrenergic innervation of the
myometrium was almost completely diminished; few, if
any, perivascular nerves were observed around small arter-

FIG. 3. Fluorescence micrographs illus-
trating uterine innervation in nonpregnant
and pregnant rats. a, b) Nonpregnant rat.
Blood vessels (arrows) and uterine smooth
muscle (arrowheads) are richly innervated
by adrenergic fibers. ¢, d) On Day 5 (c)
and Day 10 (d) of pregnancy, the uterine
adrenergic innervation is comparable with
the nonpregnant uterus. e) On Day 15 of
pregnancy, a marked loss of adrenergic
nerve fibers is evident: fragmentation of fi-
bers and swollen varicosities are seen.
Note the sparse innervation of a blood
vessel (arrow). f) On Day 22 of pregnancy,
irregularly beaded degenerating adrenergic
axons can be observed in the uterus. For
all micrographs, bars = 10 pm.
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ies (data not shown). The fluorescent adrenergic nerves
were practically absent on Day 22; only occasional degen-
erating axons could be seen (Fig. 3f).

DISCUSSION

Previous morphological investigations disclosed the in-
nervation patterns of the nonpregnant [16] and the term
pregnant and postpartum rat uterus [8, 9]. The time course
of these degenerative structural changes in the rat uterus
has not been dealt with in detail with special attention to
the functional consequences of the impairment of neuro-
genic contractility during pregnancy. In this study, there-
fore, we investigated both the functional and the structural
changes in the adrenergic innervation in the rat uterus on
Days 5, 10, 15, 18, and 22 of pregnancy. In the present
experiments, the uterine adrenergic nerve function was
studied as concerns the presence or absence of a myome-
trial contraction response to the eight distinct frequencies
applied on different days of pregnancy (Table 1); if present,
the amplitudes of contractions were compared.

Field stimulation was considered to be a suitable method
to further characterize the role of the adrenergic nerves in
the motor responses of the pregnant rat myometrium. The
selected frequencies were appropriate to stimulate the ad-
renergic nerves, as was proven in the experiments on 6-
OHDA -treated nonpregnant animals. Two days after the 6-
OHDA treatment, there were no detectable myometrial con-
traction responses to nerve stimulation at 1-20 Hz. Simi-
larly, myometrial contractions could not be evoked by EFS
at 1-20 Hz in term pregnant rats (Day 22, i.e., the day of
delivery). According to results reported previously, the
range 1-20 Hz is considered to be selective for adrenergic
nerves if the pulse width is relatively small [17-19]. In the
6-OHDA-treated animals and in the 22-day pregnant rats,
stimulation at 30—70 Hz caused uterine contractions, but
this frequency range is not selective for adrenergic nerves
but rather for others, such as the different peptidergic
nerves [20—23]. Hence, the present results support the no-
tion that stimulation with electrical impulses of short du-
ration (<5 msec) at frequencies of 1-20 Hz is selective for
adrenergic nerves.

The myometrial function was described by the presence
of nerve-induced contractions. The lack of a contractile re-
sponse to stimulation at certain frequencies was considered
to be a failure of adrenergic nerve function. The functional
alterations could be interpreted in terms of morphologic
changes as assessed by fluorescence microscopic demon-
stration of the adrenergic innervation in the uterus. Our
histofluorescence observations indicated that the diminution
of the contractility correlated with the progressive loss of
uterine adrenergic nerve fibers. Both EFS and fluorescence
histochemistry showed the myometrial adrenergic fibers to
be present and functional, morphologically not different
from those observed in nonpregnant uteri up to Day 10 of
pregnancy. The denervation process commenced in mid-
pregnancy and deteriorated toward term. In light of previ-
ous reports [24], we interpreted our morphologic data in
terms of a degeneration process, but the possibility that
disappearance of the staining of adrenergic nerve fibers
may also result from a profound depletion of their trans-
mitter content without frank axonal degeneration cannot be
excluded.

As concerns the examined days of pregnancy, a paral-
lelism was found between the functional and morphologic
changes in the rat myometrium except for the phenomenon
that, on Day 5 of pregnancy, no responses were elicited by

low-frequency nerve stimulation (1-2.5 Hz), though the
histologic picture of a 5-day pregnant myometrium did not
show any sign of nerve degeneration. We have not yet
found an explanation, but it is worth mentioning that this
time period coincides with implantation: in rats, on Day 5
after conception, the hatched blastocysts become attached
to the uterine epithelium [25, 26]. Whether the adrenergic
nerve or receptor function interferes with this process is not
known. Although the uterine adrenergic fibers in the 5-day
pregnant myometrium seemed to be similar to those in the
nonpregnant myometrium, they may differ in function, e.g.,
in excitability or in excitation-contraction coupling. The ob-
servation of an impaired nerve function despite of intact
morphology on Day 5 needs further investigation.

The results of the EFS and histofluorescence studies sug-
gest that maternal adrenergic neuronal factors possibly do
not play a prominent role in controlling the myometrial
motor activity from midpregnancy toward parturition. How-
ever, adrenergic denervation in the pregnant rat uterus does
not mean aloss of the ability to respond to adrenergic stim-
uli. The adrenergic mechanisms in the late pregnant uterus
are presumably mediated via circulating catecholamines
and the nonsynaptic adrenergic receptors in the uterus that
have lost innervation [27]. It is suggested that there is a
sensitive balance between the synaptic and the nonsynaptic
adrenergic control of the uterine function in rats during
pregnancy. The relative lack of sympathetic nervous control
of the uterus motor function may promote the importance
of nonsynaptic receptorial control toward term and possibly
near implantation.

Some previous studies have discussed the possible fac-
tors mediating pregnancy-induced uterine denervation, and
it seems likely that the fetuses themselves (as physica
stretch) [9, 10] and high progesterone levels [28] both may
play considerable yet not unique roles in the process. The
physiologic significance of adrenergic nerve degeneration
is still enigmatic, but it is conceivable that diminution of
the adrenergic innervation reduces the contractile responses
of the pregnant myometrium elicited by different neuro-
genic stimuli, such as reflexes evoked by mechanical or
chemical stimulation (e.g., infection) of the urogenital or-
gans and mediated, in part, by sympathetic efferent path-
ways [29-31]. The suppression of nerve-induced contrac-
tions as a result of sympathetic nerve degeneration in late
pregnancy may contribute to the maintenance of pregnancy
by sheltering the fetus in the uterus from possible noxious
stimuli. Our findings increase understanding of the tempo-
ral constraints of the aterations in adrenergic nervous and
receptorial control on uterine contractile activity in the
course of pregnancy.
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