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Introduction 

Regulation of myometrial contractility 

Pregnancy is one of the most mysterious phenomenon of our life. There are many unresolved 

questions covering all stages of pregnancy. This is the reason why pregnancy is researched 

from multiple points of view. Plenty of biochemical, physiological, pathophysiological and 

pharmocological methods are used to answer the open questions of physiological as well as 

pathological conditions affecting pregnancy e.g. preterm birth (Simhan and Caritis, 2007, 

Yeast and Lu, 2007, Goldenberg et al., 2008, Iams et al., 2008), hypertensive disorders in 

pregnancy like preeclampsia (Baumwell and Karumanchi, 2007, Bonney, 2007), or other 

forms of gestational hypertension (Frishman et al., 2005, Podymow and August, 2007) and 

gestational diabetes (Hawkins and Casey, 2007).

During pregnancy, the uterus is maintained in a state of functional quiescence through the 

action of various putative inhibitors, like progesterone, prostacyclin, relaxin, nitric oxide, 

CGRP, VIP. Before term, uterus undergoes activation and stimulation. Activation occurs in 

response to uterotropins including oestrogen. Once activated, uterus can be stimulated to 

contract by uterotonins such as oxytocin and prostaglandin E2 and F2�. Involution of the 

uterus after delivery is mediated primarily by oxytocin (Norwitz et al., 1999).  

The development of placenta is a common feature of reproduction in most mammals, but 

variations on the theme of parturition among placental mammals are considerable.  

In most viviparous animals the fetus is in control of the timing of labor via the fetal pituitary 

adrenal axis (Thorburn et al., 1991). However the placenta of humans lacks the 

glucocorticoid-inducible enzyme 17�-hydroxylase-17,20-lyase, which is critical to this 

pathway, and thus this mechanism does not apply to humans.  

In humans by contrast the timing of birth is associated with the development of the placenta – 

in particular with the expression of corticotropin releasing hormone (CRH) by the placenta.  

Several studies have shown an association between levels of maternal plasma CRH, which is 

of placental origin, and the timing of birth. Maternal plasma CRH levels increase 

exponentially as pregnancy advances, peaking at the time of delivery. Production of CRH by 

the placenta is restricted to primates. Humans and great apes also produce a circulating 

binding protein for CRH (CRHBP). At the end of pregnancy, CRHBP levels fall, thereby 

increasing the bioavailability of CRH. Placental CRH production is modified by cortisol, 
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estrogen, progesteron and nitric oxide which are inhibitory and by a range of neuropeptides 

which are stimulatory (Smith, 2007).  

Another important event in labor is the expression of a group of protein termed „contraction-

associated proteins”. These proteins act within the uterus which is in a relaxed state for most 

of pregnancy, to initiate the powerful rhythmic contractions that force the fetus through a 

softening cervix at term. There are three types of contraction-associated proteins: those that 

enhance the interactions between the actin and myosin proteins that cause muscle contraction, 

those that increase the excitability of individual myometrial cells, and those that promote the 

intercellular connectivity that permits the development of synchronous contractions.

During pregnancy, the growth of the uterus under the action of estrogens gives the fetus space 

for its own growth, but uterine growth ceases toward the end of pregnancy, and the 

consequent increasing tension of the uterine wall signals the onset of parturition. In most 

smooth muscle organs, stretching leads to contraction. The switch of the growth-

accomodating behavior of the uterus during most of the pregnancy to the stretch induced by 

the cessation of uterine growth at labor appears to be regulated by progesterone. It is likely 

that progesteron withdrawal increases the attachment of myocytes to the intercellular matrix, 

through integrins, and this process promotes activation of mitogen-associated protein kinase 

and increases contractility. Progesterone plays a critical role in the development of the 

endometrium by allowing implantation and subsequently, the maintenance of myometrial 

relaxation. In many mammals, a drop in circulating progesterone levels precipitates 

parturition, in humans the level of circulating progesterone does not fall with the onset of 

labor, however the progesterone antagonist RU486 can initiate parturition at any time during 

pregnancy. A search for mechanisms that could account for a functional withdrawal of 

progesterone has identified several forms of the progesterone receptors. With the onset of 

labor the proportions of progesterone receptors change in a way that could constitute a 

mechanism of progesterone withdrawal.

A better understanding of the pathway to normal birth should provide the basis for identifying 

points along the pathway at which a pathological process may precipitate preterm birth.  The 

road to an understanding of human birth is challenging. It is important to determine which 

pregnancies carry a risk of preterm birth and to intervene with appropriate measures (Smith, 

2007).  
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Spontaneous preterm birth is a physiologically heterogeneous syndrome. The cascade of 

events that culminate in spontaneous preterm birth has several possible underlying pathways.

Four of these pathways are supported by a considerable amount of clinical and experimental 

evidence: excessive myometrial and fetal membrane overdistention, decidual hemorrhage, 

precocious fetal endocrine activation, and intrauterine infection or inflammation. These 

pathways may be initiated weeks to months before clinically apparent preterm labor. The 

processes leading to preterm parturition may originate from one or more of these pathways.

Our understanding of the nature of the molecular cross-talk among these pathways is in its 

infancy. The etiologic heterogeneity of preterm birth adds complexity to therapeutic 

approaches. Our knowledge regarding the identification and treatment of women at high risk 

for preterm labor has critical gaps and therefore this area is a target of future research (Smith, 

2007).  

Another unresolved question of pregnancy is how the immune tolerance of the mother is 

developing. There are several proposed mechanisms to explain how the fetus can evade 

immune rejection by the mother. One of them is that the maternal immune system might not 

be capable of responding to fetal antigens due to mechanisms that induce anergy or tolerance 

in responding maternal cells. Several studies investigated this mechanism and despite their 

efforts the results of the studies conflict and the mechanisms causing changes to the maternal 

T cell compartment during pregnancy remain unclear.

Second is that an anatomical barrier might form between mother and fetus preventing access 

of maternal immune cells to fetal antigens. This could be the trophoblast which separates 

mother and fetus. The barrier formed by the trophoblast is complex with multiple different 

cell types. Trophoblast cells resist immune attack, and the differentiated cells of trophoblast 

are also frequently renewed so any immune injury that does occur might be quickly repaired.

It was hypothesized that this fetal-maternal barrier prevents the maternal immune system from 

contacting fetal cells baring alloantigen. However some fetal cells do enter the maternal 

circulation and can persist for years and even decades in the mother.  

Third, fetal cells might suppress the expression of alloantigens. Fetal cells might evade 

detection and thus destruction by the maternal immune system by down-regulating the 

expression of fetal alloantigens. This was based on the fact that trophoblast cells in contact 

with maternal circulation do not express either MHC class I or II molecules. While the lack of 

expression of classical MHC molecules might help to explain the survival of the fetus, it 
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cannot completely explain the ability of the fetus to evade destruction by the maternal 

immune system. When the expression of MHC class I molecules were induced on trophoblast, 

the maternal immune system did not reject the fetus. Thus, some mechanisms other than 

immunological ignorance also protects the fetus from maternal immune system.

Fourth, recently proposed, that the fetus generates site-specific immune suppression. This 

means that the effector functions of maternal immune cells would be blocked at the maternal-

fetal interface protecting the fetus while allowing the cells to mount immune responses to 

microorganisms and other foreign cells. Elucidating the mechanisms important for successful 

pregnancy would benefit not only reproductive immunology but other fields as well (Koch 

and Platt, 2007).  

Hypertensive complications of pregnancy 

As a group hypertensive disorders represent the most significant complication of pregnancy, 

affecting approximately 10% of all pregnancies and contributing greatly to maternal and 

perinatal morbidity and mortality throughout the world. Fifteen percent of maternal deaths in 

the US are solely the result of hypertensive disease, which can lead to iatrogenic preterm 

delivery for maternal indications as well as adverse fetal outcomes. Hypertension during 

pregnancy carries with it the increased risk of abruption placentae, disseminated intravascular 

coagulation, cerebral hemorrhage, hepatic failure and acute renal failure (Frishman et al., 

2005).  

In 2000, four categories of hypertension in pregnancy have been defined: chronic 

hypertension, gestational hypertension, preeclampsia and preeclampsia superimposed on 

chronic hypertension. Chronic hypertension is defined as a blood pressure measurement of 

140/90 mmHg or more on two occasions before 20 weeks of gestation or persisting beyond 12 

weeks postpartum. Treatment of mild to moderate chronic hypertension neither benefits the 

fetus nor prevents preeclampsia. Excessively lowering blood pressure may result in decreased 

placental perfusion and adverse perinatal outcomes. When a patient’s blood pressure is 

persistently greater than 150 to 180 / 100 to 110 mmHg pharmacologic treatment is needed to 

prevent maternal end-organ damage. Methyldopa, labetalol and nifedipine are oral agents 

commonly used to treat chronic hypertension in pregnancy.  

Gestational hypertension has replaced the term pregnancy-induced to describe women who 

develop hypertension without proteinuria after 20 weeks of gestation. Gestational 



9

hypertension is a provisional diagnosis that includes women eventually diagnosed with 

preeclampsia or chronic hypertension, as well as women retrospectively diagnosed with 

transient hypertension of pregnancy. Fifty percent of women diagnosed with gestational 

hypertension between 24 and 35 weeks develop preeclampsia.  

Preeclampsia is a multiorgan disease process by unknown etiology characterized by the 

development of hypertension and proteinuria after 20 weeks of gestation. Some of the 

proposed theories of pathogenesis are abnormal placental implantation, angiogenic factors, 

cardiovascular maladaptation and vasoconstriction, genetic predisposition, platelet activation, 

immunologic intolerance between fetus and mother, vascular endothelial damage or 

dysfunction. Some of the risk factors have been already identified and confirmed: chronic 

hypertension, chronic renal disease, elevated body mass index, maternal age older than 40 

years, nulliparity, anitphospholipid antibody syndrome, pregestational diabetes mellitus, 

preeclampsia in a previous pregnancy. Calcium supplementation reduces the risk of 

developing preeclampsia in high-risk women and those with low dietary calcium intakes. Low 

dose aspirin is effective for women at increased risk preeclampsia. Preeclampsia is 

characterized as mild or severe based on the degree of hypertension and proteinuria, and the 

presence of symptoms resulting from the involvement of the kidneys, brain, liver, and 

cardiovascular system. HELLP syndrome is a variant of severe preeclampsia characterized by 

hemolysis, elevated liver enzymes and low platelet count. HELLP syndrome occurs in up to 

20 percent of pregnancies complicated by severe preeclampsia.  

Common regimen for expectant management of mild preeclampsia consists of regular 

maternal and fetal monitoring. The decision to deliver involves balancing the risks of 

worsening preeclampsia against those of prematurity. Delivery is generally not indicated for 

women with mild preeclampsia until 37 to 38 weeks of gestation and should occur by 40 

weeks. Patients with severe preeclampsia are admitted to the hospital, placed on bed rest and 

carefully monitored. The goals of treatment are to prevent seizures, lower blood pressure to 

avoid maternal end organ damage, and expedite delivery. Treatment of preeclampsia consists 

of magnesium sulfate, antihypertensive medications and fluid management. The use of 

magnesium sulfate helps to prevent seizures in women with preeclampsia. Its use is 

controversial in women with mild preeclampsia. Magnesium sulfate has the additional benefit 

of reducing the incidence of placental abruption. The optimal level of blood pressure control 

in pregnancies complicated by hypertension is unknown. Less tight control may decrease the 
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risk that the infant will be small for gestational age but it may increase the risk of respiratory 

distress syndrome of the newborn. Intravenous labetalol and hydralazine are commonly used 

for the acute management of preeclampsia. For women with severe preeclampsia undergoing 

expectant management remote from term, oral labetalol and nifedipine are acceptable options.  

Delivery is the only cure for preeclampsia. Most patients with preeclampsia respond promptly 

to delivery with decreased blood pressure, diuresis and clinical improvement. Eclampsia may 

occur postpartum, the greatest risk is within the first 48 hours. Magnesium sulfate is 

continued for 12 to 24 hours or occasionally longer if clinical situation warrants. There are no 

reliable data on postpartum hypertensive management; however oral nifedipine is commonly 

used (Leeman and Fontaine, 2008). The ethiology and pathogenesis of preeclampsia remain 

unclear, at present most investigators still recommend hydralazine for acute hypertension and 

methyldopa for treatment of chronic hypertension in pregnancy. Labetalol and nifedipine have 

been recently become also common in the treatment.

Importance of uterine denervation during pregnancy 

During pregnancy, dramatic changes take place in all physiological functions both in 

mammals and humans, but the most impressive changes are restricted to the reproductive 

organs. One of these changes is the remodeling of uterine innervation, which is a well 

described but not completely understood, therefore intensively investigated phenomenon.  

It is a known fact that the uterus of a non-pregnant rat has adrenergic (Adham and Schenk, 

1969), cholinergic (Bell, 1972) and peptidergic (Papka et al., 1985) innervation. These 

innervations not only affect the vessels of the myometrium but the smooth muscle of the 

myometrium itself (Zuspan et al., 1981, Brauer et al., 1992).

The extent of reinnervation is still under investigation and there is no clear answer for it. First 

it was thought that this denervation affects only adrenergic nerves (Thorbert et al., 1979), but 

later it was proved that cholinergic and peptidergic fibres also undergo this denervation 

procedure (Hervonen et al., 1973, Moustafa, 1988, Haase et al., 1997). That this process is 

also present in other species than rats was also supported by other experimental data which 

showed e.g. the decrease of functional storage vesicles in the uterus of guinea pig at term 

pregnancy (Fried et al., 1985) and this was also found in human uterus (Arkinstall and Jones, 

1985). 
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As adrenergic system - besides prostaglandins and oxytocin - has a key function in regulating 

the contractility of pregnant uterus therefore all three systems are extensively investigated, 

and each system is targeted in tocolytic therapy (Giles and Bisits, 2007, Simhan and Caritis, 

2007). We chose to examine adrenergic system since it is considered the most important in 

the regulation of uterine contractility and this is the system which is targeted routinely during 

tocolysis.

Sympathetic axons supplying the uterus reach the organ following different routes.

Sympathetic nerves approach the uterus through the parametrial tissue. Some nerves travel in 

association with the uterine artery and its branches, as perivascular and paravascular bundles, 

while others travel free in the parametrial tissue as large nerve trunks and isolated nerve 

fibres. Within the uterus, sympathetic nerves innervate intrinsic blood vessels, generally 

forming a well-developed perivascular plexus, and distribute within the myometrium, usually 

following the direction of smooth muscle cells. The density of myometrial innervation shows 

considerable regional variations, being more developed in the tubal end of the uterine horn 

and cervix than in the main parts of the uterine horn/body (Owman et al., 1967, Adham and 

Schenk, 1969). In the rat, the density of sympathetic nerves associated with the longitudinal 

myometrial layer is more developed in the cephalic than in the caudal region of the uterine 

horn, whereas the innervation of the circular myometrial layer is more developed in the caudal 

region (Zoubina et al., 1998). The endometrium generally receives a reduced sympathetic 

innervation, which is mainly associated with the radial arteries.  

During pregnancy both the vasculature and the smooth muscle is denervating, and it is slowly 

reinnervating after delivery (Haase et al., 1997). Changes in the innervation during pregnancy 

are paralleled by a dramatic reduction in noradrenaline levels in the uterus, as well as in the 

activity of the noradrenaline synthesizing enzymes, tyrosine hydroxylase and dopa-

decarboxylase (Owman et al., 1975, Thorbert et al., 1979). Reductions of noradrenaline levels 

were shown to result from degeneration of sympathetic terminal branches and not solely from 

a dilution of intact nerves in the enlarged uterus (Sporrong et al., 1981). The functional 

significance of the degeneration of uterine sympathetic nerves during pregnancy still remains 

obscure. It is thought that this selective neurodegeneration may be necessary to protect foetus-

placental circulation from ischemia, to maintain myometrial quiescence during the growth and 

accommodation of the foetus, and to prevent pre-term labour by reducing uterine contractility. 

The physiological decrease in uterine noradrenaline observed during normal pregnancy is 

disturbed in some pathological conditions, such as preeclampsia. In preeclampsia, the 
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myometrial concentration of noradrenaline and its co-transmitter the neuropeptide Y remains 

elevated at term and this is associated with preservation of sympathetic nerve fibres (Fried et 

al., 1986, Rydhstrom et al., 1989).

The degeneration of uterine sympathetic nerves along pregnancy is a complex phenomenon, 

which might involve at least three controlling factors, (1) the hormonal environment of 

pregnancy; (2) local influences from the foetus and placenta and (3) the mechanical stretching 

of the uterine wall produced by the growing foetuses. Based on the observation that 

pregnancy-induced sympathetic denervation is less severe in the empty than in the foetus-

bearing uterine horn, it may indicate the contribution of mechanical stretching of the uterine 

wall to the degeneration of uterine sympathetic nerves at term (Lundberg et al., 1989, Chavez-

Genaro et al., 2006). Progesterone has been also reported as playing key role in the 

degeneration of uterine sympathetic nerves during pregnancy. A causal relationship between 

high levels of progesterone in the uterus and reductions in noradrenaline in the organ has been 

described by Thorbert (Thorbert et al., 1976). The role played by oestrogen in the 

degeneration of uterine sympathetic nerves during pregnancy still remains unclear.

Sympathetic innervation is restored after delivery, however the density of innervation 

observed in the uterus of the virgin female is never re-established after the first pregnancy. In 

addition the rate of recovery presents considerable regional and inter-species differences. It 

was also revealed that pregnancy-induced sympathetic denervation of the uterus also involves 

Schwann cells (Lundberg et al., 1987). Since Schwann cells provide soluble and substrate 

associated factors necessary for the regeneration of the nerves, recovery of innervation 

following pregnancy is slower than following chemical sympathectomy with 6-

hydroxydopamine, which does not affect Schwann cells. Restoration of the normal 

innervation in the empty uterine horn and cervix is faster than in the fertile horn because 

nerves remain largely structurally intact.  

The degree of degeneration of the extrinsic uterine sympathetic innervation in the parametrial 

tissue also appears to contribute to the differential regional rate of nerve regeneration 

observed between the fertile and empty uterine horns. It was revealed in guinea pigs, that 

extrinsic nerves in the parametrial tissue adjacent to the foetus-containing uterine horn also 

undergo pronounced degenerative changes, comprising both axons and Schwann cells (Alm et 

al., 1988). These degenerative changes are not observed in the parametrial tissue adjacent to 

the empty uterine horn. In the rat uterus, the innervation of parametrial tissue remains largely 

intact at term (Bianchimano et al., 2007) and uterine sympathetic nerves consistently 
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regenerate a few days following delivery (Haase et al., 1997, Klukovits et al., 2002). Contrary 

to this, restoration of innervation takes several weeks in the foetus-containing uterine horn of 

the guinea pig because physical restoration of nerves is involved. In the rat the denervation of 

intrauterine blood vessels is not complete at term and these nerves may contribute to rapid 

restoration of innervation after delivery.  

Ultrastructural characterization of pregnancy-induced denervation has been performed mainly 

using immunohistochemical methods (Alm et al., 1988, Haase et al., 1997). By using these 

techniques the denervational process throughout pregnancy can be described and the 

structural-morphological differences in the denervation of the myometrium and myometrial 

vessels can also be determined, but these techniques are not able to answer the question how 

the functionality of these neurons changes during pregnancy. Considering above mentioned 

facts it sounded reasonable that the deterioration of function is initiated earlier than the 

structural loss could be detected, therefore functional approach may provide a more detailed 

insight into this process.

Some studies investigate the pharmacological reactivity of uterus and describe the adrenergic 

receptor status during pregnancy which can be also considered as a functional approach 

(Engstrom et al., 1997). However the results of these methods are also influenced by 

numerous other factors which also change during pregnancy, like the density and affinity 

(Dahle et al., 1993, Kaneko et al., 1996, Adolfsson et al., 1998) and the coupling to signal 

transductional mechanisms of the targeted receptors (Mhaouty et al., 1995).  

After considering the above mentioned facts in investigating pregnancy-induced denervation 

in rats, our aim was to set up a novel experimental approach which is suitable for 

investigating this process from a purely functional view, not only during pregnancy but in the 

postpartum period which is less frequently examined.  

We hypothesized that the loss of function of adrenergic nerves may be detected earlier than 

the structural changes by immunohistochemical methods. It was also our aim to determine the 

recovery of function after delivery and to compare these findings to immunohistochemical 

results. In the selected experimental system, we are able to measure neurotransmitter 

concentration only, instead of morphological parameters, but from the dynamics of 

neurotransmitter liberation and uptake we can conclude the function and integrity of the 

neurons. As the presynaptic uptake and stimulated release of the transmitter can be regarded 

as a functional marker of the adrenergic nerves, superfusion technique was chosen.  
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It has been 30 years since Raiteri and his colleagues assembled the first superfusion device, 

which has not changed much since then. With this method the presynaptic release of several 

neurotransmitters can be determined. Initially it was designed to investigate the transmitter 

reuptake inhibiting or release enhancing effect of several pharmacons (Raiteri et al., 1974).

The principle of superfusion technique is that the released transmitter (either it is released 

spontaneously or elicited by a stimulus) is carried away from the site of release with the help 

of a constant flow, inhibiting that the released transmitter would get back into the neuron with 

reuptake mechanism. The method is mainly used in neurological experiments for the 

functional investigation of the presynaptic side of transmissions. Using superfusion technique 

improved our knowledge about neurotransmission, it was found e.g. that certain 

neurotransmitters can be released not only with exocitosis but with carrier mediated transport 

(Raiteri et al., 1979). This technique is also frequently used for the investigation of 

mechanism of action of agents acting in the central nervous system (Gerevich et al., 2001).

With this method, the electrically evoked release of [3H]noradrenaline was investigated as a 

function of gestational age and postpartum period.  

Since histological data showed that the cervical adrenergic innervation remains intact or little 

affected and there is only limited data available on the functional changes of cervix during 

pregnancy, cervical samples were also investigated by superfusion technique (Bryman et al., 

1987, Lundberg et al., 1987, Norstrom and Bryman, 1989).

After investigating and exploring functional changes in the adrenergic innervation of both 

uterus and cervix during pregnancy, we decided to investigate how could denervation be 

influenced from a pharmacological point of view and if our technique is suitable for this or 

not.  

Our scope turned to investigate the effects of �-methyldopa, which is a widely used drug in 

pregnancy, but its mechanism of action is not completely understood. We planned to 

investigate how �-methyldopa acts on adrenergic neurons and what are the postsynaptic 

consequences of this effect.

Since hypertension disorders are one of the most important complications of pregnancy, 

affecting approximately 10% of all pregnancies and contributing greatly to maternal and 

perinatal morbidity and mortality throughout the world (Frishman et al., 2005), and �-

methyldopa is one of the most frequently used antihypertensive agent in preeclampsia, 

gestational hypertension and chronic hypertension in pregnancy (Sibai, 1996, Magee, 2001, 
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Borghi et al., 2002, Gunenc et al., 2002), we have decided to investigate its effect on the 

pregnancy-induced adrenergic denervation of rat uterus.  

�-methyldopa is a centrally acting antihypertensive drug, which enters the biosynthesis of 

catecholamines (Henning and Rubenson, 1971, Day et al., 1973, Finch and Haeusler, 1973), 

and is metabolized into �-methylnoradrenaline, which is a potent �2-adrenergic agonist 

(Goldberg et al., 1982). Thereby �-methyldopa decreases the sympathetic activity of the 

autonomic nervous system. Its metabolites bind mainly to �2-adrenergic receptors, but have 

affinity for �2 and �1-adrenergic receptors (Goldberg et al., 1982). Since the antihypertensive 

effect of �-methyldopa is mediated via adrenergic mechanisms which basicly determines the 

myometrial contractility (Thorbert et al., 1979). Furthermore the fact that the information on 

the myometrial action of �-methyldopa is very limited, supported our aim to investigate its 

effects on myometrial noradrenaline release and contractility.  

We have also decided to try to explore the effects of �-methyldopa on pregnant mymetrium in 

depth, therefore we have performed isolated organ experiments to determine the sensitivity of 

�-methyldopa treated uterus to � and � adrenergic receptor agonists. We hypothesized if �-

methyldopa has an effect on the adrenergic neuron in this case the adrenergic receptors will 

receive different stimulation pattern, which may alter their affinity, number or coupling.

Radioligand binding technique was also used to assess if the changes caused by �-methyldopa 

treatment in the uterus contractility correlate with direct receptorial changes or other signal 

transductional pathways can also be responsible for the contractility alterations of �-

methyldopa treated uterus.
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Materials and Methods  

Experimental animals 

Sprague–Dawley rats (200–250 g for females) were mated in a special cage in the early 

morning; copulation was determined by the presence of a copulation plug or sperm in a native 

vaginal smear. The day of conception was considered to be the first day of pregnancy. Rats 

were killed by cervical dislocation. Non-pregnant rats used in the experiments were all virgin 

animals in the estrus state of their cycle.

In the �-methyldopa treatment experiments the animals in the active group were treated with 

daily 200 mg/kg �-methyldopa intraperitoneally for 7 days and the experiment was performed 

on the 7th day. Control animals were treated with physiological saline.

All experimental animal protocols satisfied the Guidelines for Animal Experimentation 

approved by the Animal Experimentation Committee of the University of Szeged.

Release of [
3
H]noradrenaline  

Samples of uterine and cervical tissue (20–30 mg) were dissected; the samples from the 

implantation and inter-implantation sites were processed separately. Myometrial samples 

were cleared from connective tissue and endometrium. The wet weights of the samples were 

measured, they were minced and incubated with 10-7 M [3H]noradrenaline at 37°C for 60 min.

The samples were then washed three times with de Jongh buffer, and the pieces were placed 

into superfusion chambers (Experimetria, Budapest, Hungary), which were superfused 

continuously for 60 min at a flow rate of 1 ml/min with de Jongh buffer containing the 

monoamine oxidase (MAO) inhibitor pargyline, the noradrenaline-reuptake inhibitor 

desipramine and the extraneuronal reuptake inhibitor deoxycorticosterone (each 10 µM). 

(Sugimori T et al., 1987) During the experiments carried out with lidocain, the concentration 

of lidocain in the buffer was 50 �M. The composition of the de Jongh buffer was 137 mM 

NaCl, 3 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 12 mM NaHCO3, 4 mM Na2HPO4 and 6 mM 

glucose, pH 7.4. The solution was maintained at 37°C and equilibrated throughout the 

experiment with O2 containing 5% (v/v) CO2. (Raiteri et al., 1974)  After a 60-min wash-out 

period, a total of 22 3-min fractions were collected. At the end of the experiment, the tissue 

samples were solubilized in 1ml Solvable (Canberra-Packard, Budapest, Hungary) for 3 h at 

60°C. The [3H] content in each 3-min fraction and tissue solution was determined with a 

liquid scintillation spectrometer. Electric field stimulation (EFS) consisting of squarewave 
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pulses was applied to the tissues, using a programmable stimulator (Experimetria, Budapest, 

Hungary). EFS was applied twice after the wash-out period, during fractions 5 and 15. Each 

period of stimulation consisted of 360 pulses (voltage, 40 V; pulse width, 2 ms; frequency, 2 

Hz; these parameters are suitable for selective neural stimulation). The [3H] noradrenaline 

contents in the fractions were expressed as fractional release. This is the amount of labelled 

transmitter liberated during a 3-min fraction as a percentage of the actual radioactivity content 

in the tissue at the time of sampling. Peak releases were calculated by subtraction of the 

radioactivity of the fourth and fourteenth fractions from that of the fifth and fifteenth 

fractions, respectively. The tissue activity (expressed in dpm/mg tissue) was used to describe 

the uptake capacity of the sample for [3H]noradrenaline. Differences between mean values of 

denervation and reinnervation experiments were evaluated by using one-way analysis of 

variance (ANOVA) with Dunnett’s post hoc test. Differences between implantation and inter-

implantation sites were evaluated by using the unpaired t test. Data from the �-methyldopa 

superfusion experiments were evaluated by one-way ANOVA followed by Newman-Keuls 

post test.

Statistical analysis of the data was performed with GraphPad Prism 2.01 (Graph Pad 

Software, San Diego, CA, USA). All reported data are mean results from at least six 

independent experiments.

Isolated organ studies 

Uterine rings were taken from the uterine horns of pregnant or non-pregnant, treated or non-

treated rats. Two muscle rings were sliced from both horns of the uterus and mounted 

vertically in a tissue bath containing 10 ml de Jongh buffer (see composition in Release of 

[3H] noradrenaline section). (Jerde et al., 1999) The temperature of the tissue bath was set to 

and maintained at 37°C, and O2 containing 5% (v/v) CO2 was perfused continuously through 

the bath. Tissue samples were equilibrated under these conditions for 90 min before the 

experiments were started. The initial tension of the uterus rings was set to 1.5 g, which 

dropped to approximately 0.5 g by the end of the equilibration period. The tensions of the 

myometrial rings were measured with a strain gauge transducer (SG-02, Experimetria, 

Budapest, Hungary) and recorded with an Isosys Data Acquisition System (Experimetria, 

Budapest, Hungary). The areas under the curves were analyzed for a 5-min period after each 

administration of the tested substances. (Gáspár et al., 1998) 
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Determination of contractility changes 

Cumulative dose-response curves were constructed for noradrenaline in the concentration 

range 1x10-10 – 1x10-5 M. The chamber contained propranolol (10-6 M) to block the relaxation 

component mediated by �-adrenergic receptors. During equilibration period (90 minutes), 

buffer in the chambers was changed every 15 minutes, totally 6 times. After equilibration, 

noradrenaline was added to the chamber cumulatively, in a total of 11 different concentrations 

and the contractility answers were recorded for 5 minutes after each administration. At the 

end of the experiment, KCl (70 mM) was added to the chamber and the evoked contractions 

were considered as maximal tone and recorded also for 5 min. The contractions induced by 

noradrenaline were expressed as a percentage of the KCl evoked contractions.  

To characterize the effects of �-methyldopa on the �-adrenergic receptor-mediated 

myometrial relaxation, cumulative dose-response curves were additionally constructed for 

terbutaline. The experimental design was similar to the previous one, but the chamber did not 

contain propranolol. The terbutaline concentration range was 10-8 – 10-5 M (altogether 7 

concentrations). KCl (50 mM) was added to the chamber before the start of the experiment in 

order to elicit an initial tension of the uterine rings which was regarded as 100% of the motor 

activity.

A sigmoidal curve was fitted individually to all dose-response curves (both noradrenaline and 

terbutaline) and the maximal effect and EC50 values were calculated by means of GraphPad 

Prism 2.01. To calculate the differences between mean values of the EC50 and Emax of the 

isolated organ experiments we have used two-way ANOVA followed by Bonferroni post test.  

Radioligand-binding studies 

Membrane preparation 

Pregnant and non-pregnant Sprague-Dawley rats were killed with cervical dislocation.

Uterine tissues were dissected carefully and the embryos were rapidly removed. All 

subsequent steps were performed at 4 °C. Uteri were homogenized in 6–10 volumes of 10 

mM Tris-HCl buffer (pH 7.4) containing 0.25 M sucrose with an Ultra Turrax 25 

homogenizer (IKA Labortechnik, Staufen, Germany). The homogenate was centrifuged at 

20,000× g for 10 min and the pellet was recentrifuged. The supernatants were collected and 

centrifuged at 50,000× g for 60 min and the pellet was used for saturation experiments. The 
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membrane preparation was stored at –70 °C until assayed. The protein concentration of the 

membrane fraction was measured by the method of Bradford with bovine serum albumin as 

standard (Bradford, 1976).

Saturation binding experiments 

The saturation binding experiment is an appropriate assay to determine the equilibrium 

dissociation constant, Kd, and the maximal number of binding sites, Bmax, of a radioligand. It 

was performed by incubating the cell membrane fraction with a range of concentrations of 

[3H]RX 821002 (0.2-8.0 nM, α2-adrenoceptors) and [3H]ICI 118,551 (0.5-10 nM, β2-

adrenoceptors) at 25 °C for 45 min. At the end of the incubation, the bound radioligand was 

separated from the residual free radioligand by rapid filtration on a Brandell cell harvester 

through Whatman GF/C filters and washed with 3 × 10 ml of ice-cold buffer (Tris-HCl, pH = 

7.41). The bound radioactivity was determined in a HighSafe scintillation cocktail in a Wallac 

1409 liquid scintillation counter. The observed total binding consists of specific binding to the 

receptor itself, plus nonspecific binding to nonreceptor sites. The nonspecific binding was 

measured with 10 µM unlabeled yohimbine and alprenolol. The specific binding was 

calculated as the difference between the total and the nonspecific binding, and was plotted as 

a function of the free radioligand concentration. The Kd and Bmax values were calculated with 

GraphPad Prism 2.01 software.

All assays were carried out at least three times in duplicate, and values are given as means ±

SEM. Binding capacity (Bmax) and equilibrium dissociation constants (Kd) of [3H]RX 821002 

and [3H]ICI 118,551 were calculated according to Rosenthal (Rosenthal, 1967). The data 

from the radioligand-binding experiments were analyzed by using the GraphPad Prism 2.01 

software, utilising a non-linear regression analysis.

Drugs 

Pargyline, desipramine, deoxycorticosterone, noradrenaline, terbutaline, propranolol, 

yohimbine, lidocain and alprenolol were purchased from Sigma-Aldrich (Budapest, Hungary).

(2)-7-[3H](N)-Noradrenaline hydrochloride (specific activity, 7.94 Ci/mmol) was from Perkin 

Elmer Life Sciences (Boston, MA, USA), [3H]RX 821002 (specific activity, 50 Ci/mmol) 

from Amersham Bioscience (UK), and [3H]ICI 118,551 (specific activity, 18.8 Ci/mmol) 

from Tocris (UK).
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Results 

Results of sodium channel blockade on EFS-induced noradrenaline release 

In order to confirm that the EFS-induced noradrenaline release is sensitive to sodium channel 

blockade, 50 µM lidocaine was added to the buffer used for perfusion.  
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Figure 1. EFS-evoked fractional [
3
H]noradrenaline release from myometrial samples at oestrus 

(control � ), and when 50 µM lidocain was added to the buffer (�). 

As it can be seen in Figure 1 lidocaine completely abolished the electrically evoked 

noradrenaline release which supports our hypothesis that electric field stimulation with the 

current parameters evokes noradrenalin release selectively from neuronal elements. 

Results of tissue activity determination  

We used tissue activity to describe the [3H]noradrenaline uptake capacity of the sample. It 

was found that tissue activity was highest in the non-pregnant state both in myometrial and 

cervical tissue (Figures 2 and 3). 

In early pregnancy, on day 7, transmitter uptake was significantly lower for implantation sites 

than for the inter-implantational part of myometrium. The difference in denervation of the 

implantational and inter-implantational sites diminished by mid-pregnancy (Day 14), no site-

specific difference could be detected in later stages of pregnancy and in postpartum period 
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either. This decline in labeled neurotransmitter uptake reached its minimum at the end of 

pregnancy. As far as the postpartum period was concerned, tissue activity of the uterus at both 

the implantation and inter-implantation sites remained lower than before pregnancy 

throughout the 28 days of the investigation. In contrast with the period of pregnancy, no site-

dependent difference was observed in the myometrium. However, when the postpartum 

results were compared with the day-21 results, the myometrial samples displayed significantly 

higher values after 14 days, which points to a slow but detectable reinnervation procedure in 

uterus.  
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Figure 2. [
3
H]Noradrenaline-uptake capacity of myometrium during gestation and the 

postpartum (PP) period. * and ** denote P < 0.05 and P < 0.01 as compared with the non-

pregnant value, respectively; # and ## denote P < 0.05 and P < 0.01 as compared with the day-21 

values, respectively. Black bars, implantation sites; white columns, inter-implantation sites 

(distinction between the two sites is not possible 28 days after delivery).
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Figure 3. [
3
H]Noradrenaline-uptake capacity of cervical tissue during gestation and the 

postpartum (PP) period. ** denote  P < 0.01 as compared with the non-pregnant value

In non pregnant state uterus and cervix has similar tissue activity, but during pregnancy the 

decrease of tissue activity in cervix is less pronounced than in uterus. However, cervical tissue 

showed a similar trend, although decrease in uptake capacity was not significantly lower on 

Day 7 comparing to non-pregnant state, but by Day 14 this decrease resulted in a significantly 

lower tissue activity. Activities of the postpartum cervical samples up to day 14 were not 

significantly higher than the day 21 value.  

Results of stimulated [
3
H]noradrenaline release  

EFS evoked a substantial [3H]noradrenaline release in both the uterus and the cervix excised 

from non-pregnant rats (Figures 4 and 6). We have applied two stimulations in order to obtain 

information on the release capacity of the examined tissues. The second stimulus evoked a 

smaller neurotransmitter release comparing to the first peak. In myometrial tissue, a gradual 

decrease was detected in the peak evoked by EFS during the gestation. The amount of 

[3H]transmitter released became less and less as the pregnancy progressed, and a gradual, but 
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not so extensive increase could be measured during the first 28 days of the postpartum period 

(Figure 5). Generally, it was found that the second peak elicited by EFS decreased in a more 

sensitive way than did the first one. This decrease was already significant on Day 7 for 

samples from implantational sites, but by Day 14 the quantity of the released neurotransmitter 

elicited by the second EFS, continued to decrease significantly both in samples from 

implantational and inter-implantational sites. Released neurotransmitter amount of first peak 

also showed significant reduction on Day 7 for implantational sites (Figure 4B) and only on 

Day 21 for inter-implantational sites (Figure 4D). A substantial and significant difference was 

found between the implantation and inter-implantation sites of the uterus in the early pregnant 

state, indicating that the loss of the adrenergic nerve function starts in the implantation area.  

In the postpartum period, a gradual increase in the function of the noradrenergic nerves could 

be demonstrated in the uterus, but even after 28 days the EFS induced release was still less 

than in non-pregnant state, and the stimulated release of [3H]noradrenaline was not 

significantly different from that on the last day of pregnancy. In contrast with the 

denervational process, reinnervation could be detected only in the first peak. It is assumed that 

the first EFS exhausted the limited transmitter capacity of the regenerating nerves, resulting in 

a decreased second peak.

As concerns the cervical samples, a gradual tendency of the EFS-evoked [3H]noradrenaline 

release to decrease was observed during pregnancy, but these changes were not significant 

statistically (Figure 6). 

The EFS-evoked release of [3H]noradrenaline from the cervical samples was significantly 

suppressed in the early postpartum period, and approximated the non-pregnant level 14 days 

after delivery (Figure 6). Cervical adrenergic reinnervation was followed only up to 

postpartum day 14.
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Figure 6. EFS-evoked fractional [
3
H]noradrenaline release from cervical samples at oestrus (A), 

on days 7 (B), 14 (C) and 21 (D) of pregnancy, and on postpartum days 1 (E), 7 (F) and 14 (G). * 

and ** denote P < 0.05 and P < 0.01 as compared with the non-pregnant values, respectively.
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Results of experiments concerning the myometrial effect of �-methyldopa  

Tissue radioactivity determination 

The tissue radioactivity (expressed in dpm/mg) was used to describe the uptake capacity of 

the sample for [3H]noradrenaline (Figure 7) as in the previous experiments.  

 Treatment with �-methyldopa (daily 200 mg/kg intraperitoneally for 7 days) decreased the 

amount of labeled noradrenaline in both non-pregnant and early pregnant animals. Although 

the difference between the tissue radioactivities from animals in term were also relevant but 

statistically not significant compared to the non-treated tissues.
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Figure 7. The effects of �-methyldopa treatment on the [
3
H]noradrenaline-uptake 

capacity of myometrial samples from non-pregnant and from 7-day and 21-day 

pregnant rats. *** denote P<0.001 as compared with the nontreated value. � indicates 

control values, and � indicates �-methyldopa-treated values.
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Results of stimulated [
3
H]noradrenaline release of �-methyldopa 

Electric field stimulation (EFS) evoked a substantial [3H]noradrenaline release in the uterus 

isolated from non-pregnant rats (Figure 8). For the �-methyldopa-treated non-pregnant rats, 

this EFS-evoked [3H]noradrenaline release was almost completely abolished. On day 7 of 

pregnancy the [3H]noradrenaline release was decreased at both implantation and inter-

implantation sites due to the pregnancy-induced adrenergic denervation. �-Methyldopa 

treatment substantially decreased the first EFS-evoked [3H]noradrenaline release at both sites, 

while the second peak proved significant only at the inter-implantational sites. This is 

probably due to the fact that pregnancy-induced adrenergic denervation is more pronounced at 

implantational sites, so the release decreasing effect of �-methyldopa is not so remarkable. At 

the end of pregnancy (day 21) the amount of [3H]noradrenaline released from the �-

methyldopa-treated animals was not changed as compared with the control level. The 

elevation of the baseline release at the implantation site is a consequence of the way of the 

calculation of fractional release: a decreased [3H]noradrenaline uptake by the treated tissues 

results in a relatively higher liberation during a 3-min period when given in percentage. 
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Figure 8. The effects of �-methyldopa treatment on the EFS-evoked fractional 

[
3
H]noradrenaline release from myometrial samples at estrus (upper panel), on day 7 (middle 

panels) A – at inter-implantational sites  B – implantational sites  and on day 21 (lower panels) A 

– inter-implantational sites B - at implantational sites . * and *** denote P<0.05 and P< 0.001 as 

compared with the nontreated value, respectively. � indicates control values, and � indicates �-

methyldopa-treated values.



30

Results of isolated organ experiments

Noradrenaline did not have any effect on the non-pregnant uterus and the �-methyldopa-

treated non-pregnant uterus exhibited a higher spontaneous activity without being more 

sensitive to �-adrenergic stimulation (Figure 9, Table 1). This higher spontaneous activity of 

the �-methyldopa-treated non-pregnant uterus can be seen in Figure 9A, where the 

noradrenaline elicited contractions are more intensive at the smallest dose applied already. On 

day 7 of pregnancy, noradrenaline evoked weak dose-dependent contractions in the control 

group, but more profound contractions in the uteri of �-methyldopa-treated rats (Figure 9B). 

At term pregnancy (day 21), noradrenaline increased the contractions in a dose-dependent 

manner. There was no difference in the noradrenaline-evoked contractions between the 

control and the �-methyldopa-treated group on day 21.  

In the next set of experiments, we examined the myometrial relaxing effect of terbutaline, we 

found that terbutaline inhibited the KCl elicited contractions in a dose-dependent manner 

(Figure 10, Table 2). �-Methyldopa treatment shifted the dose-response curve of terbutaline 

slightly to the right and decreased its maximal effect significantly in the non-pregnant 

animals. On day 7 of pregnancy, �-methyldopa treatment resulted in a higher maximal effect.

At term, �-methyldopa treatment significantly and substantially decreased the relaxant effect 

of terbutaline, as evidenced by a decreased maximal effect and a higher EC50 value.  
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Figure 9. The effects of �-methyldopa treatment on the myometrial contractility evoked by 

noradrenaline at estrus (A), and on day 7 (B) and on day 21 (C). � indicates control values, and 

� indicates �-methyldopa-treated values.
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Figure 10. The effects of �-methyldopa treatment on the relaxation effect of terbutaline at estrus 

(A), and on day 7 (B) and on day 21 (C). � indicates control values, and � indicates �-

methyldopa-treated values. 
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Table 1. Calculated parameters of the dose response curves generated by αααα-adrenergic 

stimulation (Figure 9).

  Control �-Methyldopa treated 

  
Emax ± SEM 

(%) 
n 

EC50 ± SEM 
(µM) 

Emax ± SEM 
(%) 

n 
EC50 ± SEM 

(µM) 

p value 
(Emax)

p value 
(EC50)

Non 
pregnant 

5.24 ± 2.81 7 5.99 ± 3.21 18.50 ± 2.61 11 6.04 ± 0.63 n.s. n.s. 

Day 7 12.91 ± 1.48 15 1.76 ± 0.679 50.25 ± 6.81 20 5.04 ± 1.48 p<0.001 n.s. 

Day 21 27.00 ± 1.58 20 0.341 ± 0.255 27.64 ± 1.71 23 0.590 ± 0.245 n.s. n.s. 

Table 2. Calculated parameters of the dose response curves generated by ββββ-adrenergic 

stimulation (Figure 10). 

  Control �-Methyldopa treated 

  
Emax ± SEM 

(%) 
n 

EC50 ± SEM 
(µM) 

Emax ± SEM 
(%) 

n 
EC50 ± SEM 

(µM) 

p value 
(Emax)

p value 
(EC50) 

Non 
pregnant 

93.93 ± 1.94 22 0.099 ± 0.015 75.74 ± 3.14 23 0.482 ± 0.200 p<0.001 p<0.05 

Day 7 68.24 ± 4.09 22 0.396 ± 0.162 77.27 ± 3.34 20 0.128 ± 0.022 p<0.05 n.s. 

Day 21 81.14 ± 2.17 23 0.252 ± 0.038 64.77 ± 3.27 12 1.37 ± 0.265 p<0.001 p<0.001
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Results of radioligand-binding experiments 

In an effort to find explanation to our results received in isolated organ experiments we 

decided to measure the density and affinity of �2 and �2 adrenergic receptors using radioligand 

binding technique. 

The measured density and affinity values of the saturation plots, are presented in Figures 11, 

12, 13 and 14. As for the �2-adrenergic receptors, both Bmax and Kd were higher on day 7 of 

pregnancy than in the non-pregnant state, but both parameters had returned to the non-

pregnant value at term in pregnancy. The only treatment-dependent significant change was a 

decrease in Kd measured on day 7 of pregnancy. No gestation-dependent change in the 

density of �-adrenergic receptors was detected, while Kd was increased by the end of 

pregnancy, and there was a treatment-dependent significant increase on Day 21. 
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Figure 11. The measured Bmax values of �2-receptors � indicates control values, and � indicates 

�-methyldopa-treated values.  
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Figure 12. The measured Kd values of �2-receptors. � indicates control values, and � indicates �-

methyldopa-treated values. ** denote P<0.01 as compared with the nontreated value.
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Figure 13. The measured Bmax values of �2-receptors. � indicates control values, and � indicates 

�-methyldopa-treated values.  
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Figure 14. The measured Kd values of �2-receptors. � indicates control values, and � indicates �-

methyldopa-treated values.



36

Discussion 

Degeneration of the adrenergic nerves in the uterus during pregnancy is a well-described 

phenomenon in several species like guinea-pig (Bell and Malcolm, 1978), rat (Haase et al., 

1997) and human (Wikland et al., 1984). Since this phenomenon can be found in many 

mammals, this suggests that pregnancy-induced adrenergic denervation might have a general 

importance, it can prevent the adrenergic activation of uterus during pregnancy. Adrenergic 

activation of uterus through �-adrenergic receptors would increase myometrial contractility 

and evoke vasoconstriction and these consequences may lead to pre-term delivery and would 

decrease blood flow of uteroplacental unit. Although in late pregnancy noradrenaline infusion 

administered to guinea-pigs did not affect uterine and placental flow, however vaginal and 

cervical blood flows were decreased (Martensson and Carter, 1982). In view of the fact that 

the denervated myometrial arteries become dilated and only the larger arteries retain their 

innervation to a minimal extent, it seems conceivable that these larger vessels take over the 

control of the uteroplacental resistance, permitting an elevated blood flow (Haase et al., 

1997). This finding is in accordance with the report of a pregnancy-induced increase in the 

nerve fibres in the uterine artery of the guinea-pig (Mione and Gabella, 1991). It is not clear at 

present how this denervational phenomenon is evoked, and whether it is believed to be 

restricted only to the uterus but all of the relevant data are coming from histochemical data, 

however this was never investigated earlier from a functional point of view. It may happen 

that this phenomenon is functionally more generalized. The fact that the implantation area 

becomes denervated first favours a causative factor of foetoplacental origin. This is in line 

with the unchanged innervation of the uterine-horn-devoid foetus of the late-pregnant guinea-

pig (Lundberg et al., 1987). Beside pregnancy there are a lot of other factors which influence 

innervation or denervation of the uterus. Several physiological processes like puberty and 

oestrus cycle have a profound effect on uterine sympathetic nerve system (Zoubina et al., 

1998, Zoubina and Smith, 2000, Chavez-Genaro et al., 2002). It is described in many articles 

that oestrogen decreases the noradrenaline content of rat or guinea-pig uterus (Rydhstrom et 

al., 1990, Brauer et al., 1995). On the other hand in oestrogen receptor knockout-mice uterine 

hyperinnervation was reported (Zoubina and Smith, 2001). 

We examined the decrease in function of the adrenergic neurons, and our functional approach 

is concluded to have two advantages. Firstly, we could detect a significant decrease in the 
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function of the myometrial adrenergic nerves as early as day 7 of pregnancy. Although 

histochemical examination was not a part of our present study, it was reported previously to 

be detectable at the end of the second third of pregnancy (Klukovits et al., 2002). At the end 

of the first third of pregnancy, there were significant differences in noradrenaline release and 

uptake between the implantation and inter-implantation sites. This suggests that there are also 

foetoplacental factors responsible for the pregnancy-induced adrenergic denervation. 

A further advantage of the approach used here is the ability to detect functional change which 

cannot be followed by structural investigations. This functional approach also has a 

disadvantage: we were not able to differentiate between muscle tissue and vessels.

During our investigation, as it was described earlier, we also measured the uptake capacity of 

tissues. The results of uptake capacity are presented as dpm/mg tissue without normalization 

for a substantially increasing myometrial weight during gestation. The distinction between 

areas within a uterine horn made our results inappropriate for normalization, as decreasing 

uptake capacity during gestation is considered to be a consequence of the degeneration of the 

adrenergic nerves and a dilution of the remaining fibres. On the other hand, the interpretation 

of the release of the transmitter – that is, the fractional release – is independent of the weight 

of the sample and that of the organ taken from, meaning that it reflects purely the functional 

deterioration of the sympathetic system.  

The innervation of the cervix is reported to be unchanged in humans (Bryman et al., 1987, 

Norstrom and Bryman, 1989) and in the guinea-pig during pregnancy (Alm et al., 1979, 

Lundberg et al., 1987). Only limited data are available on the rat. Our results clearly reveal a 

substantial deterioration of adrenergic functions in the cervix, disclosed by the transmitter 

uptake capacity, but not by the EFS-evoked release. It could be suggested, therefore, that this 

capacity is a more sensitive feature of the adrenergic nerve function than the transmitter 

release. An alternative explanation for this contradiction is that the decrease in cervical uptake 

capacity is solely a result of a ‘spacing’ effect due to the growth of the cervix during 

pregnancy. In the early postpartum period, however, both parameters indicate inhibition in the 

cervix. This deterioration of the cervical adrenergic function could be explained by the 

intensive physical stretching during delivery. Distension was suggested previously to be a 

factor responsible for denervation in the uterus and bladder, too (Owman et al., 1980, 

Tammela et al., 1990). It was demonstrated that the total amount of nerve growth factor and 

NGF mRNA are increasing in rat after delivery (Varol et al., 2000). This newly synthesized 
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growth factor is probably responsible for the reinnervation of the myometrium and the cervix.

This concept is supported by the correlation between the NGF level of a target organ and its 

sympathetic innervation (Korsching and Thoenen, 1983). However, this correlation is missing 

in the female reproductive tract of the guinea-pig and rat, indicating that NGF is not the 

predominant regulator of the innervation in these organs (Brauer et al., 2000). The other 

possible key factor in gestational denervation and postpartum restoration is the receptivity of 

the myometrium, as evidenced by in oculo transplantation experiments. Myometrial samples 

from virgin guinea-pigs transplanted into the anterior eye chamber became organotypically 

innervated by the host superior cervical ganglion. In contrast, samples from postpartum 

donors were approached, but not innervated (Brauer et al., 1998). 

Early reinnervation is detected immunohistochemically 48 h after delivery (Haase et al., 

1997). However, our results indicate that the functions of the noradrenergic nerves in the 

myometrium and cervix have not recovered completely by postpartum weeks 4 and 2, 

respectively. The basic mechanism of pregnancy-induced degeneration of the adrenergic 

fibres in the myometrium and cervix remains enigmatic, as does the reinnervation following 

delivery. Our results contribute to an understanding of the phenomenon, as the functional 

deterioration has been shown to start earlier than the structural denervation, and the 

restoration requires a longer period.  

�-Methyldopa, a commonly used agent in the treatment of hypertension during pregnancy 

(Frishman et al., 2005), is considered one of the safest drugs because of the huge amount of 

experience relating to its clinical use (Sibai, 1996, Magee, 2001, Frishman et al., 2005).

Despite the large body of clinical experience, and its long use as an antihypertensive, its 

mechanism of action has been reconsidered several times since the recognition of its 

antihypertensive effect (Oates et al., 1960). Earlier works suggested a peripheral site of 

action, involving either the inhibition of transmitter synthesis or the metabolism to �-

methylnoradrenaline, which acts as a “false” transmitter, thereby decreasing the sympathetic 

activity (Henning and Rubenson, 1971, Day et al., 1973, Nakamura et al., 1980). It was later 

proved that �-methyldopa acts centrally, though peripheral effects were not excluded (van 

Zwieten et al., 1984). Next, it was found that the main metabolite of �-methyldopa is a high-

affinity agonist of �2-adrenergic receptors (Schloos et al., 1987). It was also suggested that 

the metabolites of �-methyldopa may act at almost all types of adrenergic receptors (Goldberg

et al., 1982). According to the most widely accepted concept, �-methyldopa exerts its 
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antihypertensive action through the stimulation of �2-adrenergic receptors within the central 

nervous system, causing a decrease in the efferent sympathetic tone. Various antihypertensive 

agents are used in pregnancy beside methyldopa, like �-blockers, peripherally acting �-

adrenergic antagonists, calcium channel blockers, direct vasodilators, diuretics. Although 

none of them are ideal for the treatment, especially ACE-inhibitors and AT II antagonists. �-

blockers increase the risk of intrauterine growth restriction, may cause neonatal bradycardia, 

peripherally acting �-adrenergic antagonists have side effects like postural hypotension and 

palpitation also in non-pregnant populations therefore they are not  in the first line of 

antihypertensive therapy. Calcium channel blockers may induce maternal hypotension and 

associated fetal distress. Direct vasodilators may also cause maternal hypotension and 

Cesarean section and low APGAR score as consequence. Diuretics are not used widely 

among obstetricians since they have a significant effect on plasma volume. ACE inhibitors 

and AT II antagonists are not used in second and third trimester since their use is associated 

with the following fetal problems: oligohydramnios, distress, and with the following neonatal 

problems: renal failure, pulmonary hypoplasia, hypocalvaria and intrauterine growth 

restriction (Magee, 2001). In spite of the several decades of obstetrical use of �-methyldopa, 

the available information on a direct uterotropic effect is very limited. Our previous 

experiments proved that a superfusion technique is a reliable approach for a functional 

investigation of the myometrium.

Our transmitter liberation results revealed that �-methyldopa all but abolished the electrically 

evoked noradrenaline peak in the estrus and in the early pregnant state. Implantational and 

inter-implantational sites of the pregnant uterus were processed separately because a large 

body of evidence suggests that many uterine functions can exhibit site-dependent differences.

In the implantational sites of the guinea pig, the pregnancy-induced adrenergic denervation 

starts earlier, as evidenced by immunohistochemical studies, in good agreement with the 

activity of tyrosine hydroxylase in the uterine tissue (Bell and Malcolm, 1978, Alm et al., 

1979). These findings were reinforced by our previous observation that the implantation site 

corresponded to an earlier and more marked decrease in transmitter-uptake capacity and 

release.

In the present experiments, treatment with �-methyldopa was associated with a more marked 

inhibition of liberation at the inter-implantational sites, while in the case of implantational 

sites only the first stimulation resulted in a significantly smaller amount of liberated 

noradrenaline.  
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However, the release is similarly abolished from both �-methyldopa-treated sites on the 7th

day of pregnancy, indicating that the difference in the significance of the release pattern is 

caused by the more marked physiological denervation at the implantational sites. Hence, it 

could be speculated that �-methyldopa treatment can “speed up” the physiological 

degeneration of the adrenergic fibers of the pregnant uterus. The results of the tissue 

radioactivity also favour this concept. By the time of late pregnancy this denervation has 

progressed, leading to the ineffectiveness of electrical stimulation, and thus the �-methyldopa 

treatment cannot inhibit the release. The mechanism of the transmitter release-inhibiting 

effect of �-methyldopa is an unanswered question, but it is in good agreement with the finding 

of Ihalainen and Tanila that the �2-agonist dexmedetomidin, infused locally, decreased the 

liberation of noradrenaline in the nucleus accumbens of the mouse (Ihalainen and Tanila, 

2004). Their study proved that this effect is mediated through the �2A type of adrenergic 

receptors.  

The superfusion technique is suitable for characterization of the presynaptic functions of the 

transmission, i.e. the transmitter uptake and release capacity. As far as the postsynaptic 

surface is concerned, a separate set of experiments was carried out on isolated uterine rings to 

characterize the changes elicited in the contractility responses by �- and �-adrenergic agonists 

(noradrenaline and terbutaline, respectively).  

The contractions mediated by �-adrenergic receptors were not affected by �-methyldopa in 

non-pregnant and late-pregnant rats, but were significantly increased in early pregnancy.

Treatment resulted in the lower efficacy and potency of terbutaline in non-pregnant and late-

pregnant animals, while no change was found in the early-pregnant rats. Combining these 

findings, we concluded the same change for all 3 stages of gestation: the overall effects of 

sympathomimetics were shifted toward an increased contractility either by a decreased �-

receptor-mediated relaxation or by a potentiated �-receptor-mediated contraction. The reasons 

for these gestational age and treatment-dependent changes in the effects of the adrenergic 

agonists are not understood. The higher affinity of �2-receptors for the ligand [3H]RX 821002 

is in good agreement with the increased efficacy of noradrenaline in evoking contractions.

However, the role of �1-receptors in the �-methyldopa-induced higher contractility cannot be 

excluded. The mechanism of the decreased relaxing effect of terbutaline in virgin rats and in 

late pregnancy (day 21) is also a puzzle. Characteristic pregnancy-dependent changes in the 

results of radioligand-binding experiments were found in the case of the �2-adrenergic 
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receptor. Its Kd value showed a maximum in early pregnancy, followed by a decline to its 

non-pregnant value. �-Methyldopa treatment decreased this maximum, which is in line with 

our hypothesis, i.e. the treatment can mimic a later phase of the physiological gestation-

induced development of the myometrium. A large body of experimental data indicates a 

functional interplay between �2- and �-adrenergic receptors (Woodcock and Johnston, 1980, 

Nomura et al., 1984, Kitamura and Nomura, 1985, Johnston and Majewski, 1986, Nakamura

et al., 1991, Falkay et al., 1994). The densities of these receptors change in parallel in the 

human brain in advancing age and in different pathological states (Sastre et al., 2001).

Independently of the underlying mechanism, �-methyldopa-induced alterations in the 

pharmacological effects of sympathomimetics can be of therapeutic importance, presuming 

that a similar final effect can develop in the human body. As many over-the-counter 

preparations contain �-receptor agonists (e.g. nasal decongestants), their usage can seriously 

increase the uterine contractility when the concomitant pregnancy-induced hypertension is 

treated with �-methyldopa. On the other hand, the decreased relaxant effect of terbutaline 

indicates that �-methyldopa can make �-mimetic-based tocolytic therapy less effective, 

thereby increasing the danger of premature delivery.  

As there are no direct data that exclude modulation of the effects of adrenergic agonists 

similar to our finding, sympathomimetics should be used with great care in pregnant women 

treated with �-methyldopa.  

The basic mechanism of pregnancy-induced degeneration of the adrenergic fibres in the 

myometrium and cervix remains enigmatic, as does the reinnervation following delivery. Our 

results contribute to an understanding of the phenomenon, as the functional deterioration has 

been shown to start earlier than the structural denervation, and the restoration requires a long 

period. The outcome of our experiments leads us to conclude that superfusion can be utilized 

as a model system for investigation of the effects of pharmacological manipulation and 

pathological states (for example, pregnancy-induced hypertension or gestational diabetes) on 

the denervation procedure.

 Based on our investigations it can be concluded that superfusion technique is suitable to 

examine myometrial adrenergic transmission from a functional point of view. We were able 

to detect significant differences in transmitter uptake and in stimulation evoked transmitter 

release during gestation and as a consequence of pharmacological intervention.
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Abstract

The pregnancy-induced rapid degeneration of the adrenergic nerves innervating the uterus is a well-known but poorly under-

stood phenomenon. Since most of the published investigations were carried out by histological assay, our aim was to describe

the loss of the adrenergic function during pregnancy and the reinnervational procedure in the postpartum period. Myometrial

and cervical samples from rats were loaded with [3H]noradrenaline and then transferred into a chamber for superfusion. After

a wash-out period, fractions were collected. The fifth and fifteenth fraction tissues were stimulated with an electric field. The

[3H]noradrenaline contents of the fractions were determined, together with the amount remaining in the tissue. The myome-

trial [3H]noradrenaline release was substantially decreased in early pregnancy, and absent in the late stage. Differences in

release profile were detected between the implantation sites and the interimplantation areas. As a refinement of the results of

previous histochemical studies, the noradrenergic functions of the cervix were found to be deeply affected in the early post-

partum period. The pregnancy-induced denervational procedure can be followed by means of a superfusional technique after

[3H]noradrenaline loading. As our technique is considered to be similar in sensitivity to histological methods, superfusion can

be regarded as a model for functional investigations of pregnancy-induced denervation.

Reproduction (2005) 130 743–749

Introduction

Pregnancy induces dramatic changes in practically all of
the physiological functions in mammals, including hormo-
nal environment and metabolic status, but the most
impressive changes are restricted to the reproductive
organs. Beside the several-fold increase in the mass of the
myometrial smooth muscle, the uterus undergoes a well-
characterized but little understood remodelling of its inner-
vation. The uterus of the non-pregnant rat is supplied by
adrenergic (Adham & Schenk 1969), cholinergic (Bell
1972) and peptidergic fibres (Papka et al. 1985), all of them
innervating both the vasculature of the myometrium and
the smooth muscle itself. This remodelling involves a pro-
found denervation procedure, in which the histologically
visualized density of these nerves decreases substantially
as the gestation continues, and a reinnervational process
starts after delivery (Haase et al. 1997). The degeneration
of the nerves was initially presumed to be restricted to the
adrenergic system (Thorbert et al. 1979), but a large body
of evidence now indicates that all of the nerves in the
uterus, including the cholinergic and peptidergic fibres,

undergo this denervation during gestation (Hervonen et al.
1973, Moustafa 1988, Haase et al. 1997). The decreased
amounts of functional storage vesicles in the uteri of gui-
nea-pigs at term pregnancy are consistent with the pro-
posed pregnancy-induced degeneration of adrenergic
nerves (Fried et al. 1985). As the adrenergic system plays a
crucial role in the regulation of the contractility of the preg-
nant uterus, the degeneration of the adrenergic nerves of
the uterus is concluded to be most important, and this
phenomenon is subjected to the most intensive investi-
gation. Ultrastructural characterization of pregnancy-
induced adrenergic denervation is frequent, with most
studies applying immunohistochemical methods. These
techniques are suitable for a detailed description of the
progression of the denervational procedure and for differ-
entiating between the innervation of the smooth muscle
and that of the vessels supplying the myometrium. It is con-
ceivable, however, that there could be some functional
change in the uterine innervation that can be detected
before signs of degeneration of the nerve. Investigation of
the pharmacological reactivity and a description of the
adrenergic receptor status as a function of the gestation
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could be regarded as a functional approach to myometrial
denervation (Engstrom et al. 1997). When these methods
are used, however, the final conclusion is influenced by
numerous other factors which are also reported to change
during pregnancy; for example, the density and affinity of
the targeted receptor, and its coupling to the signal mech-
anism (Legrand et al. 1993, Mhaouty et al. 1995). Accord-
ingly, the aim of our present work was to describe an
animal model that is suitable for characterizing the adre-
nergic denervation of the pregnant uterus, and the reinner-
vation in the postpartum period, from a purely functional
aspect. We hypothesized that deterioration or loss of the
function of the adrenergic fibres occurs earlier than the
structural changes during pregnancy, and the function
recovers later than the structure after delivery. As the pre-
synaptic uptake and stimulated release of the transmitter
can be regarded as a functional marker of the adrenergic
nerves, a superfusion technique was chosen. With this
method, the electrically evoked release of [3H]noradrena-
line was investigated as a function of gestational age and in
the early postpartum period. As the histological data
suggest that the cervical adrenergic innervation remains
intact or little affected, whereas only limited data are avail-
able on its functional changes during pregnancy, cervical
samples were additionally investigated by the same
method (Bryman et al. 1987, Lundberg et al. 1987, Nos-
trom & Bryman 1989).

Materials and Methods

Sprague–Dawley rats (200–250 g for females) were mated
in a special cage in the early morning; copulation was
determined by the presence of a copulation plug or sperm
in a native vaginal smear. The day of conception was con-
sidered to be the first day of pregnancy.

Release of [3H]noradrenaline

Pregnant and non-pregnant female Sprague–Dawley rats
were killed by cervical dislocation. Samples of uterine
and cervical tissue (20–30mg) were dissected; the
samples from the implantation and interimplantation sites
were processed separately. Myometrial samples were
cleared from connective tissue and endometrium. The wet
weights of the samples were measured, and they were
minced and incubated with 1027 M [3H]noradrenaline at
378C for 60min. The samples were then washed three
times with de Jongh buffer, and the pieces were placed
into superfusion chambers (Experimetria, Budapest,
Hungary), which were superfused continuously for 60min
at a flow rate of 1ml/min with de Jongh buffer containing
the monoamine oxidase (MAO) inhibitor pargyline, the
noradrenaline-reuptake inhibitor desipramine and the
extraneuronal reuptake inhibitor deoxycorticosterone
(each 10 mM). The composition of the buffer was 137
mM NaCl, 3 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 12 mM
NaHCO3, 4 mM Na2HPO4 and 6 mM glucose, pH 7.4.

The solution was maintained at 378C and equilibrated
throughout the experiment with O2 containing 5% (v/v)
CO2. After a 60-min wash-out period, a total of 22 3-min
fractions were collected. At the end of the experiment, the
tissue samples were solubilized in 1ml Solvable (Can-
berra-Packard, Budapest, Hungary) for 3 h at 608C. The 3H
content in each 3-min fraction and tissue solution was
determined with a liquid scintillation spectrometer.

Electrical field stimulation (EFS) consisting of square-
wave pulses was applied to the tissues, using a program-
mable stimulator (Experimetria). EFS was applied twice
after the wash-out period, during fractions 5 and 15. Each
period of stimulation consisted of 360 pulses (voltage, 40
V; pulse width, 2ms; frequency, 2Hz; these parameters
are suitable for neural stimulation).

The [3H]noradrenaline contents in the fractions were
expressed as fractional release. This is the amount of
labelled transmitter liberated during a 3-min fraction as a
percentage of the actual radioactivity content in the tissue
at the time of sampling. Peak releases were calculated by
subtraction of the radioactivity of the fourth and fourteenth
fractions from that of the fifth and fifteenth fractions,
respectively. All experimental animal protocols satisfied
the Guidelines for Animal Experimentation approved by
the Animal Experimentation Committee of the University
of Szeged.

Drugs

Pargyline, desipramine and deoxycorticosterone were from
Sigma-Aldrich (Budapest, Hungary). (2 )-7-[3H](N)-Nor-
adrenaline hydrochloride (specific activity, 7.94 Ci/mmol)
was from Perkin Elmer Life Sciences (Boston, MA, USA).

Statistical analysis

Differences between mean values were evaluated by
using one-way analysis of variance (ANOVA) with
Dunnett’s post hoc test. Differences between implantation
and interimplantation sites were evaluated by using the
unpaired t test. Statistical analysis of the data was per-
formed with GraphPad Prism 2.01 (Graph Pad Software,
San Diego, CA, USA). All reported data are mean results
from at least six independent experiments.

Results

Results of tissue activity determination

The tissue activity (expressed in d.p.m./mg tissue) was used
to describe the uptake capacity of the sample for [3H]nor-
adrenaline. This was highest in the non-pregnant state and
a gradual decrease was seen during pregnancy (Fig. 1). On
day 7, tissue uptake of the labelled transmitter for the
implantation sample was significantly less than that for the
interimplantation myometrium. A similar trend was experi-
enced in the cervix, resulting in a significantly lower tissue
activity from day 14. As far as the postpartum period was
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concerned, tissue activity of the uterus at both the implan-
tation and interimplantation sites and in the cervix
remained lower than before pregnancy throughout the 28
days of the investigation. In contrast with the period of
pregnancy, no site-dependent difference was observed in
the myometrium. However, when the postpartum results
were compared with the day-21 results, the myometrial
samples displayed significantly higher values after 14 days,
which points to a slow but detectable reinnervation pro-
cedure. The tissue activities of the postpartum cervical
samples were not higher than the day 21 value.

Results of stimulated [3H]noradrenaline release

EFS evoked a substantial [3H]noradrenaline release in
both the uterus and the cervix isolated from non-pregnant
rats (Figs 2 and 3). Two EFSs were applied to obtain infor-
mation on the release capacity of the tested tissue. The
second stimulus resulted in a smaller transmitter peak
than the first. In the myometrial tissue, a gradual decrease
was detected in the peak evoked by EFS during the ges-
tation. The amount of [3H]transmitter released became
less and less as the pregnancy progressed, and a gradual
increase could be measured during the first 28 days of the
postpartum period (Fig. 4). In general, it was found that
the peak elicited by the second EFS decreased in a more
sensitive way than did the first one; that is, as compared
with the non-pregnant results a significant difference
(P , 0.01) could be detected earlier: day 7 versus day 21
for the second and first peaks, respectively (Fig. 2). A sub-
stantial and significant difference was found between the
implantation and interimplantation sites of the uterus in
the early pregnant state, indicating that the loss of the
adrenergic nerve function starts in the implantation area.
As concerns the cervical samples, a gradual tendency of
the EFS-evoked [3H]noradrenaline release to decrease was
observed during pregnancy, but these changes were not
significant statistically (Fig. 3).

In the postpartum period, a gradual increase in the
function of the noradrenergic nerves could be demon-
strated in the uterus, but even after 28 days the EFS-
induced release was reduced and the stimulated release of
[3H]noradrenaline was not significantly different from that
on the last day of pregnancy. In contrast with the denerva-
tional process, reinnervation could be detected only in the
first peak. It is assumed that the first EFS exhausted the
limited transmitter capacity of the regenerating nerves,
resulting in a decreased second peak. The EFS-evoked
release of [3H]noradrenaline from the cervical samples
was significantly suppressed in the early postpartum
period, and approximated the non-pregnant level 14 days
after delivery (Fig. 3). Cervical adrenergic reinnervation
was followed only up to postpartum day 14.

Discussion

Degeneration of the adrenergic nerves in the uterus during
pregnancy is a well-described phenomenon in the guinea-
pig (Bell & Malcolm 1978), rat (Haase et al. 1997) and
human (Wikland et al. 1984). Its common occurrence in
mammals suggests that this kind of uterine denervation is
of physiological importance, contributing to the quies-
cence of the uterus during pregnancy. Since activation of
the sympathetic system would result in increases in myo-
metrial contractility and vasoconstriction, the loss of the
adrenergic fibres may prevent all of these potentially
harmful consequences (Owman 1981). In view of the fact
that the denervated myometrial arteries become dilated
and only the larger arteries retain their innervation, it
seems conceivable that these larger vessels take over the
control of the uteroplacental resistance, permitting an
elevated blood flow (Haase et al. 1997). This finding is in
accordance with the report of a pregnancy-induced
increase in the nerve fibres in the uterine artery of the gui-
nea-pig (Mione & Gabella 1991).

Figure 1 [3H]Noradrenaline-uptake capacity of myometrial and cervical samples during gestation and the postpartum (PP) period. * and **
denote P , 0.05 and P , 0.01 as compared with the non-pregnant value, respectively; # and ## denote P , 0.05 and P , 0.01 as compared
with the day-21 values, respectively. Black bars, implantation sites; white columns, interimplantation sites (distinction between the two sites is
not possible 21 days after delivery).
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It is not clear at present how this denervational
phenomenon is evoked, and whether it is generalized or
not. The fact that the implantation area becomes dener-
vated first favours a causative factor of foetoplacental ori-
gin. This is in line with the unchanged innervation of the
uterine-horn-devoid foetus of the late-pregnant guinea-pig
(Lundberg et al. 1987). However, a large body of evidence
indicates that the innervation of the uterus demonstrates
pregnancy-independent plasticity, and physiological fac-
tors such as puberty, the oestrus cycle and sexual steroid
manipulations can result in changes – either increases or
decreases – in the nerve pattern (Van Orden et al. 1980,
Juorio et al. 1989, Brauer et al. 1992, Zuobina & Smith
2001). Uterine hyperinnervation has also been reported in
oestrogen receptor-knockout mice, which is a further argu-
ment in favour of a generalized mechanism responsible
for denervation (Zuobina & Smith 2001). As the basic
reason for the phenomenon is unknown, the time of its
initiation is also incompletely defined.
We examined the decrease in function of the adrenergic

neurones, a functional approach that is concluded to have
two advantages. Firstly, we could detect a significant
decrease in the function of the myometrial adrenergic
nerves as early as day 7 of pregnancy. Although histo-
chemical examination was not a part of our present study,
it was reported previously to be detectable at the end of
the second third of pregnancy (Klukovits et al. 2002).
At the end of the first third of pregnancy, there were

significant differences in noradrenaline release and uptake
between the implantation and interimplantation sites. This
suggests that there are also foetoplacental factors respon-
sible for the pregnancy-induced adrenergic denervation.
The results of uptake capacity are presented as d.p.m./mg
tissue without normalization for a substantially increasing
myometrial weight during gestation. The distinction
between areas within a uterine horn made our results
inappropriate for normalization, as decreasing uptake
capacity during gestation is considered to be a conse-
quence of the degeneration of the adrenergic nerves and a
dilution of the remaining fibres. On the other hand,
the interpretation of the release of the transmitter – that
is, the fractional release – is independent of the weight of
the sample and that of the organ taken, meaning that it
reflects purely the functional deterioration of the sympath-
etic system.

A further advantage of the approach used here is the
ability to detect functional change which cannot be fol-
lowed by structural investigations. The innervation of the
cervix is reported to be unchanged in humans (Bryman
et al. 1987, Nostrom & Bryman 1989) and in the guinea-
pig during pregnancy (Alm et al. 1979, Lundberg et al.
1987). Only limited data are available on the rat. Our
results clearly reveal a substantial functional deterioration
in the cervix, disclosed by the transmitter uptake capacity,
but not by the EFS-evoked release. It could be suggested,
therefore, that this capacity is a more sensitive feature of

�

Figure 2 EFS-evoked fractional [3H]noradrenaline release from myometrial samples at oestrus (A), and on days 7 (B), 14 (C) and 21 (D) of preg-
nancy. * and ** denote P , 0.05 and P , 0.01 as compared with the non-pregnant value, respectively. During gestation, B and A indicate
release from the implantation and interimplantation sites, respectively.
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the adrenergic nerve function than the transmitter release.
An alternative explanation for this contradiction is that the
decrease in cervical uptake capacity is solely a result of a
‘spacing’ effect due to the growth of the cervix during

pregnancy. In the early postpartum period, however, both
parameters indicate inhibition in the cervix. This deterio-
ration of the cervical adrenergic function could be
explained by the intensive physical stretching during

Figure 3 EFS-evoked fractional [3H]noradrenaline release from cervical samples at oestrus (A), on days 7 (B), 14 (C) and 21 (D) of pregnancy,
and on postpartum days 1 (E), 7 (F) and 14 (G). * and ** denote P , 0.05 and P , 0.01 as compared with the non-pregnant value, respectively.
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delivery. Distension was suggested previously to be a fac-
tor responsible for denervation in the uterus and bladder
too (Owman et al. 1980, Tammela et al. 1990).
It was demonstrated that the total amount of nerve

growth factor (NGF) and its mRNA are increased substan-
tially by late pregnancy and return to the mature virgo level
by 7 days after delivery (Varol et al. 2000). This newly syn-
thesized growth factor is probably responsible for the
reinnervation of the myometrium and the cervix. This con-
cept is supported by the correlation between the NGF level
of a target organ and its sympathetic innervation (Korsching
& Thoenen 1983). However, this correlation is missing in
the female reproductive tract of the guinea-pig and rat,
indicating that NGF is not the predominant regulator of the
innervation in these organs (Brauer et al. 2000). The other
possible key factor in gestational denervation and postpar-
tum restoration is the receptivity of the myometrium, as evi-
denced by in oculo transplantation experiments (Brauer
et al. 1998). Myometrial samples from virgin guinea-pigs
transplanted into the anterior eye chamber were organoty-
pically innervated by the host superior cervical ganglion.
In contrast, samples from postpartum donors were
approached, but not innervated.
Early reinnervation is detected immunohistochemically

48 h after delivery (Haase et al. 1997). However, our results
indicate that the functions of the noradrenergic nerves in
the myometrium and cervix have not recovered completely
by postpartum weeks 4 and 2, respectively.

The basic mechanism of pregnancy-induced degener-
ation of the adrenergic fibres in the myometrium and cer-
vix remains enigmatic, as does the reinnervation following
delivery. Our results contribute to an understanding of the
phenomenon, as the functional deterioration has been
shown to start earlier than the structural denervation, and
the restoration requires a long period. Our results lead us
to conclude that superfusion can be utilized as a model
system for investigation of the effects of pharmacological
manipulation and pathological states (for example, preg-
nancy-induced hypertension or gestational diabetes) on
the denervation procedure.
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ORIGINAL ARTICLE

The effects of a-methyldopa on myometrial noradrenaline release

and myometrial contractility in rat

DÉNES CSONKA, ISTVÁN ZUPKÓ, RENÁTA MINORICS, ÁRPÁD MÁRKI, GÁBOR

CSÍK & GEORGE FALKAY

Department of Pharmacodynamics and Biopharmacy, University of Szeged, Szeged, Hungary

Abstract

Background. a-Methyldopa is a classic antihypertensive agent, used routinely in the treatment of pregnancy-induced
hypertension. However, only a few data are available about its direct uterotropic effect. Accordingly, the aim of the present
study was to investigate the direct effects of a-methyldopa on the myometrial adrenergic functions in rat. Methods. The
effects of a-methyldopa on the sympathetic transmission in the non-pregnant, early pregnant and late-pregnant
myometrium were investigated by a superfusion technique. Myometrial samples from control and a-methyldopa-treated
(200 mg/kg i.p. for 7 days) non-pregnant, 7-day and 21-day pregnant rats were saturated with [3H]noradrenaline, and the
liberation evoked by electric field stimulation was determined. The contractility responses to a- and b-adrenergic
stimulation were additionally characterised by generating concentration�response curves of myometrial rings to noradrena-
line and terbutaline in the same arrangement. The changes in the density and affinity of the adrenergic receptors (a2 and b2)
were investigated by a radioligand binding technique. Results. The treatment with a-methyldopa substantially decreased
both the [3H]noradrenaline uptake and release in both the non-pregnant and early pregnant uterus, while treatment-
dependent changes were observed at term only in the uptake capacity. The contractility response to exogenous a-
sympathomimetics was higher in the group treated in early pregnancy, and a decreased terbutaline-induced relaxation was
observed in the non-pregnant state and at term. The treatment resulted in increased affinity for a2 receptors in early
pregnancy, while Kd for b2 was increased at term. Conclusions. Our experimental data suggest that besides its
antihypertensive effect, a-methyldopa may influence the adrenergic transmission of the pregnant uterus. Our results
indicate that the agent decreases the efficacy of b2-adrenergic agonists at term pregnancy and increases the response to a-
sympathomimetics in early pregnancy.

Key words: a-Methyldopa, myometrium, rat, denervation

Introduction

Hypertensive disorders are the most significant

complications of pregnancy, affecting approximately

10% of all pregnancies and contributing greatly to

maternal and perinatal morbidity and mortality

throughout the world (1). As a-methyldopa has an

advantageous safety and efficacy profile, it is the

most commonly used antihypertensive agent in pre-

eclamptic patients, gestational hypertension and

chronic hypertension in pregnancy (2�5).

a-Methyldopa is a centrally acting antihypertensive

drug, which enters the biosynthesis of catecholamines

(6�8), and is transformed into a-methylnoradrena-

line, a potent a2-adrenergic agonist (9). Thereby,

a-methyldopa decreases the sympathetic activity of

the autonomic nervous system. Its metabolites bind

mainly to a2-adrenergic receptors, but have affinity

for b2 and a1-adrenergic receptors (9).

The uterus of both the non-pregnant and pregnant

rat is supplied by adrenergic (10), as well as choliner-

gic (11) and peptidergic fibers (12), all innervating

both the vasculature of the myometrium and the

smooth muscle itself. Since catecholamines, besides

oxytocin and prostaglandins, play an important role
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7
 in the regulation of myometrial contractility during

gestation (13), it seemed worthwhile investigating the

direct myotropic effect of a-methyldopa as a function

of gestational age.

As the information on the myometrial action of

a-methyldopa is limited, we decided to investigate

its effects on myometrial noradrenaline release

and contractility. To determine the influence of

a-methyldopa on myometrial noradrenaline release

and tissue uptake, we chose a superfusion technique.

In a previous study, this superfusion technique

proved useful for characterisation of the pregnancy-

induced adrenergic denervation by assessing the

[3H]noradrenaline uptake into myometrial samples,

and its electrically provoked release (14). In order to

examine the effect of a-methyldopa treatment on

myometrial contractility, we performed isolated

organ experiments. A radioligand binding technique

was used to assess whether the changes in myome-

trial contractility caused by a-methyldopa treatment

were consequences of receptorial mechanisms or

whether other signal transductional pathways may

be responsible for possible alterations.

Materials and methods

Female Sprague-Dawley rats (200�250 g) were

mated in a special cage in the early morning;

copulation was determined by the presence of a

copulation plug or sperm in a native vaginal smear.

The day of conception was considered the first day

of pregnancy. All experimental animal protocols

satisfied the Guidelines for Animal Experimentation

approved by the Animal Experimentation Commit-

tee of the University of Szeged.

The animals in the active group were treated with

a-methyldopa (200 mg/kg, i.p.) daily for 7 days, and

the experiment was performed on the 7th or 21st

day. Control animals were treated with physiological

saline.

Release of [
3
H]noradrenaline

Pregnant and non-pregnant rats were sacrificed

by cervical dislocation. Samples of uterine tissue

(20�30 mg) were dissected; the samples from the

implantation and interimplantation sites were pro-

cessed separately. Myometrial samples were cleared

from connective tissue and endometrium. The wet

weights of the samples were measured, minced and

incubated with 10�7 M [3H]noradrenaline at 378C

for 60 min. The samples were then washed 3 times

with de Jongh buffer containing the monoamine

oxidase inhibitor, pargyline, the noradrenaline reup-

take inhibitor, desipramine, and the extraneuronal

reuptake inhibitor, deoxycorticosterone (each

10 mM). The composition of the buffer was

137 mM NaCl, 3 mM KCl, 1 mM CaCl2, 1 mM

MgCl2, 12 mM NaHCO3, 4 mM Na2HPO4 and

6 mM glucose, pH 7.4. The solution was maintained

at 378C and equilibrated throughout the experiment

with O2 containing 5% (v/v) CO2. After a 60-min

washout period, a total of 22 3-min fractions were

collected. At the end of the experiment, the tissue

samples were solubilised in 1 ml Solvable (Canberra-

Packard, Budapest, Hungary) for 3 h at 608C. The
3[H] content in each 3-min fraction and tissue

solution was determined with a liquid scintillation

spectrometer.

Electric field stimulation (EFS) was applied to the

tissues during fractions 5 and 15, using a program-

mable stimulator (Experimetria Ltd., Budapest,

Hungary). Each period of EFS consisted of 360

pulses (voltage: 40 V; pulse width: 2 ms; frequency:

2 Hz; these parameters are suitable for neuronal

stimulation).

The [3H]noradrenaline contents in the fractions

were expressed as fractional release. This is the

amount of labeled transmitter liberated during a

3-min fraction as a percentage of the actual radio-

activity content in the tissue at the time of the

sampling. Peak releases were calculated by subtrac-

tion of the radioactivity of fractions 4 and 14 from

that of fractions 5 and 15, respectively. The total

amount of isotope taken up by the tissues was also

determined and expressed as dpm/mg tissue.

Isolated tissue studies

Uterine rings were taken from the uterine horns of

pregnant or non-pregnant, treated or non-treated

rats. Two muscle rings were sliced from both horns

of the uterus and mounted vertically in a tissue bath

containing 10 ml de Jongh buffer. The temperature

of the tissue bath was set and maintained at 378C,

O2 containing 5% (v/v) CO2 was perfused continu-

ously through the bath, and buffer was changed

every 15 min. Tissue samples were equilibrated

under these conditions for 90 min before the experi-

ments were started. The initial tension of the uterus

rings was set to 1.5 g, which dropped to approxi-

mately 0.5 g by the end of the equilibration period.

The tensions of the myometrial rings were measured

with a strain gauge transducer (SG-02, Experimetria

Ltd.) and recorded with an Isosys Data Acquisition

System (Experimetria Ltd.). The areas under the

curves were analysed for a 5-min period after each

administration of the tested substances.

Cumulative concentration�response curves were

constructed for noradrenaline in the concentration

The effects of a-methyldopa 987
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 range 10�10 to 10�5 M (total: 11 concentrations).

The chamber contained propranolol (10�5 M) to

block the b-adrenergic receptors. At the end of the

experiment, KCl (70 mM) was added to the cham-

ber, and the evoked contractions were recorded for

5 min. The contractions induced by noradrenaline

were expressed as a percentage of the KCl evoked

contractions.

To characterise the effects of a-methyldopa on the

b-adrenergic receptor-mediated myometrial relaxa-

tion, cumulative concentration�response curves

were additionally constructed for terbutaline in the

concentration range 10�8 to 10�5 M (total: 7

concentrations). KCl (50 mM) was added to the

chamber before the start of the experiment in order

to elicit an initial tension of the uterine rings which

was regarded as 100% of the motor activity.

A sigmoidal curve was fitted individually to all

concentration�response curves (both noradrenaline

and terbutaline) and the maximal effect (Emax) and

EC50 values were calculated by means of Graphpad

Prism 2.01 (Graph Pad Software, San Diego, CA,

USA).

Radioligand-binding studies

Membrane preparation. Uterine tissues were dissected

carefully and the embryos were rapidly removed. All

subsequent steps were performed at 48C. Uteri were

homogenised in 6�10 volumes of 10 mM Tris-HCl

buffer (pH 7.4) containing 0.25 M sucrose with an

Ultra Turrax 25 homogeniser (IKA Labortechnik,

Staufen, Germany). The homogenate was centri-

fuged at 20,000�g for 10 min and the pellet was

recentrifuged. The supernatants were collected and

centrifuged at 50,000�g for 60 min, and the pellet

was used for saturation experiments. The membrane

preparation was stored at �708C until assayed. The

protein concentration of the membrane fraction was

measured by the method of Bradford, with bovine

serum albumin as standard (15).

Saturation binding experiments

Saturation binding experiments were performed by

incubating the cell membrane fraction with a range

of concentrations of [3H]RX 821002 (0.2�8.0 nM,

a2-adrenoceptors) and [3H]ICI 118,551 (0.5�

10 nM, b2-adrenoceptors) at 258C for 45 min. At

the end of the incubation, the bound radioligand was

separated from the residual free radioligand by rapid

filtration on a Brandell cell harvester through What-

man GF/C filters and washed with 3�10 ml of ice-

cold buffer (Tris�HCl, pH�7.41). The bound

radioactivity was determined in a Wallac 1409 liquid

scintillation counter. The observed total binding

consists of specific binding to the receptor itself,

plus non-specific binding to non-receptor sites. The

non-specific binding was measured with 10 mM

unlabeled yohimbine and alprenolol. The specific

binding was calculated as the difference between the

total and the non-specific binding, and was plotted

as a function of the free radioligand concentration.

The equilibrium dissociation constant (Kd) and the

binding capacity (Bmax) values were calculated with

GraphPad Prism software.

Data analysis of radioligand-binding studies

All assays were carried out at least 3 times in

duplicate, and values are given as means9SEM.

Bmax and Kd values of [3H]RX 821002 and [3H]ICI

118,551 were calculated according to Rosenthal

(16). The data from the radioligand-binding experi-

ments were analysed using the GraphPad Prism 2.01

software, utilising a non-linear regression analysis.

Drugs

Pargyline, desipramine, deoxycorticosterone, nora-

drenaline, terbutaline, propranolol, yohimbine and

alprenolol were purchased from Sigma-Aldrich

(Budapest, Hungary). (�)-7-[3H](N)-Noradrenaline

hydrochloride (specific activity, 7.94 Ci/mmol) was

from Perkin Elmer Life Sciences (Boston, MA,

USA), [3H]RX 821002 (specific activity, 50

Ci/mmol) from Amersham Bioscience (UK), and

[3H]ICI 118,551 (specific activity, 18.8 Ci/mmol)

from Tocris (UK).

Statistical analysis

Data from the superfusion experiments were eval-

uated by one-way ANOVA followed by Newman�

Keuls post test. To calculate the differences between

mean values of the EC50 and Emax of the isolated

organ experiments, we have used two-way ANOVA

followed by Bonferroni post test. Differences be-

tween mean values of the radioligand-binding results

were evaluated by one-way ANOVA followed by

Newman�Keuls post test. Statistical analyses of the

data were performed with Graphpad Prism 2.01. All

reported data are mean results from at least 6

independent experiments.

Results

Results of stimulated [
3
H]noradrenaline release

EFS evoked a substantial [3H]noradrenaline re-

lease in the uterus isolated from non-pregnant rats

988 D. Csonka et al.
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 (Figure 1). The second stimulus resulted in a smaller

transmitter peak than the first stimulus. Two periods

of EFS were used in order to obtain information on

the release capacity of the tested tissue. For the

a-methyldopa-treated non-pregnant rats, this EFS-

evoked [3H]noradrenaline release was almost com-

pletely abolished. On day 7 of pregnancy, the

[3H]noradrenaline release was decreased at both

Figure 1. The effects of a-methyldopa treatment on the EFS-evoked fractional [3H]noradrenaline release from myometrial samples at

estrus (upper panel), on day 7 (middle panels) and on day 21 (lower panels). *pB0.05, **pB0.01 and ***pB0.001 compared with the

non-treated value. j indicates control values, and I indicates a-methyldopa-treated values.

The effects of a-methyldopa 989
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7
 implantation and interimplantation sites due to the

pregnancy-induced adrenergic denervation. a-

Methyldopa treatment substantially decreased the

first EFS-evoked [3H]noradrenaline release at both

sites, while the differences of the second peaks

proved significant only at the interimplantational

sites. At the end of pregnancy (day 21), the amount

of [3H]noradrenaline released from the a-methyl-

dopa-treated animals was unchanged compared with

the control level. The elevation of the baseline

release at the implantation site is presumed to

be an artifact due to the manner of calculation of

the fractional release: when the [3H]noradrenaline

release from the treated tissues was strongly de-

creased, the background activity became substantial,

resulting in a relatively high value during a 3-min

period.

Results of tissue radioactivity determination

The tissue radioactivity (expressed in dpm/mg) was

used to describe the uptake capacity of the sample

for [3H]noradrenaline (Figure 2). Treatment with

a-methyldopa decreased the myometrial amount of

labeled noradrenaline in both virgin and pregnant

animals, irrespective of the gestational age.

Results of isolated organ experiments

Noradrenaline had no effect on the non-pregnant

uterus, and the a-methyldopa-treated non-pregnant

uterus exhibited a higher spontaneous activity with-

out being more sensitive to a-adrenergic stimulation

(Figure 3). On day 7 of pregnancy, noradrenaline

evoked weak concentration-dependent contractions

in the control group, but more profound contrac-

tions in the uteri of a-methyldopa-treated rats. At

term pregnancy (day 21), there was no difference in

Figure 2. The effects of a-methyldopa treatment on the [3H]nor-

adrenaline-uptake capacity of myometrial samples from virgin and

7- and 21-day pregnant rats. Interimplantation (Inter) and

implantation (Implant) sites are presented separately. *pB0.05,

**pB0.01 and ***pB0.001 compared with the non-treated

value. Filled and open columns indicates control values

a-methyldopa-treated values, respectively.

Figure 3. The effects of a-methyldopa treatment on the myome-

trial contractility evoked by noradrenaline at estrus (A), and on

day 7 (B), and day 21 (C). j indicates control values, and

I indicates a-methyldopa-treated values. n.s., not significant.

990 D. Csonka et al.
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7
 the noradrenaline-evoked contractions between the

control and the a-methyldopa-treated groups.

In the next set of experiments, terbutaline inhibited

the KCl elicited contractions in a concentration-

dependent manner (Figure 4). a-Methyldopa treat-

ment shifted the concentration-response curve of

terbutaline slightly to the right, and decreased its

maximal effect significantly in the non-pregnant

animals. On day 7 of pregnancy, a-methyldopa

treatment resulted in a higher maximal effect. At

term, a-methyldopa treatment significantly and sub-

stantially decreased the relaxant effect of terbutaline,

as evidenced by a decreased maximal effect and a

higher EC50 value.

Results of radioligand-binding experiments

The measured density and affinity values of the

saturation plots are presented in Figures 5 and 6. No

gestation-dependent change in the density of

b-adrenergic receptors was detected, while Kd was

increased by the end of pregnancy, and there was a

treatment-dependent significant increase on day 21.

Concerning the a2-adrenergic receptors, both Bmax

and Kd were significantly higher on day 7 of

pregnancy than in the non-pregnant state, but both

parameters had returned to non-pregnant value at

term in pregnancy. The only treatment-dependent

significant change was a decrease in Kd measured on

day 7 of pregnancy.

Discussion

a-Methyldopa, a commonly used agent in the

treatment of hypertension during pregnancy, is

considered one of the safest drugs because of the

vast experience relating to its clinical use (1�3).

Despite the large body of clinical experience, and its

long use as an antihypertensive, its mechanism of

action has been reconsidered several times since the

recognition of its antihypertensive effect (17). Earlier

works suggested a peripheral site of action, involving

either the inhibition of transmitter synthesis or the

metabolism to a-methylnoradrenaline, which acts as

a ‘false’ transmitter, thereby decreasing the sympa-

thetic activity (7,8,18). It was later proved that a-

methyldopa acts centrally, though peripheral effects

were not excluded (19). Next, it was found that the

main metabolite of a-methyldopa is a high-affinity

agonist of a2-adrenergic receptors (20). It was also

suggested that the metabolites of a-methyldopa may

act at almost all types of adrenergic receptors (9).

According to the most widely accepted concept,

a-methyldopa exerts its antihypertensive action

through the stimulation of a2-adrenergic receptors

Figure 4. The effects of a-methyldopa treatment on the relaxation

effect of terbutaline at estrus (A), and on day 7 (B) and day 21

(C). j indicates control values, and I indicates a-methyldopa-

treated values. n.s., not significant.

The effects of a-methyldopa 991
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within the central nervous system, causing a de-

crease in the efferent sympathetic tone. In spite of

several decades of obstetrical use of a-methyldopa,

the available information on a direct uterotropic

effect is very limited.

Our transmitter liberation results revealed that

a-methyldopa all but abolished the electrically

evoked noradrenaline peak in the estrus and in the

early pregnant state. Implantational and interimplan-

tational sites of the pregnant uterus were processed

separately because a large body of evidence sug-

gests that many uterine functions can exhibit site-

dependent differences. In the implantational sites of

the guinea pig, the pregnancy-induced adrenergic

denervation starts earlier, as evidenced by immuno-

histochemical studies, in good agreement with the

activity of tyrosine hydroxylase in the uterine tissue

(21,22). These findings were reinforced by our

previous observation that the implantation site cor-

responded to an earlier and more marked decrease in

transmitter-uptake capacity and release (14).

In the present experiments, treatment with

a-methyldopa was associated with a more marked

inhibition of liberation at the interimplantational

sites, while in the case of implantational sites only

the first stimulation resulted in a significantly smaller

amount of liberated noradrenaline.

However, the release is similarly abolished from

both a-methyldopa-treated sites on the 7th day of

pregnancy, indicating that the difference in the

significance of the release pattern is caused by the

more marked physiological denervation at the im-

plantational sites. Hence, it could be speculated that

a-methyldopa treatment can ‘speed up’ the physiolo-

gical degeneration of the adrenergic fibers of the

pregnant uterus. The results of the tissue radioactivity

also favour this concept. By the time of late preg-

nancy, this denervation has progressed, leading to the

ineffectiveness of electrical stimulation, and thus the

a-methyldopa treatment cannot inhibit the release.

The mechanism of the transmitter release-inhibiting

effect of a-methyldopa is an unanswered question,

but it is in good agreement with the finding of

Ihalainen and Tanila that the a2-agonist dexmedeto-

midin, infused locally, decreased the liberation of

noradrenaline in the nucleus accumbens of themouse

(23). Their study proved that this effect is mediated

through the a2A type of adrenergic receptors.

The superfusion technique is suitable for charac-

terisation of the presynaptic functions of the trans-

mission, i.e. the transmitter uptake and release

Figure 6. Themeasured Bmax andKd values of a2-receptors. Filled

and open columns indicate control values a-methyldopa-treated

values, respectively. **pB0.01 compared with the non-treated

value. ##pB0.01 compared with the corresponding non-pregnant

value.

Figure 5. Themeasured Bmax andKd values of b2-receptors. Filled

and open columns indicate control values a-methyldopa-treated

values, respectively. *pB0.05 compared with the non-treated

value.#pB0.05 and##pB0.01 compared with the corresponding

non-pregnant values.
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 capacity. As far as the postsynaptic surface is

concerned, a separate set of experiments was carried

out on isolated uterine rings to characterise the

changes elicited in the contractility responses by

a- and b-adrenergic agonists (noradrenaline and

terbutaline, respectively).

The contractions mediated by a-adrenergic re-

ceptors were not affected by a-methyldopa in

non-pregnant and late-pregnant rats, but were sig-

nificantly increased in early pregnancy. Treatment

resulted in the lower efficacy and potency of terbuta-

line in non-pregnant and late-pregnant animals,

while only limited change was found in the early-

pregnant rats. Combining these findings, we con-

cluded the same change for all 3 stages of gestation:

the overall effects of sympathomimetics were shifted

toward an increased contractility either by a de-

creased b-receptor-mediated relaxation or by a

potentiated a-receptor-mediated contraction. The

reasons for these gestational age and treatment-

dependent changes in the effects of the adrenergic

agonists are not understood.

As high K� concentrations depolarise not only the

smooth muscles, but also the adrenergic neurons, the

liberated noradrenaline may contribute to the con-

tractile effect of KCl. Considering the results of the

superfusion experiments, it seems reasonable that this

contribution is less in the case of a-methyldopa-

treated uterine rings, implying that the tensions

elicited by KCl for normalisation of the agonist-

induced contractions could exhibit treatment-depen-

dent differences. These differences could be more

relevant when the KCl tension is used as an original

state which is relaxed by terbutaline. As terbutaline

displayed significantly less pronounced effects on the

non-pregnant and late-pregnant uteri, it is concluded

that this noradrenaline-mediated component of the

KCl tension is not crucial in these experiments.

Characteristic pregnancy-dependent changes in

the results of radioligand-binding experiments were

found in the case of the a2-adrenergic receptor. Its

Kd value showed a maximum in early pregnancy,

followed by a decline to its non-pregnant value.

a-Methyldopa treatment decreased this maximum,

which is in line with our hypothesis, i.e. the treat-

ment can mimic a later phase of the physiological

gestation-induced development of the myometrium.

The higher affinity of a2-receptors from early preg-

nant and treated rats is in good agreement with the

increased efficacy of noradrenaline in evoking con-

tractions. However, the role of a1-receptors in the

a-methyldopa-induced higher contractility cannot be

excluded.

The mechanism of the decreased relaxing effect

of terbutaline in virgin rats and in late pregnancy

(day 21) is also a puzzle, though the treatment-

dependent decreased affinity of b2-receptors could

be responsible at term.

A large body of experimental data indicates a

functional interplay between a2- and b-adrenergic

receptors (24�29). The densities of these receptors

change in parallel in the human brain in advancing

age and in different pathological states (30). Inde-

pendently of the underlying mechanism, a-methyl-

dopa-induced alterations in the pharmacological

effects of sympathomimetics can be of therapeutic

importance, presuming that a similar final effect can

develop in the human body. As many over-the-

counter preparations contain a-receptor agonists

(e.g. nasal decongestants), their usage can seriously

increase the uterine contractility when the concomi-

tant pregnancy-induced hypertension is treated with

a-methyldopa. On the other hand, the decreased

relaxant effect of terbutaline indicates that a-methyl-

dopa can make b-mimetic-based tocolytic therapy

less effective, thereby increasing the danger of

premature delivery.

As there are no direct data that exclude modula-

tion of the effects of adrenergic agonists similar to

our finding, sympathomimetics should be used with

great care in pregnant women treated with a-

methyldopa.
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