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Abstract
Introduction. Cholinergic mechanisms play an 
important role in the control of hormonal and 
vascular regulation. However, in utero 
development of cholinergic regulation in the 
foetal hormonal systems is not clearly 
understood. This study investigated foetal 
hormonal and cardiovascular responses following 
application of the muscarinic antagonist atropine.
Materials and methods. Chronically prepared 
near-term ovine foetuses (control and 
experimental: n=5, each group) were used. After 
4–5 days’ surgical recovery, conscious ewes and 
their foetuses were tested in vivo.
Results. In response to intravenous atropine, 
foetal systolic, diastolic, and mean arterial 
pressure, as well as heart rate, increased 
immediately. Inhibition of muscarinic systems in 
the circulation caused a reduction of plasma 
angiotensin II levels, while angiotensin I in the 
circulation remained unchanged in the foetus. In 
addition, foetal plasma aldosterone levels were 
significantly increased following blockade of the 
cholinergic receptor, while other hormones, 
including arginine vasopressin, 
adrenocorticotrophic hormone, and atrial 
natriuretic peptide, were not changed in foetal 
blood under the same condition.
Conclusions. The results suggest that foetal 
automatic systems, not those hormonal factors 
tested, play a major role in cholinergic 
mechanisms mediating cardiovascular control. 
Furthermore, the data provide new information 
on how muscarinic inhibition affects renin-
angiotensin system and adrenal cortex functions.
Key words: aldosterone, angiotensin-converting 
enzyme, autonomic regulation, foetus

Introduction
During pregnancy, many environmental factors 
may influence foetuses in utero via cholinergic 
changes. For example, smoking in pregnancy 

causes exposure of pregnant mothers to nicotine 
that can penetrate the placental barrier,1-3 and 
enter the foetus. Numerous studies have shown 
that cholinergic mechanisms are important in the 
physiological control of the vascular and hormonal 
systems.4-6 Peripheral application of atropine, a 
non-selective muscarinic receptor antagonist, pro-
duces an increase of blood pressure and heart rate 
in adults.7 Little is known about peripheral cholin-
ergic mechanisms in the regulation of vascular and 
endocrine functions in the foetus. Addressing this 
question is important not only for pre-natal life, 
but also for post-natal health.

In general, parasympathetic postganglionic neu-
rons release acetylcholine and sympathetic post-
ganglionic neurons release noradrenaline. The 
transmission between pre- and postganglionic 
neurons in parasympathetic nerve is cholinergic.8,9 
The autonomic system plays an important role in 
cardiovascular regulation in adults.10,11 Whether 
and to what extent cholinergic mechanisms are 
involved in regulation of the foetal automatic 
system in the control of cardiovascular functions 
in utero is not clear. Considering both automatic 
and hormonal systems acting as two major mech-
anisms in the control of blood pressure and heart 
rate,12,13 it is necessary to examine hormonal 
influences in the study of cholinergic regulation 
of the foetal cardiovascular responses. Among 
many hormones or compounds, angiotensin 
(Ang), arginine vasopressin (AVP), adrenocortico-
trophic hormone (ACTH), atrial natriuretic pep-
tide (ANP), aldosterone, and prostaglandin E 
(PGE) have been considered critical in the con-
trol of either cardiovascular activity or vascular 
volume.14,15 Therefore, these hormones and com-
pounds were determined in the present foetal 
study in vivo and in utero. The present study 
used the muscarinic (M) receptor antagonist in 
determination of the role of cholinergic mecha-
nisms in hormonal and vascular regulation in the 
ovine foetus.
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Materials and methods
Time-dated pregnant ewes with foetuses (131±3 
days of gestation on the study day; term for 
sheep is ~ 147 days) were used. Animals were 
housed in individual study cages and in a light-
controlled room (12:12-h light-dark cycle) with 
food and water provided ad libitum. All surgical 
and experimental procedures had been approved 
by the Institute Animal Care Service.

Surgical preparation
Anaesthesia was induced with ketamine hydro-
chloride (20 mg/kg, i.m.; Hengrui Medicine, 
JiangSu, People’s Republic of China), and general 
anaesthesia was maintained with 3% isoflurane 
and 1 L/min oxygen. The uterus was exposed by 
midline abdominal incision, and a small hystero-
tomy was performed to provide access to a foetal 
hindlimb as reported previously.16,17 Polyethylene 
catheters were placed in the maternal and foetal 
femoral vein and artery and advanced to the infe-
rior vena cava and abdominal aorta, respectively. 
The foetus was then returned into the uterus, and 
the hysterotomy was closed in two layers. All cath-
eters were externalised to the maternal flank and 
placed in a cloth pouch. Animals recovered for 4 
days after surgery. Immediately pre-operatively 
and twice daily during the initial 3 days of recov-
ery, gentamicin (8 mg; North China Pharmaceutical, 
People’s Republic of China) and oxacillin (30 mg) 
were administered intravenously to the foetus, and 
gentamicin (70 mg) and oxacillin (1 g) were 
injected intravenously into the ewe.

Cardiovascular experiments
On the testing day, sheep were allowed a period 
of 60–100 minutes to acclimatise to the testing 
rooms. When animal heart rates and arterial pres-
sures appeared to be stable, a 60-minute baseline 
was followed by 20 minutes of intravenous infu-
sion and an additional 90-minute period. Foetal 
and maternal systolic, diastolic, and mean arterial 
pressure (MAP) were monitored using a Power-
Lab physiological recorder with Chart-5 software 
(AD Instruments, Australia). Animals were divided 
into control (n=5) and experimental (n=5) groups 
with computer-randomised selection. Beginning 
at time 0, atropine (0.033 mg/kg in 10 ml 0.9% 
NaCl; Sigma-Aldrich, St. Louis, MO, USA) was 
infused intravenously to the experimental foetus 
over 20 minutes. The dose of intravenous atro-
pine was selected according to previous reports.18 
For the control animals, the same volume of iso-
tonic saline (vehicle) was infused intravenously. 
Maternal and foetal blood pressure and heart rate 
were monitored during the testing period. Blood 
pressure and heart rate were determined by com-
puter analysis of waveforms by utilising a cust-
omised pattern recognition algorithm.

Blood value experiments
Maternal and foetal blood samples were collected 
at –30 and 0 minutes of the baseline period and 
at 5, 30, and 60 minutes after intravenous infusion 
of atropine or vehicle. All foetal blood samples 
(4 ml/sample) were replaced with equivalent vol-
umes of heparinised maternal blood withdrawn 
before the study, and all maternal blood samples 
were replaced with equivalent volumes of iso-
tonic saline. Blood samples were withdrawn from 
the foetal and maternal arterial catheters for mea-
surements of blood PO2, PCO2, haemoglobin, 
haematocrit, electrolytes, lactic acid, and pH on a 
Nova analyser system (model pHOx Plus L; Nova 
Biochemical, Waltham, MA, USA) adjusted to 
sheep internal temperature (39°C). Plasma osmo-
lality was measured by using freezing point 
depression on an advanced digimatic osmometer 
(model 3MO; Advanced Instruments, Needham 
Heights, MA, USA).

Endocrine experiments
Foetal blood samples were collected into iced 
tubes containing lithium heparin during the base-
line and study periods. Blood samples for hor-
mone assays were centrifuged immediately. The 
plasma was then stored at –20°C before measure-
ment of hormone using radioimmunoassay. 
Plasma samples for radioimmunoassay and data 
analysis were handled in a blind manner.

Data analysis
Foetal and maternal blood pressure and heart 
rate were determined by computer analysis of 
waveforms utilising a customised pattern recogni-
tion algorithm. All signals in cardiovascular stud-
ies were digitised at 500 Hz and recorded on a 
computer with Chart-5 acquisition software. Heart 
rate, systolic and diastolic pressure, and MAP 
were calculated from the pressure waveforms by 
means of Power-Lab software. Repeated mea-
sures ANOVA followed by post-hoc tests (Tukey’s 
test) was used to determine differences over time 
and effects of the treatments. All data are expressed 
as mean±SEM.

Results

Cardiovascular responses
There was no significant difference between the 
control and experimental groups, and between 
before and after administration of atropine, in 
maternal systolic pressure, diastolic pressure, 
MAP, and heart rate (all p>0.05; table 1). However, 
intravenous infusion of atropine (0.033 mg/kg in 
10 ml saline) into the foetus significantly increased 
foetal systolic, diastolic, and mean arterial pressure 
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as compared to the control foetuses (figure 1). 
Foetal MAP was increased from the baseline 
level, 48.8±0.4 mmHg to 57.6±0.3 mmHg, within 
5 minutes after intravenous administration of 
atropine (p<0.01). In the control animals, intrave-
nous administration of vehicle had no effect on 
foetal systolic, diastolic, and mean arterial pres-
sure in the near-term foetus (all p>0.05). 
Immediately following intravenous infusion of 
atropine, foetal heart rate was significantly 
increased (figure 2).

Blood values
There was no significant difference in foetal arte-
rial blood pH, PO2, PCO2, haemoglobin, and 
haematocrit before or after intravenous infusion 
of atropine (table 2). For both the control and 
experimental animals, intravenous infusion of 
atropine or vehicle had no effect on plasma 
osmolality in the foetal animals. Foetal K+ and 
Na+ concentrations were not changed. All arterial 
values were within physiological ranges and did 
not vary significantly between the control and 
experimental groups (all p values not significant; 
table 2). In the maternal sheep, intravenous infu-
sion of atropine or vehicle into the foetus had no 
effect on plasma osmolality, Na+ and K+ concen-
trations, blood pH, PO2, and PCO2 (all p values 
not significant; table 3).

Plasma hormone assay
Administration of intravenous atropine did not 
affect foetal plasma Ang I levels; however, plasma 
Ang II concentrations were significantly lowered 
(figure 3). In addition, intravenous infusion of 
atropine significantly increased plasma aldoster-
one levels in the foetus, while foetal AVP concen-
trations remained unchanged in plasma (figure 
4). Administration of atropine also had no effect 
on plasma ACTH, ANP, and PGE2 levels in the 
foetus at near term (table 4).

Discussion
Although cholinergic systems are important in the 
control of cardiovascular and hormonal 
regulation,19-22 there have been limited data on 
the functional development of cholinergic mech-
anisms in regulation of foetal vascular and endo-
crine systems. In the present study, we found that 
cholinergic inhibition by intravenous atropine 
affected foetal blood pressure in association with 
a decrease of Ang II and increase of aldosterone 
concentrations in the foetal circulation.

Atropine is known as a potent and competitive 
muscarinic receptor antagonist. Previous studies in 
mature animals have shown that atropine-induced 
cardiovascular responses were of short duration.23-25 
In the present study, the onset of the intravenous 
atropine-induced blood pressure responses in the 
foetus was rapid. The foetal systolic pressure, 
diastolic pressure, and MAP were significantly 
increased after intravenous administration of atro-
pine. The increased foetal blood pressure returned 
to the baseline within 30 minutes. It appeared that 
atropine acted directly on M receptors in cardiovas-
cular systems, blocking acetylcholine from para-
sympathetic postganglionic neurons in binding the 
M receptors on vascular smooth muscle, and caused 
an increase of blood pressure. The foetal heart rate 
also increased immediately, and reached maximum 
in 5 minutes after administration of the drug. The 
involvement of the autonomic nervous system in 
the control of cardiovascular responses following 
administration of cholinergic antagonists has been 
thoroughly investigated in adult animals.23 Atropine 
could block the muscarinic receptors of parasym-
pathetic postganglionic pathways, resulting in a 
comparable increase of sympathetic activity. The 
cardiovascular data in the present study demon-
strate that cholinergic mechanisms in the control of 
the foetal autonomic nervous system are developed 
and functional, at least at near term, in utero.

Table 1 
Maternal cardiovascular responses before and after intravenous infusion of atropine (0.033 mg/kg) into the foetus.

 Time before and after atropine injection

Value Group Baseline 0 min 5 min 30 min 60 min

SP  I 115.73±3.59 115.79±4.23 116.49±4.37 115.82±4.89 119.79±4.74
(mmHg) II 115.15±2.78 116.23±1.56 116.25±2.65 115.68±4.73 116.26±4.72
DP I 83.75±3.14 84.21±2.47 82.09±4.17 84.51±4.37 83.96±3.45
(mmHg) II 82.76±3.36 83.75±2.81 83.50±3.68 83.41±4.03 82.43±3.36
MAP I 95.82±2.72 96.56±2.77 95.81±3.74 98.17±3.96 97.52±3.08
(mmHg) II 95.18±2.37 96.47±3.82 95.26±3.15 97.02±3.36 96.25±2.63
HR I 121.56±7.13 125.71±8.37 124.69±7.74 123.43±7.63 125.58±7.36
(bpm) II 120.59±6.78 125.08±7.63 126.79±6.46 124.53±7.59 127.13±7.06

Key: Values are mean±SEM. DP = diastolic pressure; HR = heart rate; I = intravenous infusion of atropine (0.033 g/kg); 
II = intravenous infusion of vehicle (0.9% NaCl); MAP = mean arterial pressure; SP = systolic pressure.
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An earlier autoradiographic study has shown that an 
active cholinergic system is present in the foetus.26,27 
The present study demonstrates that cholinergic 
antagonist atropine in the foetal circulation could 

cause a short period of pressor responses by inhibi-
tion of M receptors, indicating that foetal muscarinic 
systems play a critical role in maintenance of nor-
mal basal blood pressure in utero at near term; and 

Figure 1
Intravenous atropine increased systolic (a), diastolic (b), and mean arterial pressure (c) in the ovine foetus at near term. *p<0.05 vs. base-
line. i.v. Atropine = intravenous atropine; i.v. NS = intravenous 0.9% NaCl solution; 0 min = time before intravenous injection (baseline).
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that cholinergic inhibitory mechanisms in the con-
trol of foetal blood pressure at physiological ranges 
are established before birth.

Apart from autonomic pathways in the control of 
cardiovascular changes, humoral mechanisms 
also play an important role in cardiovascular 
regulation via their actions on vascular tension or 
vessel volume.28-30 Among these chemicals, Ang I, 
Ang II, AVP, ACTH, ANP, aldosterone, and PGE 
are crucial factors that can either directly affect 
cardiovascular activity or influence vascular 

Table 2 
Foetal arterial values before and after intravenous infusion 
of atropine or vehicle into the foetus.

Time before and after atropine injection

Value Baseline 5 min 60 min

ACTH (pg/ml) 32.2±7.6 34.6±4.4 35.0±10.2
PGE2 (pg/ml) 43.6±7.5 53.0±2.8 53.8±6.6
ANP (pg/ml) 345.7±15.1 362.8±15.2 319.7±25.0

Key: Values are mean±SEM. ACTH = adrenocortico-
trophic hormone; ANP = atrial natriuretic peptide; PGE2 = 
prostaglandin E.

Table 3 
Maternal arterial values before and after intravenous infusion of atropine or vehicle into the foetus.

 Time before and after atropine injection

Value Group Baseline 5 min 60 min

pH I 7.47±0.01 7.47±0.01 7.48±0.01
 II 7.46±0.01 7.47±0.01 7.48±0.01
PCO2 (mmHg) I 40.80±1.38 39.06±1.48 39.14±0.60
 II 38.09±0.71 39.63±1.65 37.20±0.74
PO2 (mmHg) I 20.02±2.85 20.94±1.05 19.88±1.19
 II 20.15±2.15 19.59±2.20 21.30±2.78
Hb (g/dl)  I  8.60±0.10  8.30±0.24 8.18±0.26
 II  8.63±0.18  8.50±0.17 8.63±0.09
Hct (%) I 27.00±0.45 27.60±0.60 26.8±0.86
 II 27.33±0.33 26.67±0.88 27.30±0.33
Na+ (meq/L) I 136.76±0.78 138.10±1.06 138.10±1.06
 II 139.20±1.28 139.00±1.30 139.17±1.33
K+ (meq/L) I  4.30±0.19 4.27±0.18 4.32±0.18
 II  4.08±0.80 3.86±0.59 3.94±0.75
Osmolality  I 294.00±4.75 318.80±12.33 299.20±4.03
(mosmol/kg) II 290.33±5.61 294.33±10.04 292.00±5.69
Glu (mmol/L) I 1.83±0.38 1.90±0.28 1.90±0.32
 II 1.82±0.19 1.76±0.18 1.78±0.17
Lac (mmol/L) I 1.50±0.06 1.40±0.01 1.40±0.07
 II 1.60±0.10 1.65±0.05 1.55±0.05

Key: Values are mean±SEM. Glu = glucose; Hb = haemoglobin; Hct = haematocrit; I = intravenous infusion of atropine 
(0.033 g/kg); II = intravenous infusion of vehicle (0.9% NaCl); Lac = lactic acid.
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Figure 2
Intravenous atropine increased ovine foetal heart rate at near term. *p<0.05 vs. baseline. i.v. Atropine = intravenous atropine; 
i.v. NS = intravenous 0.9% NaCl solution; 0 min = time before intravenous injection (baseline).
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volume.14,15 In the present study, we measured 
these seven hormones or compounds in the foe-
tal circulation after the treatment with atropine. 
The data showed that foetal plasma Ang II levels 
were decreased, and aldosterone concentrations 
were increased. Although AVP, ACTH, ANP, and 
PGE can also affect cardiovascular responses and 
body fluid balance,14,15 we did not find any 
change in these humoral levels in the foetus after 
administration of atropine.

The renin-angiotensin system (RAS) is important 
in the regulation of blood pressure and in the 
development of some forms of clinical and 

experimental hypertension.31,32 Previous studies 
have shown that an increase of blood pressure 
was related to an increase of plasma Ang II.33,34 
In the present study, we observed a decrease of 
foetal plasma Ang II following administration of 
atropine, in suggestion that formation of Ang II 
in the foetal circulation was down regulated after 
blockade of muscarinic systems. Although many 
factors may affect production of Ang II in the 
body, plasma Ang I levels, which mirror renin 
activity or production of angiotensinogen, were 
not changed in the foetus under the same 
condition. This indicates that the inhibition for 
Ang II production was a subsequent event after 
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The effect of intravenous atropine on plasma AVP and ALD levels in the ovine foetus at near term. *p<0.05 vs. baseline. ALD = 
aldosterone; AVP = arginine vasopressin; 5 min and 60 min = time after intravenous injection.

Figure 3
The effect of intravenous atropine on plasma Ang I and Ang II levels in the ovine foetus at near term. *p<0.05 vs. baseline. 
Ang = angiotensin; 5 min and 60 min = time after intravenous injection.
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formation of Ang I. Angiotensin-converting 
enzyme (ACE) is a key element for turning Ang I 
into Ang II in the RAS in general.35 Previous stud-
ies have demonstrated that ACE release could be 
regulated by cholinergic mechanisms.36 The 
present study is the first in foetal studies to show 
that muscarinic inhibition can down regulate the 
circulating RAS by possible mechanisms in inhib-
iting ACE. Although a down-regulated RAS does 
not support the hypothesis that the increased 
foetal blood pressure in the present study was 
due to the change of plasma Ang II, the finding 
that cholinergic inhibition of the foetal peripheral 
RAS at ACE level in utero is interesting. 
Furthermore, the data from the foetal RAS analy-
sis add supportive information that autonomic 
mechanisms may play a major role in the positive 
cardiovascular response to blockade of choliner-
gic pathways in the foetus.

The mineralocorticoid hormone aldosterone is 
considered to affect cardiovascular functions via 
vascular volume regulation, by its action to retain 
sodium at epithelial tissues.37,38 In the present 
study, foetal plasma aldosterone was significantly 
increased following intravenous administration of 
atropine. Did an increase of foetal plasma aldos-
terone contribute to the increase of blood pressure 
in the present study? We monitored blood haema-
tocrit and haemoglobin concentrations throughout 
the testing periods, and did not find any significant 

change in the circulation, indicating that blood 
volume remained unchanged. Together, the foetal 
cardiovascular response induced by the choliner-
gic blocker was unlikely to be linked to hormonal 
mechanisms investigated in the present study.

What could be the mechanism for intravenous 
atropine-increased foetal aldosterone in the circu-
lation? At the time of testing, we monitored blood 
electrolytes and osmolality levels in both mater-
nal and foetal sheep. There was no change of 
sodium and osmolality in either the mother or 
the foetus following administration of atropine. 
This does not support the possibility that atro-
pine-increased foetal aldosterone might be due to 
osmotic regulatory mechanisms. The renin-angi-
otensin-aldosterone pathway39 is also excluded 
because the change of foetal aldosterone was 
opposite to that of Ang II. Previous studies have 
demonstrated that following intravenous adminis-
tration of a relatively selective M receptor antago-
nist pirenzepine, or a non-selective muscarinic 
antagonist atropine, aldosterone in the circulation 
increased significantly in adults with both regi-
mens.5 In addition, there was evidence of a direct 
cholinergic influence on adrenal zona glomeru-
losa functions.6 Thus, after excluding other major 
possible influences, we suggest that cholinergic 
regulation directly in the adrenal cortex may be 
the reason for cholinergic antagonist-increased 
foetal aldosterone release.

Table 4 
Foetal plasma hormone levels before and after intravenous infusion of atropine into the foetus

 Time before and after atropine injection

Value Group Baseline 5 min 60 min

pH I 7.46±0.01 7.45±0.02 7.47±0.01
 II 7.47±0.01 7.47±0.01 7.47±0.01
PCO2 (mmHg) I 24.35±0.98 24.97±1.67 25.93±1.27
 II 24.01±1.51 25.61±0.23 23.91±1.78
PO2 (mmHg) I 115.65±2.34 117.35±2.23 115.90±2.71
 II 115.38±1.57 113.02±2.70 117.76±6.57
SO2 (%) I 98.51±0.23 98.34±0.36 97.42±0.75
 II 98.43±0.22 99.05±0.45 98.73±0.15
Hb (g/dl)  I 10.18±0.32 10.20±0.40 9.42±0.75
 II 9.97±0.19 10.20±0.20 9.87±0.32
Hct (%) I 29.60±0.81 30.60±1.21 28.40±2.23
 II 28.24±0.59 29.00±1.12 28.67±1.20
Na+ (meq/L) I 143.66±0.45 144.28±0.60 144.46±0.70
 II 144.20±1.07 144.65±1.15 145.03±1.75
K+ (meq/L) I 3.87±0.03 3.80±0.10 3.57±0.28
 II 3.89±0.07 4.05±0.03 3.90±0.13
Osmolality  I 301.20±2.75 302.00±3.79 308.00±2.77
(mosmol/kg) II 301.67±3.18 302.33±1.85 303.00±2.08
Glu (mmol/L) I 4.49±0.08 3.39±0.09 3.06±0.26
 II 4.38±0.19 4.63±0.43 4.45±0.49

Key: Values are mean±SEM. Glu = glucose; Hb = haemoglobin; Hct = haematocrit; I = intravenous infusion of atropine 
(0.033 g/kg); II = intravenous infusion of vehicle (0.9% NaCl).
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Conclusion
In conclusion, the present study demonstrates 
novel information that a normal cholinergic acti-
vation and muscarinic basal tone is important in 
maintenance of foetal blood pressure at basal lev-
els before birth. Inhibition or suppression of M 
receptors in the circulation will lead to an acute 
increase of cardiovascular responses in utero, 
mainly via autonomic pathways. Interestingly, the 
present study also provides new findings that 
muscarinic inhibition in the circulation can sup-
press the peripheral RAS and stimulate adrenal 
zona glomerulosa functions in the foetus in utero. 
Considering many environmental factors such as 
smoking during pregnancy may affect cholinergic 
activation in utero, the findings in the present 
study may be important for both pre-natal devel-
opment and post-natal health.
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