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inhibited by captopril. These results demonstrate the func-
tional development of the fetal brain ACE system in the last 
trimester of gestation, which plays an important role in the 
RAS-mediated dipsogenic response and OT release in the 
regulation of body fluid homeostasis. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 The brain renin-angiotensin system (RAS) plays an 
important role in the regulation of hydromineral balance 
 [1] . In adult animals, a central administration of angio-
tensin (Ang) II has been shown to produce thirst, a reduc-
tion in the salt appetite, and the release of the neurohy-
pophysial hormones vasopressin (VP) and oxytocin (OT) 
 [2–4] . However, the development of a functional RAS sys-
tem in the fetal brain, especially the brain endogenous 
RAS in utero remains unclear. For example, the physio-
logical function of the angiotensin-converting enzyme 
(ACE) in the fetal brain is unknown, but it is known to 
exist in the fetal brain  [5–7] . In the ovine fetus, stimu-
lated swallowing has been demonstrated in response to 
dipsogenic challenges  [8] . However, fetuses swallow the 
amniotic fluids in utero that contain water, electrolytes, 
and other materials. It is technically difficult to distin-
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 Abstract 

 The brain renin-angiotensin system (RAS) plays an important 
role in hydromineral and neuroendocrine balance. Although 
previous studies showed that exogenous angiotensin (Ang) 
II increased dipsogenic and vasopressin responses in near-
term fetuses, little is known about the functional develop-
ment of fetal endogenous brain RAS in the regulation of 
body fluid homeostasis. To determine the functional devel-
opment of the central angiotensin-converting enzyme (ACE) 
in utero, we investigated the electrocortical (ECoG) activity, 
swallowing activity, oxytocin (OT) release, and c-fos expres-
sion in response to intracerebroventricular Ang I administra-
tion in the near-term fetal lamb. Ang I did not change fetal 
low-voltage (LV) and high-voltage (HV) ECoG temporal dis-
tributions, but increased fetal swallowing activity during LV 
ECoG (1.0  8  0.1 to 3.5  8  0.4 swallows/min). Additionally, Ang 
I evoked an increase in c-fos-immunoreactivity in putative 
dipsogenic centers, including the supraoptic and paraven-
tricular nuclei of the hypothalamus, accompanied by an in-
crease in fetal plasma OT levels. The expression of c-fos was 
demonstrated in OT neurons in the hypothalamus. The Ang 
I-mediated increase in fetal swallowing and plasma OT was 
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guish salt intake from water intake in the fetus. OT is an 
important hormone in the regulation of salt appetite  [9, 
10] , and previous studies demonstrated that the central 
Ang II treatment not only stimulated OT release but also 
activated central OT pathways that were inhibitory to salt 
appetite, thus limiting the consumption of saline  [11] . 
Our recent work has demonstrated that central Ang II 
increases VP release and the neural activity in the VP 
neurons in the fetal hypothalamus  [12, 13] , indicating 
that the central RAS-mediated fetal neuropeptide net-
work is functional. Unlike VP, which acts to regulate vas-
cular and renal function, OT has unique central func-
tions to regulate salt intake beside its peripheral func-
tions. Because it is difficult to study fetal salt appetite by 
measuring swallowing behavior alone, we have modified 
the experimental strategy and focused on the control cen-
ter in the brain and measurement of OT release, and the 
function of OT cells in addition to detecting fetal behav-
ioral responses.

  Accordingly, the present study was designed to deter-
mine the functional responses of fetal brain ACE in rela-
tion to swallowing and OT release   in utero.   We hypoth-
esized that the endogenous ACE in the fetal brain is func-
tionally developed by the third trimester of gestation, and 
it is able to convert exogenous Ang I into Ang II and to 
induce Ang-II-like dipsogenic responses and Ang-II-
stimulated OT release in the near-term fetal lamb.

  Animals and Methods 

  Animals and Surgical Preparation 
  Fifteen time-dated pregnant ewes (gestational age 125  8  5 

days, term  � 145 days, singleton) were used. Animals were housed 
indoors in individual cages and acclimated to a 12:   12-hour light-
dark cycle. Both food and water were provided ad libitum. All pro-
tocols in this study were approved by the institutional animal care 
committee. Anesthesia was induced by an intramuscular injection 
of ketamine hydrochloride (20 mg/kg) and atropine sulfate (50 
 � g/kg) and was maintained by maternal endotracheal ventilation 
with 1 l/min oxygen and 3% isoflurane. Polyethylene catheters 
(ID = 1.8 mm, OD = 2.3 mm) were inserted into the maternal 
femoral vein and artery and advanced into the inferior vena cava 
and abdominal aorta, respectively. The uterus was exposed by a 
midline abdominal incision, and a small hysterotomy was per-
formed to provide access to fetal hind limbs. Polyethylene cathe-
ters (ID = 1.0 mm, OD = 1.8 mm) were inserted into the fetal fem-
oral vein and artery. Bipolar electromyography (EMG) electrodes 
were placed on the fetal thyrohyoid muscle and upper and lower 
esophagus to determine the swallowing activity, as previously re-
ported  [14, 15] . Electrodes were also implanted on the parietal dura 
through two burr holes for the determination of the fetal electro-
cortical (ECoG) activity. An intracranial cannula (18 gauge) was 
placed in the lateral ventricle and immobilized with dental cement 

with the assistance of two stainless steel screws affixed in the fetal 
skull. The coordinates for the cannula placement were: anterior-
posterior: +0.1 cm in the front of bregma; medial-lateral: 0.8 cm 
from the middle line, and ventral: 1.8 cm below the dura. Patency 
of the catheter at insertion was assessed by free flow of cerebrospi-
nal fluid via gravity drainage. The uterine incisions were closed in 
layers. All catheters were passed through a subcutaneous tunnel 
and exteriorized through a small incision on the ewe’s flank and 
placed in a cloth pouch. Four to 5 days of postoperative recovery 
were allowed before the experiments commenced. Antibiotics 
were administered by daily intravenous injection to the ewe (70 mg 
gentamicin and 1 g oxacillin) and to the fetus (5 mg gentamicin 
and 30 mg oxacillin) for 3–4 days postsurgically.

  Behavioral and Physiological Experiments 
 All experiments were performed on conscious animals stand-

ing in their holding cages, with food and water provided ad libi-
tum. Studies began with a basal period (–60 to 0 min) followed by 
an experimental period (0 to 120 min) in three groups (n = 5/
group). In group 1, beginning at time 0, 1 ml of isotonic saline 
(vehicle) was intracerebroventricularly (i.c.v.) injected into the fe-
tus over 5 min. In group 2, Ang I (5  � g/kg; Sigma) in 1 ml of iso-
tonic saline was injected. In group 3, at –10 min, a bolus of capto-
pril (1.25 mg/kg) was i.c.v. injected, and at 0 min, another bolus 
of captopril (1.25 mg/kg) with Ang I (5  � g/kg) was injected. The 
doses of Ang I and captopril were chosen based on the previous 
reports  [16]  and our preliminary studies. Throughout the study, 
fetal swallowing and ECoG were measured continuously using a 
PowerLab Physiological Record with Chart 5 software (AD In-
struments, Australia).

  Endocrine Experiments 
 Throughout the basal and experimental periods, maternal and 

fetal arterial blood was withdrawn at timed intervals for the mea-
surement of pH, blood gases, hematocrit, plasma electrolyte com-
position, osmolality, and OT concentrations. Fetal blood samples 
were replaced with an equivalent volume of heparinized maternal 
blood withdrawn before the study. Blood PO 2 , PCO 2 , and pH were 
measured with a Nova analyzer (Model pHOx Plus L; Nova Bio-
chemical, Waltham, Mass., USA) adjusted to the internal tem-
perature of the sheep (39   °   C). Plasma osmolality was measured by 
freezing-point depression on an Advanced Digimatic Osmome-
ter. Plasma OT levels were analyzed by radioimmunoassay follow-
ing Sep-Pak C18 cartridge (Waters Associates, Milford, Mass., 
USA) extraction. Samples for OT extraction were acidified with 
1  N  HCl and were added slowly to the columns, which were then 
washed with 0.1% trifluoroacetic acid. The absorbed OT was elut-
ed with 50% methanol and 0.1% TFA, and the eluates were dried 
in a Speed-Vac concentrator. The assay sensitivity was 1.6 pg/tube 
for and the intra- and inter-assay coefficients of variations were 8 
and 12%, respectively. OT recoveries averaged 70%. All plasma 
samples were processed together.

  Immunostaining Experiments 
 At the conclusion of the experiment, ewes were anesthetized 

under ketamine anesthesia (20 mg/kg i.m.) and ventilated with a 
mixture of isofluorane and oxygen (both the mother and fetus were 
under the condition of anaesthesia). A midline abdominal incision 
was made, and the fetal head and neck were exposed. A 16-gauge 
needle was inserted into one fetal carotid artery for perfusion. The 
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fetuses were perfused via the carotid artery with 0.01  M  phosphate-
buffered saline followed by 4% paraformaldehyde (PFA) in 0.1  M  
phosphate buffer. Immediately after perfusion, the fetal brain was 
removed and collected for histological studies. Postfixation was 
performed in paraformaldehyde solution for 12–24 h, after which 
the brains were placed in 20% sucrose in 0.01  M  phosphate over-
night. Coronal sections (20  � m) of fetal brains were cut on a cryo-
stat and every second section of the median preoptic nucleus 
(MnPO), organum vasculosum of the lamina terminalis (OVLT), 
subfornical organ (SFO), supraoptic nucleus (SON), and paraven-
tricular nucleus (PVN) was used for c-fos immunoreactivity (Fos-
ir) staining using the avidin-biotin-peroxidase technique. The tis-
sue sections were incubated on a gentle shaker overnight at 4   °   C in 
the Fos primary antibody (1:   10,000; Santa Cruz Biotech, Santa 
Cruz, Calif., USA) raised in rabbit. The sections were then incu-
bated in a goat anti-rabbit serum (1:   1,000) for 1 h and then pro-
cessed using the Vectastain ABC kit (Vector Laboratories, Burlin-
game, Calif., USA) for 1 h at room temperature. The sections were 
then treated with 1 mg/ml diaminobenzidine tetrahydrochloride 
(0.02% hydrogen peroxide). All sections were mounted on slides, 
dehydrated in alcohol, and then coverslipped.

  Fos-ir and OT-immunoreactivity (OT-ir) double labelling 
(Fos-ir labelling in the nucleus and OT-ir labelling in the cyto-
plasm). Fos-ir and OT-ir double labeling was performed on tissue 
sections from the SON and PVN. Vectastain ABC kit was used for 
immunostaining with OT antibody (1:   5,000; Diasorin, Stillwater, 
Minn., USA). The sections were incubated with the OT primary 
antibody overnight, and then anti-rabbit antibody- (1:   200; Vector 
Laboratories) conjugated fluorescein-isothiocyanate was applied. 
All stained sections were mounted on slides, dehydrated in alco-
hol, and then coverslipped. The sections were observed with a 
darkfield microscope with a filter for fluorescein-isothiocyanate 
excitation for incident light fluorescence.

  Data Analysis 
 All signals were analyzed by computer analysis of waveforms 

using a PowerLab system with Chart 5 software (AD Instruments, 
Australia). An EMG-propagated swallow, representing a coordi-
nated laryngeal-esophageal contraction, was defined by a time 
sequence of integrated EMG signals from the thyrohyoid muscle 
to the upper and lower nuchal esophagus  [17] . Fetal ECoG activ-
ity was assessed by visual analysis and was divided into periods of 
low voltage (LV) and high voltage (HV). Periods of ECoG activity 
that did not belong to either LV or HV activity were considered to 
be intermediate ECoG ( ! 5% of total ECoG). Intermediate ECoG 
constituted less than 5% of the total ECoG activity and data from 
these periods were not analyzed. Total swallowing activity was 
calculated as defined above and expressed as swallows/min. The 
percentage of swallows associated with each ECoG state was then 
calculated. The number of Fos-ir positive cells in the brain was 
evaluated in a quantitative and blinded manner under Nikon flu-
orescent microscopy. Every other section was observed and the 
number of labelled cells was counted. SPSS software was used for 
statistical analysis. 

 All data are expressed as means  8  SEM. A repeated measures 
ANOVA was used to determine differences over time and effects 
of the treatments. Comparison before and after the treatments 
was determined with one-way ANOVA followed by the Tukey 
post hoc test. A p value of  ! 0.05 or 0.01 was the probability level 
used to define statistical significance.

  Results 

 Blood Values 
 Histological analysis confirmed that all cannulae were 

inserted into the fetal lateral ventricle. I.c.v. injection of 
vehicle, Ang I, or captopril with Ang I had no effect on 
plasma osmolality, Na+, K+, Cl– concentrations, arterial 
blood pH, PO 2 , PCO 2 , hemoglobin, and hematocrit in ei-
ther the mother or the fetus (all p  1  0.05). All arterial val-
ues were within normal ranges and were similar in con-
trol (i.c.v. injection of vehicle) and experimental groups 
(i.c.v. injection of Ang I or captopril + Ang I). 

  ECoG Activity and Swallowing Activity 
 There was no difference in the temporal distribution 

of the LV and HV states during the basal period in the 
animals of all the three groups, i.e. i.c.v. vehicle, Ang I, 
and captopril with Ang I. No difference in percentage of 
time spent in LV and HV ECoG was observed before and 
after i.c.v. injection of vehicle, Ang I ( fig. 1 ), or captopril 
with Ang I. During the basal period in the control and 
experimental fetal groups, normal swallowing rates 
were observed during LV and HV ECoG. The majority 
of fetal swallowing activity occurred during LV ECoG 
periods. In the control animals, fetal swallowing did not 
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  Fig. 1.  A 60-min tracing depicting fetal LV and HV ECoG ( A ). 
Percentage time of fetal ECoG before and after i.c.v. Ang I ( B ). 
Scale bar = 5 min. Ang I, 5  � g/kg. The dotted arrow shows HV 
period, and the solid arrow shows LV period. The open arrow in-
dicates the time for i.c.v. injection of Ang I. 



 Ang I Increases Swallowing Activity and 
OT Release 

Neuroendocrinology 2012;95:248–256 251

change from basal rates of 1.0  8  0.1 swallows/min dur-
ing LV ECoG and after i.c.v. vehicle injection ( fig. 2 A). 
However, after i.c.v. Ang I injection, the fetal swallowing 
during LV ECoG was increased to 3.5  8  0.4 swallows/
min in the hour following administration (p  !  0.05; 
 fig.  2 B). When captopril was administered centrally 
with Ang I, this did not change fetal swallowing during 
LV ECoG ( fig. 2 C).  Figure 2 D summarizes the fetal swal-
lowing activity during LV ( fig. 2 Da) and HV ( fig. 2 Db) 
ECoG, before and after i.c.v. injection in three groups. 
As shown in  figure 2 Db, the fetal swallowing activity 
during HV ECoG was not altered in either control or the 
experimental animals. 

  Plasma OT Levels 
 I.c.v. injection of vehicle, Ang I, or captopril with Ang 

I had no effect on plasma OT levels in maternal plasma 
( fig. 3 ), but fetal plasma OT concentrations were signifi-
cantly (p  !  0.01) higher in the i.c.v. Ang I-injected fetus-
es than in control fetuses. I.c.v. Ang I increased (p  !  0.01) 
fetal plasma OT levels. The peak level of plasma OT in 
fetuses was observed 15 min after i.c.v. injection of Ang 

I, after which plasma OT levels declined. At 60 min after 
injection, the fetal plasma OT levels were still higher 
than the basal levels. In the animals treated with capto-
pril and Ang I, there was a significant (p  !  0.01) inhibi-
tion of the Ang I-induced increase of fetal plasma OT 
concentrations. The fetal plasma OT levels in the capto-
pril-treated group were similar to those of the control 
group.

  Fos-ir Staining 
 In the control fetuses following injection with i.c.v. ve-

hicle, there was no Fos-ir in the fetal forebrain structures, 
which included the SFO, MnPO, OVLT, SON, and PVN. 
However, i.c.v. injection of Ang I produced intense Fos-ir 
in these areas ( fig. 4 ). There was a significant (p  !  0.01) 
difference in Fos-ir in the SFO, MnPO, OVLT, SON, and 
PVN between the i.c.v. vehicle- and the i.c.v. Ang I-inject-
ed fetuses. Ang I-induced Fos-ir in the PVN was detected 
in both magnocellular and parvocellular regions. In the 
captopril I-treated group, the number of Fos-ir cells in the 
SFO, MnPO, OVLT, SON, and PVN was the same as that 
in the controls.
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  Fig. 2.  A 60-second tracing depicting fetal 
swallowing activity after i.c.v. vehicle ( A ), 
Ang I ( B ) or captopril with Ang I ( C ) dur-
ing LV ECoG. The first, second and third 
panel in  A ,  B  and  C  represent the ECoG of 
thyrohyoid muscle, nuchal esophagus, and 
thoracic esophagus, respectively.  D  Fetal 
swallowing activity during LV ECoG ( a ) 
and HV ECoG ( b ) before and after i.c.v. in-
jection of vehicle, Ang I or captopril with 
Ang I. 0 min represents the time of i.c.v. 
injection.  *   p  !  0.01 compared with the 
basal level. Ang I, 5  � g/kg; captopril, 2.5 
mg/kg. Scale bar = 8 s. 
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  Fos-ir and OT-ir Double Labelling 
 As shown in  figure 5 , OT-ir cells were located in the 

PVN and SON of the fetal hypothalamus. There was no 
Fos-ir in OT-containing cells in the brains of the control 
fetuses, but there was co-localization of Fos-ir in OT neu-
rons in the PVN and SON of fetuses treated with Ang I 
( fig. 6 ). There was no difference in the total number of 
OT-ir cells in the PVN and SON of control and treated 
fetuses. Double labelling of Fos-ir and OT-ir in the PVN 
and SON was significantly (p  !  0.01) higher in the Ang 
I-treated fetuses than in the control animals, with ap-
proximately 38 and 35% of the OT neurons being labelled 
in the PVN and SON, respectively. In addition, double 
labelling of Fos-ir in the SON and PVN was significantly 
(p  !  0.01) higher in the Ang I-treated fetuses than in the 
captopril-treated fetuses.

  Discussion 

 This study demonstrates that i.c.v. Ang I produces Ang 
II-like dipsogenic and neuroendocrinological responses 
in the near-term ovine fetus in utero. I.c.v. injection of 
Ang I increased fetal swallowing activity occurring in LV 
ECoG without changing the temporal distribution of LV 
and HV ECoG. The neural activity labelled with Fos-ir in 
the putative salt appetite center, including the OVLT in 
the forebrain and the PVN in the hypothalamus, was en-
hanced. In addition, double labelling revealed that the 
central Ang I administration stimulated c-fos expression 

in the fetal OT neurons located in the PVN and SON in 
association with an increased fetal plasma OT. Further-
more, captopril, an inhibitor of ACE, significantly sup-
pressed central Ang I-increased fetal swallowing and 
plasma OT. Together, the results demonstrate that ACE 
pathways in the fetal brain RAS are functional in the 
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  Fig. 3.  The effect of fetal i.c.v. injection of vehicle, Ang I, or captopril with Ang I on fetal and maternal plasma 
OT concentrations. 0 min represents the time of i.c.v. injection.                    *  p  !  0.01 compared with the basal level.   
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third trimester of gestation, and exogenous Ang I may be 
converted into Ang II via endogenous ACE in the fetal 
brain to exert the dipsogenic and neuroendocrinological 
responses by acting at the sites consistent with the salt ap-
petite neural network.

  Ang II is a powerful signal for thirst and sodium ap-
petite. When it is injected directly into the brain, Ang II 
causes an immediate water intake followed by a slower 
increase of NaCl intake  [3] . Accumulating evidence shows 
that all components of RAS (including angiotensinogen, 

renin, ACE, AT 1 and AT 2 receptors) are expressed in the 
fetus in early gestation  [6, 18, 19] . ACE is a key enzyme, 
and its mRNA and protein immunoreactivity have been 
detected in the fetal brain in both animals and humans 
 [5–7] . However, whether and when the brain ACE in the 
fetus is functional during the fetal development remains 
largely unknown. The present study is the first to show 
the function of ACE in regulating body fluid homeostasis 
in ovine fetuses.
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  Fig. 5.  OT-ir (+) cells in PVN and SON. 
Low-power fields of the PVN and SON. 
The white dots show the OT-ir (+) cells in 
the PVN ( A ) and SON ( B ). 3V = Third ven-
tricle. Scale bar = 200                    � m. 
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  Fig. 6.  Fos-ir and OT-ir in the PVN and SON following i.c.v. Ang 
I or captopril + Ang I injection.  A–C : PVN.  D–F : SON.  A  and  D : 
i.c.v. vehicle.  B  and  E : i.c.v. Ang I.  C  and  F : i.c.v. captopril + Ang I. 
Solid white arrows indicate co-localization of Fos-ir and OT-ir. 

Dashed white arrows indicate OT-ir positive cells without Fos-ir. 
Solid white arrows with black frame indicate positive Fos-ir out-
side of OT-ir-containing cells. Scale bar = 50        � m. 
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  Swallowing is an intrinsic fetal behavior, which devel-
ops in utero and contributes to fetal body fluid homeo-
stasis. In ovine fetus, the swallowing response to dipso-
genic signals is intact and functional at near-term (0.85 
gestation)  [8] . For instance, i.c.v. injection of Ang II en-
hanced fetal swallowing activity in near-term sheep fe-
tuses  [20] . This indicates that the fetal RAS has developed 
and is able to react to exogenous Ang II at near term. Fe-
tal swallowing activity occurs in association with the 
ECoG activity, and alterations in fetal ECoG activity may 
affect fetal swallowing  [21] . Because fetal swallowing oc-
curs predominantly during LV ECoG periods  [22] , chang-
es of the relative duration of LV periods may influence the 
swallowing rate.

  In the present study, we observed that the percentage 
time of LV and HV ECoG did not change significantly 
following i.c.v. Ang I injection. The lack of change in fetal 
ECoG activity suggests a specific effect of central Ang I 
on the fetal swallowing behavior. Fetal swallows per min-
ute of LV ECoG activity increased about 3.5-fold com-
pared with the basal level after i.c.v. Ang I injection. This 
enhancement was similar to that evoked by i.c.v. exoge-
nous Ang II as reported before  [15, 20] . Since Ang II is the 
main biological effector of RAS, and inactive Ang I must 
be converted to the active peptide to exert physiological 
effects, we hypothesized that the Ang II-like dipsogenic 
response following i.c.v. Ang I resulted from the produc-
tion of Ang II in the local brain. To confirm this, phar-
macological inhibition of the brain ACE was applied. A 
potent inhibitor of ACE, captopril  [23] , prevented the 
cleavage of the C-terminal His-Leu dipeptide from Ang I 
and blocked the formation of Ang II. The complete block-
ade of central Ang I-induced fetal swallowing activity by 
captopril strongly supports our hypothesis, indicating 
that ACE is functional in the body fluid regulation in the 
near-term fetal lamb.

  Fetal swallowing may be regulated by multiple factors, 
including dipsogenic stimulation, appetite, hypertonici-
ty, and behavioral status  [14, 22, 24, 25] . In the present 
study, the fetal physiological status remained stable as 
arterial values (particularly plasma osmolality and Na+ 
concentrations) did not change following i.c.v. injection 
of Ang I, thereby excluding the possibility of contribution 
of systemic sodium/osmolality to the stimulated swal-
lowing activity. The lack of change in arterial PO 2  and 
PCO 2  also excludes the possibility of hypoxia that might 
stimulate fetal swallowing as previously reported  [26] . In 
addition to hypertonicity and hypoxia, hypovolemia and 
hypotension may also facilitate drinking behavior  [27] . 
Our recent studies  [28]  showed that fetal mean arterial 

pressure was increased by i.c.v. Ang I. However, fetal 
swallowing after central application of Ang I was signifi-
cantly increased without hypovolemia and hypotension. 
It is known that Ang II stimulates critical dipsogenic ar-
eas to elicit swallowing in the near-term fetuses. c-fos ex-
pression has been well described as a marker of the neu-
ronal activation  [29] .

  Mapping of c-fos allows the identification of individu-
ally active neurons in response to Ang I. The SFO and 
AV3V including MnPO and OVLT are demonstrated to 
be essential areas for thirst and sodium appetite, making 
extensive connections with the PVN in the hypothala-
mus  [30–32] . In adults, these regions are richly distrib-
uted with AT 1 R that responds to the dipsogenic action 
of Ang II. AT 1 R has appeared in the major structures 
related to central cardiovascular and body fluid control-
ling pathways at the 0.7 of the gestational age  [33] . In the 
present study, c-fos after i.c.v. Ang I was detected in the 
SFO, MnPO, and OVLT in the forebrain, and the PVN 
and SON in the hypothalamus. Captopril significantly 
inhibited Ang I-induced c-fos expression, suggesting that 
the neuronal activation was mediated by the pathway 
from Ang I to Ang II via ACE. The results reinforce our 
hypothesis that fetal brain endogenous ACE is function-
al, and it is able to convert exogenous Ang I into Ang II 
in dipsogenic regulation in the last third of gestation. In 
the present study, the patterns of c-fos expression after 
i.c.v. Ang I were generally consistent with those after i.c.v. 
Ang II application  [15] . The activated regions included 
the SFO, MnPO, and OVLT in the forebrain, as well as the 
PVN and SON in the hypothalamus. Captopril signifi-
cantly inhibited the c-fos expression induced by Ang I, 
suggesting that the neuronal activation was via Ang II 
(converted from Ang I by ACE) binding on AT 1 R. As-
sociated with the stimulated swallowing activity by i.c.v. 
Ang I administration, the c-fos results reinforce our hy-
pothesis that fetal brain endogenous ACE is functional 
and it can convert the exogenous Ang I to Ang II which 
acts on the critical dipsogenic areas to elicit dipsogenic 
behavior during the last third of gestation. In addition to 
the dipsogenic responses, central administration of Ang 
II may also induce the release of neurohypophysial hor-
mones including VP and OT in adult animals in main-
taining body fluid homeostasis  [3] . As mentioned above, 
thirst responses after birth can be defined as water intake 
and salt intake in the regulation of body fluids. In acute 
thirst responses, Ang II causes a delayed and persistent 
increase in sodium appetite in adults. However, in fetal 
studies, it is technically difficult to distinguish salt intake 
from water intake in fetal swallowing. Despite this, both 
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previous studies and our recent studies have shown that 
central Ang II increases VP release and the neural activ-
ity in the VP neurons in the fetal hypothalamus  [12, 13] , 
indicating that the central RAS-mediated neuropeptide 
network in the fetus is functional. Considering OT as a 
critical hormone involved in salt appetite and as a salt 
appetite-related biochemical signal in the brain, we fo-
cused on the hypothalamic OT system following i.c.v. 
Ang I stimulation in addition to detecting fetal behav-
ioral responses.

  It is now well established that OT plays an inhibitory 
role in regulating sodium appetite  [3] . Central adminis-
tration of OT decreases salt intake  [9, 10] . Studies in OT 
knock-out mice have shown that OT –/–  mice display an 
enhanced salt appetite compared with OT +/+  mice after 
water deprivation  [34, 35] , supporting the belief that OT 
has an inhibitory effect on sodium appetite. Moreover, 
central Ang II treatment not only stimulated OT release, 
but also activated central OT pathways that are inhibi-
tory to salt appetite. Pretreatment of the animals with an 
OT receptor blocker increases the salt appetite in re-
sponse to central administration of Ang II  [11] . In the 
present study, although we cannot be certain that salt ap-
petite changes in the fetus, the i.c.v. injection of Ang I 
caused an increase in fetal plasma OT concentrations. 
The fetal plasma OT increased by about 3.5 times the bas-
al level and reached the maximum within 15 min. The 
lack of change of the maternal plasma OT suggests that 
the increased fetal plasma OT is due to release from the 
fetal neurohypophysis in response to central Ang I and 
that the fetal OT does not pass the placental barrier to the 
maternal side. Although OT release may be induced by 
increases in osmolality and by hypovolemia  [9] , as men-
tioned above, the physiological status of the fetuses re-
mained stable, which excludes such possibilities.

  We propose that the increase in fetal plasma OT is due 
to the activation of OT neurons. OT is known to be syn-
thesized and released from the magnocellular neurons 
defined as OT-producing cells, located in the PVN and 
SON (predominantly PVN) in the hypothalamus  [3] . Our 
Fos immunostaining experiments revealed that there 
was intense Fos labelling in the cells of the fetal SON 
and PVN following i.c.v. Ang I. Double labelling showed 
the co-localization of Fos-ir and OT-ir in the fetal hypo-
thalamus, demonstrating that the OT neurons were acti-
vated following Ang I injection.

  Collectively, these data are consistent with our work-
ing hypothesis that endogenous brain ACE has function-
ally developed in the fetus in the third trimester of gesta-
tion in regulating body fluid homeostasis in utero. Given 
that drinking behavior and thirst responses play an im-
portant role in body fluid balance, and that they may be 
affected by adverse intrauterine environment during 
pregnancy, the novel information gained in the present 
study not only contributes to understanding of the nor-
mal neurophysiologic development in the fetal brain, but 
also provides insights in fetal programming of the RAS-
mediated abnormalities of body fluid regulation.
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