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Summary

The hypothalamic supraoptic and paraventricular nuclei consist of
oxytocin and arginine vasopressin synthesizing neurons that send
projections to the neurohypophysis. A growing body of evidence
in adult animals and young animals at near term confirmed the
structure and function in the vasopressinergic and oxytocinergic
network. However, whether those distinctive neural networks are
formed before near term is largely unknown. This study
determined the special patterns in location and distribution of
oxytocin- and vasopressin-neurons in the paraventricular and
supraoptic nuclei from preterm to term in the ovine fetuses. The
results showed that oxytocin- and vasopressin-neurons were
present in both nuclei at the three gestational time periods
(preterm, near term, and term). In the paraventricular nuclei,
vasopressin-cells concentrated mainly in the core of the middle
magnocellular paraventricular nuclei, and oxytocin-cells were
scattered surrounding the core. In the supraoptic nuclei,
vasopressin-cells mostly located in the ventral part, and oxytocin-
cells in the dorsal part. The data demonstrated that the special
distributed patterns of vasopressin- and oxytocin-neuron network
have formed in those two nuclei at least from preterm.
Intracerebroventricular injection of angiotensin II significantly
increased fetal plasma oxytocin and vasopressin levels at
preterm, which was associated with an increase of oxytocin- and
vasopressin-neuron activity marked with c-fos expression. The
data provided new evidence for the structural and functional
development of the oxytocin- and vasopressin-network before
birth.
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Introduction

The hypothalamus functions critically in a
number of important physiological processes in the body,
body fluid
homeostasis, stress responses, thermoregulation, appetite

including  cardiovascular  regulation,
regulation, sexual behavior, and immune responses.
Organizations of cellular networks in the brain can be
determined by distinctive patterns of cell groups during
development (Altman and Bayer 1986, Diepen 1962,
Gilbert 1935, Keyser 1979, 1983, Kiihlenbeck and
Haymaker 1949). Arginine vasopressin (AVP) and
oxytocin (OXT) are mainly synthesized in the
magnocellular cells of the hypothalamic supraoptic and
paraventricular nuclei (SON and PVN) whose axons
project to the posterior pituitary (Brownstein ez al. 1980).
stimulation such as hemorrhage,
(Ang 1D

administration, these neurohypophysial hormones are

Upon appropriate

dehydration, central angiotensin  II
released into blood stream to act on peripheral effectors
(i.e., uterus, mammary myoepithelium, blood vessels, and

kidney tubules etc.) (Acher and Chauvet 1995).
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It is not strange that appearance of certain
physiological processes or brain functions is only
accompanied with formation of special neuron networks
in the brain. When would AVP or OXT neural networks
in the hypothalamus form an adult pattern in anatomy
during developmental periods is an interesting question.
To answer such questions has become particularly
important due to recently accumulated evidence for the
hypothesis of adult diseases in developmental origins
(Barker 1995, Godfrey and Barker 2001, Kanaka-
Gantenbein 2010).

Previous studies on rats have shown that AVP
and OT receptors could be detected in the brain in
embryonic day 12 (E12), and E14, respectively (Tribollet
et al. 1989, 1991). Hoffman et al. also showed the
immunocytochemical localization of OXT and AVP in
the fetal sheep at near term and term (Hoffman et al.
1989). However, it is not clear about the distribution and
functional capability of OXT-neurons at earlier
gestational age. The present study was designed to
determine the anatomical distribution of AVP- and OXT-
containing neurons in the SON and PVN from preterm to
term in ovine fetuses, and to determine the
responsiveness of these neurons in the fetal SON and

PVN to central stimulation of Ang II.
Methods

Altogether
(singleton) were used in the study. Among all the fetuses,

nineteen-dated  pregnant ewes
nine (preterm, near term, term, each n=3) were used for
the study of distribution patterns of AVP- and OXT-
neurons in the hypothalamus. The gestational age was
108+£3 days (preterm), 130+£2 days (near term), and
1452 days AVP (OXT)-
fluorescence immunostaining was carried out on these

(term), respectively.
nine fetal brains. Another ten fetuses (preterm, 10943
days gestation) were used for functional experiments of
the AVP- and OXT-neurons. These ten fetal brains were
used for double staining of FOS- and AVP (OXT)-
immunoreactivity (ir). All protocols in this study had
been approved by the institutional animal care committee.

Tissue collection

The ewes were anesthetized under ketamine
anesthesia (20 mg/kg im) and ventilated with a mixture
of isofluorane and oxygen. A midline abdominal
incision was made, and the fetal head and neck were
exposed. A 16-gauge needle was inserted into one side

of the fetal carotid artery for perfusion. The fetus was
perfused immediately following moving out of the utero
via the carotid artery with 0.01 M phosphate-buffered
saline (PBS) followed by 4 % paraformaldehyde (PFA)
in 0.1 M phosphate buffer under anesthesia. The
perfusion period was ~5-7 min, and the perfusion
volume of fixative was about 400-500 ml. The fetus was
decapitated during perfusion. The brain was removed
immediately following perfusion. Postfixation was
performed in the same PFA solution for 12 h, after
which the brain was placed in 20 % sucrose in 0.01 M
ewes were sacrificed

phosphate overnight. The

immediately following tissue collection.
Immunostaining experiments

AVP-/OXT-ir

As mentioned above, nine fetuses (preterm, near
term, term, each n=3) were used for the study of
distribution patterns of AVP- and OXT-neurons in the
hypothalamus. Therefore, AVP (OXT) -fluorescence
immunostaining was carried out on these fetal brains.
Twenty-micrometer coronal sections of fetal brain were
cut on a cryostat. PBS was used to store tissue sections.
Every other section of the SON and PVN in the
hypothalamus was used for examining the organization of
AVP-  and
cytochemical staining was performed as reported before
(Xu et al. 2001). Briefly, tissues were incubated with 1 %
H,0, for 30 min at room temperature with gentle

OXT-containing  neurons. Immuno-

agitation to block endogenous peroxidase activity. After
blocking with 2% goat serum, the sections were
incubated with the AVP or OXT antibody (1:5000,
Diasorin, USA) overnight, and then anti-rabbit antibody
(1:200, USA)
fluorescein-isothiocyanate was applied. All sections were

Vector  Laboratories, conjugated
mounted on slides, and then cover slipped. In this study,
PVN and SON in the hypothalamus were evaluated from
the same animal. All sliced and stained sections were
analyzed. The sections were observed with a darkfield
microscope with a filter for fluorescein-isothiocyanate
excitation for incident light fluorescence. AVP- or OXT-
ir staining was examined under Nikon Eclipse TE2000-U
fluorescent microscopy.

FOS-ir and AVP(OXT)-ir double staining

At the end of the functional study (see next
section), the fetal brains were removed and prepared
immediately following the perfusion. Every other section
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of the SON and PVN in the hypothalamus was used for
c-fos immunoreactivity (FOS-ir) staining. The tissue
sections were incubated on a gentle shaker overnight at
4°C in the primary antibody (1:15,000, Santa Cruz
Biotechnology, Santa Cruz, CA). The FOS primary
antibody was raised from mouse. The sections were
further incubated in anti-mouse serum (1:400) for 1 h and
then revealed using fluorescein (Vector Laboratories).
Immediately following FOS immunostaining, tissue
sections for double immunostaining were incubated in the
AVP or OXT antibody. Anti-rabbit antibody conjugated
with a red fluorescent molecule was applied. The
hypothalamic sections were also used for the control
experiment in immunostaining. In which, all procedures
were the same as described above, only the primary
antibodies were not used. The results confirmed
specificity of the antibodies used was the same as that of

previously reported.
Functional study of AVP- and OXT-neurons

Surgical preparations

In order to investigate the development of
functional capability in release of the hormones of AVP-
and OXT-neurons in response to central Ang II
administration, ten time-dated pregnant ewes (109+3 days
gestation) were used. Under the anesthesia, a midline
abdominal incision was made to expose the uterus. In
both the ewe and fetus, polyethylene catheters were
placed in the maternal (inner diameter: 1.8 mm; outer
diameter: 2.3 mm) and fetal (inner diameter: 1.0 mm;
outer diameter: 1.8 mm) femoral vein and artery, and then
were respectively threaded to the inferior vena cava and
abdominal aorta. Intracranial cannula (18 gauge) was
placed in the lateral ventricle and latency of the catheter
at insertion was assessed by free flow of cerebral spinal
fluid via gravity drainage (Shi et al. 2008). The fetus was
then returned to the uterus, the hysterotomy was closed
and all catheters were externalized to the maternal flank
and placed in a cloth pouch. After surgery, pregnant ewes
were returned to individual pens and allowed free access
to food and water. Animals recovered for 4~5 days after
surgery. Twice daily during the initial 2 days of recovery,
antibiotics were administered intravenously daily to the
ewe (70 mg gentamicin and 1 g oxacillin) and to the fetus
(5 mg gentamicin and 30 mg oxacillin).

Physiological testing
The experiments were performed on conscious,

chronically instrumented fetal sheep, which were
assigned into two groups randomly, control group (n=5)
and experimental group (n=5). Studies lasted for 3 hours
which included 1 h-baseline period (—60 to 0 minutes)
and 2 h-experimental period (0 to 120 minutes).
Beginning at time 0, Ang II (1.5 pg/kg, Sigma) in 0.9 %
NaCl (1 ml) was injected intracerebroventricularly into
the fetus over 5 minutes. The dose of ANG II was
chosen based on previously reported studies (Xu et al.
2001, Xu et al. 2005). Fetal body weight was estimated
according to the following formula: fetal weight (kg) =
0.0961 x gestational age (days) x 9.228 (Robillard et al.
1979). In the control group, 1 ml 0.9 % NaCl (transport
medium) was injected intracerebroventricularly into the
fetuses. Throughout the study, maternal and fetal
systolic and diastolic pressure and heart rate (HR) were
monitored continuously. Fetal and maternal systolic
(SP), diastolic pressure (DP), and HR were monitored
using a Power Lab Physiological Record with Chart 5
software (AD Instruments). Maternal and fetal arterial
blood was withdrawn at timed intervals for
measurement of pH, blood gases, hematocrit, plasma
electrolyte composition, osmolality, AVP and OXT
concentrations. The volume of blood sampled from the
fetus was replaced immediately with an equivalent
volume of heparinized maternal blood to avoid any
hemodynamic effects of sampling. Blood PO,, PCO,,
and pH were measured with a Nova analyzer Model
pHOx Plus L (Nova Biochemical, Waltham, MA).
Plasma osmolality was measured by freezing-point

depression on an Advanced Digimatic Osmometer.

Hormone experiments
of AVP and OXT were
performed by using radioimmunoassay (Shi et al. 2008).

Measurements

Blood samples were centrifuged immediately. The
plasma was then stored at —20 °C for radioimmunoassay.
Plasma samples (1.0 ml) were acidified with 1 N HCI
(0.15 ml to each tube and mix thoroughly). AVP and
OXT were extracted using Sep-Pak CI18 cartridges
(Waters Associates, Milford, MA). First, condition the
C18 column by applying 10 ml HPLC grade methanol to
the column followed by 10 ml of distilled water. Second,
flush with 10 ml of 0.1 % TFA. Third, acidified plasma
samples were added slowly to the columns, and the
columns were washed with 0.1 % trifluoroacetic acid
(TFA) 10 ml. Then, the absorbed AVP and OXT were
eluted with 50 % methanol (HPLC grade) in 0.1 % TFA,
and the residues were dried in a Speed-Vac concentrator.
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The assay sensitivity was 1.25 pg for AVP/tube and
1.62 pg for OXT/tube. The
coefficients of variations were 7 and 9 % for AVP, and
8and 10% for OT, respectively. AVP and OXT
recoveries average 70 % in our laboratory. All plasma

intra- and inter-assay

samples were processed together.

Data analysis

The number of FOS-ir positive cells in the SON
and PVN was evaluated in a quantitive manner under a
Nikon fluorescent microscopy directly. The labels on the

glass slides were covered during counting, and the data

from counting were treated in a blinded manner. The
counting of positive c-fos staining was within the edges
of the SON and PVN for all sections stained. All positive
FOS-ir were counted. Colocalization of FOS-ir and AVP-
ir in the same sections was also counted. SPSS software
was used for statistical analysis. Group differences were
evaluated by using MANOVA approaches to repeated
measures. Comparison before and after the treatments
was determined with z-test or one-way ANOVA followed
by the Tukey post hoc test. Differences were considered
significant when P<0.05. All results are expressed as
mean + SEM.

Fig. 1. Immunocytochemical staining
of vasopressinergic and oxytocinergic
neurons in the paraventricular nucleus
(PVN) and the supraoptic nucleus
(SON) at preterm and term. A-H are
fluorescence pictures of AVP- or OXT-
immunoreactive (ir) staining within
the edges of PVN (A/B, E/F) and SON
(C/D, G/H) observed under Nikon
fluorescent microscopy. A-D: preterm
(~110d gestation age). E-H: term
(~145d gestation age). A, C, E, G:
AVP-ir; B, D, F, H: OXT-ir. 3V, the
third ventricle; AVP, arginine
vasopressin; OXT, oxytocin. Scale bar
=200 pm.
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Results

Distribution patterns of AVP- and OXT-neurons in the

fetal hypothalamus
At the three developing stages (preterm,
nearterm, and term), immunocytochemistry showed

AVP- and OXT-ir positive cells in both PVN and SON.
Notably, distribution patterns of both AVP-stained and
OXT-stained cells in the PVN and SON are similar at the
preterm, nearterm, and term.

In the PVN, AVP-ir concentrated mainly in the
middle of magnocellular part (Fig. 1A, E; Fig. 2), while
OXT-ir were mainly scattered around the core of the
PVN (Fig. 1B, F; Fig. 2). Such cellular distribution
pattern is similar from preterm to term (Fig. 1A, B, E, F).
In the SON, at the three gestational time, AVP-ir mostly
concentrated at the ventral part (Fig. 1C, G; Fig. 2), while
OXT-ir at the dorsal part of the SON (Fig. 1D, H; Fig. 2).

Neuroendocrine responses of AVP- and OXT- neurons to
central Ang Il administration

Arterial blood values

I.c.v. injection of Ang II (1.5 pg/kg) or transport
medium had no effect on maternal or fetal plasma
osmolality, Na“, K', and Cl  concentrations, or arterial
blood pH, PO,, PCO,, hemoglobin, and hematocrit in
either experimental or control group (all P>0.05). All
arterial values were within normal ranges (all P>0.05).

There was no difference in maternal mean
arterial pressure between the control and experimental
groups (P>0.05). Fetal mean arterial pressure (P<0.01)
was increased, and heart rate (P<0.01) was decreased
after i.c.v. administration of Ang II.

Plasma AVP and OXT levels
In both groups, i.c.v. injection of transport
medium or Ang II did not change maternal plasma AVP

Fig. 2. The distribution of AVP- and
OXT-ergic neurons in the PVN and
SON of ovine fetuses at preterm. AVP,
arginine vasopressin; OXT, oxytocin;
PVN, the paraventricular nucleus;
SON, the supraoptic nucleus.

and OXT levels significantly (data not shown). However,
the fetal AVP and OXT concentrations were significantly
increased after i.c.v. injection of Ang II (AVP:
Fg,=58.50, OXT: Fg,=35.38, P<0.01) (Fig. 3). Fetal
plasma AVP and OXT increased significantly within
15 minutes after i.c.v. Ang II administration, and the peak
levels of plasma AVP and OXT were observed at
30 minutes after Ang II injection.
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Fig. 3. The effect of i.c.v. Ang II on fetal plasma AVP (A) and
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angiotensin 1I; AVP, arginine
vasopressin; ir: immunoreactivity; OXT,
oxytocin; PVN, the paraventricular
nucleus; SON, the supraoptic nucleus.
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FOS-ir and double labeling

In the control preterm fetuses, there was few
FOS-ir in the PVN and SON. However, i.c.v. injection of
Ang II produced intense FOS-ir in these structures in the
fetal hypothalamus. There was significant difference of
FOS-ir in the SON and PVN between the i.c.v. transport
medium and the i.c.v. Ang II injected fetuses (t=8.4 and
10.9, respectively, both P<0.01). Double labeling showed
that there was no FOS-ir in AVP-containing and OXT-
containing cells in the control fetuses at preterm.
However, colocalization of FOS-ir in AVP and OXT
neurons was detected in both sides of the SON and PVN
in the fetal hypothalamus following i.c.v. Ang II (Fig. 4).
There was FOS-ir observed in none-VP or none-OT
neurons. There was no difference in the total counting of
AVP-ir in the SON and PVN between the control and the
treated fetuses (all P>0.05). Double labeling of FOS-ir
and AVP-ir / OXT-ir in the SON (43.244.8% /
50.3+5.4 %) and PVN (47.2+4.4 % / 46.3+6.1 %) was
significantly higher in the Ang II-treated fetuses than that
in the control (1.5+0.5 / 1.240.1 % and 1.3+0.4 % /
1.5+0.4 %, respectively) (t=6.5 / 8.2 and 7.8 / 74,
respectively, P<0.01) (Fig. 5). It was also observed
stimulated FOS-ir localized in none-AVP or none-OT
cells. In SON, FOS-ir localized in none-AVP/none-OXT
cells was 2042.4 % / 72+6.5 %. In PVN, FOS-ir localized
in none-AVP/none-OXT cells was 63£7.1 % / 23+3.3 %.

Discussion

The present study provides new information that
the structural organization of OXT-neurons in the PVN
and SON in the fetuses shows similar patterns to that in
the adults at least from preterm. In addition, OXT- and
AVP-neurons are functional at least from preterm in
response to central Ang II stimulation.

The role
neurons in the synthesis, transport, and release of the

of magnocellular neurosecretory
posterior pituitary hormones AVP and OXT is well-
documented in adults (Brownstein ez al. 1980). The SON
and PVN are main sources for AVP and OXT hormones
circulation.
Immunohistochemical studies have clarified the
organization of OXT- and AVP-ir cells in different
species (Dierickx 1980). Neurons for those two peptides
have been localized primarily in the PVN and the SON.
In the SON, previous studies showed that OXT-
positive cells mainly concentrated dorsally, while AVP-

released into the peripheral

positive cells located ventrally (McNeill and Sladek

1980, Rhodes et al. 1981, Sokol et al. 1976, Swaab et al.
1975b, Swanson et al. 1981, Vandesance and Dierickx
1975). Estimates of the ratio of AVP- and OXT-stained
cells in the SON range from 1:1 (Vandesande and
Dierickx 1975) to 1.6:1 (Swaab et al. 1975a, b) in rats.
The organization of OXT- and AVP-ir network in the
PVN is no less distinctive. At the magnocellular part of
the nucleus, AVP-ir neurons are mainly located in the
core, while OXT-ir neurons are primarily distributed
around the core in the hypothalamus of adults (Rhodes et
al. 1981, Sawchenko and Swanson 1982).

In fetal studies, Hoffman et al. demonstrated the
AVP- and OXT-containing neurons in the PVN and SON
in sheep before birth from the near term. In the present
study, we also used preterm fetuses in study of formation
of cellular network in those two nuclei. In our analysis,
the similar distribution patterns of AVP and OXT and the
PVN and SON were observed and noted. This indicated
that distribution patterns of this cell network in the fetal
hypothalamus appeared at least at preterm, providing new
information on the anatomical development of those
networks in the fetus. Our results not only confirmed the
previous study by Hoffman and others at the near-term
for both OXT- and AVP-ir neuron networks (Hoffman et
al. 1989), but also demonstrated new findings at the
preterm, indicating that the cellular networks for OXT-ir
neurons in the SON and PVN have been well developed
in the ovine brain at 70 % gestation. In addition, our data
confirmed that AVP-ir neuron network at the preterm was
the same as that in the previous reports. This also
suggested that physiological functions based on those two
peptide networks in the hypothalamus may start at that
gestational and developmental time.

The neuroendocrine experiments of AVP- and
OXT-ir Ang 1I
administration provided new functional evidence. In the

neurons in response to central
fetuses at preterm, i.c.v. injection of Ang II induced a
marked increase of fetal plasma OXT and AVP
concentrations  without influence on  maternal
neurohypophysial hormone levels. The data about i.c.v.
Ang Il-induced AVP release in the present study was the
similar to what reported before (Xu et al. 2005). The fetal
OXT and AVP in circulation reached the peak in 30 min.
The increase of OXT and AVP lasted for more than
120 min, which was associated with an increase of OXT-
and AVP-ir neuron activity marked with c-fos expression
in the fetal hypothalamus. In the present study, we also
observed stimulated FOS-ir localized in none-VP or

none-OT cells. Whether those cells were stress-related or
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other function-related neurons need to be further studied.

Accumulating evidence has shown that various
signals, including Ang II, hypoxemia, and osmotic and
hypovolemic stimulation, can induce AVP and OT
production and release from the hypothalamus and
pituitary (Brimble et al. 1978, Gutkowska et al. 2000,
Ross et al. 1986, Share 1988, Stegner et al. 1984). In
consistent with our previous studies (Xu et al 2004,
2005), the fetal physiological status remained stable after
surgical recovery and under the condition of i.c.v.
injection of Ang II. The arterial values (pH, PCO,, PO,,
hematocrit, hemoglobin, and plasma Na') were not
changed. Thus, we can exclude the possibility that the
fetal AVP and OT release was due to hypoxemia, osmotic
or hypovolemic factors. A more likely explanation for the
elevation of the preterm fetal plasma AVP and OT is the
facilitation by central Ang II stimuli. As mentioned
above, AVP and OXT are mainly synthesized in the
magnocellular cells of the hypothalamic SON and PVN
(Brownstein et al. 1980). Our and others’ previous
studies demonstrated rich and intensive angiotensin
receptors in both SON and PVN (Hu et al. 2004, Wright
and Harding 1995). Whether directly or indirectly actions
of Ang II on AVP and OXT neurons in the SON and
PVN deserves further study. Nevertheless, the present
study showed activation of AVP and OXT cells in those
nucleus accompanied with an increase of release of AVP
and OXT provided interesting information on fetal
in the

hypothalamus. In addition, as shown in Fig. 5, it was also

development of the neuropeptide network

observed stimulated FOS-ir localized in none-AVP or
none-OT cells following i.c.v. Ang II. Although this
study focused on AVP and OXT cells only, it is worth for
future investigation to further characterizing those cells.
The importance of study of the structural and
functional development of neuropeptide systems in the
fetal hypothalamus around preterm period in fetuses are
linked to recent progress in demonstration of sensitive
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