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In ovine and human pregnancy, fetal swallowing contributes
importantly to amniotic fluid homeostasis. Fetal dipsogenic re-
sponsiveness to short-term plasma hyperosmolality develops in
late gestation, although fetal swallowing is not stimulated in
response to long-term plasma osmolality increases (2 to 3%),
which typically stimulate adult drinking behavior. To explore the
near-term fetal plasma osmolality threshold for swallowing stim-
ulation, we examined the effects of i.v. hypertonic saline-induced
subacute increases in plasma hypertonicity on fetal swallowing
behavior. Central sites of activation were examined by c-fos
expression in putative dipsogenic nuclei. The results demonstrate
that subacute 2 to 3% plasma osmolality increases do not stim-
ulate near-term ovine fetal swallowing. However, fetal swallow-
ing activity significantly increased (3 times) after plasma osmo-
lality increased .6% above basal values. Consistent with a
specific dipsogenic response, i.v. hypertonic saline induced c-fos
expression in the anterior third ventricle region, a putative dip-
sogenic center, as well as in the fetal hindbrain. The stimulation
of fetal swallowing under conditions of higher osmotic stimula-
tion and the correlation with forebrain c-fos expression indicates
that near-term fetal osmoregulation mechanisms are functional,
although not completely mature. Reduced fetal dipsogenic re-

sponsiveness may result from altered osmoreceptor sensitivity,
downstream neuronal or synaptic immaturity, or potentially in-
hibitory actions of stimulated hindbrain nuclei. (Pediatr Res 49:
678–685, 2001)

Abbreviations:
AP, area postrema
ECoG, electrocortical activity
EMG, electromyograph
FOS-ir, FOS immunoreactivity
Hct, hematocrit
HV, high voltage
LV, low voltage
LPBN, lateral parabrachial nuclei
MnPO, median preoptic nuclei
NTS, nuclei of solitary tract
OVLT, organum vasculosum of the lamina terminalis
PVN, paraventricular nuclei
PO2, arterial oxygen tension
PCO2, arterial carbon dioxide tension
SFO, subfornical organ
SON, supraoptic nuclei

Intravascular osmolality and body fluid homeostasis are
maintained primarily by coordination of thirst-mediated drink-
ing behavior and neuroendocrine-mediated renal fluid regula-
tory mechanisms. During in utero development, fetal swallow-
ing contributes importantly to amniotic fluid volume
homeostasis. Previous studies in this laboratory have demon-
strated that near-term ovine fetal swallowing is stimulated by
intravenous, intracarotid, and intracerebroventricular hyperos-
molality (1–4), consistent with the activation of central osmo-
receptors in regions responsive to both vascular and cerebro-
spinal fluid tonicity. Despite intact fetal osmotic-dipsogenic
responsiveness, fetal swallowing is not stimulated in response

to plasma osmolality increases (2 to 3%), which typically
stimulate adult drinking behavior. For example, despite con-
tinually elevated plasma osmolality (10–14 mosmol/kg) in
response to short-term i.v. hypertonic saline injection, fetal
swallowing activity is only stimulated for a maximum of 5 min
(1). Furthermore, long-term increases in plasma osmolality of
10 mosmol/kg do not alter fetal swallowed volume (5). These
responses suggest either a reduced population of fetal osmo-
receptor cells, reduced sensitivity of osmoreceptors, or altered
secondary neural mechanisms, in comparison to the adult.

c-fos expression has been well described as a marker of
neuronal activation in both adult and fetal brain nuclei (6).
McDonald et al. (7) recently showed that FOS-ir was evident
in the SFO, OVLT, and MnPO, as well as in the PVN and SON
of the near-term fetal forebrain in response to maternal hyper-
tonicity. These results are comparable to physiological and
c-fos responses observed in adult animals (8–11). In response
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to fetal intraperitoneal hypertonic saline, fetal FOS-ir re-
sponses to 10 mosmol/kg increases in plasma osmolality sug-
gest that the elevated fetal plasma osmolality threshold (for
swallowing stimulation) is not caused by reduced osmorecep-
tor populations or sensitivity (12). However, stress and pain
(potentially in response to intraperitoneal hypertonicity) may
induce c-fos expression in similar areas as that induced by
osmotic stimuli (e.g. PVN and SON) (13, 14).

In the present study, we sought to examine the fetal plasma
osmolality threshold for the stimulation of swallowing activity.
To confirm a principal dipsogenic mechanism in the absence of
an induced stress response, central sites of activation were
examined by c-fos expression in forebrain dipsogenic nuclei
and select hindbrain regions. The results provide important
information for understanding the early development of the
osmoregulatory mechanisms for body fluid homeostasis.

METHODS

Eleven time-dated pregnant ewes with singleton fetuses (130
6 2 d gestation on the study day) were used. Animals were
housed in individual study cage and in a light-controlled room
(12 h light/12 h dark) with food and water provided al libitum.
The study was approved by our institution.

Surgical preparation. Anesthesia was induced with ket-
amine hydrochloride (20 mg/kg, intramuscular), and general
anesthesia was maintained with 1 to 2% isoflurane and 1 L/min
oxygen. Surgical placement of bipolar electromyography elec-
trodes (thyrohyoid muscle, upper and lower nuchal esophagus)
for determination of swallowing activity was performed as
previously reported (15, 16). Electrodes were also implanted
on the parietal dura through two burr holes for the determina-
tion of fetal ECoG. Polyethylene catheters were placed in the
femoral artery and vein and threaded to the inferior vena cava
and abdominal aorta, respectively, for both fetus and ewe. An
intrauterine catheter (Corometrics Medical System, Walling-
ford, CT, U.S.A.) was inserted for measuring amniotic fluid
pressure. All catheters and electrodes were externalized to the
maternal flank and placed in a cloth pouch. Animals recovered
for 5 d after surgery, which included catheter maintenance and
antibiotic administration.

Behavioral and physiological experiments. Animals were
studied only if the fetal arterial pH .7.3. Studies began with a
baseline period (2120 to 0 min) followed by the study period
(0 to 160 min). There were two groups of animals (control, n
5 5; experimental, n 5 6). To minimize transplacental fluid
alterations, the experimental study sought to increase both fetal
and maternal plasma osmolality in parallel. Beginning at time
0, hypertonic saline (0.85 M NaCl) was infused i.v. into the
maternal ewe and fetus (2.5 and 0.5 mL/min, respectively) for
60 min, after which the infusate was changed to 4 M NaCl for
an additional 20 min (to achieve a further increase in plasma
osmolality). For the control animals, isotonic (0.15 M) NaCl
was infused i.v. into the maternal ewe and fetus (2.5 and 0.5
mL/min, respectively, for 60 min). After hypertonic and iso-
tonic infusions, animals were continually observed for another
80 min.

Throughout the study maternal and fetal blood pressures and
heart rates, amniotic fluid pressure, fetal swallowing activity,
and ECoG were measured continuously. Maternal and fetal
blood samples were collected at 260 and 230 min of the
baseline period and at 15, 30, 60, and 100 min after initiation
of the i.v. infusions. Fetal and maternal blood pressures and
amniotic fluid pressure were measured by means of a Beckman
R612 (Beckman Instruments, Fullerton, CA, U.S.A.) physio-
logical recorder with Statham (Garret, CA, U.S.A.) P23 trans-
ducers. Fetal blood pressure was corrected for amniotic cavity
pressure.

Maternal and fetal blood samples were collected into iced
tubes containing lithium heparin. Blood aliquots were assessed
for Hct, Hb, pH, PO2, and PCO2; remaining blood was centri-
fuged, and plasma osmolality and sodium, chloride, and potas-
sium concentrations were measured, as was AVP by immuno-
radioassay (AVP results reported separately). Fetal blood
samples were replaced with an equivalent volume of heparin-
ized maternal blood withdrawn before the study. Blood PO2,
PCO2, and pH were measured at 39°C with a Radiometer BM 33
MK2-PHM 72 MKS acid-base analyzer system (Radiometer,
Copenhagen, Denmark). Plasma osmolality was measured by
freezing point depression on an Advanced Digimatic osmom-
eter (model 3MO, Advanced Instruments, Needham Heights,
MA, U.S.A.). Plasma sodium, potassium, and chloride concen-
trations were determined by a Nova 5 electrolyte analyzer
(Nova Biomedical, Waltham, MA, U.S.A.).

Immunohistology experiments. At the end of the study,
fetuses were perfused under ketamine anesthesia (20 mg/kg,
intramuscular). All animals were perfused via the carotid artery
with 0.01 M PBS followed by 4% paraformaldehyde in 0.1 M
PB. Postfixation was performed in paraformaldehyde solution
for 12–24 h, after which brains were placed in 20% sucrose in
0.01 M PBS overnight. Thirty-micrometer coronal sections of
fetal brain were cut through the forebrain and hindbrain on a
cryostat. Every other section of the OVLT, MnPO, and SFO
and every third section of other parts of the forebrain were used
for FOS-ir staining using avidin-biotin-peroxidase technique.
The primary antibody (Santa Cruz Biotech, Santa Cruz, CA,
U.S.A.) was raised from rabbits against FOS protein in cells.
The tissue sections were incubated for 1 h at room temperature
on a gentle shaker, then overnight at 4°C in the primary
antibody (FOS antibody with 0.3% Triton X-100). The sections
were further incubated in goat anti-rabbit serum (1:500) and
then processed using the Vectastain ABC kit (Vector Labs,
“Elite” ABC reagent, Burlingame, CA, U.S.A.). The sections
were treated with 1 mg/mL diaminobenzidine tetrahydrochlo-
ride (Sigma Chemical Co., St. Louis, MO, U.S.A.). All sec-
tions were placed on gelatinized slides, dehydrated in alcohol,
and then coverslipped.

Analysis. EMG signals were processed as previously de-
scribed (17). An EMG-propagated swallow, representing a
coordinated laryngeal-esophageal contraction, was defined by
a time sequence of integrated EMG signals from the thyrohy-
oid muscle to the upper and lower nuchal esophagus (17).
ECoG pattens were discriminated into HV and LV periods.
Because fetal swallowing activity occurs predominantly during
periods of LV ECoG activity (18), change in the relative

679FETAL SWALLOWING AND C-FOS RESPONSE TO HYPERTONICITY



duration of LV periods may influence the swallowing rate.
Thus, swallowing data are presented as swallows per minute of
LV ECoG activity. Fetal blood pressure was adjusted for
amniotic fluid pressure.

The number of FOS-ir–positive cells in fetal brain sections
was evaluated in a qualitative manner by microscopy analysis.
In each control and experimental case, positive FOS-ir count-
ing within the specified brain regions was the same as that
reported previously (19). The regions counted were the OVLT,
MnPO, and SFO in the forebrain (results for SON and PVN
reported separately) and the AP, NTS, and LPBN in the
hindbrain.

Repeated measures ANOVA was used to determine differ-
ences as a function of time and effects of treatments. Compar-
isons before and after treatments were determined with one-
way ANOVA followed by Scheffé’s test or t test. All data are
expressed as mean 6 SEM.

RESULTS

Plasma osmolality, electrolytes, basal arterial values, and
cardiovascular responses. Eleven animals successfully com-
pleted the study; in one animal, the arterial catheter for mea-
suring blood pressure was nonfunctional. For the control
group, i.v. 0.15 M NaCl had no effect on either maternal or
fetal plasma osmolality, Na1, K1, and Cl2 concentrations, or
arterial blood pH, blood gases, Hb, and Hct (Tables 1 and 2).
However, the analysis demonstrated a significant difference in
the plasma osmolality and Na1 responses between the control
and treated animals (F8,1 5 49.5 and 8.25, p , 0.01 and 0.05,
respectively). In the experimental animals, fetal plasma osmo-
lality and sodium concentration increased slightly, although
not significantly, at 30 min of the 0.85 M NaCl infusion with
a significant increase demonstrated at 60 min (311 6 2 to 318
6 6 mosmol/kg, 147 6 1 to 151 6 3 mEq/L, respectively) and
a further increase in response to the 20-min infusion of 4 M
NaCl (334 6 3 mosmol/kg, 163 6 1 mEq/L, respectively; F19,4

5 15.19, p , 0.01; Table 3). Consistent with the study
objectives, maternal plasma osmolality and Na1 concentration
also significantly increased at 60 and 100 min of the study
(F19,4 5 8.3 and 23.7, p , 0.01; Table 4). Maternal and fetal
blood pH, PO2, PCO2, and Hct were not changed in response to
the hypertonic saline infusions (Tables 3 and 4). Fetal arterial
blood pressure or heart rate was not significantly changed in
response to isotonic and hypertonic saline infusions (Table 5).
Maternal plasma AVP significantly increased (0.9 6 0.2 to 5.4
6 1.4 pg/mL, F18,4 5 8.7, p , 0.01) at 60 min after infusion

of hypertonic NaCl, in association with a 2 to 3% increase of
maternal plasma osmolality. Fetal plasma AVP did not change
at 60 min of NaCl infusion (0.9 6 0.1 to 1.8 6 0.5 pg/mL, NS),
despite an approximately 5% increase of fetal plasma
osmolality.

ECoG and swallowing EMG activity. There was no differ-
ence in the percentage of LV ECoG between control and
treated groups (F8,1 5 0.47, NS). For animals infused with
hypertonic saline, percent time in fetal LV ECoG (50.4 6
7.7%) did not change in response to infusions of 0.85 M or 4
M hypertonic NaCl (F13,2 5 0.04, NS; Fig. 1). For the control
animals, no significant difference for LV ECoG was observed
before and after i.v. infusion of 0.15 M NaCl (Fig. 1). How-
ever, fetal swallowing responses were significantly different
between control and treated fetal ovines (F8,1 5 12.3, p 5
0.01). In the experimental animals, baseline fetal swallowing
(0.84 6 0.1 swallows/LV ECoG) did not change significantly
in response to i.v. 0.85 M NaCl, but increased 3-fold (2.62 6
0.49) after the infusion of 4 M NaCl (F13,2 5 9.68, p , 0.01;
Fig. 2). There was no change in swallowing activity during the
control study.

FOS-ir. There was little FOS-ir in the forebrain structures
among the control fetuses. Intravenous hypertonic saline pro-
duced intense FOS-ir in the fetal basal forebrain. The areas of
strongest FOS-ir staining included the OVLT and MnPO.
There were significant differences of FOS-ir between control
and hypertonic NaCl-infused fetuses (OVLT, t 5 12.1; ventral
MnPO, t 5 7.09; dorsal MnPO, t 5 6.06, all p , 0.01; Figs. 3
and 4). FOS-ir was distributed throughout the OVLT and the
MnPO. FOS-ir also was increased in the SFO in hypertonic
compared with isotonic treated fetuses (t 5 2.96, p , 0.05). In
the hypothalamus, FOS-ir was increased after infusion of
hypertonic saline in the SON and PVN.

In the hindbrain, no or very little FOS-ir was observed in the
LPBN, AP, and NTS in isotonic saline-treated fetuses. How-
ever, hypertonic saline fetuses demonstrated significantly in-
creased FOS- ir in the LPBN (t 5 7.45, p , 0.01), AP (t 5
4.36, p , 0.01), and rostral and caudal NTS (t 5 6.46 and 2.83,
p , 0.01 and 0.05, respectively). FOS-ir was also observed in
the commissural NTS in the fetuses infused with hypertonic
saline (Fig. 5).

DISCUSSION

The results of the present study indicate that near-term fetal
swallowing can be stimulated only by relatively higher plasma
hypertonicity than that required by adult animals. Furthermore,

Table 1. Fetal arterial values before and after intravenous 0.15 M NaCl infusion

Baseline 15 min 30 min 60 min 100 min

Hct (%) 31.0 6 1.9 31.7 6 2.1 31.5 6 2.0 31.6 6 2.2 31.2 6 1.8
Hb (g/dL) 9.8 6 0.8 10.0 6 0.5 9.7 6 0.6 9.8 6 0.4 9.7 6 0.6
pH 7.37 6 0.01 7.36 6 0.02 7.37 6 0.02 7.37 6 0.01 7.37 6 0.01
PO2 (mm Hg) 21.7 6 1.6 22.2 6 2.9 22.6 6 2.8 21 6 2.2 21.3 6 1.0
PCO2 (mm Hg) 50.5 6 4.4 50.1 6 4.6 50.0 6 1.9 50.2 6 3.4 49.2 6 2.3
Osmolality (mosmol/kg) 298 6 4 296 6 4 296 6 4 294 6 5 296 6 4
Na (mEq/L) 141 6 2 140 6 2 140 6 2 139 6 2 142 6 4
K (mEq/L) 3.7 6 0.3 3.7 6 0.2 3.6 6 0.3 3.6 6 0.4 3.7 6 0.4
Cl (mEq/L) 106 6 1 106 6 1 106 6 1 105 6 2 107 6 4
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despite the higher threshold requirements, cellular activation in
response to osmotic stimulation occurs in both fetal forebrain
and hindbrain structures.

Previous studies in adult animals have confirmed the impor-
tance of the anterior third ventricle region for detecting plasma
hyperosmolality and mediating compensatory thirst and AVP
secretion (20–23). As noted above, only a 2 to 3% increase in
plasma osmolality is required to induce water intake in multi-
ple adult species (24, 25), including sheep and humans (26,
27). In the present study, infusion of 0.85 M hypertonic NaCl
increased both maternal and fetal plasma osmolality. Extrapo-
lating from time 0 to 60 min, the average fetal osmolality
during this period was approximately 310 mosmol/kg. Despite
this average 3% increase, there was no effect on fetal swallow-
ing activity. These results are consistent with our previous
studies suggesting that either short- or long-term 10 mosmol/kg
plasma osmolality increases do not alter fetal swallowing (1, 5,
28). However, plasma osmolality increases of approximately

30 mosmol/kg, or approximately 10% of basal values, resulted
in a 3-fold increase in fetal swallowing activity. As the per-
centage of LV ECoG activity did not change in response to
hypertonic saline infusion, the effects of plasma hypertonicity
were independent of fetal neurobehavioral effects. These re-
sults suggest that the threshold for systemic osmotic stimula-
tion in the ovine fetus at 90% gestation is relatively higher than
that for mature animals, and the osmoregulation mechanisms in
the ovine fetus near-term are either incompletely developed, or
inhibited in utero.

Osmotic dipsogenic and AVP secretory responses may be
modified by intravascular volume alterations. In preliminary
studies (data not shown), we noted that fetal i.v. hypertonic
saline infusions resulted in a marked decrease in fetal Hct,
likely evidence of fetal plasma volume expansion resulting, in
part, from increased maternal to fetal water flow in response to
the altered transplacental osmotic gradient (29). So as not to
obtund the fetal dipsogenic response with plasma volume

Table 2. Maternal arterial values before and after intravenous 0.15 M NaCl infusion

Baseline 15 min 30 min 60 min 100 min

Hct (%) 28.2 6 1.9 29 6 3.4 28 6 2.1 28 6 2.3 27 6 2.5
pH 7.44 6 0.01 7.42 6 0.02 7.45 6 0.02 7.44 6 0.01 7.44 6 0.02
PO2 (mm Hg) 114 6 6 96 6 12 118 6 3 116 6 6 114 6 4
PCO2 (mm Hg) 35 6 3 41 6 9 35 6 2 37 6 6 36 6 2
Osmolality (mosmol/kg) 301 6 1 301 6 4 301 6 4 300 6 3 299 6 2
Na (mEq/L) 145 6 1 144 6 2 146 6 1 146 6 1 144 6 2
K (mEq/L) 4 6 0 4.1 6 0 4 6 0 4 6 0 3.9 6 1
Cl (mEq/L) 110 6 2 110 6 3 110 6 3 110 6 3 109 6 2

Table 3. Fetal arterial values before and after intravenous 0.85 M followed by 4 M NaCl infusion

Baseline 15 min 30 min 60 min 100 min

Hct (%) 30 6 1 29 6 2 28 6 3 29 6 2 28 6 1
Hb (g/dL) 8.8 6 1.7 8.8 6 2.0 9.1 6 1.1 9.1 6 1.5 9.0 6 1.2
pH 7.36 6 0.01 7.39 6 0.1 7.34 6 0.02 7.33 6 0.01 7.34 6 0.03
PO2 (mm Hg) 21.4 6 4.8 21.5 6 2.1 20 6 3.1 21.4 6 2.9 21.5 6 2.1
PCO2 (mm Hg) 52 6 2 60 6 18 51 6 2 52 6 1 50 6 9
Osmolality (mosmol/kg) 300 6 2 305 6 1 311 6 2 318 6 7* 334 6 4*
Na (mEq/L) 141 6 1 146 6 1 147 6 1 151 6 4* 163 6 2*
K (mEq/L) 4 6 1 3.8 6 1 3.8 6 1 3.6 6 0 3.6 6 1
Cl (mEq/L) 107 6 1 107 6 1 113 6 1 119 6 5 129 6 2*

Table 4. Maternal arterial values before and after intravenous 0.85 M followed by 4 M NaCl infusion

Baseline 15 min 30 min 60 min 100 min

Hct (%) 27 6 3 26 6 2 25 6 2 24 6 2 25 6 2
pH 7.44 6 0.01 7.4 6 0.02 7.42 6 0.03 7.41 6 0.02 7.43 6 0.02
PO2 (mm Hg) 115 6 11 117 6 9 116 6 11 112 6 7 117 6 12
PCO2 (mm Hg) 37 6 5 38 6 7 38 6 6 39 6 3 37.6 6 3
Osmolality (mosmol/kg) 303 6 6 305 6 4 309 6 7 312 6 3* 319 6 7*
Na (mEq/L) 146 6 1 148 6 1 150 6 1 151 6 2* 155 6 2*
K (mEq/L) 4.4 6 0.4 4.7 6 1.2 4.5 6 1.1 4 6 0.3 4.3 6 0.9
Cl (mEq/L) 111 6 1 112 6 1 114 6 2 117 6 3* 120 6 2*

Table 5. Fetal cardiovascular responses before and after intravenous 0.85 M followed by 4 M NaCl infusion

Baseline 15 min 30 min 60 min 100 min

Systolic pressure (mm Hg) 66 6 5 68 6 4 66 6 2 64 6 2 72 6 3
Diastolic pressure (mm Hg) 45 6 4 46 6 2 44 6 2 44 6 3 46 6 2
MAP (mm Hg) 56 6 4 57 6 3 55 6 2 54 6 1 59 6 2
Adjusted MAP (mm Hg) 46 6 3 47 6 2 46 6 0 46 6 1 49 6 2
Heart rate (beats/min) 162 6 17 168 6 10 170 6 10 173 6 17 171 6 7

MAP, mean arterial pressure.
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expansion, the present study design included simultaneous
hypertonic saline infusions to the maternal ewe and fetus.
Although fetal plasma osmolality increased to a greater degree,
the increased maternal plasma osmolality markedly reduced
the effective placental osmotic gradient. Although fetal inter-
stitial to intravascular water flow also may occur in response to
plasma hypertonicity, fetal Hct decreased only minimally dur-
ing the hypertonic infusions. The nonsignificant trend toward
reduced Hct may be a reflection of red blood cell shrinkage in
response to plasma hypertonicity. Fetal Hb did not change
during the hypertonic infusions, suggesting that fetal plasma
volume remained relatively unchanged during the study, prob-
ably because of the duel maternal and fetal infusions. In
recognition of the stable fetal arterial blood pressure and heart
rate, and the aforementioned Hb levels, these results suggest
that intravascular volume changes and volume-related barore-

flex effects on dipsogenic response and neuron activity in the
fetal brain were very limited. Thus, fetal dipsogenic and cel-
lular responses were likely a reflection of primary osmotic
effects.

Previous studies have suggested that plasma hypertonicity
induces FOS-ir in the forebrain of the near-term ovine fetus
(12). However, in one study (7) fetal plasma composition
changes were not quantified, and maternal mannitol-induced
plasma hypertonicity may have induced fetal plasma volume
contraction, contributing to central dipsogenic stimulation. In a
subsequent study (12), pain or stress from intraperitoneal fetal
hypertonic injections may have induced central c-fos expres-
sion (13, 14). Notably, neither of the previous studies simul-
taneously confirmed fetal swallowing activity in relation to
c-fos expression. To avoid potential nonspecific c-fos stimula-
tion, the present study infused hypertonic saline i.v. into the
fetus. The cellular activity marked by FOS-ir in putative
central osmoreceptor areas (OVLT, MnPO, and SFO) (10, 30)
and the demonstration of stimulated swallowing activity are
evidence that central integrative areas for dipsogenic mecha-
nisms were excited by i.v. hypertonic saline.

It is noted that c-fos expression requires a period up to 30
min after a given stimuli. As neural responses are within a time
base of milliseconds to seconds with subsequent fast modula-
tion of swallowing behavior, the FOS-ir results in the present
study do not suggest a functional relation in time course
between c-fos expression and fetal swallow. However, neural
activation labeled by FOS-ir in the dipsogenic nuclei indicates
that osmosensitive centers were activated under stimulation of
hypertonicity.

In addition to the quantitative analysis of FOS-ir, the distri-
bution pattern of FOS-ir within the activated cells of the
anterior third ventricle region was notable. Excited cells in the
MnPO showed a widespread pattern of FOS-ir distribution
within the nuclei, similar to that observed in adult animals
(9–11). However, the fetal OVLT also demonstrated a wide-
spread distribution pattern throughout the nuclei, whereas pre-
vious studies of adult rats indicate OVLT c-fos expression
primarily localized to the dorsal part of this area, in response to

Fig. 1. Percentage time of fetal LV ECoG before and after i.v. NaCl infusion.
Left three bars represent control fetuses during the baseline period A, infusion
period B (0.15 M NaCl, 0 to 60 min), and during and after infusion period C
(0.15 M NaCl, 60 to 160 min). Right three bars represent experimental fetuses
during the baseline period A, infusion period B (0.85 M NaCl, 0 to 60 min),
and during and after infusion period C (4 M NaCl, 60 to 160 min).

Fig. 2. Fetal swallowing activity before and after i.v. NaCl infusion. Left three
bars represent control fetuses during the baseline period A, infusion period B
(0.15 M NaCl, 0 to 60 min), and during and after infusion period C (0.15 M
NaCl, 60 to 160 min). Right three bars represent experimental fetuses during
the baseline period A, infusion period B (0.85 M NaCl, 0 to 60 min), and
during and after infusion period C (4 M NaCl, 60 to 160 min). * p , 0.05 vs
baseline.

Fig. 3. Effects of i.v. NaCl on FOS-ir induced in the fetal lamina terminalis.
Solid bars represent control fetuses (isotonic NaCl, i.v.); hatched bars represent
experimental fetuses (hypertonic NaCl, i.v.). *:p , 0.05 vs control.
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hypertonicity (10, 23). The diffuse OVLT ovine fetal response
is consistent with our recent finding in the near-term rat fetal
brain (31). These regional differences in cellular activity be-
tween the fetus and adult may suggest the possibility of species
differences between sheep or rat or that fetal OVLT osmore-
ceptors have not completely finished their development, with
osmosensitive components either losing osmotic responsive-
ness or, perhaps less likely, migrating to other regions later.
However, the absence of fetal swallowing stimulation and the
previously demonstrated lack of fetal AVP response at plasma
osmolality increases of approximately 5% by hypertonic saline
infusion (31) may suggest a downstream neural and synaptic
immaturity in fetal sheep.

In the present study, we also examined the fetal hindbrain
under condition of hypertonicity. Although the precise function
of the hindbrain in control of dipsogenic behavior is not clear,
systemic hyperosmolality induces c-fos expression in the adult
AP, NTS, and LPBN (32), suggesting a role in the control of
body fluid homeostasis. In rats, lesions of the AP and the
adjacent caudal NTS, or destruction of bilateral LPBN, to

which the AP and NTS have substantial secondary projections,
results in large increases in water and salt intake in response to
angiotensin II, compared with control animals (25, 33–35).
From these observations, it has been hypothesized that AP-
NTS-LBPN systems comprise inhibitory mechanisms for dip-
sogenic responses. However, drinking was not altered in AP,
NTS, or LPBN lesioned rats by systemic hypertonic saline (33,
34). Induced c-fos expression in the NTS by systemic hyper-
osmolality is correlated with vagally mediated gastric empty-
ing (36). Thus, the NTS has been suggested to play a role in
taste and visceral sensory information. Hindbrain activation
also may be related to cardiovascular responses as adult barore-
flex cardiovascular activity may induce cellular activation and
c-fos expression in the NTS and LPBN. As systemic adminis-
tration of hypertonic saline may change blood pressure, heart
rate, and circulation volume (37–39), it remains uncertain
whether hindbrain responses are secondary to dipsogenic or
cardiovascular responses. In the present study, fetal systolic,
diastolic, and mean arterial pressure and heart rate did not
change significantly. Thus, it is unlikely that NTS activation

Fig. 4. Effects of i.v. hypertonic NaCl on FOS-ir in the forebrain. A and B, MnPO; C and D, OVLT. A and C, i.v. isotonic NaCl; B and D, i.v. hypertonic NaCl.
AC, anterior commissure. Magnification 320.
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was mediated by a fetal arterial baroreceptor reflex. Rinaman et
al. (19) recently reported that s.c. hypertonic NaCl induced a
similar pattern of c-fos expression in the forebrain of adult and
2-d-old neonatal rats. However, adult, although not neonatal,
rats expressed FOS-ir in the AP, the LPBN, and the medial
NTS (19). The present study demonstrated significant FOS
induction in the ovine fetal hindbrain. Differences in species
and levels of hypertonicity may explain the paradox between
the present findings and previous results (19). To our knowl-
edge, this is the first study demonstrating hypertonicity not
only induces c-fos expression in the forebrain, but also in the
LPBN, AP, and NTS of the fetal hindbrain. However, without
quantitative and detailed analysis on both adult and fetal
animals under the same experimental condition, we cannot
conclude that the fetal hindbrain sensitivity and c-fos responses
are identical to those of adults. Nevertheless, these results
indicate that the near-term ovine fetal hindbrain is able to
respond to osmotic stimulation.

In conclusion, this study demonstrates that higher levels of
systemic hypertonicity (.2 to 3% change of plasma osmolality)
are required to evoke near-term fetal swallowing. The behavioral
response is specific to dipsogenic mechanisms as confirmed by
c-fos expression in dipsogenic neural centers including the OVLT
and MnPO. Fetal behavioral and cellular responses to intracellular
dehydration suggest that the mechanisms for control of body fluid
regulation at 0.9 ovine gestation has developed to a relatively
intact, but not completely mature, stage. In addition, this study is
the first to demonstrate that i.v. hypertonicity, without the influ-
ence of stress or cardiovascular alterations, can induce c-fos
expression in the hindbrain AP, NTS, and LPBN. Together, this
study provides evidence that osmoregulatory mechanisms func-
tion in the near-term ovine fetus.
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