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Relaxin, a peptide hormone secreted by the corpus luteum during
pregnancy, exerts actions on reproductive tissues such as the pubic
symphysis, uterus, and cervix. It may also influence body fluid
balance by actions on the brain to stimulate thirst and vasopressin
secretion. We mapped the sites in the brain that are activated by
i.v. infusion of a dipsogenic dose of relaxin (25 �g�h) by immu-
nohistochemically detecting Fos expression. Relaxin administra-
tion resulted in increased Fos expression in the subfornical organ
(SFO), organum vasculosum of the lamina terminalis (OVLT), me-
dian preoptic nucleus, and magnocellular neurons in the supraoptic
and paraventricular nuclei. Ablation of the SFO abolished relaxin-
induced water drinking, but did not prevent increased Fos expres-
sion in the OVLT, supraoptic or paraventricular nuclei. Although
ablation of the OVLT did not inhibit relaxin-induced drinking, it did
cause a large reduction in Fos expression in the supraoptic nucleus
and posterior magnocellular subdivision of the paraventricular
nucleus. In vitro single-unit recording of electrical activity of neu-
rons in isolated slices of the SFO showed that relaxin (10�7 M)
added to the perfusion medium caused marked and prolonged
increase in neuronal activity. Most of these neurons also re-
sponded to 10�7 M angiotensin II. The data indicate that blood-
borne relaxin can directly stimulate neurons in the SFO to initiate
water drinking. It is likely that circulating relaxin also stimulates
neurons in the OVLT that influence vasopressin secretion. These
two circumventricular organs that lack a blood–brain barrier may
have regulatory influences on fluid balance during pregnancy in
rats.

Relaxin is a peptide hormone secreted by the corpus luteum
of the ovary during pregnancy. Relaxin acts on reproductive

tissues such as the pubic symphysis, uterus, and cervix (1, 2), but
it may also influence the brain (3). Evidence of this influence is
presented in reports that the intracerebroventricular (i.c.v.) (1)
injection of relaxin results in stimulation of oxytocin and vaso-
pressin secretion, water drinking, and a pressor response (3–8).
i.c.v. administration of relaxin also stimulates increased expres-
sion of c-fos in groups of neurons in the supraoptic nucleus
(SON) and hypothalamic paraventricular nucleus (PVN), as well
as in the subfornical organ (SFO), median preoptic nucleus
(MnPO), and organum vasculosum of the lamina terminalis
(OVLT) (9). Circulating relaxin probably has endocrine actions
on the brain, because high-affinity-binding sites for relaxin are
present in the SFO and OVLT of the rat (10), two brain regions
that are accessible to circulating relaxin because they lack a
blood–brain barrier (11). Also, i.v. infusion of relaxin causes
vasopressin secretion and water drinking in the rat, effects that
may be mediated through brain angiotensinergic mechanisms
(12, 13). Evidence that relaxin [together with other hormones
such as angiotensin II (Ang II) and vasopressin] plays a physi-
ological role in regulating body fluid homeostasis during preg-
nancy is that passive immunization with centrally administered
antibodies raised against rat relaxin reduces water drinking in
pregnant rats (14), and that chronic i.v. infusion of relaxin in
ovariectomized rats results in hyponatremia, mimicking the
hyponatremia that occurs in pregnant animals and humans (15).

We have observed that circulating Ang II and relaxin have
synergistic effects on water drinking in the rat (13), and the
dipsogenic effect of circulating Ang II is known to be mediated
through its receptors in the SFO (16).

Whereas it is known that intravenously infused relaxin induces
water drinking, the central site at which circulating relaxin acts
to stimulate this response is unknown. Because the SFO and
OVLT exhibit relaxin-binding sites (10), are accessible to blood-
borne relaxin (9, 11), and mediate water drinking in response to
other stimuli (9, 11, 16), a major aim of our work was to
determine whether either one or both of these circumventricular
organs (CVO) mediate relaxin-induced drinking. At present, no
electrophysiological investigation of the actions of relaxin on any
brain region has been reported, so another aim was to study the
actions of relaxin on the electrical discharges of neurons in the
SFO and the relationship of these neurons to known angiotensin-
sensitive neurons therein. In addition, we further characterized
the actions of blood-borne relaxin on the brain by immunohis-
tochemically identifying the full complement of neurons in the
lamina terminalis and hypothalamus that respond to intrave-
nously infused relaxin by increasing Fos production, and we
studied the effects of ablation of the SFO and OVLT on these
responses and on relaxin-induced drinking.

Materials and Methods
Animals. Male (n � 86) and female (n � 5) rats (Sprague–Dawley
strain, 280–400 g body weight) were housed in individual cages
and had ad libitum access to pelleted food and water. Rats that
were given i.v. infusions of relaxin or isotonic saline were
prepared surgically 3 days before infusions. A polyethylene
cannula was inserted into the femoral vein while rats were
anesthetized with i.p equithesin (3 ml�kg). The heparinized
cannula was brought s.c. to the surface at the back of the animal’s
neck. All experiments were approved by the Howard Florey
Institute’s Animal Ethics Committee, which adheres to the
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes.

Immunohistochemical Detection of Fos in Rat Brain Resulting from i.v.
Relaxin. Polyethylene tubing filled with either relaxin (synthetic
human gene 2 in all experiments except for seven rats, infused
with synthetic rat relaxin) or 0.15 M NaCl was connected to the
venous cannula and infusions of test substance made at 1 ml�h
for 1 h into the femoral vein. Six rats (five male and one female)
received an infusion of 0.15 M NaCl solution (vehicle), four male
rats were given human relaxin at 10 �g�h for 1 h, five male rats
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were given human relaxin at 25 �g�h for 1 h, two rats were
infused simultaneously with the separated A (9.9 �g�h) and B
(15.1 �g�h) chains of human relaxin, whereas three male and
four female rats were infused with synthetic rat relaxin at 28
�g�h. Rats were not permitted access to water during these
infusions. Relaxins were synthesized by described methods (17).
Rats were deeply anesthetized (sodium thiopentone, 100 ml�kg
i.v.) 30 min after the infusions finished, and the rats were
perfused transcardially with 60 ml of 0.15 M NaCl followed by
250 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.2). Their brains were removed and immersed for 1–2 h in 4%
paraformaldehyde�phosphate buffer, then placed overnight in
20% sucrose�phosphate buffer. The brains were serially sec-
tioned at 40 �m in the coronal plane with a freezing microtome.
After exposure of the sections to 10% horse serum for 1 h, the
free-floating sections were incubated overnight at 4°C with
antiserum (diluted 1:2000–5000 depending on the batch) raised
in rabbits against a synthetic residue of human Fos. The primary
antibodies were then reacted with biotin-labeled anti-rabbit
immunoglobulins and finally with an avidin–biotin–peroxidase
complex (Vector Laboratories). The peroxidase was detected by
using 3,3�-diaminobenzidine hydrochloride as chromogen inten-
sified with nickel ammonium sulfate. Some sections through the
SON and PVN were then immersed for 24 h further in rabbit
antiserum directed against vasopressin, which was subsequently
localized according to the procedures outlined above without the
nickel enhancement, yielding a brown reaction product. After
mounting on glass slides, the sections were counterstained with
cresyl violet. Cell nuclei that exhibited Fos-like immunoreactiv-
ity (Fos-LI) in sections of the lamina terminalis and hypothal-
amus were counted with a graticule in the microscope’s eyepiece
to prevent repeat counts.

Ablation of the SFO or OVLT and Relaxin Responses. Rats were
anesthetized with sodium pentobarbitone (60 mg�kg, i.p.) and
placed in a stereotaxic frame with the top of the skull held
horizontal. After making a scalp incision, a burr-hole was drilled
in the midline and an electrode (epoxylite-coated entomological
pin, size 00, 38 mm long, with noninsulated tip) was lowered
perpendicularly either into or near the SFO, with coordinates
0–0.3 mm posterior to bregma, and 4.9–5.0 mm ventral to the
dura mater in the midline of the brain (18), or OVLT (midline
coordinates 0.1 posterior to bregma, and 8.4 mm ventral to the
dura mater). The animals received electrolytic ablation at either
three different insertion points along the anterior–posterior axis
relative to bregma for the SFO or once for the OVLT by passing
an anodal direct current (1 mA, 10- to 20-sec duration between
the electrode tip and an electrode in the skin) at each insertion
point. Animals with sham lesions received the same procedure
without any current being applied (n � 4). The electrode was
then removed, the wound sutured, and the animal allowed to
recover. Daily water and food intake were monitored and rats
were allowed 1–2 weeks recovery before they were prepared with
a cannula in the femoral vein as described above. After 2–3 days,
they were given an i.v. infusion of human relaxin at 25 �g�h for
1 h, and the water intake during this hour and the subsequent 30
min was measured at 15-min intervals. Rats were anesthetized
with sodium pentobarbitone 30 min after ending the infusions
and their brains perfused with saline and fixative, and processed
immunohistochemically to detect Fos as described above. In
addition, normal rats were infused with either relaxin (25 �g�h,
n � 12) or 0.15 M NaCl (vehicle, n � 6), their water intakes
measured, and brains subjected to the same immunohistochem-
ical procedures. The brain sections were examined by light
microscopy and the lesions classified into groups. Rats with
lesions in or near the SFO or OVLT were classified in six groups
depending on how much of the SFO was ablated: SFOX group
(90–100% SFO ablation, n � 5); SFO�50X (50–90% SFO

ablation, n � 5); SFO�50X (10–50% SFO ablated, n � 5),
SFOML (lesion missed SFO leaving it intact, but adjacent tissue
ablated, n � 5), OVLTX (�90% of OVLT ablated, n � 5),
OVLTML (lesion missed OVLT leaving it intact but adjacent
tissue ablated, n � 6). The number of rats with a partial OVLT
lesion was insufficient to make a group for analysis. The number
of cells exhibiting Fos-LI in the SFO and OVLT was counted by
image analysis (MCID, Imaging Research, St Catherine’s, ON,
Canada), whereas those in the ventral MnPO, SON (at the level
just caudal to the SFO), and the posterior magnocellular sub-
division of the PVN (PVNm) were counted by a different
observer who used a microscope with a graticule in the eyepiece.
This observer made all counts of these regions to ensure
consistency of nuclear boundaries, and was unaware of the
classification of the type of lesion in each rat brain to prevent bias
in the counts. Statistical analysis of Fos-LI counts for each brain
site was made by one-way analysis of variance followed by
Dunnett’s test for comparison of each group with the nonle-
sioned group infused with relaxin.

Electrophysiological Studies. Male rats were decapitated, and their
brains were removed and superfused with ice-cold artificial
cerebrospinal f luid (aCSF) having the following composition (in
millimolar): NaCl, 124; KCl, 5; NaH2PO4, 1.2; MgSO4, 1.3;
CaCl2, 1.2; NaHCO3, 26; glucose, 10; and equilibrated with 95%
O2 and 5% CO2 yielding a pH of 7.4 and osmolality of 290
mosmol�kg. The brain was trimmed to a square block containing
the entire hypothalamus, from which a coronal section was cut
by hand at the level of the anterior commissure. A slice con-
taining the entire SFO was cut by hand and preincubated in
aCSF at 35°C for 2 h before recording started. The slice was then
transferred to a chamber perfused with prewarmed aCSF at 1.6
ml�min. Temperature was held constant at 37°C by a Peltier
element. Extracellular recordings were made from SFO neurons
by using glass-coated platinum-iridium electrodes as described
(19). The SFO could be identified easily by its protrusion into the
third ventricle and the lateral blood vessels lining the organ on
both sides. Ang II or relaxin was added to the aCSF perfusate
shortly before their application. After a stable recording from a
single spontaneously active neuron was obtained, its responsive-
ness to Ang II was tested by switching to a perfusion solution
containing Ang II at 10�7 M. The recorded action potentials
were amplified and displayed on a storage oscilloscope (Gould,
Erlensee, Germany) and, after passing a window discriminator
(World Precision Instruments, Sarasota, FL), were analyzed with
custom-made software (SPIKE 2, Cambridge Electronic Design,
Cambridge, U.K.) on a computer. The concentration of Ang II
(10�7 M) was chosen according to published experiments (19),
which showed that this concentration produced clearly visible
responses with minimum desensitization. From the continuously
recorded rate meter counts, the average discharge rate of each
neuron was evaluated for 60 sec before the stimulus. This value,
referred to as the control, was subtracted from all subsequent
changes in firing rate, and the results were expressed as percent
change from control. If the averaged change of discharge rate
during the entire response time was larger than 20%, the neuron
was considered sensitive to the applied substance. The Ang
II-containing solution was perfused through the chamber for 3–6
min before the perfusion reverted to aCSF. After a further 10–15
min, a solution of relaxin was perfused through the chamber for
4–8 min and the activity of the same neuron recorded as
described above.

Results
Effects of Relaxin on Fos-LI. Intravenous infusion of human relaxin
at 25 �g�h in male rats caused increased Fos-LI in the lamina
terminalis, and in the SON and PVNm (counts per section: SFO,
340 � 63; MnPO, 23 � 2; OVLT, 145 � 13; SON 89 � 11; PVNm
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64 � 6), which did not occur in animals infused with isotonic
saline (counts per section: SFO, 3 � 1; MnPO, 10 � 3; and
OVLT, 14 � 5; SON 3 � 1; PVNm 3 � 1; see Figs. 1F, 3C, and
4B). The Fos-LI resulting from i.v. infusion of rat relaxin was
similar to that observed with human relaxin and was similar in
males and females (data not shown). In the lamina terminalis,
whereas many cells exhibited increased Fos-LI in their two CVO,
the SFO (Fig. 1 A–C) and the OVLT (Fig. 2A), these cells were
not uniformly distributed within these two regions. In the SFO,
many cells exhibiting Fos-LI were observed in its most rostral
(Fig. 1 A), dorsal and lateral parts (Fig. 1B), but they were
virtually absent in its inner core (Fig. 1B) and sparse in the most
caudal region (Fig. 1C). In coronal sections, the distribution of
cells exhibiting Fos-LI in the SFO gave the appearance of an
annulus in the periphery of the organ (Fig. 1B). In the OVLT,
Fos-LI was observed mainly in cells in its dorsal cap region (Fig.
2A), and in a small caudal, ventral periventricular group (Fig.
2A). Only a few Fos-positive cells were observed in its central
and lateral zones. We observed a significant increase in the
number of Fos-positive neurons in the other component of the
lamina terminalis, the MnPO in response to i.v. relaxin, although
they were far less numerous than in the SFO or OVLT. In the
hypothalamus, extensive Fos-LI was observed in cells of the SON
(Fig. 3A) and posterior magnocellular subdivision of the PVN
(Fig. 4A), many of which also exhibited vasopressin immunore-
activity. Because considerable Fos-LI existed in several parvo-

cellular subgroups in the PVN in rats infused with isotonic saline
(Fig. 4B), we did not assess these in relaxin-treated animals. No
increase in Fos-LI was observed in the area postrema, the other
sensory CVO of the rat brain.

Very few neurons exhibited Fos-LI in the lamina terminalis,
SON, or PVNm of rats infused with the reduced A and B chains
of relaxin. In rats infused with human relaxin at 10 �g�h (i.v.),
Fos-LI in the SFO, OVLT, and SON seemed to be greater than
in control rats; however; the density of the immunoreactivity was
quite pale and much less than those infused with relaxin at 25
�g�h, making it difficult to count reliably the cell nuclei exhib-
iting Fos-LI.

Effects of Ablation of the SFO or OVLT on Relaxin-Stimulated Water
Drinking and Fos-LI. In nonlesioned rats, i.v. infusion of relaxin at
25 �g�h for 1 h caused water drinking within 10–20 min of the
commencement of infusion, whereas i.v. infusion of isotonic
saline was ineffective. Water intake in response to i.v. relaxin was
almost abolished in the SFOX group and significantly inhibited
in the group with 50–90% of the SFO ablated, whereas ablation
of less than 50% of the SFO, or tissue adjacent to the SFO, did
not significantly reduce relaxin-induced drinking (Fig. 5). Rep-
resentative lesions of the SFO and OVLT are shown in Figs. 1D
and 2C, respectively. Ablation of the OVLT, missed SFO lesions,
or sham lesions, had little effect on relaxin-induced drinking
(Fig. 5). In rats in which the SFO had been totally ablated, i.v.

Fig. 1. (A–C) Fos-LI (black dots) in coronal sections of the SFO of a rat infused i.v. with relaxin (25 �g�h). (A) Rostral SFO. (B) Main body of the SFO. (C) Caudal
SFO. (D) A typical lesion in the SFO (indicated). (E) Relaxin-induced Fos-LI in the SFO of a rat with the OVLT ablated. (F) SFO of a rat infused with vehicle. f, fornix;
LV, lateral ventricle; V, third ventricle.

Fig. 2. (A) Fos-LI (black dots) in coronal sections of the OVLT of a rat infused with relaxin (25 �g�h, i.v.); (B) relaxin-induced Fos-LI in the OVLT of a rat that had
the SFO totally ablated; (C) a typical lesion (indicated) in the OVLT. dc, dorsal cap of OVLT; mpo, medial preoptic region; oc, optic chiasm; or, optic recess of the
third ventricle. The dorsal boundary of the OVLT is indicated by the interrupted line.
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infusion of relaxin still resulted in Fos expression in the OVLT
(Fig. 2B), SON (Fig. 3D), and PVN (Fig. 4C), although it was
significantly reduced in the PVNm compared with nonlesioned
rats (Fig. 6). Expression of Fos in response to i.v. relaxin in
neurons in the MnPO (Fig. 6), SON (Figs. 3B and 6), and PVNm
(Figs. 4D and 6), SFO was considerably less in rats in which the
OVLT had been ablated than in control or sham-lesioned rats
infused with relaxin. Considerable Fos-LI was still observed in
the SFO of OVLT-lesioned rats infused with relaxin (Figs. 1E
and 6). In regard to the SFO lesion groups (Fig. 1D), the dorsal
part of the MnPO often incurred some damage, but it never
extended below the level of the anterior commissure, so that the
anteroventral third ventricle (AV3V) region always remained
intact. Only minor damage to the MnPO immediately adjacent
to the OVLT was observed in the OVLTX group, but it was
damaged in three rats from the OVLTML group. In three rats
that incurred unilateral damage to tissue immediately lateral to
the OVLT, it was noticeable that Fos-LI was considerably less
(�10%) in the SON ipsilateral to the lesion (Fig. 3F) than in the
contralateral SON (Fig. 3E).

In Vitro Electrophysiological Recordings. Data were obtained from
14 SFOs. Recordings were made from spontaneously active
neurons in the periphery of the SFO. By using a dissecting

microscope, it was possible to lower accurately a recording
electrode into this region and test spontaneously active neurons
for responsiveness to Ang II added to the perfusion medium. As
expected, several neurons showed a rapid and marked increase
in firing frequency when tested with Ang II (Fig. 7). On washing
out the Ang II from the organ bath, the activity subsided within
5 min. Of 12 Ang II-responsive neurons found, all exhibited large
and prolonged increases in firing frequency with the introduction
of relaxin (Fig. 7). Two neurons were not responsive to Ang II,
but increased their firing rate in response to relaxin (Fig. 7).
Unlike the rapidly reversible response obtained with Ang II, the
increase in activity of all 14 relaxin-responsive neurons contin-
ued despite the continuous perfusion of relaxin-free aCSF for

Fig. 3. Fos-LI (black dots) in coronal sections of the SON of rats infused with relaxin (25 �g�h, i.v.). (A) Normal rat. (B) Rat in which the OVLT had been totally
ablated. (C) Rat infused with vehicle. (D) Rat with the SFO ablated. (E and F) The supraoptic nuclei from a rat with a unilateral right-sided lesion in the tissue lateral
to the OVLT showing more Fos-LI in the left (E) than right (F) SON. Boundaries of the SON are indicated.

Fig. 4. Fos-LI (black dots) in coronal sections of the PVNm of rats infused with
relaxin (25 �g�h, i.v.). (A) Normal rat. (B) Rat infused with vehicle. (C) Rat with
the SFO ablated infused with relaxin (25 �g�h). (D) Rat in which the OVLT had
been totally ablated. PVNm is enclosed by the interrupted line. 3V, third
ventricle.

Fig. 5. Water intake during 90 min after the start of an i.v. infusion of human
relaxin at 25 �g�h for 1 h in normal rats or rats with ablation of the SFO, OVLT,
parts of the SFO, or tissue adjacent to these regions, or sham lesions. Mean and
SEM are shown, and number of animals in each group are given in parenthe-
ses. Control, normal rats; SHAMX, sham lesions; SFOX, �90% of SFO ablated;
SFO�50�, 50–90% of SFO ablated; SFO�50�, �50% of SFO ablated; SFOML,
lesion missed SFO and damaged adjacent tissue; OVLTX, �90% of OVLT
ablated; OVLTMX, lesion missed OVLT and ablated tissue in the adjacent
regions. * indicates a significant difference (P � 0.05, Dunnett’s test) from the
control group infused with relaxin.
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many minutes which would have washed any residual relaxin
from the tissue chamber. Because the response to relaxin usually
lasted more than 45 min, further tests were not made.

The 14 neurons responsive to relaxin had a spontaneous
frequency of 5.8 � 0.7 Hz. This frequency increased by 3.6 � 0.5
Hz in response to 10�7 M relaxin. The latency of the response
was 121 � 19 sec. The duration was �1,434 � 19 sec, with only
two neurons showing a reversible response after 825 and 920 sec,
respectively.

Discussion
Our results show that relaxin directly stimulates neurons in the
rat SFO. In the absence of evidence of relaxin crossing the
blood–brain barrier, the SFO is the likely site of blood-borne

relaxin’s dipsogenic effect because ablation of the SFO, but not
the OVLT (the other of the sensory CVO stimulated by circu-
lating relaxin), abolished relaxin-induced drinking. Evidence
that i.v. infusion of relaxin increases vasopressin release has been
reported (12, 13). Ablation of the OVLT significantly reduced
the number of magnocellular neurons expressing Fos in the
PVNm and SON (sites of vasopressin-containing neurons) in
response to i.v. infusion of relaxin, suggesting that the OVLT
may mediate vasopressin release in response to i.v. relaxin.

It is unlikely that the lack of relaxin-induced drinking in rats
with SFO lesions is caused by generalized behavioral debilita-
tion, because these animals exhibited normal daily intake of food
and water on recovery from lesion surgery. Others have shown
that behaviors such as feeding and osmotically stimulated drink-
ing are not affected by ablation of the SFO (16, 20), and the
inhibitory effects of SFO lesions on drinking apparently are
specific for dipsogenic agents that act on specific receptors
located on neurons in the SFO to stimulate drinking.

In these experiments, we used two different techniques (elec-
trophysiology and immunohistochemistry to detect Fos-LI) to
identify activated neurons, and showed that many neurons
responsive to circulating relaxin are found in the rostral and
peripheral parts of the SFO, and most likely in the dorsal cap
region of the OVLT. Although human relaxin was infused in
most experiments to male rats, administration of rat relaxin
stimulated the same pattern of Fos-LI in the brain, and this
stimulation occurred regardless of the sex of the rat. Fos
expression has occurred in several different neuronal pathways
when they have been activated by synaptic transmission, injection
of neurotransmitter, or hormonal stimulation (21–23). A study of
Fos-LI in rat brain, monitoring i.c.v. administration (rather than
systemic infusion) of relaxin, also showed that neurons were
activated in the outer part of the SFO and dorsal cap of the
OVLT; in addition, many cells exhibited Fos-LI in the MnPO (9).
The rich reciprocal interconnections between these three com-
ponents of the lamina terminalis made it impossible to determine
the site of primary neuronal stimulation by relaxin in that
experiment. The present experiment showing marked Fos-LI in
the SFO and OVLT, but much less in the MnPO after systemic
infusion of relaxin, also supports the view that, with circulating
relaxin, the primary stimulus is in one or both of these CVOs,
which, unlike the MnPO and nearly all other brain regions, lack
a blood–brain barrier, and therefore are accessible to the
circulating peptide. Ablation of the OVLT resulted in a marked
reduction of Fos-LI in the MnPO in response to i.v. infusion of
relaxin, suggesting that relaxin-sensitive neurons in the OVLT
may provide excitatory input to the MnPO, which is consistent
with neuroanatomical evidence of an efferent pathway from the
OVLT to the MnPO (24).

The electrophysiological recordings made from neurons in the
isolated SFO in which connections to other brain regions had
been severed show that neurons in the outer parts of the SFO
respond directly to relaxin added to their environment. Several
investigators have shown that Ang II can directly stimulate
neurons in the SFO (19, 25), and we have observed that the great
majority of these neurons were also stimulated by relaxin in the
perfusion medium. We have not made such recordings from the
isolated OVLT, but in view of the relaxin binding present in this
site (10), to which circulating relaxin should have access, it seems
likely that relaxin also acts directly on neurons in the OVLT to
stimulate neuronal activity there. Most of the activation of
neurons in the OVLT by i.v. infusion of relaxin is unlikely to be
secondary to stimulation of neurons in the SFO known to have
efferent neural connections to the OVLT (9), because i.v. relaxin
stimulated increased Fos-LI in the OVLT of rats in which the
SFO had been ablated.

Most relaxin-sensitive neurons in the outer parts of the SFO
were also sensitive to Ang II in vitro, raising the possibility that

Fig. 6. Number of cells showing Fos-LI (counts per section) in SFO, OVLT,
vMnPO, PVNm, and SON in normal rats (CONTROL), and rats with brain lesions
(SFO ablated, SFOX; OVLT ablated, OVLTX; sham lesions, SHAMX) infused with
relaxin (25 �g�h, i.v.). Normal rats infused with isotonic 0.15 M NaCl are also
shown. * indicates a significant difference (P � 0.05, Dunnett’s test) from the
control group infused with relaxin.

Fig. 7. Electrical activity (spikes per second) recorded from two neurons in
slices of the rat SFO in vitro. Extracellular recordings were made and Ang II and
relaxin (Rlx) perfused into the organ bath at the times indicated by the black
bar. Upper shows a neuron that was sensitive to both Ang II and relaxin, and
Lower shows a neuron that was sensitive to relaxin but not Ang II.
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the same neurons mediate drinking and vasopressin secretion
induced by i.v. infusion of relaxin and Ang II. Although we did
not test effects of angiotensin AT1 antagonists on the relaxin-
induced stimulation of neurons in the SFO, it seems unlikely that
relaxin exerts its effects through angiotensin receptors in the
SFO, because i.c.v. injection of the Ang II antagonist losartan
does not block the increase in Fos-LI that occurs in the SFO and
OVLT in response to centrally administered relaxin (M.J.M. and
P. Sinnayah, unpublished observations). Consistent with this
study is our observation that 2 of the 14 relaxin-stimulated
neurons from which we obtained recordings were insensitive to
Ang II, suggesting the independence of the Ang II and relaxin
receptors.

Neurons in the SON and PVNm, which contained vasopressin,
also showed increased Fos-LI and therefore neuronal activation
after i.v. relaxin, consistent with previous studies (26, 27).
Although binding sites for relaxin have also been reported to be
present in these two nuclei (10), it seems likely that the blood–
brain barrier would prevent circulating relaxin from gaining
access to these sites. In view of our recent evidence that many of
the neurons in the SFO and OVLT that were activated (as shown
by Fos-LI) by blood-borne relaxin have direct neural connections
with the SON and PVN, it seemed probable that vasopressin
(and oxytocin) secretion resulting from systemic infusion of
relaxin is driven by relaxin-sensitive neurons in the SFO and
OVLT (27). However, only ablation of the OVLT significantly
reduced the Fos-LI in both the SON and PVNm, suggesting it
may play the major role in mediating relaxin-induced vasopressin

secretion. An interesting observation made in three animals, in
which the tissue just lateral and caudal to the OVLT was ablated,
resulted in a pronounced asymmetry in the number of Fos-LI
neurons in the SON after relaxin treatment (Fig. 3 E and F). The
neural pathways from the lamina terminalis to the SON proceed
through the region caudal and lateral to the OVLT (28, 29), and
it seems likely that this effect was caused by interruption of a
relaxin-activated neural pathway from the lamina terminalis to
the SON.

The concentrations of relaxin that stimulated drinking, Fos-
LI, or increased spike frequency in vitro in the present experi-
ments in rats have been supraphysiological. However, we have
observed water drinking in rats at infusion rates that have
contrived physiological blood levels (13). The fact that ablation
of the SFO abolished water drinking at a maximal dose of relaxin
indicates that drinking stimulated by more physiological blood
levels is also likely to be mediated by the SFO. Because blood
levels of Ang II and of relaxin are elevated in the pregnant rat,
and these two circulating dipsogenic peptides can act synergis-
tically in stimulating drinking (13), it seems likely that they both
act on the SFO and OVLT to influence body fluid homeostasis
during pregnancy in rats.
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