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Suckling-Induced Prolactin Release in Rat
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Tuberoinfundibular peptide of 39 residues (TIP39) and the PTH-2 receptor (PTH2R) constitute a peptide-
receptor neuromodulator system. Based on the abundance of TIP39 fibers and axonal terminals as well
as PTH2R-containing neurons and their processes in the hypothalamic para- and periventricular and
arcuate nuclei TIP39 has been suggested to play a role in neuroendocrine regulation. We showed
previously that TIP39 expression decreased dramatically by adulthood. In the present study, using insitu
hybridization histochemistry, real-time RT-PCR, and immunohistochemistry, we found that TIP39
mRNA and peptide expression levels are markedly elevated in the posterior intralaminar complex of
the thalamus (PIL) of lactating dams, one of the three locations of TIP39-containing cell bodies in the
brain. In addition, in mother rats, these TIP39 neurons showed Fos expression in response to pup
exposure. Transection of TIP39 fibers originating in the PIL resulted in an ipsilateral disappearance of
TIP39 immunoreactivity throughout the mediobasal hypothalamus of mother rats, suggesting that
TIP39 fibers there arise from the PIL. To elucidate the function of TIP39 activation in dams, mothers
separated from their pups for 4 h on postpartum d 9 received injection of a PTH2R antagonist into the
lateral ventricle 5 min before returning the pups. Blood samples were taken seven times during the
experimental period through jugular cannulae. The PTH2R antagonist administered in two different
concentrations markedly inhibited suckling-induced elevation of plasma prolactin levels in a dose-
dependent manner. These results suggest that TIP39 neurons in the PIL may regulate suckling-induced
prolactin release in rat dams. (Endocrinology 151: 5830-5840, 2010)

n lactating mothers, the pituitary hormone prolactin is
Iprimarily released to the circulation in response to suck-
ling (1) and is essential to the production of milk in the
mammary gland (2). Suckling-induced prolactin release
from anterior pituitary lactotroph cells, a neuroendocrine
reflex, is initiated by the stimulation of mechanoreceptors
in and around the nipples (3). Stimulation, lesion, and
tracer studies revealed that this reflex arch relays in the
lateral cervical nucleus and traverses the lateral mesence-
phalic tegmentum (4-10). It has also been established that
dopamine neurons in the arcuate nucleus are the major
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hypothalamic regulators of prolactin release from the pitu-
itary (11); however, components of the pathway mediating
suckling-induced prolactin release and its regulation and
neurochemical characterization remain to be elucidated.
Tuberoinfundibular peptide of 39 residues (TIP39), pu-
rified from bovine hypothalamus, is the only known en-
dogenous high-affinity agonist of the PTH-2 receptor
(PTH2R) (12). Anatomical evidence supports formation
of a peptide-receptor neuromodulator system by TIP39
and the PTH2R (13) because the location of TIP39 fibers
present in limbic and endocrine forebrain regions is very

Abbreviations: AP, Antero-posterior; L, lateral; PB, phosphate buffer; PIL, posterior in-
tralaminar complex of the thalamus; PTH2R, PTH type 2 receptor; PVG, periventricular gray
of the thalamus; TIP39, tuberoinfundibular peptide of 39 residues; TIP39-ir,
TIP39-immunoreactive.
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similar to the distribution of PTH2R-containing neurons
and their processes (14). In particular, both TIP39-con-
taining fiber terminals and PTH2R-expressing cells and
their fibers are abundant in the hypothalamic para- and
periventricular, and arcuate nuclei (14, 15). TIP39-ex-
pressing cells in the brain are restricted to the subparafas-
cicular area of the thalamus and the medial paralemniscal
nucleus of the pons (16, 17). The former brain area pro-
vides TIP39 fibers to the forebrain and the latter one to the
hindbrain (18). The subparafascicular area TIP39 neurons
can be subdivided into the medially located group in the
periventricular gray of the thalamus (PVG) and a laterally
positioned group in the posterior intralaminar complex of
the thalamus (PIL) as reviewed recently (13). This subdivi-
sion was based on the developmentally earlier appearance of
TIP39 in the PIL (19) and the selective ejaculation-induced
Fos activation in TIP39 neurons of the PIL in male rats (20).
The PIL includes the posterior intralaminar thalamic nu-
cleus, the parvicellular subparafascicular nucleus, and part
of the lateral-most zona incerta, ventromedial to the medial
geniculate body (13, 17, 21). This area is situated in the ros-
tral end of the lateral mesencephalic tegmentum, demon-
strates retrogradely labeled neurons after mediobasal hypo-
thalamic injections (22) and Fos activation in lactating rats
(23), suggesting that it may participate in the mediation of
suckling-induced prolactin release.

We have reported a marked decrease in the level of TIP39
but not the PTH2R expression during the period of pubertal
development (24). Furthermore, we previously found a
marked increase in the expression level of the ligand of an-
other peptide-receptor system in rat dams (25). Therefore,
we hypothesized that TIP39 can also be induced to act on the
available PTH2Rs. In the present study, the expression of
TIP39 mRNA and peptide was investigated in mother rats.
In addition, Fos activation was examined in TIP39 neurons
in response to pup exposure. Subsequently, we tested
whether activated TIP39 neurons project to the mediobasal
hypothalamus where neurons regulating prolactin release
from the pituitary are located (11). Finally, we addressed the
function of TIP39 activation in suckling-induced prolactin
release. Because transgenic mice lacking TIP39 are sterile due
to a defect in germ cell development (26), we antagonized
endogenous TIP39 in mother rats by injecting a recently de-
veloped selective peptide antagonist of the PTH2R (27) into
the lateral ventricle and investigated its effect on plasma pro-
lactin levels in response to suckling.

Materials and Methods

Animals

All animal experimentation was conducted in accordance to
the National Institutes of Health Guide for the Care and Use of
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Laboratory Animals. Experiments were carried out according to
protocols approved by the Animal Examination Ethical Council
of the Animal Protection Advisory Board at the Semmelweis
University, Budapest, and meet the guidelines of the Animal Hy-
giene and Food Control Department, Ministry of Agriculture,
Hungary. A total of 84 adult female Wistar rats (260-340 g body
weight; Charles River Laboratories, Budapest, Hungary) were
used. All of the animals were 90-120 d old when killed. Animals
were kept in standard laboratory conditions with 12-h light,
12-h dark periods (lights on at 0600 h) and supplied with food
and drinking water ad libitum. Pregnant and mother rats as well
as their experimental control counterparts were individually
housed. Three mother rats were excluded from the study because
they delivered fewer than six pups or some of their pups died. The
number of pups was adjusted to 10 within 2 d of delivery. Rats
were anesthetized with an im injection of anesthetic mix con-
taining 0.2 ml/300 g body weight ketamine (100 mg/ml) and 0.2
ml/300 g body weight xylazine (20 mg/ml) for surgery, perfu-
sions, and dissections, which took place at 9-10 d postpartum
for mothers.

Pup exposure of mother rats for Fos activation
study

Ratdams (n = 6) were deprived of pups on postpartum d 8 -9
at 1300 h. The following day at 0900 h, pups were returned to
the cage of three mother rats, whereas three control rats re-
mained isolated. All three mothers accepted the pups, and suck-
ling started within 10 min. All animals were killed 22 h after
removing the pups, i.e. 2 h after returning the pups to the three
mothers for suckling. Animals were perfused transcardially and
processed for Fos and TIP39 immunocytochemistry.

Transection of the supraoptic decussations

Mother rats (n = 3) were operated on 3 d after delivery. Holes
of about 1 X 3 mm diameter were drilled into the right side of the
skull above the target coordinate (antero-posterior [AP], —2.64;
lateral [L], 3.0; ventral, 8.6 mm) 75° to the anteroposterior axis.
Transections were performed with 2-mm-wide glass knives tar-
geted to cut the supraoptic decussations perpendicularly. Ani-
mals were allowed to survive for 6 d after transections.

Microdissection of brain tissue samples

Brains of eight primiparous lactating mothers and eight pri-
miparous mothers separated from pups immediately after par-
turition were removed on postpartum d 8 -9 together with brains
of eight age-matched nulliparous control female rats. Coronal
brain sections (3 mm thick) were cut from the fresh brain around
the subparafascicular area. A circular micropunch needle of 2
mm diameter was used subsequently to dissect the PVG medial
to the fasciculus retroflexus (Fig. 1A) and the PIL ventromedial
to the medial geniculate body (Fig. 1B). The dissected tissue sam-
ples were frozen and stored at —80 C.

Real-time RT-PCR

Total RNA was isolated from the microdissected PVG and PIL
using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. After diluting RNA to 2 ug/ul, it was
treated with amplification-grade deoxyribonuclease I (Invitrogen),
and cDNA was synthesized with a Superscript Il reverse transcrip-
tase kit (Invitrogen) according to the manufacturer’s instructions.
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FIG. 1. Localization of TIP39-expressing cell bodies in the posterior thalamus and brain regions dissected are shown in coronal drawings. The
positions of TIP39-neurons are indicated by red dots, whereas the dissected brain area is shown by a red circle. A, Most TIP39 neurons in the PVG
are distributed between the midline and the fasciculus retroflexus (fr). Some TIP39 neurons are located more ventrally along the third ventricle (3V)
or more laterally below the fasciculus retroflexus. All of these TIP39 neurons were included in the dissection. B, The PIL is located somewhat more
caudally than the PVG. TIP39 neurons are distributed in the posterior intralaminar thalamic nucleus (PIN), the parvicellular subparafascicular
nucleus (SPFp), and the caudal-most part of the zona incerta (ZIc). Somewhat more rostrally, some TIP39 neurons are located medial to the major
TIP39 cell group above the medial lemniscus (ml). These TIP39 neurons were also included in the dissection. ca, Cerebral aqueduct; ic, internal
capsule; MG, medial geniculate body; SN, substantia nigra; VPM, ventral posteromedial thalamic nucleus.

After 10-fold dilution, 2.5 ul of the resulting cDNA was used
as template in multiplex PCR using dual-fluorescence labeled
TagMan probes for TIP39 (6-FAM-CGCTAGCTGAC-
GACGCGGCCT-TAMRA), and glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH; JOE-ATGGCCTTCCGTGTTC-
CTACCCCC-TAMRA) as described previously (24). The primers
for TIP39 (CTGCCTCAGGTGTTGCCCT and TGTAA-
GAGTCCAGCCAGCGG) were used at 300 nMm, whereas the
primers for GAPDH (CTGAACGGGAAGCTCACTGG and CG-
GCATGTCAGATCCACAAC) were used at 150 nMm concentra-
tion. PCR were performed with iTag DNA polymerase (Bio-Rad
Laboratories, Hercules, CA). Cycle threshold values were obtained
from the linear region of baseline-adjusted amplification curves.
Standard curves for TIP39 and GAPDH were used to calculate the
amount of cDNA in the samples.

In situ hybridization histochemistry for TIP39

Brains of three primiparous lactating mothers, three primipa-
rous mothers separated from pups immediately after parturition,
and three age-matched nulliparous control female rats were dis-
sected and frozen on postpartum d 8-9 together with brains of
eight age-matched nulliparous control female rats. The estrous
stage of the control females was not analyzed because estrogen
level did not have a detectable effect on TIP39 mRNA expression
level (24). In situ hybridization was performed as described previ-
ously (16, 17). Briefly, serial coronal sections (12 wm) were cut,
mounted, dried, and stored at —80 C until use. In situ hybridiza-
tion protocols are described in detail on the website http://
intramural.nimh.nih.gov/lemr/snge/Protocols/ISHH/ISHH.html.
[**S]UTP-labeled riboprobes were generated using a MAXIscript
transcription kit (Ambion, Austin, TX) from TIP39 ¢cDNA sub-
cloned into TOPO TA vectors (Invitrogen) and hybridized at 1
million decay per minute activity per slide. A region of the rat
TIP39 cDNA sequence corresponding to amino acids —55 to 37,
where amino acid 1 is the first residue of mature TIP39, was used
to generate probes. Slides were dipped in NTB nuclear track emul-
sion (Eastman Kodak, Rochester, NY), stored for 3 wk at 4 C for
autoradiography, developed, and fixed with Kodak Dektol devel-
oper and Kodak fixer, respectively, counterstained with Giemsa,
and coverslipped.

Tissue collection for immunolabeling

Rats were deeply anesthetized and perfused transcardially
with 150 ml saline followed by 300 ml ice-cold 4% paraformal-
dehyde prepared in phosphate buffer (PB; 0.1 M). Brains were
removed and postfixed in 4% paraformaldehyde for 24 h and
then transferred to PB containing 20% sucrose for 2 d. Serial
coronal sections were cut at 50 um on a sliding microtome 1.0-
8.0 mm caudal to the bregma level. Sections were collected in PB
and stored at 4 C.

TIP39 immunocytochemistry

Every fourth free-floating brain section of three primiparous
lactating mothers and three primiparous mothers separated from
pups immediately after parturition and killed 8 -9 d postpartum,
and three age-matched nulliparous control female rats as well as
three rats with transection were immunostained for TIP39 as
described previously (16, 17). TIP39 was detected with an af-
finity-purified antiserum from a rabbit immunized with rat
TIP39, which can be absorbed with synthetic TIP39 (16, 17) and
labels cell bodies with the same distribution as observed by i situ
hybridization histochemistry (17, 24). This antiserum (1:3000
for tyramide amplification and 1:700 for 3,3’-diaminobenzidine
reaction) was applied for 48 h at room temperature followed by
incubation of the sections in biotinylated antirabbit secondary
antibody (1:800 dilution; Vector Laboratories, Burlingame, CA)
and then in avidin-biotin-peroxidase complex (1:300; Vector)
for 2 h. Subsequently, sections were treated with 0.06% diami-
nobenzidine or fluorescein isothiocyanate-tyramide (1:8000)
and H, O, in Tris-hydrochloride buffer (0.1 M, pH 8.0) for 6 min,
mounted, and coverslipped.

Fos immunocytochemistry

Every fourth free-floating section of three brains per group
(mothers on postpartum d 8-9 deprived of pups for 22 h and
mothers deprived of pups for 20 h followed by pup exposure)
was immunolabeled as described for TIP39 immunostaining ex-
cept that a rabbit anti-Fos primary antiserum [1:20,000; c-Fos
(4) sc-52; Santa Cruz Biotechnology, Santa Cruz, CA] was used.
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Double immunolabeling of TIP39 and Fos

Every fourth free-floating section of the six rat dams used for
single-labeling Fos were immunolabeled at first for TIP39, as
described above. Sections were then placed in rabbit anti-Fos
primary antiserum (1:10,000) for 48 h at room temperature. The
sections were then incubated in Alexa 594 donkey antirabbit
secondary antibody (1:500; Molecular Probes, Eugene, OR) for
2 h, washed in PB overnight, mounted, and coverslipped.

Analysis of TIP39 and Fos double immunolabeling

A section containing the PIL was randomly selected from
each of the six animals double labeled for TIP39 and Fos. The
total number of TIP39-immunoreactive (TIP39-ir) neurons
with an identifiable cell nucleus as well as the number of
double-labeled cells was counted using a X20 objective of an
Olympus BX60 light microscope equipped with fluorescent
epi-illumination and a filter that allowed us to see both green
and red colors. Subsequently, the number of single-labeled
Fos-ir cells was also calculated in the area where TIP39 neu-
rons were distributed.

Measuring the effect of [His* Tyr> Try% His’] TIP39
(HYWY-TIP39) on suckling-induced prolactin
release

Mother rats (n = 24) were implanted with intracerebroven-
tricular cannulae 3—4 d postpartum and jugular catheters 8-9 d
postpartum and received the antagonist challenge and had blood
collected 1 d later, on d 9-10 postpartum.

Implantation of intracerebroventricular cannulae

Rats were fixed in a stereotaxic apparatus (Stoelting, Wood
Dale, IL). The skin was cut over the skull and holes of about 2 mm
diameter were drilled into the left side of the skull above the
lateral ventricle positioned at the following coordinates: AP,
—0.5; L, 1.4; ventral, 3.6 mm. Guide cannulae (Plastics One,
Roanoke, VA) were inserted into the lateral ventricle and fixed
to the skull with cranioplastic cement (Plastics One). Threaded
dummy cannulae were placed and screwed into the guide
cannulae.

Implantation of jugular cannulae

Dams received 25-mm-long sterile polyethylene jugular can-
nulae (Plastics One). A ventral cervical skin incision was made
right of the midline with its caudal terminus at the level of the
clavicle. The right common jugular vein was mobilized, and can-
nulae were inserted into the vessel and secured in place with
suture. Incisions were made on the skin at the midline between
the scapulae, and jugular cannulae were pulled through the scap-
ular incisions. The cannulae were filled with heparinized saline
and sealed with metal pins.

Antagonist injection and blood sampling before
and during suckling

The effect of the PTH2R antagonist HYWY-TIP39 (27) was
examined on postpartum d 9-10. Dams were separated from
their pups between 0800 and 0900 h for 4 h. The first blood
sample was taken before separation (—240 min). Five minutes
before the end of the separation period (—5 min), a second blood
sample was taken after which the animals received the intra-
cerebroventricular injection. The three groups received 0.375,
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0.075, or 0 mg (control) HYWY-TIP39 (corresponding to 75,
15, and 0 nmol HYWY-TIP39, respectively) dissolved in 6 ul
sterile saline injected over 5 min. At the end of the injection,
another blood sample was taken, and the pups were returned
to the dams, which time was defined as 0 min. Additional
blood samples were taken 5, 15, 30, and 60 min after reunion.
At each time point, 300 ul blood was obtained, and the same
amount of heparinized saline was injected back into the cir-
culation. Blood was stored on ice temporarily followed by the
separation of plasma, which was stored at =20 C until assayed
for prolactin.

Prolactin assay

Prolactin was measured with RIA kits kindly provided by
National Hormone and Pituitary Program, National Institute of
Diabetes and Digestive and Kidney Diseases, and Dr. A. F. Par-
low. The procedure was a slight modification of the instructions
supplied with the kit as described previously (28). The chlora-
mine-T method was used for iodination and protein A (BactA-
Sorb; Human Rt, Godollo, Hungary) for separation of bound
and free hormone. Data collection and calculations for curve
fitting were made using LKB Clinigamma software. The within-
and between-assay variances were 10 and 14 %, respectively. The
sensitivity of the prolactin assay was 0.5 ng/ml rat plasma (or 25
pg prolactin). All samples were analyzed in duplicates. We used
50 pl plasma for each measurement.

Statistical analysis

Statistical analyses were performed using Prism 5 for Win-
dows (GraphPad Software, Inc., La Jolla, CA). For RT-PCR
measurements, nRNA levels of the three groups (control female,
lactating mother, and mothers deprived of pups) were compared
using one-way ANOVA followed by Bonferroni post-tests for
post hoc comparisons.

For the suckling experiment, plasma prolactin levels of the
three groups (injection of saline and lower and higher doses of the
PTH2R antagonist) were compared at each of the seven time
points using two-way repeated-measures ANOVA to evaluate
whether the antagonist injection had an effect on the prolactin
level. To determine at which time points the antagonist injection
was effective, the three groups (injection of saline and lower and
higher doses of the PTH2R antagonist) were compared using
one-way ANOVA followed by Bonferroni post-tests for post hoc
comparisons.

Histological analysis

Sections were examined using an Olympus BX60 light mi-
croscope equipped with fluorescent epi-illumination and dark-
field condenser. Images were captured at 2048 X 2048-pixel
resolution with a SPOT Xplorer digital CCD camera (Diagnostic
Instruments, Sterling Heights, MI). Confocal images were ac-
quired with a Nikon Eclipse E800 confocal microscope equipped
with a Bio-Rad Radiance 2100 Laser Scanning System using a
X20-60 objectives at an optical thickness of 1-3 wm.

Contrast and sharpness of the images were adjusted using the
levels and sharpness commands in Adobe Photoshop CS version
8.0. Full resolution of the images was maintained until the final
versions were adjusted to a resolution of 300 dpi.
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FIG. 2. Bright-field photomicrographs of in situ hybridization histochemical sections
demonstrate the expression of TIP39 mRNA in the PVG (A-C) and the PIL (D-F). Arrowheads
indicate some examples of the autoradiography signal above TIP39-expressing neurons. In the
PVG, most TIP39 neurons have a weak autoradiography signal in control female (A) and
lactating mother (B) as well as in a pup-deprived mother (C). In contrast, the low level of
TIP39 mRNA in the control female (D) is increased in all parts of the PIL in lactating mother
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2, A-C) and the PIL, an area ventrome-

dial to the medial geniculate body (Fig. 2,
SV D-F). TIP39 mRNA-containing neurons
. in the PIL were situated in the posterior
intralaminar thalamic nucleus, the parvi-
cellular (lateral) subparafascicular nu-
cleus, and the caudal portion of the zona
incerta. Apart from these posterior tha-
lamic locations, we detected no signal for
TIP39 mRNA in the examined parts of
the brain in lactating mothers. This loca-

*PVG

Ao tion of TIP39 neurons was the same as

that described earlier in young adult male
and female rats (17). However, the inten-
sity of the autoradiography signal was
higher in the PIL of mother rats (Fig. 2E).
Neurons with high-intensity signal were
evenly distributed (Fig. 2E). In contrast,
the vast majority of TIP39 neurons in the
PVG showed a low-intensity signal in
mothers (Fig. 2B).

(E), whereas removing the pups reduced the level of TIP39 mRNA as indicated by the low

density of TIP39-expressing cells and their weak labeling (F) similar to the image in D. fr,
Fasciculus retroflexus; MG, medial geniculate body; SN, substantia nigra; 3V, third ventricle.

Scale bar, 500 um.

Results

Induction of TIP39 mRNA in the posterior thalamus
by in situ hybridization

In the forebrain of lactating mother rats, TIP39 neurons
were found in the ventral part of the posterior thalamus con-
centrated in the PVG medial to the fasciculus retroflexus (Fig.

RT-PCR measurement of TIP39
mRNA levels in the PIL and PVG

In the PIL, lactating mother rats had
a 6.9 times higher level of TIP39 mRNA
than age-matched nulliparous control female rats,
whereas the TIP39 mRNA level decreased to the level of
control females when the pups were taken away from
mothers (Fig. 3A). The mRNA level of TIP39 (expressed
as 100,000 X mRNA level of TIP39/mRNA level of
GAPDH) was 30 * 7 in control female rats, 210 = 47 in

*hk
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FIG. 3. TIP39 is selectively induced in the PIL of rat dams as demonstrated by quantitative real-time RT-PCR. A, In the PIL, the level of TIP39 mRNA
is significantly higher (***, P < 0.001) in lactating mothers than in age-matched nulliparous control female rats and mother rats deprived of pups
immediately after delivery (n = 8 in each group) as revealed by using one-way ANOVA (F = 15.03). Bonferroni post-tests for post hoc comparisons
further demonstrated that TIP39 mRNA level in the lactating mother was significantly (P < 0.001) higher than that in control female rats (t = 4.43)
and mothers deprived of their pups (t = 5.03), whereas the TIP39 mRNA levels did not differ in the latter two groups (t = 0.08). B, In the PVG,
there was a tendency for a reduced level of TIP39 mRNA in lactating mothers. However, there were no significant differences between rat dams
and controls in the level of TIP39 mRNA in the PVG as determined by one-way ANOVA (F = 0.82). Data are expressed in the ratio of TIP39 to

GAPDH mRNA.
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FIG. 4. TIP39-ir neurons in the PVG and the PIL. In the PVG, immunocytochemistry reveals
TIP39-positive neuronal cell bodies in control females (A) and lactating mothers (B) as well as
in pup-deprived mothers (C). The distribution of the relatively weakly stained cell bodies is
similar in the three groups and also similar to that of TIP39 mRNA-containing neurons. In
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immunolabeling was increased in lac-
tating mother rats (Fig. 4E). Thus, a
large number (more than 40 per sec-
tion) of TIP39-ir cell bodies were ob-
served in the PIL of rat dams (Fig. 4E),
whereas only a few (fewer than 10 per
section) TIP39-ir cell bodies were de-
tected in the PIL of control female rats
(Fig. 4D) and mothers separated from
their pups immediately after delivery
(Fig. 4F). In rat dams, these immunola-
beled neuronal perikarya were located in
the posterior intralaminar thalamic nu-
cleus, the parvicellular (lateral) sub-
parafascicular nucleus, and the caudal
zona incerta (Fig. 4E). Thus, the distribu-
tion of TIP39-ir neurons in the PIL of lac-
tating mother rats was the same as that of
TIP39 mRNA-expressing neurons.

contrast, the PIL contains only a low density of weakly immunolabeled neuronal cell bodies
the control female rats (D); however, intensely immunolabeled TIP39 cell bodies are

distributed in all parts of the PIL in lactating mother (E). After removal of the pups, the
intensity of the immunolabeling was reduced (F) to the level of the control female shown in
D. fr, Fasciculus retroflexus; MG, medial geniculate body; SN, substantia nigra; 3V, third

ventricle. Scale bar, 500 pwm.

lactating mother rats, and 25 * 9 for mothers deprived of
pups. These values represent a significant increase in the
lactating rats with pups, based on one-way ANOVA. The
change is in TIP39 mRNA because there was no difference
in the level of GAPDH mRNA in the PIL among the three
groups (4944 = 1871 fg/ul in control females, 6018 *
1726 fg/ul in rat dams, and 7894 =+ 2064 fg/ul in mother
rats deprived of pups). In contrast to changes in the PIL,
there was no significant difference in the TIP39 mRNA
level in the PVG (Fig. 3B) between the three groups as
determined by one-way ANOVA. The measured values
were the following (expressed as 100,000 X mRNA level
of TIP39/mRNA level of GAPDH): 34 = 13 in control
female rats, 18 * 11 in lactating mother rats, and 46 + 19
for mothers deprived of pups. There was also no signifi-
cant difference in the level of GAPDH mRNA among the
three groups in the PVG (6277 = 2323 fg/ul in control
females, 3310 = 919 fg/ul in rat dams, and 4712 = 1099
fg/ul in mother rats deprived of pups).

Induction of TIP39 immunoreactivity in the brain
of rat dams

TIP39-ir cell bodies were present in the PVG (Fig. 4,
A-C) as well as in the PIL (Fig. 4, D-F). In the PVG, we
observed similarly weak TIP39 immunolabeling in control
female rats (Fig. 4A), lactating mothers (Fig. 4B), and
mothers separated from their pups immediately after de-
livery (Fig. 4C). In contrast, in the PIL, the intensity of

Fos activation of TIP39 neurons in
rat dams in response to pup
exposure

Suckling started within 10 min of re-
turning the pups to mothers for each
dam. Fos-ir neurons appeared in response to pup exposure
in a number of brain regions including, for example, the
medial preoptic nucleus, the anterior periventricular hy-
pothalamic nucleus, the periaqueductal gray, and the lat-
eral septal nucleus. Similar to these brain regions, very few
Fos-ir neurons (fewer than 10 per section) were detected in
the PIL of rat dams 22 h after separating them from their
pups (Fig. 5A). However, when the dams were exposed to
their pups for 2 h after 20 h of separation, Fos-ir nuclei
(over 50 per section) appeared in the PIL (Fig. 5B). We
observed that Fos-ir nuclei were evenly distributed within
the PIL, whereas adjacent brain areas including the medial
geniculate body and the substantia nigra remained devoid
of Fos-ir cells. The number of TIP39-ir neurons with an
identifiable nucleus in the PIL was 40 * 5 in randomly
selected sections (one section from each of three animals)
containing the PIL. Double labeling revealed that 93% of
TIP39-ir neurons in the PIL were Fos positive (Fig. 5C)
because the number of Fos-positive TIP39 neurons in the
counted PIL sections was 37 £ 5. The few TIP39-ir neu-
rons whose cell bodies lacked Fos immunoreactivity did
not seem to form a separate cell group but rather were
presentin all parts of the PIL. Interestingly, however, 27 =
4 Fos-positive but TIP39-negative neurons were also ob-
served in the PIL. In the region of the PVG where TIP39
neurons are distributed, only 10 * 4 Fos-ir nuclei per
section appeared in response to pup exposure. Further-
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FIG. 5. Fos activation in response to pup exposure. A, A very low density of Fos-
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duced the suckling-induced elevation of
the plasma prolactin level 5, 15, 30, and
60 min after giving back the pups as
determined by using one-way ANOVA
followed by Bonferroni post-tests for
post hoc comparisons. Injection of 0.375
mg PTH2R antagonist completely pre-
vented the prolactin release.

immunopositive neurons are present in the PIL of mother rats deprived of pups for 22 h. B,

The number of Fos-ir neurons (black dot-like structures) rises markedly in all parts of the PIL

Discussion

2 h after the pups are given back to their mothers. C, Most TIP39 cells (green cell bodies)

contain Fos (red-stained nuclei) in the PIL after pup exposure as demonstrated by double-

fluorescent immunolabeling. Scale bar, 1 mm (B) and 100 um (C).

more, we did not find Fos-positive TIP39 neurons in this
area (not shown).

Hypothalamic projection of TIP39 neurons from
the PIL in rat dams

The arcuate, paraventricular, and periventricular nu-
clei of the hypothalamus contained a high density of
TIP39-ir fibers in lactating mother rats. The distribution
of TIP39 fibers and fiber terminals was similar in lactating
and control female rats, although the observed intensity of
immunolabeling was higher in mothers. TIP39 could be
followed from the PIL toward the supraoptic decussations
where a high density of TIP39 fibers was observed to
project in a ventromedial direction (Fig. 6A). Transections
reaching the optic tract ventrally at AP —2.64, L 3.0 mm
from the bragma level resulted in the accumulation of
TIP39 immunoreactivity immediately caudal to the tran-
section within the fibers of the supraoptic decussations
(Fig. 6,Band C). In these animals, a marked reduction was
found in the density of TIP39-containing fibers and ter-
minals in the arcuate (Fig. 6D), paraventricular, and
periventricular nuclei, ipsilateral to the transection.

Antagonism of the PTH2R suppresses
suckling-induced prolactin release in mother rats
The plasma prolactin concentration was at a basal level
by the end of the separation period (44 = 10 ng/ml) and
remained low immediately after the injection (0 min) of
saline or the lower (0.075 mg) or higher (0.375 mg) con-
centration of HYWY-TIP39. At 0 min, the pups were re-
turned to the mothers, which led to pup attachment and
suckling. The plasma prolactin levels rose after suckling in
the control group until 423 = 118 ng/ml 30 min after
reunion, whereas the antagonist injection significantly
(P <0.001) reduced the elevation in plasma prolactin level
as determined by using two-way repeated-measures
ANOVA (Fig. 7). Injection of 0.075 mg PTH2R antago-
nist into the lateral ventricle significantly (P < 0.05) re-

The role of TIP39 in lactating mother
rats was studied by several different ap-
proaches in the present study. Increased
levels and expression of TIP39 in the PIL of mother rats
were demonstrated by iz situ hybridization histochemis-
try, real-time RT-PCR, and immunohistochemistry indi-
cating that TIP39 is available to act on the PTH2R present
in the mediobasal hypothalamus during lactation. The dis-
appearance of TIP39 immunoreactivity from the medio-
basal hypothalamus after lesions of TIP39 fibers arising
from the PIL suggests that TIP39 neurons in the PIL
project to this brain area, which is involved in the regu-
lation of lactation. The finding that TIP39 neurons in the
PIL are activated by pup exposure suggests that suckling
is involved in the activation of these neurons. Finally, the
remarkable inhibitory effect of the PTH2R antagonist on
the prolactin release evoked by pup exposure also sup-
ports the conclusion that TIP39 may be involved in the
physiological regulation of suckling-induced prolactin
release.

Activation of TIP39 neurons

Induction of TIP39 in the PIL of lactating mother rats
was suggested on the basis of iz situ hybridization histo-
chemistry and confirmed by the independent technique of
RT-PCR. The distribution of TIP39 neurons in the PIL of
lactating mother rats was similar to that described previ-
ously in young rats (17, 24), suggesting that TIP39 reap-
pears in the same neurons, which expressed it during ear-
lier stages of ontogenic development. Furthermore, the
increased number of immunolabeled neurons observed in
the PIL of lactating mothers suggests that the elevated level
of mRNA expression of TIP39 is also reflected in an in-
creased synthesis of TIP39 peptide.

Fos, an immediate early gene expressed in activated
cells (29), appears in the nuclei of TIP39 neurons of the PIL
in response to suckling indicating an elevated activity of
TIP39 neurons in lactating rat dams in this area. This find-
ing confirmed previously reported expression of Fos in the
PIL area of lactating rats (23). Furthermore, the finding
that Fos appears in TIP39 neurons also suggests that
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FIG. 6. Projection of TIP39 neurons is demonstrated to the arcuate nucleus in rat dams. A,
TIP39 fibers project toward the hypothalamus in the supraoptic decussation. B, A transection
perpendicular to the supraoptic decussations is shown in a coronal section. The
disappearance of TIP39 fibers is observed medial to the transaction. C, A high-magnification
photomicrograph showing the framed area in B demonstrates the accumulation of TIP39
immunoreactivity (arrows) in the supraoptic decussations immediately lateral to the
transection. D, TIP39 fibers are abundant in the arcuate nucleus of rat dams (white arrow)
contralaterally but disappeared from the arcuate nucleus on the side of transaction indicated
by an asterisk. Arc, Arcuate nucleus; ic, internal capsule; ot, optic tract; sod, supraoptic
decussations; VMH, ventromedial hypothalamic nucleus; 3V, third ventricle. Scale bar, 400

(B), 100 (C), and 500 (D) um.

TIP39 is induced in the PIL of rat dams by the suckling
stimulus. However, our data do not provide information
on the time course of TIP39 induction. It is possible that
TIP39 is induced in response to mating, during pregnancy,
or in the peripartum period in response to hormonal al-
terations, and pup exposure only maintains its elevated
level. Furthermore, the type of pup-related stimulus that
maintains elevated TIP39 levels remains undetermined.
Apart from the suckling reflex, visual, auditory, or olfac-
tory exteroceptive stimuli or hormonal changes associated
with the presence of pups could also activate TIP39 neu-
rons in response to pup exposure and could induce pro-
lactin release (30, 31).

It is particularly striking that TIP39 expression is in-
duced only in the PIL, whereas the medial subparafascicu-
lar TIP39 cell group in the PVG continues to express a low
level of TIP39 in lactating dams. Although TIP39 disap-
pears from the PIL earlier than from the PVG during on-
togeny (19), the adult levels are markedly reduced in both
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regions. Furthermore, brain areas that
receive TIP39 axons exclusively from
the PVG, including the lateral septal nu-
cleus and the medial prefrontal cortex
(18, 32), also continue to possess a high
PTH2R level (24), suggesting that this
TIP39 cell group may also be acti-
vated in response to some physiological
stimuli.

Neuronal connections of TIP39
neurons in the PIL

Neuronal inputs to TIP39 neurons in
the PIL are largely unknown. However,
afferent connections of the parvicellu-
lar subparafascicular nucleus, which is
part of the PIL (13), have been studied
by tracer injections in male rats (33). An
area that expresses Fos in response to
ejaculation was described to receive spi-
nothalamic projection conveying geni-
tosensory information (33, 34). Be-
cause TIP39 neurons express Fos in
response to ejaculation in male rats
(20), spinal input to TIP39 neurons is
expected.

Using electrical microstimulations
and lesions, the pathway of the suckling
reflex was described to traverse from
the mesencephalic lateral tegmentum
toward the hypothalamus in a position
ventromedial to the medial geniculate
body (4, 35) where TIP39 neurons in
the PIL are located. Destroying relay
neurons in this area by local injections of ibotenic acid
inhibited male ejaculation as well as the milk-ejection re-
flex (8). These data are consistent with the possibility that
TIP39 neurons receive input related to the suckling
stimulus.

Lesioning the PIL resulted in the loss of TIP39 immu-
noreactivity in the hypothalamus, whereas septal and lim-
bic cortical TIP39 fibers disappeared only after lesions of
the medial subparafascicular area in the PVG (18). Hy-
pothalamic projections of an area partially overlapping
with the PIL have also been established in a tracer study
(36). TIP39 fibers were abundant in the supraoptic de-
cussations (17) and could be followed to their origin in the
PIL in the developing brain (19). Unilateral transection of
this pathway in mother rats in the present study resulted
in the disappearance of TIP39 fibers from the arcuate and
periventricular nuclei, suggesting that their TIP39 fibers
and fiber terminals originate in TIP39 neurons in the PIL.
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FIG. 7. Effect of the PTH2R antagonist HYWY-TIP39 on the suckling-
induced prolactin release. Plasma prolactin levels are expressed in
nanograms per milliliter. Each data point represents six to eight
animals. The x-axis shows time (minutes) in a nonlinear fashion. Below
the x-axis, the periods of pup separation and suckling are indicated in
gray. The time points of significant changes are indicated by black
stars. During the initial three time points (=240, —5, and 0 min),
plasma prolactin levels in the three groups of animals did not differ
significantly as determined by one-way ANOVA at each time point (F =
0.16, 2.58, and 2.51, respectively). Plasma prolactin concentration was
measured again immediately before injection of saline (blue curve),
0.075 mg HYWY-TIP39 (green curve), or 0.375 mg HYWY-TIP39 (red
curve) dissolved in saline. The plasma prolactin levels rose after
suckling in the control group, whereas the antagonist injection
significantly (P < 0.001) reduced the elevation in plasma prolactin level
as demonstrated by using two-way repeated-measures ANOVA (F =
11.68). Plasma prolactin concentrations at 5, 15, 30, and 60 min after
returning the pups were as follows (ng/ml): 145 = 26, 280 = 79,

423 + 118, and 185 * 31 after saline injection; 37 = 13, 53 = 36,
94 + 76, and 75 = 28 after the injection of 0.075 mg HYWY-TIP39;
and 27 = 8,25 + 7,38 + 8, and 28 *+ 10 after the injection of 0.375
mg HYWY-TIP39, respectively. The suckling-induced prolactin release
was significantly (P < 0.01) reduced by the injection of the antagonist
at 5, 15, 30, and 60 min after returning the pups determined at each
time point independently by one-way ANOVA (F = 12.36, 8.75, 5.55,
and 11.01, respectively). Bonferroni post-tests after ANOVA for post
hoc comparisons revealed that both 0.075 mg (P < 0.05) and 0.375
mg HYWY-TIP39 (P < 0.01) significantly reduced plasma prolactin
levels at 5, 15, 30, and 60 min after returning the pups (for 0.075 mg
HYWY-TIP39, t = 3.54, 3.05, 2.31, and 2.78; for 0.375 mg HYWY-
TIP39, t = 4.51, 3.98, 3.11, and 4.56, respectively).

suckling

Hypothalamic transections probably including ascending
TIP39 fibers have been reported to inhibit suckling-in-
duced prolactin release (37).

Potential mechanisms of the inhibition of the
suckling-induced prolactin release by HYWY-TIP39
The experimental design of suckling-induced prolac-
tin release is known to elevate plasma prolactin levels
within minutes of pups’ return to the mothers deprived
of pups for 4 h, and plasma prolactin concentrations
peak 30 min after the beginning of suckling (38). Saline
injection into the lateral ventricle did not influence the
prolactin level elicited by suckling, which matched the
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expected curve. Injection of the PTH2R antagonist
HYWY-TIP39, however, dose-dependently blocked the
elevation of plasma prolactin levels. HYWY-TIP39
binds selectively to the PTH2R (27), suggesting that
HYWY-TIP39 injected into the lateral ventricle exerted
its inhibitory action on the suckling-induced prolactin
release via the PTH2R. PTH2R-expressing neurons are
abundant in the periventricular and arcuate nuclei of
the hypothalamus (14, 15). PTH2Rs in these neurons
are possible targets mediating the effect of HYWY-
TIP39 on prolactin release. However, a direct effect of
HYWY-TIP39 on dopaminergic neurons is not likely
because the PTH2R was not double labeled with ty-
rosine hydroxylase (39, 40), and because close apposi-
tions between tyrosine hydroxylase neurons and fiber
terminals projecting to the mediobasal hypothalamus
from the PIL were not detected (22). Therefore, HYWY-
TIP39 might influence dopaminergic neurons in the me-
diobasal hypothalamus via interneurons expressing the
PTH2R. Dynorphin-containing neurons in the arcuate
nucleus are one of the candidates because they are in-
nervated by axon terminals derived from the PIL (22),
innervate tuberoinfundibular dopaminergic neurons (41),
and may be responsible for the effects of opioid peptides
on suckling-induced prolactin release by inhibiting tu-
beroinfundibular dopaminergic neurons (42—-44). It is
also a possibility that TIP39 evokes prolactin release by
directly or indirectly stimulating prolactin-releasing
substance-containing neurons (11, 45).

The role of TIP39 in suckling-induced prolactin
release

TIP39 neurons in the PIL are ideally positioned to re-
ceive sensory input from the nipples and transfer this in-
formation to the mediobasal hypothalamus. Fos expres-
sion by these neurons in response to pup exposure suggests
that they are indeed activated by suckling. The presence of
the TIP39 in these neurons supports the role of this neu-
ropeptide in the regulation of maternal functions. The
finding that TIP39 levels are markedly elevated in lactat-
ing mother rats provides additional evidence for a specific
maternal function of TIP39. Itis only in mothers that suck-
ling can elicit prolactin release from the pituitary, and the
blockade of this release by an antagonist of the receptor for
TIP39 suggests that TIP39 plays a physiological role in the
regulation of suckling-induced prolactin release. Anatom-
ical evidence suggests that TIP39 neurons do not directly
act on dopaminergic neurons in the mediobasal hypothal-
amus. Rather, a model is proposed in which TIP39 may
excite interneurons in the arcuate nucleus, which in turn
inhibit tuberoinfundibular dopamine neurons to induce
prolactin release from the pituitary.
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