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Oxytocin is released from neurons in the paraventricular hypothalamic nucleus (PVN) in mothers
upon suckling and during adult social interactions. However, neuronal pathways that activate
oxytocin neurons in social contexts are not yet established. Neurons in the posterior intralaminar
complex of the thalamus (PIL), which contain tuberoinfundibular peptide 39 (TIP39) and are ac-
tivated by pup exposure in lactating mothers, provide a candidate projection. Innervation of
oxytocin neurons by TIP39 neurons was examined by double labeling in combination with electron
microscopy and retrograde tract-tracing. Potential classic neurotransmitters in TIP39 neurons were
investigated by in situ hybridization histochemistry. Neurons activated after encounter with a
familiar conspecific female in a familiar environment were mapped with the c-Fos technique.
PVN and the supraoptic nucleus oxytocin neurons were closely apposed by an average of 2.0 and
0.4 TIP39 terminals, respectively. Asymmetric (presumed excitatory) synapses were found be-
tween TIP39 terminals and cell bodies of oxytocin neurons. In lactating rats, PIL TIP39 neurons
were retrogradely labeled from the PVN. TIP39 neurons expressed vesicular glutamate trans-
porter 2 but not glutamic acid decarboxylase 67. PIL contained a markedly increased number
of c-Fos–positive neurons in response to social encounter with a familiar conspecific female.
Furthermore, the PIL received ascending input from the spinal cord and the inferior colliculus.
Thus, TIP39 neurons in the PIL may receive sensory input in response to social interactions and
project to the PVN to innervate and excite oxytocin neurons, suggesting that the PIL-PVN
projection contributes to the activation of oxytocin neurons in social contexts. (Endocrinology
158: 335–348, 2017)

Oxytocin, as a reproductive hormone of hypotha-
lamic origin, is secreted from the neurohypophysis

to evoke uterus contraction and milk ejection in females
during parturition and lactation, respectively (1). Oxy-
tocin release within the central nervous system has

recently gained major attention as a neuromodulator
involved in promoting maternal behaviors (2–4) and
social behaviors during nonlactating periods (5, 6). The
targets of oxytocin neurons are often limbic areas in-
volved in the social brain network (7, 8). Despite growing

ISSN Print 0013-7227 ISSN Online 1945-7170
Printed in USA
Copyright © 2017 by the Endocrine Society
Received 2 September 2016. Accepted 7 November 2016.
First Published Online 14 November 2016

*These authors contributed equally to this work.
Abbreviations: ABC, avidin-biotin-peroxidase complex; c-Fos-ir, c-Fos-immunoreactive;
CB, calbindin; CB-ir, calbindin immunoreactive; CTB, cholera toxinb subunit; EM, electron
microscopy; FITC, fluorescein isothiocyanate; GAD67, glutamic acid decarboxylase 67; PB,
phosphate buffer; PIL, posterior intralaminar complex of the thalamus; PV, parvalbumin;
PV-ir, parvalbumin immunoreactive; PVN, paraventricular hypothalamic nucleus; RRID,
Research Resource Identifier AB Registry ID; TBS, Tris-buffered saline; TIP39, tuber-
oinfundibular peptide 39; TIP39-ir, tuberoinfundibular peptide 39 immunoreactive;
VGlut2, vesicular glutamate transporter 2.

doi: 10.1210/en.2016-1645 Endocrinology, February 2017, 158(2):335–348 press.endocrine.org/journal/endo 335

Downloaded from https://academic.oup.com/endo/article-abstract/158/2/335/2965952
by ELTE University user
on 31 December 2017

http://dx.doi.org/10.1210/en.2016-1645
http://press.endocrine.org/journal/endo


knowledge of the effects of oxytocin on social in-
teractions (5, 6, 9) and the potential use of the oxytocin
system as a drug target [e.g., in autism and eating and
addictive disorders (10–12)], surprisingly little in-
formation is available on the neuronal inputs leading to
the activation of oxytocin neurons (13, 14). A combi-
nation of retrograde labeling and the c-Fos technique
identified inputs from the A1 and A2 noradrenergic cell
groups in the lower brainstem as being important in
conveying nociceptive and visceral information to the
paraventricular hypothalamic nucleus (PVN) (15, 16).
These inputs have also been suggested to mediate the
effects of reproductive functions (parturition, lactation)
on oxytocin neurons (17). Studies using electrophysio-
logic and lesion techniques identified the mesencephalic
lateral tegmentum and, more rostrally, the ven-
troposterior thalamic-peripeduncular area as parts of the
milk ejection reflex arc (18–20). However, the relay
neurons in the milk ejection reflex pathway need to be
elucidated. Furthermore, it has not been established how
information on social interactions, which can also evoke
oxytocin release (21), reaches the oxytocin neurons (13).

A group of neurons in the posterior intralaminar
complex of the thalamus (PIL), an area ventromedial to
the medial geniculate body, is activated by suckling in
lactating female rats (22). The neuropeptide tuber-
oinfundibular peptide of 39 residues (TIP39) is markedly
induced in these neurons immediately after parturition,
and in adults TIP39 is highly expressed in this brain
region only during the postpartum period (23). TIP39 is
the endogenous ligand for the parathyroid hormone 2
receptor (24, 25). TIP39-containing nerve fibers and
terminals are abundant in the PVN, where there is a
closelymatching distribution of the parathyroid hormone
2 receptor (26). Therefore, we hypothesized that TIP39
neurons may be part of an ascending neuronal pathway
that innervates and excites oxytocin neurons. To evaluate
this hypothesis, we have taken a variety of different
approaches for addressing the relationship between
TIP39-containing neurons and oxytocin neurons. Ret-
rograde tracing identified neurons in the PIL, many of
which contain TIP39, as a major source of projections to
the PVN. Furthermore, electron microscopy showed that
TIP39 terminals innervate oxytocin neurons. The classic
neurotransmitters expressed in TIP39 neurons were also
investigated by using a combination of TIP39 immuno-
histochemistry and in situ hybridization histochemistry
for vesicular glutamate transporter 2 (VGlut2), a marker
of glutamatergic neurons, and glutamic acid decarbox-
ylase 67 (GAD67), a marker of g-aminobutyric acid–
ergic neurons. Because calcium-binding proteins, in-
cluding calbindin (CB) and parvalbumin (PV), are suit-
able for defining nuclei and specific cell types within them

in the brain (27), including the PIL area, (28-30), we also
examined the expression of calcium-binding proteins by
PIL TIP39 neurons and in surrounding brain regions so
that they could be identified in nonlactating animals
when TIP39 is not detectable in the PIL (31). The CB
content of these cells helped to determine their activation
after encounter of familiar adult females and also in
adult–infant interactions. Finally, we injected retrograde
tracer into the PIL to reveal the sources of information
that activate these neurons during social interactions.

Materials and Methods

Animals
This study was approved by the Animal Examination Ethical

Council of the Animal Protection Advisory Board, Semmelweis
University, Budapest, Hungary. Procedures involving rats were
carried out in accordance with the Hungarian Ministry of
Agriculture’s Animal Hygiene and Food Control Department
guidelines for experimental protocols andwith EuropeanUnion
Directive 2010/63/EU for animal experiments. A total of 55
adult female rats (Wistar; Charles Rivers Laboratories, Budapest,
Hungary) were used. All of the animals were 90 to 120 days old
when euthanized. Animals were kept under standard laboratory
conditions with 12-hour light/12-hour dark periods and were
supplied with food (VRF1 laboratory chow for rodents, Charles
Rivers Laboratories) and drinking water ad libitum. Mother rats
were housed individually. The number of pups was adjusted to
8 within 2 days of delivery. Rats were anesthetized with
0.2mL/300gbodyweight ketamine (100mg/mL)and0.2mL/300g
body weight xylazine (20 mg/mL).

Tissue collection for light microscopy
Rats were deeply anesthetized and perfused transcardially

with 4% paraformaldehyde. Nervous tissue was then trans-
ferred to 20% sucrose for 2 days. Serial coronal sections were
cut at 50 mm from both the brain and the spinal cord (the latter
only for the study aiming the inputs of the PIL) on a sliding
microtome (Frigomobil SM 2000 R, Leica Microsystems,
Wetzlar, Germany) and collected in phosphate buffer (PB)–
containing 0.05% sodium-azide and stored at 4°C. The spinal
cord was cut into pieces containing 1 segment before sectioning.
The segments were attached to the block by using specimen
matrix for cryostat sectioning (Tissue-Tek; Sakura Finetek
Europe, Leiden, the Netherlands). The matrix also surrounded
spinal cord tissue to provide mechanical stability for sectioning.
Sections from different spinal cord segments were collected in
different wells of 24-well plates.

Fluorescent double labeling of TIP39 and
oxytocin, CB, or PV

Every fourth free-floating brain section was immunolabeled
for TIP39. The antiserum (1:3000; Research Resource Identifier
AB Registry ID [RRID]: AB_2315466) was applied for 48
hours, followed by incubation of the sections in biotinylated
donkey anti-rabbit secondary antibody (1:1000 dilution;
Jackson ImmunoResearch, West Grove, PA) and then in avidin-
biotin-peroxidase complex (ABC; 1:500; Vector Laboratories,
Burlingame, CA) for 2 hours (Table 1). Subsequently, sections
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were treated with fluorescein isothiocyanate (FITC)-tyramide
(1:8000) and H2O2 in Tris hydrochloride buffer (0.1 M; pH,
8.0) for 6 minutes. Then, mouse antioxytocin (1:1000;
ab78364, Abcam, Cambridge, United Kingdom; RRID:
AB_1603099), mouse anti-CB D-28k (1:5000; C9848, clone
CB-955, Sigma-Aldrich, St. Louis, MO; RRID: AB_476894),
or mouse anti-PV antiserum (1:3000; P3088, Sigma-Aldrich;
RRID: AB_477329) was applied overnight. Sections were
then incubated in donkey Alexa Fluor 594 anti-mouse sec-
ondary antibody (Thermo Fisher Scientific, Waltham, MA)
for 2 hours.

Microscopy, image processing, and
histologic analysis

Sections were examined by using an Olympus BX60
light microscope equipped with fluorescent epi-illumination
(Olympus Corp., Tokyo, Japan). Images were captured at
20483 2048 pixel resolution with a SPOTXplorer digital CCD
camera (Diagnostic Instruments, Sterling Heights, MI) using
4–403 objectives. Confocal images were acquired with a
Zeiss LSM 780 Confocal Microscope System (Carl Zeiss,
Thornwood, NY) using 40–633 objectives at an optical
thickness of 1 mm for counting varicosities and of 3 mm for
cell bodies.

Close appositions were defined as TIP39 varicosities in
immediate contact with oxytocin-immunoreactive cells. The
numbers of close appositionswere counted on individual optical
sections. Subsequently, they were checked bymaximal-intensity
projections to avoid counting them more than once. A total of
30 paraventricular magnocellular, 30 paraventricular parvo-
cellular, and 30 supraoptic oxytocin neurons were evaluated
from 3 animals. The section containing the most TIP39-
immunoreactive (TIP39-ir) neurons in the PIL was selected
from each animal double-labeled for TIP39 and CB or PV. The
total number of TIP39-ir neurons with an identifiable cell

nucleus and the number of double-labeled cells was counted.
Subsequently, the number of single-labeled CB and PV cells was
also calculated in the area.

For demonstration purposes, contrast and sharpness of the
images were adjusted by using the “levels” and “sharpness”
commands in Adobe Photoshop CS 8.0 (Adobe Systems Inc.,
San Jose, CA). The final versions of images were adjusted to 300
dpi resolution.

Correlated light and electron microscopy for the
double labeling of TIP39 and Oxytocin

Unless otherwise stated, all reagents and materials used for
electron microscopy (EM) studies were obtained from Sigma-
Aldrich. Experimental procedures for EM were carried out at
room temperature.

Pre-embedding EM immunohistochemistry
Three rats were deeply anesthetized and perfused through

the heart with saline, followed by 500mL of fixative made up of
4% formaldehyde (Merck, Whitehouse Station, NJ), 0.05%
glutaraldehyde, and 0.2% picric acid in PB. Sections 50 mm
thick were cut with a vibratome, washed in Tris-buffered saline
(TBS) (0.05 M; pH, 7.6), cryoprotected in 30% sucrose in TBS
overnight, and freeze-thawed over liquid nitrogen 3 times. After
washes and treatment with 1% hydrogen peroxide, the sections
were processed for immunostaining using the following pro-
tocol: quenching in 50 mM ammonium chloride and 50 mM
glycine in TBS for 30 minutes; 2% bovine serum albumin for
1 hour; anti-TIP39 antiserum (1:3000) diluted in 0.5% bovine
serum albumin–TBS for 48 hours; biotin-conjugated goat anti-
rabbit secondary antibody (1:500; Vector Laboratories) for
1 hour; and ABC at 1:500 (Vector Laboratories) for 1 hour.
The immunoperoxidase reaction was developed with nickel-
intensified 3,3-diaminobenzidine (DAB). Sections were then
processed for a second immunostaining. The same protocol was

Table 1. Peptide/Protein Targets and Antibodies Used in Study

Peptide/Protein
Target

Antigen Sequence
(If Known)

Name of
Antibody

Manufacturer,
Catalog Number,
and/or Name
of Individual
Providing
Antibody RRID

Species Raised
in; Monoclonal
or Polyclonal

Dilution
Used

Mouse/rat
tuberoinfundibular
peptide of 39
residues

SLALADDAA
FRERARLLAAL
ERRRWLDSYM
QKLLLLDAP

Anti-TIP39 Dr. Ted B. Usdin AB_2315466 Rabbit, polyclonal 30003

Oxytocin CYIQNCPLG Anti-oxytocin-
neurophysin 1
antibody
[4G11]

Abcam, ab78364 AB_1603099 Mouse, monoclonal 10003

CBD-28k Anti-CB Sigma-Aldrich,
C9848

AB_476894 Mouse, monoclonal 50003

PV Anti-PV Sigma-Aldrich,
P3088

AB_477329 Mouse, monoclonal 30003

CTB Anti-CTB List Biological
Laboratories, #703

AB_2314252 Goat, polyclonal 10,0003

c-Fos Anti–c-Fos Santa Cruz
Biotechnology,
sc-52;

AB_2106783 Rabbit, polyclonal 20,0003
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carried out except that the primary antiserum was mouse
antioxytocin (1:1000; ab78364, Abcam), followed by biotin-
conjugated goat anti-mouse secondary antibody (1:500; Vector
Laboratories). The second immunoperoxidase reaction was
developedwithDAB.All sectionswere postfixed in 0.5%OsO4-
containing 3.5% glucose in 0.1 M Na-cacodylate, followed by
en bloc staining with half-saturated aqueous uranyl acetate,
dehydration in ethanol at increasing concentrations and
acetonitrile, and then embedding in Durcupan (Araldite
casting resin M, Fluka; Sigma-Aldrich). Sections were em-
bedded on slides and cured for 48 hours at 60°C. Small pieces
containing oxytocin-immunoreactive cells in the PVN were
reembedded and resectioned at 70 nmwith Ultracut Ultratome
using an E Stereo Star Zoom (Reichert-Jung, DePew, NY) as
described elsewhere (32). Sections were collected on pioloform
coated single slot copper grids and stained with lead citrate for
1 min.

Electron microscopic image acquisition
and processing

Electronmicrographswere taken by a side-mountedMorada
CCD camera (Olympus Soft Imaging Solutions) connected to a
JEOL 1011 (Peabody, MA) or with an UltraScan 1000 charge-
coupled device camera (Gatan, Pleasanton, CA) fitted to a
CM100 electron microscope (Philips, Amsterdam, the Neth-
erlands). Brightness and contrast were adjusted in the whole
digital images of immunogold labeling by using Adobe Pho-
toshop CS2.

Tracer experiments

Cholera toxin b subunit injections
Retrograde tracer experiments were performed and analyzed

as detailed elsewhere (33, 34). Briefly, the retrograde tracer
cholera toxin b subunit (CTB; List Biological Laboratories,
Campbell, CA) was targeted to the PVN (n = 10) and to the PIL
(n = 15) in lactating mother rats at postpartum day 4. For
stereotaxic injections, rats were positioned in a stereotaxic
apparatus. Holes of about 2 mm in diameter were drilled into
the skull above the target coordinates. Glass micropipettes of
15 to 20-mm internal diameter were filled with 0.25% CTB
dissolved in PB and lowered to the following stereotaxic co-
ordinates (35): anteroposterior (AP), –1.7 mm; lateral (L), 0.4
mm; ventral (V), 7.4 mm for the PVN; and AP, –5.2 mm; L,
2.6 mm; and V, 6.4 mm for the PIL. CTB was applied by
iontophoresis using a constant current source (51413 Precision
Current Source; Stoelting, Wood Dale, IL) that delivered a
current of +6 mA, which pulsed for 7 seconds on and 7 seconds
off for 15 minutes. Then the pipette was left in place for
10 minutes without current and was withdrawn under negative
current. After injections, the animals were allowed to survive for
7 days.

Visualization of CTB
Sections were pretreated in PB-containing 0.5% Triton

X-100 and 3% bovine serum albumin for 1 hour. Sections were
then incubated in goat anti-CTB antiserum (1:10,000; #703,
List Biological Laboratories; RRID: AB_2314252) over-
night. Then, sections were incubated in donkey Alexa Fluor
594 anti-goat secondary antibody (Thermo Fisher Scientific)
for 2 hours.

Double immunolabeling of CTB and TIP39 or CB
Every fourth free-floating section was first stained for TIP39

by using FITC-tyramide amplification fluorescent immunocy-
tochemistry, as described earlier. Sections were then incubated
overnight in goat anti-CTB or mouse anti-CB antisera, followed
by Alexa594 anti-goat or anti-mouse IgG for 1 hour.

Double labeling of VGlut2 and GAD67 messenger
RNA with TIP39

Preparation of probes for VGlut2 and GAD67
Probe preparation and in situ hybridization was performed

as described previously (26, 36). A 279–base pair–long region of
the rat VGlut2 (National Center for Biotechnology Information
Reference Sequence: NM_053427.1) and a 354–base pair–long
region of the GAD67 (National Center for Biotechnology In-
formation Reference Sequence: NM_017007.1) Complemen-
tary DNA sequences were polymerase chain reaction amplified
by using the following primers: ATGCCCCTAGCTGG-
TATCCT and CCTGCAGAAGTTTGCAACAA for VGlut2
and GTGCAGGCTACCTCTTCCAG and ACTCCATCAT-
CAGGGCTTTG for GAD67. The polymerase chain reaction
products were subcloned into a TOPO TA vector (Thermo Fisher
Scientific) containing a T7 RNA polymerase recognition site. The
T7 promoter was used to generate [35S]uridine triphosphate–
labeled riboprobes, with a MAXIscript transcription kit (Ambion,
Austin, TX), according to the kit instructions.

Combination of in situ hybridization and
immunohistochemistry

Brains of 3 lactating mother rats on day 11 postpartum
were dissected and frozen. Then, serial coronal sections
(12 mm) were cut, mounted immediately, dried, and stored
at 280°C until use. Tissue was prepared by using an
mRNAlocator Kit (Ambion), according to the manufacturer’s
instructions. For hybridization, we used 80 mL hybridization
buffer and 1 million decay per minute of labeled probe per
slide.Washing procedures included a 30-minute incubation in
RNase A followed by decreasing concentrations of sodium-
citrate buffer (pH, 7.4) at room temperature and then at 65°C.
Subsequently, the slides were immunolabeled for TIP39 by
using the peroxidase technique. The rabbit anti-TIP39 anti-
serum described previously was applied at 1:1000 dilution for
24 hours in a humidified chamber and stained as described
earlier. Then, slides were dipped in nuclear track beta nuclear
track emulsion (Eastman Kodak, Rochester, NY); stored for
3 weeks at 4°C for autoradiography, developed and fixed with
Kodak Dektol developer and Kodak fixer, respectively; and
coverslipped.

c-Fos activation study

Social interaction experiment
Female rat littermates (n = 8) grown up together (housed 2

per cage) were used in the study. The 2 rats were separated for
22 hours to reduce basal c-Fos activation. Then, the 2 rats were
reunited again in the cage they had cohabited. Control females
continued to be kept separately. All animals were euthanized 24
hours after the beginning of separation (i.e., 2 hours after re-
union of the socially interacting group). Animals were then
processed for c-Fos and CB immunohistochemistry.
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Pup exposure of mother rats
Rat dams (n = 8) were deprived of pups on postpartum day 8

to 9 at 11:00. The following day at 09:00, pups were returned to
the cage of 4 mother rats. All mothers accepted the pups and
suckling startedwithin 5minutes. Control damswere not united
with their litters. All animals were euthanized 24 hours after
removal of the pups (i.e., 2 hours after the pups were returned to
the mothers).

c-Fos immunohistochemistry
Every fourth free-floating section of the 4 brains per group

was immunolabeled as described above for CTB with immu-
noperoxidase labeling with nickel-intensified DAB except that a
rabbit anti-c-Fos primary antiserum (1:20,000; c-Fos [4] sc-52;
Santa Cruz Biotechnology, Santa Cruz, CA; RRID: AB_2106783)
was used.

Double immunolabeling of c-Fos and CB
One set of every fourth free-floating section from the 8 fe-

male rats used for single labeling of c-Fos was double immu-
nolabeled for c-Fos andCB. Then, sections were placed in rabbit
antic-Fos primary antiserum (1:20,000) for 24 hours, followed
by incubation of the sections in biotinylated donkey anti-rabbit
secondary antibody (1:1000; Jackson ImmunoResearch)
and then in ABC (1:500; Vector Laboratories) for 1 hours.

Subsequently, sections were visualized with
FITC-tyramide. Then, the mouse anti-CB
D-28k antiserum and donkey Alexa Fluor
594 anti-mouse secondary antibody (Thermo
Fisher Scientific) were applied.

Analysis of c-Fos and CB
immunolabeling

The section containing the most c-Fos-
immunoreactive (c-Fos-ir) neurons in the
PILwas selected from each of the 8 animals,
and a picture was taken of it. The total
number of c-Fos-ir neurons in the PIL of
these images was counted by using ImageJ
software, version 1.47 (National Institutes
of Health, Bethesda, MD). An algorithm,
based on intensity, size, and circularity
thresholding, was used for all images to
select the c-Fos-ir nuclei, whose number
was counted automatically by the program.
Specifically, color images (2048 3 2048
pixels) containing the entire PIL were
photographed such that no saturated pixels
were present. Subsequently, the color im-
ages were first converted to 8-bit black-
and-white images using ImageJ version
1.47. Then, spots were selected whose
brightness intensity value was ,150 (be-
tween 0 and 150 on the 0-to-255 scale). The
number of c-Fos–containing cells was de-
fined as the number of selected spots
counted in a size ranging from 20 to 100
pixels, and a circularity factor between 0.5
and 1.0. Statistical analyses were performed
by using Prism 5 for Windows (GraphPad
Software, La Jolla, CA). The number of

c-Fos-ir neurons in the 2 groups was compared by using the
Student t test.

For the analysis of double labeling of c-Fos and CB, confocal
images were obtained. Randomly selected 30 c-Fos–positive
neurons were used in the analysis. c-Fos–positive neurons were
considered double-labeled if CB immunoreactivity was visible
around the c-Fos–positive nucleus in a single 3-mm-thick optical
plane.

Results

Innervation of oxytocin neurons by TIP39-ir
axon terminals

Within the anterior hypothalamus, the PVN and su-
praoptic nucleus receive a dense innervation by TIP39-
containing fibers. In both nuclei, the distribution of TIP39
fibers overlapped with the distribution of oxytocin
neurons [Fig. 1(A)]. We also found that most oxytocin
neurons were closely apposed by TIP39-containing
varicosities [Fig. 1(B)]. The average (standard error of
the mean) number of close appositions on the soma and
proxymal dendrites of oxytocin neurons was 2.286 0.38
on parvocellular paraventricular, 1.90 6 0.39 on mag-
nocellular paraventricular, and 0.42 6 0.20 on supraoptic

Figure 1. Innervation of oxytocin neurons by TIP39 terminals. (A) TIP39-ir terminals (white) in
the PVN overlap with the location of oxytocin-immunoreactive (oxytocin-ir) neurons (gray). (B)
The high-magnification confocal image demonstrates that TIP39-ir varicosities closely appose
cell bodies and proximal dendrites of oxytocin-ir cell bodies. The white arrowheads point to
close appositions. (C) Correlated light microscope and EM evidence of synaptic connection
between TIP39-ir terminals and oxytocin neurons in the anterior part of magnocellular PVN.
(C1) Black TIP39-ir boutons (b1-3) closely appose an oxytocin-ir cell (gray). (C2) The positions
of the 3 boutons are shown in an EM image of the same cell as in C1. (C3) The high-
magnification EM image demonstrates an asymmetric synaptic contact between a bouton
(b1) and the cell body of the oxytocin-ir neuron. The black arrow points to the postsynaptic
density. N, nucleus; Nu, nucleolus; S, soma. Scale bar = 200 mm for (A), 20 mm for (B),
20 mm for (C1), 20 mm for (C2), and 300 nm for (C3).
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oxytocin neurons. Correlated light microscopy and EM
proved that TIP39-positive thalamic axons innervate
oxytocin neurons in the PVN [Fig. 1(C)]. These synapses
were all conventional asymmetrical (putative glutamatergic)
connections.

Retrograde labeling in PIL following
tracer injections into PVN

To identify the source of its TIP39
innervation, we injected the retrograde
tracer CTB into the PVN. There were
4 injections with a large overlap be-
tween the area of tracer deposition and
the territory occupied by TIP39 fibers
within the PVN of animals 3, 5, 8, and
9 in Figure 2. The pattern of retro-
gradely labeled cells was similar for
these injections, including several
CTB-ir neurons in the ipsilateral
medial amygdaloid nucleus, the lateral
septum, the bed nucleus of the stria
terminalis, several hypothalamic re-
gions, and the lateral parabrachial
nucleus (Table 2). In addition, all these
injections resulted in many labeled
neurons in the PIL. A predominantly
ipsilateral labeling of cells was distrib-
uted uniformly throughout the PIL, but
there were no labeled cells in adjacent
brain regions [Fig. 2(C)]. Double la-
beling showed that 45% of the CTB-
labeled neurons in the PIL contained
TIP39 immunoreactivity. In addition,
essentially all PVN-projecting PIL neu-
rons contained CB [Fig. 2(D)]. Animals
4, 6, and 10, whose injection site only
partially overlapped with the PVN,
contained fewCTB-immunoreactive cells
in the PIL, whereas CTB-labeled cells
were not present in the PIL in animals 1,
2, and 7; this finding correlated with the
fact their injection site missed the PVN.

Chemoarchitecture in thalamic PIL
VGlut2 messenger RNA (mRNA)

was present in many parts of the pos-
terior thalamus and rostral midbrain,
including the PIL and adjacent struc-
tures [Fig. 3(A)]. VGlut2 mRNA
appeared evenly distributed within the
PIL. Double labeling with TIP39
immunoractivity indicated that essen-
tially all TIP39-ir neurons expressed
VGlut2 [Fig. 3(B)]. VGlut2-expessing

neurons that did not contain TIP39 immunoreactivity
were also abundant. The distribution of GAD67-
expressing neurons was distinct from that of VGlut2.
For instance, GAD67 was not expressed in the medial
geniculate body. GAD67 mRNA was present in all parts

Figure 2. Projection of the PIL to the PVN. (A) The sites where the retrograde tracer CTB
spread in the coronal plane following injections in particular animals are circled. Drawings
were prepared by aligning the pictures with corresponding schematics adapted from a rat
brain atlas (35). The 3 drawings represent coronal sections at bregma levels 21.2 mm,
21.6 mm, and 21.8 mm. The injection sites are shown at the level closest to the center of the
injection. The numbers connected to the injection sites by arrows represent the number of
the particular animal in the experiment. Injection sites with red, purple, and blue represent
many, few, and no retrogradely labeled cells in the PIL, respectively. (B) The injection site of
rat 9 is shown for demonstration purposes. The spread of CTB (red) overlaps with a great
portion of TIP39-ir fibers (green) located in the PVN. (C) A high number of retrogradely
labeled CTB-ir neurons (red) are visible among the TIP39-ir (green) neurons in the ipsilateral
PIL. A high percentage of the retrogradely labeled neurons are double-labeled as indicated
in yellow. (D) Essentially all CTB-ir neurons (red) are labeled with CB (green) as well. Some
examples are shown by white arrowheads. Single-labeled CB-ir neurons are also visible (white
arrows). 3V, third ventricle; CTB-ir, CTB-immunoreactive; f, fornix; MG, medial geniculate body;
ml, medial lemniscus; ot, optic tract; SN, substantia nigra. Scale bar = 1 mm for (B); 300 mm
for (C), and 100 mm for (D).
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of the PIL, and some adjacent structures, including the
anterior pretectal nucleus, and substantia nigra [Fig. 3(C)].
Double labeling of GAD67 mRNA and TIP39 immuno-
histochemistry indicated that TIP39 neurons do not ex-
press GAD67 [Fig. 3(D)].

We investigated the distribution of calcium-binding
proteins in and around the PIL to improve the de-
marcation of the area. Ventral, medial, dorsomedial, and
dorsolateral borders of the PIL can be identified by PV-
immunoreactive cell bodies in adjacent structures [Fig. 4(A)].
In contrast, the lateral and dorsal borders of the PIL made
up the peripeduncular area and the triangular subdivision of
the posterior thalamic nucleus cannot be differentiated
by using PV immunohistochemistry because they contain
few PV-immunoreactive cell bodies and fibers, as does the
PIL [Fig. 4(A)]. TIP39-ir neurons, evenly distributed
within the PIL [Fig. 4(B)], differentiate it from the peri-
peduncular area and the triangular subdivision of the
posterior thalamic nucleus, which do not contain
TIP39-ir cell bodies.

The distribution of CB immunoreactivity is in sharp
contrast to that of PV immunoreactivity in and around the
PIL. The PIL contains a high density of CB-immunoreactive

(CB-ir) cell bodies. Other brain regions adjacent to the PIL
contain only few CB-ir cell bodies [Fig. 4(C)]. Within the
PIL, both TIP- and CB-ir cell bodies are evenly distributed
[Fig. 4(D)]. Furthermore, almost all TIP39-ir neurons
contain CB immunoreactivity. CB-positive but TIP39-
negative neurons are also present in the PIL [Fig. 4(D)]
and outnumber TIP39 neurons by a factor of 2.

Assessment of c-Fos activation in PIL of socially
interacting females

Female littermates housed together were separated for
22 hours to reduce basal c-Fos activity. When females
were reunited for 2 hours after the 22-hour separation,
they engaged in social interactions, including a combined
1 minute of sniffing and 5 minutes of grooming. For
about a combined 1 hour, the animals had direct body
contact by lying next to each other; during that time, they
were seemingly sleeping for about 20 minutes. The rest of
the time, they were not in contact while lying, eating,
drinking, and grooming on their own. These behaviors
were associated with a significantly elevated number of
c-Fos-ir neurons in the PIL [Fig. 5(A)] as compared with
rats that were kept separated [Fig. 5(B)]. c-Fos-ir neurons
appeared evenly distributed within the PIL. Their dis-
tribution overlapped with that of the CB-ir neurons [Fig.
5(C)]. In fact, most (86%) c-Fos-ir neurons contained CB
[Fig. 5(D)]. The number of c-Fos-ir neurons in the PIL
sectionwith the largest number of labeled cells was 1696
14 after social interaction with a familiar female, com-
pared with only 41 6 8 in the separated group; this
represents a highly significant increase (P , 0.001). The
activation of cells in the PIL was specific; adjacent
structures did not show an increase in the number of c-
Fos-ir neurons. In fact, an elevated number of c-Fos-ir
neuronswas observed in only a relatively small number of
brain regions in interacting mothers, including the medial
prefrontal cortex and the amygdala.

In response to suckling, a similar number of acti-
vated neurons was present in the PIL of mother rats 2
hours after the pups were returned to them [Fig. 5(E)],
calculated as 1616 10 (23). The ratio of CB-containing
c-Fos–positive cells was 85% of the activated neurons
in the PIL of mothers [Fig. 5(F)]. Additional brain areas
were also activated in mothers (e.g. the medial prefrontal
cortex, the lateral septal nucleus, the medial preoptic area,
the periaqueductal gray, and the medial paralemniscal
nucleus), in agreement with previous literature (37–39).

Projections to PIL
We injected the retrograde tracer CTB into the PIL to

identify the neurons that project to it and used injections
into adjacent regions for comparison [Fig. 6(A–D)]. In-
jections that did not overlap the PIL, including into

Table 2. Brain Areas Containing Retrogradely
Labeled Cells Following CTB Injection Into PVN

Area Density

Forebrain limbic areas
Medial prefrontal cortex ++
Medial amygdaloid nucleus +++
Medial septal nucleus 0
Lateral septal nucleus +++
Bed nucleus of the stria terminalis +++

Hypothalamus
Medial preoptic area +++
Lateral preoptic area +
Lateral hypothalamic area ++
Dorsomedial nucleus ++
Ventromedial nucleus +++
Arcuate nucleus +
Supramamillary nucleus ++
Mamillary nucleus +++

Thalamus
Subparafascicular area ++
Posterior intralaminar thalamic nucleus +++
Medial geniculate body 0
Midbrain
Periaqueductal gray ++
Deep mesencephalic nucleus +
Superior colliculus 0
Inferior colliculus 0

Pons
Medial parabrachial nucleus +
Lateral parabrachial nucleus +++

Cerebellum 0

Brain regions where we did not observe labeled cells are not included or
are noted as having a density of 0. +, 1–5 cells per section; ++, 6–15 cells
per section; +++, .15 cells per section.
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varying parts and amounts of the substantia nigra, tri-
angular subdivision of the posterior thalamic nucleus,
medial lemniscus, and peripeduncular nucleus, resulted in
labeling patterns markedly different from those following
PIL injections and generally lacked labeling in areas that
were labeled by PIL injections. Most cells projecting to
the PIL were ipsilateral to the injection side, except for the
gracile and cuneate nuclei and the spinal cord, where
there was a contralateral dominance.

Inputs from lower brain regions and spinal cord
The spinal cord contained CTB-labeled neurons

contralateral to the injection site. These neurons were
distributed in Rexed laminae IV to VI throughout the
thoracic and lumbar segments that were sectioned. The
cells were typically located in laminae IV to V in thoracic

segments [Fig. 6(E)] and laminae V to
VI in lumbar segments [Fig. 6(F)]. We
rarely found more than 1 labeled cell
in a coronal section; on average, every
fourth coronal spinal cord section
contained a labeled cell. The labeled
cells usually had oval perikarya with
multiple dendrites [Fig. 6(E and F)].

In the medulla oblongata, the gracile
and cuneate nuclei had the highest density
of CTB-containing cells [Fig. 6(G)]. The
spinal trigeminal nucleus, particu-
larly the deep layers of its ventral
portion, also contained a substantial
number of labeled cells [Fig. 6(G)]. In
these nuclei, the CTB-labeled neurons
were located contralateral to the in-
jection site. Only a few regions in the
upper brainstem contained any CTB-
positive neurons. The highest number
of labeled cells was in the external
cortexof the inferior colliculus [Fig. 6(H)],
and the lateral parabrachial nucleus,
the periaqueductal gray, and the deep
layers of the superior colliculus con-
tained a low number.

Inputs from higher brain regions
Within the cerebral cortex, the au-

ditory areas contained a considerable
number of retrogradely labeled neu-
rons. The insular cortex and the medial
prefrontal cortex contained a fewCTB-
positive neurons, with the highest
density of labeled cells in the infra-
limbic cortex. Other cortical areas
were devoid of CTB signal. Retrograde

labeling was also absent from most other forebrain
structures. We detected a substantial number of labeled
neurons only in the central amygdaloid nucleus, the
substantia innominata, and the anterior portion of the
lateral septal nucleus.Within the diencephalon, the largest
number of labeled cells was within the ventromedial hy-
pothalamic nucleus, particularly in its ventrolateral sub-
division [Fig. 6(H)]. A considerable number of CTB
neurons were also located in the lateral preoptic area
and the zona incerta.

Discussion

PIL and its afferent neuronal connections
The PIL, defined by the area containing TIP39 neurons

in mother rats, includes the posterior intralaminar

Figure 3. The glutamatergic nature of TIP39 neurons in the PIL. (A) Image of a section
labeled with in situ hybridization histochemistry for VGlut2 shows the distribution of VGlut2
mRNA expression in the PIL and surrounding brain regions. Note the particularly abundant
expression in the medial geniculate body (MG). (B) The framed area in (A) is shown by the
high-magnification image, which demonstrates that TIP39-ir cell bodies (brown) contain
VGlut2 mRNA as black autoradiographic grains are accumulated above the cells. The double-
labeled cells are indicated by black arrowheads. Inset in the upper right corner is magnified
image of the double-labeled cell indicated by the star. (C) The distribution of GAD67 mRNA
is shown in the PIL and surrounding brain regions. Note the lack of GAD67 mRNA in the
MG. (D) The framed area in C is enlarged to demonstrate that TIP39-ir neurons in the PIL
(brown) do not express GAD67 in the PIL. The single-immunolabeled neurons are indicated
by white arrowheads. Inset in the upper right corner is a magnified image of 2 single-labeled
cells whose position is indicated by the star symbol. APT, anterior pretectal area; ml, medial
lemniscus; PoT, triangular subdivision of the posterior thalamic nucleus; SN, substantia nigra.
Scale bar = 500 mm for (A and C) and 50 mm for (B and D).
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thalamic nucleus and also the parvicellular sub-
parafascicular nucleus and some parts of the caudal
subdivision of the zona incerta (26). In this brain area,
CB-ir neurons were confined to the PIL except for the
triangular subdivision of the posterior thalamic nucleus
dorsally adjacent to the PIL, which contains CB-ir neurons
but not TIP39 neurons. The distribution of CB immu-
noreactivity in this study was the same as reported pre-
viously in the area but was called the parvocellular part of
the subparafascicular nucleus (27, 29). The PIL also
corresponds to the posterior intralaminar complex, de-
scribed as containing CB but not PV in the mouse (28, 30).

On the basis of the data obtained from injections of
retrograde tracer into the PIL, identified by the presence
of TIP39 neurons, the PIL receives substantial ascending
projections. These include direct projections from the
contralateral spinal cord as well as indirect projections
via the gracile and cuneate nuclei. The direct projections
arise from throughout the thoracic and lumbar segments
andmostly from neurons in deep layers of the dorsal horn
of the spinal cord. Additional input arrives from the

auditory cortex and the external cortex of
the inferior colliculus, a nontonotopically
organized auditory nucleus with strong
input from the auditory cortex and the
spinal trigeminal nucleus (40). In ad-
dition, the PIL also receives some
descending input from the hypothal-
amus, particularly from the lateral
preoptic area and the ventrolateral
subdivision of the ventromedial hy-
pothalamic nucleus. This pattern of
PIL afferent connections is similar to
that described for neuronal inputs to
the parvicellular subparafascicular
nucleus in male rats, where the as-
cending inputs were implicated in the
processing of sensory information
related to mating and ejaculation (41).
Because the PIL includes the parvi-
cellular subparafascicular nucleus,
located ventromedial to the medial
geniculate body, our results confirm
previous data on the afferent neuronal
connections of the PIL and expand the
results to mother rats with injection
sites verified by TIP39 double labeling.

PIL-PVN neuronal pathway and its
characteristics

Tha high number of labeled neurons
in the PIL following injection of ret-
rograde tracer into the PVN suggests

massive input of PIL neurons to the PVN. This pathway
specifically connects the PIL with the PVN as neurons
were not labeled outside the PIL. In turn, injections into
brain areas adjacent to the PVN did not label the PIL.
Several previous studies have sought to identify the
neuronal inputs to the PVN. Many of them failed to
describe the PIL, even though our labeling pattern fol-
lowing PVN injections was essentially the same as re-
ported previously (15, 42–45). We believe that the
reasons include the previously poorly defined cyto- and
chemoarchitecture of the area, as well as the fact that it is
situated at the border of the forebrain and the hindbrain,
where some sections can be lost during standard sec-
tioning of the brain for anatomic mapping. Nevertheless,
the projection from the PIL to the PVN has been pre-
viously shown by using both retrograde and anterograde
tracers (46). In that study, the area projecting to the PVN
was called the parvicellular division of the sub-
parafascicular and posterior intralaminar nuclei. Thus, in
the current study, we confirmed the existence of this
pathway. We also showed that some of the PVN

Figure 4. Chemical topography of the PIL. (A) Localization of PV-immunoreactive (PV-ir)
neurons in the area. PV-ir neurons are abundant in the anterior pretectal area (APT) and in
the substantia nigra (SN). In addition, a high density of PV-ir fiber terminals is present in the
medial geniculate body (MG), whereas only a few labeled terminals are found in the PIL, the
peripeduncular area (PP), and the triangular subdivision of the posterior thalamic nucleus
(PoT). (B) The fluorescent image of a section double-labeled with PV (red) and TIP39 (green)
corresponding to the framed area in A indicates that the distribution of TIP39 neurons does
not overlap with that of PV-ir neurons, as TIP39 neurons are confined to the PIL. (C)
Localization of CB-ir neurons in and around the PIL. CB-ir neurons are present in the PIL and
PoT but are absent in the MG, APT, SN, and PP. (D) Fluorescent image of a section double-
labeled with CB (red) and TIP39 (green) corresponding to the framed area in (C) indicates
that the distribution of TIP39 neurons overlap with that of CB-ir neurons in the PIL but not in
the PoT. It is also apparent that most TIP39 neurons express CB (double labeling appears
yellow). Scale bar = 1 mm for (C) and 400 mm for (D).
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projecting cells contain TIP39. These results are also
consistent with previous lesion studies that suggest hy-
pothalamic projections from PIL TIP39 neurons (47).

The current study also showed that the retrogradely
labeled neurons have an even distribution within the
PIL, further suggesting that the PIL is a topographic unit,
even though it does not correspond to an obvious

cytoarchitectonically defined nucleus.
Retrograde tract-tracing from the
PVN also demonstrated that TIP39
neurons constitute a substantial por-
tion of the projection neurons in the
PIL. Although TIP39 neurons contain
CB, most PVN-projecting TIP39-
negative PIL cells are also CB-positive.

The EM study proved that TIP39-
containing neurons innervate oxytocin
neurons in mother rats. In fact, the
average of 2 synaptic connections on
the cell body and proxymal dendrites
of PVN oxytocin neurons suggests a
very robust action of TIP39 neurons on
the oxytocin system. Indeed, the re-
ceptor for TIP39, the parathyroid
hormone 2 receptor, has been pre-
viously shown to be particularly
abundant in the PVN (48, 49). TIP39
increases cyclic adenosine mono-
phosphate and Ca2+ levels by activat-
ing the parathyroid hormone 2
receptor in vitro (50), which suggests
that the neuropeptide has an excitatory
action. It is likely that the neurons that
contain TIP39 also innervate oxytocin
neurons when they do not contain
TIP39, such as in nonmaternal (e.g.
nulliparous) rats. Since we demon-
strated that TIP39 cells express VGlut2
and that synapses between TIP39 ter-
minals and oxytocin neurons have
asymmetric morphology, TIP39 ter-
minals use the excitatory amino acid
transmitter glutamate. Thus, when
TIP39 is not present in the terminals of
PIL neurons (nonmaternal animals),
glutamate is still likely to be present
and to exert an excitatory action on
oxytocin neurons. Signaling by the PIL
to oxytocin neurons in nonmaternal
animals may promote social behaviors
via glutamate release. Co-released
TIP39 may potentiate the effect of
glutamate in maternal rats. Although

we did not address this in this study, we speculate that
PVN-projecting CB-positive but TIP39-negative neurons
may also innervate oxytocin neurons, similar to TIP39
cells of the PIL, and also provide an excitatory input.
TIP39-positive and TIP39-negative CB cells may be part
of the same population, with the expression of TIP39
reflecting the strength of the TIP39-inducing stimulus.

Figure 5. c-Fos immunoreactivity in the PIL in response to social interactions. (A) c-Fos
activation in neurons of familiar female rats in familiar environment. c-Fos-ir neurons (black
dots) are abundant in the PIL 2 hours after reuniting of rats that were housed together and
then separated for 22 hours. The adjacent medial geniculate body (MG) and substantia nigra
(SN) are almost completely devoid of c-Fos activation, whereas a lower density of labeled cells
is visible in the anterior pretectal nucleus (APT). (B) In animals not reunited with each other,
only a few c-Fos–labeled neurons are present in the PIL. (C) The distribution of c-Fos-ir cell
nuclei completely overlaps with that of the CB-ir cell bodies in the PIL upon social
interactions. (D) High-magnification confocal image demonstrates that most c-Fos-ir neurons
contain CB immunoreactivity, indicated by white arrowheads. (E) c-Fos activation in neurons
of mother rats. c-Fos-ir neurons (black dots) are abundant in the PIL 2 hours after reuniting
of mother rats with their litter following a 22-hour separation period. The distribution of c-
Fos-ir cells is similar to that of reunited familiar adults (A). (F) High-magnification confocal
image demonstrates that most c-Fos-ir neurons that appeared in mother rats in response to
their litter contain CB immunoreactivity. These cells are indicated by white arrowheads. Scale
bar = 500 mm for (B, C, and E) and 30 mm for (D and F).
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However, our results cannot exclude that they are dif-
ferent cell groups, which innervate different neuron
populations in the PVN. We firmly established the ex-
istence of an excitatory pathway that projects from the
PIL to the PVN and that is available to activate oxytocin
neurons in lactating and nonlactating rats (Fig. 7).

Potential functions of PIL-oxytocin neuron
connection

The PIL receives ascending inputs, which relay sensory
information from the spinal cord. These afferent connections

are candidates to convey suckling information from the
nipples and the somatosensory components of social
contacts to the PIL. Indeed, c-Fos-expressing neurons
were described in response to suckling in deep layers of
the spinal cord dorsal horn at thoracic and lumbar
segments, suggesting that these neurons may relay the
suckling information to brain centers (51). In the current
study, the activation of CB neurons in the PIL was
demonstrated in a social context. Because the female rats
were siblings and grew up together, their encounter in
the familiar environment is not likely to evoke stress.

Figure 6. Afferent neuronal connections of the PIL (PIL). (A–C): Sites where the retrograde tracer CTB spread in the coronal plane following
injections in particular animals are circled. Drawings were prepared by aligning the pictures adapted from a rat brain atlas (35). The 3 drawings
represent coronal sections at bregma levels of 24.8 mm, 25.2 mm, and 25.64 mm. The injection sites are shown at the level closest to the
center of the injection. (D) The injection site belonging to animal 10 is shown double-labeled with TIP39 to show that CTB injection site (gray)
overlaps with the location of TIP39 neurons (white) in the PIL. (E–I) CTB-labeled cell bodies are shown in the spinal cord at the level of thoracic
segment 2 (E) and lumbar segment 5 (F), as well as in different brain regions, including the gracile (Gr) and cuneate (Cu) nuclei in the medulla
oblongata (G), the external cortex of the inferior colliculus (H), and the ventromedial hypothalamic nucleus (VMH), especially its ventrolateral
subdivision (I). 3V, third ventricle; f, fornix; LV, lateral ventricle; MG, medial geniculate body; mL, corpus callosum; ml, medial lemniscus; mt,
mamillothalamic tract; py, pyramidal tract; SN, substantia nigra; Sp5, spinal trigeminal nucleus. Scale bars = 400 mm for (F) and 1 mm for (D and I).
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Indeed, their extensive social interactions after reunion
also argues against anxiety-induced activation of PIL CB
neurons. Previous c-Fos studies in social context focused
on the social interaction of unfamiliar males in a novel
environment as an anxiety test (52, 53). In these cir-
cumstances, many brain regions are activated, but an
increase in the number of c-Fos–positive cells in the area
corresponding to the PIL was not reported. Thus, a role
of the PIL-PVN pathway in social interaction–induced
oxytocin release (21) is likely, but its involvement in
stress-induced oxytocin release (54) cannot be excluded.
Nevertheless, our study implicates the PIL in the adult
brain social network.

Activation of the PIL has been demonstrated in
lactating mothers (22, 23, 55). This study adds that CB
neurons of the PIL are activated by pup exposure. The
number of c-Fos–containing neurons in the PIL in re-
sponse to adult social interaction is similar to that seen
after suckling in mother rats (23). The neurons acti-
vated by suckling may be the relay cells for the milk
ejection reflex previously predicted in the ven-
troposterior thalamic-peripeduncular area (18–20,
56). The similar distribution pattern of c-Fos–positive
cells in the PIL after social encounter, as well as the
activation of CB neurons following pup exposure in
mothers and between familiar adult female conspecifics
in a social context, suggests that the same cells may be
activated in both conditions. The activation of oxy-
tocin neurons has been described in both situations. In
mothers, oxytocin plays a role in milk ejection (57) and
in maternal motivation and behavior (3, 4, 58). In adult
social contexts, oxytocin release and receptor activa-
tion contribute to social recognition and affiliative
behavior (6, 9, 59).

Conclusion
In conclusion, oxytocin neurons may be activated by

the input from the PIL in different social situations in
response to sensory stimuli from other animals. Thus, the
PIL-PVN pathway represents a previously missing link in
the understanding of how oxytocin neurons can be ac-
tivated by neuronal inputs. The pathway may contribute
to oxytocin release for milk ejection, maternal motiva-
tion, social recognition, and affiliation.
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