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1. Introduction
1.1 The social behavior

1.1.1. The social behavior of animals

Social behavior can be defined as behavior affected by other members of the same species
(1). It can be classified into different categories, including aggressive, mutualistic,
cooperative, altruistic and parental (2). Different social behavior elements have different
neuronal and endocrine background (1). Recent results indicate that two neural circuits
are essential in forming the social behavior: the social behavior network and the
mesolimbic reward system (3).

The social behavior network (SBN) includes all the neural components that
regulate social behavior (4). The core nodes of the SBN take part in the regulation of
several social behavior elements, they are connected to each other, and they often contain
steroid hormone receptors. The SBN includes the following nodes: lateral septum,
preoptic area, ventromedial hypothalamus, anterior hypothalamus, the periaqueductal
gray, the medial amygdala, and the bed nucleus of the stria terminalis. All of these brain
regions have been determined in mammals to participate in regulating reproductive and
aggressive behaviors. The mesolimbic reward system is involved in the assessment of the
relative importance and implications of an environmental stimulus, which evaluation is
essential in forming a suitable behavioral response (3, 5, 6). A key element of this network
is the dopaminergic innervation of the nucleus accumbens originating from the ventral
tegmental area.

Rodents are the most used research subjects in many scientific fields. Due to the
numerous social behavior studies, it is now also apparent how complex their social life is
(7). It has also been demonstrated that rodents can acquire information on their
environment through social transmission (8). They also use different modalities for social
interactions, among them, the social touch is a major component. Although social touch
is important in both sexual and nonsexual contexts in humans, too (9), in rodents, where
modes of communication between conspecifics are more limited (note the lack of speech
and limited mimicry) the role of social touch is relatively more important as part of the

stereotypic behavioral repertoire for social interactions between individuals (10).
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1.1.2. Role of hypothalamus and its oxytocin expressing neurons in the control of
social behavior

The hypothalamus is a major regulatory center of rodent social behavior. It is also likely
to be involved in the control of instinctive behaviors in humans (11). Social sensory inputs
are known to reach the cerebral cortex via the thalamus, however, it is not known how
information needed for social behavior arrives at the hypothalamus. Although, it is
possible that information on social context reaches the hypothalamus via the cerebral
cortex (12), it is also conceivable that ascending sensory pathways carrying information
on social touch might project directly to the hypothalamus. Within the responsible
neuronal circuits, neuropeptides have been implicated in the control of a variety of social
behaviors.

Oxytocin, as a reproductive hormone, is secreted from the neurohypophysis to
evoke uterus contraction and milk ejection in females during parturition and lactation,
respectively (13). Oxytocin release within the central nervous system has recently gained
major attention as a neuromodulator involved in promoting maternal behaviors (14-17)
as well as social behaviors during non-lactating periods (18-21). In the rat brain, oxytocin-
expressing neurons are located in the paraventricular (PVN) and the supraoptic (SON)
nuclei (22). Magnocellular oxytocin neurons project to the pituitary and secrete oxytocin
into the circulation (13, 23). Although, initially, only parvocellular oxytocin neurons were
thought to project into brain and spinal cord regions, axon collaterals of magnocellular
oxytocin neurons have recently been shown to also reach a number of brain areas (24).
The targets of oxytocin neurons are often limbic areas involved in the social brain network
(25, 26). Despite growing knowledge on the effects of oxytocin on social interactions (18,
19, 27), and the potential use of the oxytocin system as a drug target, e.g. in autism, eating
and addictive disorders (28-30), surprisingly little information is available on the neuronal
inputs leading to the activation of oxytocin neurons (31, 32). A combination of retrograde
labeling and the c-fos technique identified inputs from the Al and A2 noradrenergic cell
groups as being important in conveying nociceptive and visceral information to the PVN
(33, 34). These inputs have also been suggested to mediate reproductive influences
(parturition, lactation) on oxytocin neurons (35, 36). Studies using electrophysiological
and lesion techniques identified the mesencephalic lateral tegmentum, and more rostrally,

the ventroposterior thalamic - peripeduncular area as parts of the milk ejection reflex arch
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(37-42). However, the relay neurons in the milk ejection reflex pathway remained to be
elucidated. Furthermore, it has not been established how information on social

interactions reaches the oxytocin neurons (31).

1.2. The posterior intralaminar complex of the thalamus (PIL) and its neurons
containing parathyroid hormone 2 (PTH2) neuropeptide
1.2.1. The PIL and its chemoarchitecture
The posterior intralaminar complex of the thalamus (PIL) is a triangular shape area in the
thalamus, located ventromedial to the medical geniculate body and dorsal to the
substantia nigra. The area can be easily distinguished from surrounding brain regions with
the examination of the distribution of calcium binding proteins in and around the PIL
(43). Parvalbumin (PV) immunolabeling was used to partially define the region. The
ventral and the dorsomedial borders of the PIL can be identified by PV-immunoreactive
(PV-ir) cell bodies in the substantia nigra and the anterior pretectal area, respectively (Fig.
1A). In contrast, the lateral and dorsal borders of the PIL made up of the peripeduncular
area and the triangular subdivision of the posterior thalamic nucleus, cannot be
differenciated using PV immunohistochemistry as they contain a low density of PV-ir
cell bodies and fibers, as does the PIL (Fig. 1A). Parathyroid hormone 2 (PTH2)
expressing neurons, which are evenly distributed within the PIL, differentiate it from the
peripeduncular area and the triangular subdivision of the posterior thalamic nucleus that
do not contain PTH2-immunoreactive (PTH2-ir) cell bodies.

The distribution of calbindin (CB) immunoreactivity is in sharp contrast to that of
PV immunoreactivity in and around the PIL. The PIL contains a high density of calbindin-
immunoreactive (CB-ir) cell bodies (Fig. 1B). Other brain regions adjacent to the PIL
contain only very low density of CB-ir cell bodies. Within the PIL, both PTH2- and CB-
ir cell bodies are evenly distributed. Furthermore, almost all PTH2-ir neurons contain CB
immunoreactivity (Fig. 1C). CB-positive but PTH2-negative neurons are also present in
the PIL and outnumber PTH2 neurons by about 2 times.
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B, PTH2 +

APT

Figure 1. The chemical topography of the posterior intralaminar complex of the
thalamus (PIL).

A, The localization of parvalbumin-ir neurons (red) in the area. Parvalbumin-ir neurons
are abundant in the anterior pretectal area (APT) and in the substantia nigra (SN). In
addition, a high density of parvalbumin-ir fiber terminals is present in the medial
geniculate body (MG), while only a few labeled terminals are found in the PIL, the
peripeduncular area (PP), and the triangular subdivision of the posterior thalamic nucleus
(PoT). The distribution of PTH2 neurons (green) does not overlap with that of
parvalbumin-ir neurons as PTH2 neurons are confined to the PIL. B, The localization of
calbindin-ir (red) neurons in and around the PIL. Calbindin-ir neurons are present in the
PIL and the PoT but are absent in the MG, APT, SN, and PP. The distribution of PTH2
neurons (green) overlap with that of calbindin-ir neurons in the PIL but not in the PoT.
C, The fluorescent image of a section double labeled with calbindin (red) and PTH2
(green) corresponding to the indicated area in B shows that the majority of PTH2 neurons
express calbindin (double labeling appears yellow). n=5. cp — cerebral peduncle, f —
fornix. Scale bars: 750 um for A and B and 100 pm for C. Source: (44).

10
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1.2.2. The parathyroid hormone 2 (PTH2) neuropeptide

The parathyroid hormone 2 receptor (PTH2R) was discovered on the basis of its sequence
similarity to other class B G-protein coupled receptors (45) and was named PTH2R
because of its significant sequence similarity to the known parathyroid hormone receptor,
which is now referred to as PTH1R; and because the human PTH2R is activated by
parathyroid hormone (PTH) (46). Subsequently, an endogenous ligand of the receptor
was identified following its purification from bovine hypothalamus. The new peptide was
termed tuberoinfundibular peptide of 39 residues (TIP39) that time (47). The peptide is
now categorized as parathyroid hormone 2 (PTH2). Despite its name, however, it is likely
not a hormone as its presence in the blood has not been demonstrated. Rather, it is
expressed mainly in the brain and has neuromodulatory functions. In addition, expression
of PTH2 has been identified in some peripheral organs, such as the kidney, heart, and
testis.

Rat (and mouse as these species have the same amino acid sequence for this gene)
as well as human PTH2 (different in 4 amino acids) was demonstrated to be an agonist
for the rat as well as the human PTH2R (47). It was shown to increase CAMP as well as
intracellular Ca ion levels probably via Gs and Gq proteins, respectively (48, 49). While
the known ligands for PTH1R, parathyroid hormone (PTH) and parathyroid hormone
related peptide (PTHrP) have very few amino acid residues in common with PTH2, the
only known endogenous ligand for PTH2R, their receptors, the PTH1R and PTH2R have
about 50% amino acid identity when their sequences are aligned. Therefore, not
surprisingly, the three peptides do have a similar three-dimensional structure (50). This
motivated investigation of the relative receptor specificity of the ligands. PTH2 (either
human or rat) does not activate the human or rat PTH1R. While PTH and PTHrP have
similar potency at PTH1Rs, PTH (rat and human) but not PTHrP (human) activates the
human PTH2R. Both rat and human PTH are, however, much less potent at the rat
PTH2R. So while PTH does have some ability to activate the PTH2R, it is not likely that
PTH is a natural ligand for PTH2R. PTH2R expression is greater in the brain than in
peripheral tissues based on Northern blot, in situ hybridization histochemistry and
immunohistochemistry (45, 47, 51), while the presence of PTH has not been
demonstrated in the brain. Furthermore, in the rat, nanomolar concentrations of PTH do

not cause significant activation of PTH2R (52). Nonetheless, the homologous structures
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of the receptors and their peptide ligands facilitated experiments in which short sequences
or residues were exchanged, allowing functional domains to be identified. Specifically,
the amino terminus of the peptide ligand appears to be responsible for activation while
the carboxyl region contributes much of the binding energy (53, 54). This information
provided the basis for site-directed mutagenesis of PTH2 and the development of a high
affinity antagonist of PTH2R by changing 4 residues of PTH2 and creating a peptide
called HYWH-TIP39 (55).

1.2.3. PTH2 expressing neurons in the brain

Neuronal somas expressing PTH2 have been identified in just three brain sites in the adult
rat and mouse brain based on the mapping of PTH2 mRNA expression and PTH2
immunopositive cell bodies (56), the periventricular grey of the thalamus (PVG), the
posterior intralaminar complex of the thalamus (PIL), and the medial paralemniscal
nucleus (MPL) in the lateral pons. Furthermore, no significant expression of PTH2 in
other brain sites has been identified. However, the expression level changed in the three
major expression sites during ontogeny. At embryonic day 16 during development, the
expression of PTH2 was significant in the PIL but almost completely disappeared from
this site during the first postnatal week. The PIL, an area ventromedial to the medial
geniculate body, is a multisensory information processing relay station (57). In turn, the
level of PTH2 increased in the PVG and MPL during postnatal development and started
to decrease only around puberty (58). PTH2 expression levels also correlated with
reproductive status as they were increased in the PIL and MPL of mother rats (59). PTH2-
positive fibers have a much wider distribution, which includes limbic, autonomic,
hypothalamic, nociceptive, and auditory brain regions (60). The distributions of PTH2-
positive axon terminals and PTH2R display remarkable similarities, strengthening the
argument that PTH2 is the endogenous ligand for PTH2R (61).

The distribution of the PTH2-PTH2R neuromodulator system is unique as it does not
resemble that of any other system (56). In the PVG, PTH2 neurons are intermingled with
the A1l dopaminergic neurons but do not display any co-localization. While All
dopaminergic neurons have mostly descending projections (62), PTH2 neurons in this
brain regions projects mostly towards the forebrain. Based on previous studies, this brain

area may be involved in anti-nociception (63). In the PIL, PTH2 neurons have an

12
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overlapping distribution with galanin-containing fibers, while neurons expressing
calcitonin gene-related peptide (CGRP) are located immediately lateral to the PTH2
neurons. While the role of these CGRP neurons is not well known, they project towards
the caudate-putamen and the perirhinal cortex (64). Projections of PIL neurons towards
the amygdala were suggested to be involved in auditory fear conditioning (65). It has
been suggested that the PIL can be divided into a medial and a lateral subdivision (66),
the former expressing PTH2, the latter CGRP. The MPL is located immediately lateral to
the A7 noradrenergic cell group and immediately medial to the intermediate nucleus of
the lateral lemniscus. Because of the vicinity of this auditory relay nucleus, auditory
functions of the MPL have been examined (67). The paralemniscal area could have a role

in vocalization (68).

1.2.4. Behavioral effects of PTH2

The first indication of a potential effect of the PTH2-PTH2R system was the induction of
PTH2 expression in the PIL (69) and MPL areas (70) around parturition and PTH2 levels
remain elevated as long as the pups are present suggesting that suckling may activate
PTH2 expression (59). Indeed, suckling induced c-Fos in PIL PTH2 neurons. In turn, if
pups were returned to their mothers but a barrier between them prevented suckling, the
activation of PIL PTH2 neurons was markedly reduced. Injection of an antagonist of
PTH2 into the lateral cerebral ventricle (69), or locally into the arcuate nucleus via a
lentivirus constitutively expressing and secreting the PTH2R antagonist HYWY-TIP39
in the locally infected cells decreased suckling-induced prolactin secretion (59). In line
with these data, maternal absence of the PTH2R hindered postnatal pup development
(71).

While prolactin is critically important for lactation and contributes to maternal
behaviors (72), maternal behaviors are present even in the absence of prolactin suggesting
independent routes for control of maternal behavior (73). Indeed, it was shown that
neurons activated in mothers by pups include those which are not sensitive to prolactin
(74). The preoptic area of the hypothalamus is the area most critical for maternal
behaviors in rodents (75). Since PTH2 fibers and PTH2R are abundant in this brain region
(76), the effect of PTH2 on maternal behaviors was addressed. Local administration of

PTH2R antagonist into the preoptic area, performed by the PTH2R antagonist HYWY -
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TIP39 expressing lentivirus described above, reduced pup-induced place preference,
suggesting a role of PTH2 in maternal attachment and motivation (69). A possible target
of PTH2 is galanin-containing preoptic neurons as these cells, known to govern some
aspect of maternal behaviors including retrieving of the pups to the nest (77), are
innervated by PTH2 fibers (78). Additional cell types in the preoptic area also participate
in the control of maternal behaviors (79, 80), which may also contribute to the mediation
of PTH2 action.

PTH2 was recently demonstrated to sense the presence of conspecifics in zebrafish
via mechanoreceptors in the lateral line organ (81). The level of PTH2 increased after the
social exposure in previously isolated fish and decreased after isolation is socially reared
fish. They also demonstrated that the sensory modality that controls the expression of
PTH2 was not visual in origin but was mechanical, induced by the movements of
neighboring fish.

Since out of the potential thalamic PTH2-expressing cell groups, the PTH2-
expression was only induced in the PIL, not in the PVG, therefore we hypothesize that
the PIL gives neuronal input to the oxytocin secreting cells and has a potential role in the

control of social behavior.
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2. Objectives

A, Investigation of the connection of the PIL with the social brain network
1. Description of the efferent projections of the PIL using adeno-associated viral tract
tracing.
2. Injection of cholera toxin b subunit (CTB) retrograde tracer into the PIL to reveal
the sources of information that activate these neurons. CTB-immunoreactive cells are
examined in the spinal cord, as well as in lower and higher brain regions.

Functional evidence of the role of the PIL in the control of social behavior

w

1. Assessment the c-Fos activation in the PIL following social interaction of females,
in comparison with isolated control animals. Neurochemical identification of the c-
Fos activated neurons is also addressed.
2. Demonstration of the functional evidence of the role of the PIL in social interactions
by means of stimulation and inhibition of its neurons using viral gene transfer and
chemogenetics. Freely moving social behavior test, as well as social interaction test
without direct contact. Test of locomotion is also performed as behavioral control.
3. Examination of the effect of chemogenetic-based manipulation of PIL neurons
tagged by previous social contact experience. A Tet-Om system is used to express
stimulatory and inhibitory receptors into c-Fos activated neurons.

C, Role of the PTH2-expressing neurons of the PIL during social interactions
1. To establish the activation of PTH2 in the control of social behavior, the expression
level of PTH2 mRNA in the PIL neurons is compared between animals kept in social
environment or chronically isolated using quantitative real-time PCR.
2. The role of PTH2 in social interactions is addressed in experiments investigating
the effect of antagonizing PTH2 receptor on the social behavior of female rats. For that
purpose, a PTH2 receptor antagonist is injected into the lateral ventricle using osmotic
minipumps.
3. To address where PTH2 may exert its actions on social behavior, we describe the
distribution of PTH2 fibers in relation to the social neuropeptide oxytocin.
4. The origin of PTH2 fibers in the PVN is determined by injection of the retrograde
tracer CTB into the PVN. The type of retrogradely labeled PIL neurons is also

evaluated.
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3. Methods

Animals

The Workplace Animal Welfare Committee of the National Scientific Ethical Committee
on Animal Experimentation at Semmelweis and Eotvés Lorand Universities, Budapest,
specifically approved this study (PE/EA/926-7/2021 and PE/EA/568-7/2020,
respectively). A total of 125 adult female rats (Wistar; Charles Rivers Laboratories,

Hungary) were used.

Histology

Animal brain tissue collection and sectioning

Rats were deeply anesthetized and perfused transcardially. Serial coronal sections were
cut, on which immunolabeling was performed. The injection sites of viruses as well as
the projection pattern of the infected neurons was studied using immunoperoxidase
technique with the visualization of mCherry, for which a chicken anti-mCherry antiserum
(1:1,000; Abcam) was used with Ni-DAB method. For fiber density analysis of PIL
projections, we used the machine learning based pixel classification feature of the free
bioimage analysis software QuPath v0.2.3 (Queen's University Belfast and University of
Edinburg) (82). Double labeling of PTH2 with calbindin or parvalbumin was carried out
using an affinity-purified anti-PTH2 antiserum (1:3,000) validated previously (83, 84).
Then, mouse anti-calbindin D-28k (1:1,500; Sigma) or mouse anti-parvalbumin

antiserum (1:2,500; Sigma) was applied at room temperature overnight.

Tracer experiments

Cholera toxin b subunit (CTB) injections

The retrograde tracer CTB was targeted to the PVN (n = 10), and to the PIL (n = 15) in
lactating mother rats at postpartum day 4. The relation of the injection site to the position
of PTH2 immunoreactivity was verified by double labeling. Some of the misplaced
injections were used as controls. For stereotaxic injections, rats were positioned in a
stereotaxic apparatus with the incisor bar set at -3.3 mm 4 days after delivery. Holes of
about 2-mm diameter were drilled into the skull above the target coordinates. Glass
micropipettes of 15-20-um internal diameter were filled with 0.25% CTB dissolved in

PB. The CTB was injected by iontophoresis by using a constant current source that
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delivered a current of +6 pA, which pulsed for 7 sec on and 7 sec off for 15 min. Then
the pipette was left in place for 10 min with no current and withdrawn under negative
current. After tracer injections, the animals were allowed to survive for 7 days.

Double immunolabeling of CTB and PTH2 or calbindin

Every fourth free-floating section was first stained for PTH2 by using FITC-tyramide
amplification fluorescent immunocytochemistry (n=5). Sections were then incubated
overnight in goat anti-CTB (1:10,000) or mouse anti-calbindin antisera followed by

Alexa594 anti-goat and anti-mouse I1gG for 1 h.

Social c-Fos activation study

Social interaction experiment

Female rat littermates (n=8) kept together (housed 2 per cage) were used in the study. The
two rats were isolated for 22 h to reduce basal c-Fos activation. Then, the rats were
reunited again in the cage they had cohabited (n=4). Control females (n=4) continued to
be kept isolated. All animals were sacrificed 24 h after the beginning of isolation, i.e. 2 h
after reunion of the socially interacting group. Animals were perfused transcardially as
described above, and processed for c-Fos immunohistochemistry.

c-Fos immunohistochemistry

The procedure was performed for immunolabeling using rabbit anti-c-Fos primary
antiserum (1:3000; Santa Cruz Biotechnology) and Ni-DAB visualization.

Double immunolabeling of c-Fos and calbindin

Sections were placed in rabbit anti-c-Fos primary antiserum (1:20000) for 24 h at room
temperature. Subsequently, sections were treated with FITC-tyramide (1:8000) and H>O>
in Tris hydrochloride buffer for 6 min. Then, the mouse anti-calbindin D-28k antiserum
was applied at room temperature overnight.

Analysis of c-Fos immunolabeling

The sections containing the greatest number of c-Fos immunoreactive (c-Fos-ir) neurons
in the PIL was selected from each of the 8 animals, and an image was taken of them using
10x objective. The total number of c-Fos-ir neurons in the selected brain area was counted
using ImageJ 1.53e program (NIH, Bethesda, MD). Statistical analyses were performed
using Prism 9 for Windows (GraphPad Software, Inc., La Jolla, CA). The number of c-

Fos-ir neurons was compared using two-tailed unpaired t-test.
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Viral vector-based chemogenetics

Chemogenetic activation or silencing of the PIL

rAAV-Prsyn-hM3D(Gq)-mCherry (n=7); rAAV-Phsyn-hM4D(Gi)-mCherry (n=10) or
rAAV-Prsyn-mCherry (n=8) was injected to the PIL. Some of the misplaced injections
were used as controls in tract tracing. For stereotaxic injections, rats were positioned in a
stereotaxic apparatus with the incisor bar set at -3.3 mm. Holes of about 1 mm diameter
were drilled into the skull above the target coordinates. A Hamilton pipette (volume 1 pl)
was filled with the solution containing the virus and lowered to the following stereotaxic
coordinates: AP =—5.2 mm from bregma, ML = +2.6 mm from the midline, DV = —6.8
mm from the surface of the dura mater. Once the pipette was in place, 100 nl virus was
pressure injected into the PIL (10 nl/min), then the pipette was left in place for 10 min.
Following the slow withdrawal of the pipette, we repeated the same protocol on the other
side of the brain. After the injections, the animals were isolated for two weeks for
recovery, then they were reunited with their familiar cagemate for one week before the
behavior tests took place.

Activity-dependent tagging: Chemogenetic manipulation of PIL neurons activated upon
social encounter

The protocol for bilateral injections of the VGATE viral cocktail into the PIL was as
described above. The viral cocktail included the following viruses: 1. rAAV-(tetO)7-Psos-
MTA; 2. rAAV-Peibi-Cre/YC3.60; 3. rAAV-Phsyn-DIO-hM3D(Gq)-mCherry (n=9) or
rAAV-Phsyn-DIO-hM4D(Gi)-mCherry (n=8) or rAAV-Phsyn-DIO-mCherry (n=6). 600
nl of single injection contained the following: 1% virus: 225 nl. 2" virus: 75 nl, 3' virus:
300 nl (3/1/4 ratio). After two weeks of recovery, the animals were treated with i.p.
doxycycline hyclate injection (5 mg/kg bw dissolved in the mixture of 0.01M PBS and
0.9% NacCl, 2 : 1 ratio), then, the following day, they were reunited with one of their
cagemates for 2 hours for expression of DREADD in neurons that are c-Fos-positive in

the PIL in response to social interaction.
Osmotic minipump

For the direct and sustained infusion of PTH2R antagonist, HYWH-TIP39 into the lateral
ventricle, we used Alzet® Osmotic Minipump, Durect™ (0.5 pl/h, 14 days, 0.3 ml)
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combined with Alzet® Brain Infusion Kit 2, Durect™ with two spacers attached. Cannula
was inserted into the LV (V = 4.0 mm) and fixed to the skull with cranioplastic cement.
The osmotic minipump was placed at the back of the animal subcutaneously and was

filled with artificial cerebrospinal fluid (ACSF, n=7) or PTH2 receptor antagonist (n=6).

Social behavioral tests
Clozapine-N-oxide (CNO) injection
In case of the viral vector-based chemogenetics, 1.5 h before the behavioral experiments,
the animals were isolated from their cagemates, which was followed by the intraperitoneal
administration of CNO or vehicle. On the first day of the experimental session, we used
control vehicle injection (5% dimethyl sulfoxide (DMSO) dissolved in distilled water, 1
ml/kg bw). One day later, CNO was administered i.p. (0.3 mg/kg bw CNO, dissolved in
5% DMSO dissolved in distilled water, 1 ml/kg bw). This was followed by another
control injection three days later.
Freely moving social behavior test
The animals were habituated to the open field arena (40 x 80 cm) one day before the
experiment. On the experimental day, the animals were placed in the open field arena
where the subject and the stimulus rat could freely interact with each other and 10 minutes
of footage was recorded. The following social behavior elements were distinguished (7,
21) (Fig. 1A): anogenital sniffing (“one individual sniffs or licks the anogenital region of
a conspecific”’), non-anogenital sniffing (“one individual shows enhanced sniffing at
colony members”), chasing (“one individual runs after a second”), social grooming (“one
individual gently nibbles or licks the fur of a conspecific, sometimes with the aid of its
forepaws”, mounting (“walks over a conspecific, that is typically the more dominant”,
and passive social interaction (one gets into contact with conspecific without performing
one of the above mentioned behavior elements, e. g. side-to-side contact).

The duration of the different types of performed behaviors were measured by

using Solomon Coder software (https://solomon.andraspeter.com/). The duration of the

behavioral elements was compared between the groups using repeated measures ANOVA
followed by Sidak's multiple comparisons tests.

Social interaction test without direct contact
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In another experiment, direct contact between the animals was not allowed. Instead, the
stimulus rat was placed in a small cage with wall made of bars, so they could just smell,
hear and see each other while 10 min of footage was recorded (Fig. 1B).

The behavior of the animals in the experiment excluding the physical contact was
analyzed with SMART Video Tracking software v3.0 (Panlab Harvard Apparatus). The
duration of social interaction without direct contact (when the experimental rat
approached the small cage within 5 cm) was compared between the groups using one-

way ANOVA followed by Sidék's multiple comparisons tests.

A, Freely moving social behavior elements

Anogenital Non-anogenital
sniffing sniffing

Chasing

Passive social

Social grooming interaction

2

Figure 2. Distinguished social behavior elements of the rats.

A, Behavior elements of the animals in the freely moving social behavior test: anogenital
sniffing, non-anogenital sniffing, chasing, social grooming, mounting and passive social
interaction. B, Demonstration of the social interaction test without direct contact. Source:
(44).

Microdissection of brain tissue samples and Real-time PCR
For gRT-PCR, brains were dissected from 10 female adult rats kept in social environment
(3 animals/cage) and 10 female adults isolated for two weeks prior to dissection.

Immediately after the dissections of the brain, the PIL was microdissected as described
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previously in mother rats (69). The dissected tissue samples were quickly frozen in
Eppendorf tubes on dry ice, and stored at -80°C until further processing.

Real-time qRT-PCR was carried out as described previously (85). Total RNA was
isolated from frozen PIL tissue samples using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) as lysis buffer combined with RNeasy Mini kit (Qiagen, Germany) following the
manufacturer’s instructions. The PCR reactions were performed with iTag DNA
polymerase in total volumes of 12.5 ul under the following conditions: 95°C for 3 min,
followed by 35 cycles of 95°C for 0.5 min, 60°C for 0.5 min, and 72°C for 1 min. The
data were expressed as the ratio of the housekeeping gene GAPDH using the following
formula: log(Ct(GAPDH)-Ct(PTHZ2)). Statistical analyses were performed by unpaired t-

test for comparisons of the two groups.

Microscopy and image processing

Sections were examined using an Olympus BX60 light microscope equipped with
fluorescent epi-illumination. Confocal images were acquired with a Zeiss LSM 780
confocal Microscope System using 40-63 X objectives at an optical thickness of 1 um for
counting varicosities and 3 um for counting labeled cell bodies. For demonstration
purposes, contrast and sharpness of the images were adjusted using the “levels” and

“sharpness” commands in Adobe Photoshop CS 9.0.

Statistics

All statistical calculations were carried out using GraphPad Prism (GraphPad Software,
LLC, released 2020, version 9.0.0.). Data were first tested with Shapiro-Wilk test for
normality. If the data were normally distributed, we used two-tailed paired t-test for two
groups which were related to each other. When the comparison was made between two
different groups, we used two-tailed unpaired t-test (e. g. qRT-PCR study or social c-Fos
study). Otherwise, if the data came from a non-normal distribution, we performed
Wilcoxon matched-pairs signed rank test (for comparing two groups) or Friedman test
followed by Dunn's multiple comparisons tests (for comparing more groups). In case of
the comparison between more normally distributed groups repeated measures ANOVA
(freely moving social behavior test) were performed followed by Sidak's multiple

comparisons tests.
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4. Results
4.1. Efferent projections of the PIL

To determine neuronal connections of PIL neurons, rAAV-Phsyn-hM3D(Gq)-mCherry
virus was injected into the PIL of female rats (Fig. 3 A). The infected cells withdrew the
virus and it was transported anterogradely. Labeled axons were found in a number of
socially-relevant brain regions, such as the infralimbic cortex (ILC), lateral septum (LS),
medial preoptic area (MPOA; including the medial preoptic nucleus (MPN) and the
medial preoptic area (MPA)), ventral bed nucleus of stria terminalis (VBNST),
paraventricular hypothalamic nucleus (PVN), amygdala (A), dorsomedial hypothalamic
nucleus (DMH) and periaqueductal central grey (PAG) (Fig. 3A).

Following control injections of the virus into the adjacent substantia nigra the
labeled fibers were present only in the caudate-putamen, and not in the target areas of the
PIL (Fig. 3B).
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A pAAV-hSyn-
hM3D(Gq)-mCherry

Breama - 5.40 mm

DMH
VLPAG

0 200 400 600
Relative fiber density / area

B pAAV-hSyn-
hM3D(Gq)-mCherry

Bregma - 5.40 mm

Figure 3. The anterograde spread of the virus injected into the PIL or SN to socially
implicated brain regions.

A, The virus (rAAV-Phsyn-hM3D(GQq)-mCherry) was injected into the PIL followed by
mCherry immunolabeling to visualize virus-containing cells and fibers. Density of the
mCherry-positive fibers = mCherry immunolabeled area / total area of the annotation *
10* n=8. Values are mean + s.e.m. Scale bars: 300 um for ILC and PVN, 375 um for
MPOA, 525 pm for CPu, 600 um for LS, 750 pm for PIL, A, DMH and PAG and 30 um
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for the insets. B, The control injection site included the SN, but not the PIL (n=3). In
contrast to the injection into the PIL, no fibers were found in the socially implicated brain
regions, but there were abundant terminals in the CPu. Scale bars: 300 um for ILC and
PVN, 375 um for MPOA, 525 um for CPu, 600 um for LS and 750 um for PIL, A, DMH
and PAG. Source: (44).

4.2. Afferent projections of the PIL

We also investigated the afferent connections of the PIL. We injected the retrograde tracer
cholera toxin b subunit (CTB) into the PIL to identify the neurons that project to it and
used injections into adjacent regions for comparison (Fig. 4A-D). Injections that did not
overlap the PIL, including into varying parts and amounts of the substantia nigra,
triangular 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. The majority of 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 contralateral
dominance.

Inputs from lower brain regions and the spinal cord

The spinal cord contained CTB labeled neurons contralateral to the injection site. These
neurons were distributed in Rexed laminae IV-VII throughout the thoracic and lumbar
segments that were sectioned. The cells were typically located in laminae 1\VV-V in thoracic
segments (Fig. 4E) and laminae VI-VII in lumbar segments (Fig. 4F). We rarely found
more than one labeled cell in a coronal section; on average, every 4th coronal spinal cord
section contained a labeled cell. The labeled cells usually had oval perikarya with multiple
dendrites (Fig. 4 E and F).

In the medulla oblongata, the gracile and cuneate nuclei had the highest density
of CTB-containing cells (Fig. 4G). The spinal trigeminal nucleus, particularly the deep
layers of its ventral portion, also contained a significant number of labeled cells (Fig. 4G).
In these nuclei, the CTB-labeled neurons were located contralateral to the injection site.
Only a few regions in the upper brainstem contained any CTB-positive neurons. The

highest number of labeled cells was in the external cortex of the inferior colliculus (Fig.
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4H) while the lateral parabrachial nucleus, the periaqueductal gray and the deep layers of
the superior colliculus contained a low number.

Inputs from higher brain regions

Within the cerebral cortex, the auditory areas contained a considerable number of
retrogradely labeled neurons. The insular cortex and the medial prefrontal cortex
contained a few CTB-positive neurons, with the highest density of labeled cells in the
infralimbic cortex. Other cortical areas were devoid of CTB signal. Retrograde labeling
was also absent from most other forebrain structures. We only detected a significant
number of labeled neurons 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 hypothalamic nucleus, particularly
in its ventrolateral subdivision (Fig. 41). A considerable number of CTB neurons were

also located in the lateral preoptic area, and the zona incerta.
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S84/

Bregma -5.20 mm

Figure 4. The afferent neuronal connections of the posterior intralaminar complex of
the thalamus (PIL).

A-C, The sites where the retrograde tracer cholera toxin beta subunit (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 (86). The three drawings
represent coronal sections at bregma levels -4.80 mm, -5.20 mm, and -5.64 mm. The
injection sites are shown at the level closest to the center of the injection. D, The injection
site belonging to animal No. 10 is shown double labeled with PTH2 to show that CTB
injection site (red) overlaps with the location of PTH2 neurons (green; yellow in
combination with red) in the PIL. E-1, 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

26



DOI:10.14753/SE.2023.2813

brain regions including the gracile (Gr) and cuneate nuclei (Cu) in the medulla oblongata
(G), the external cortex of the inferior colliculus (H), and the ventromedial hypothalamic
nucleus (VMH), especially its ventrolateral subdivision (I). n=15. 3V — 3rd ventricle, ca
— cerebral aqueduct, f — fornix, MG — medial geniculate body, ml — medial lemniscus, mt
— mammillothalamic tract, py — pyramidal tract, SN — substantia nigra, Sp5 — spinal
trigeminal nucleus. Scale bars: 1 mm for D, G, H and I, 400 um for E and F, and 30 um

for insets. Source: (43).

4.3. Activation of the PIL neurons in response to social interaction between female
rats

As the next step, we examined the c-Fos activation of PIL neurons following social
interactions. Female littermates grown up together were separated for 22 h to reduce basal
c-Fos activity. When females were reunited for 2 h after the 22 h separation, they engaged
in social interactions. For about a combined 1 h, the animals had direct body contact, of
which they slept next to each other for 20 min. These behaviors were associated with a
significantly elevated number of c-Fos immunoreactive (c-Fos-ir) neurons in the PIL (Fig.
5A) as compared to rats that were kept isolated (Fig. 5B). C-Fos-ir neurons appeared
evenly distributed within the PIL. Their distribution corresponded with that of the
calbindin-ir neurons (Fig. 5C). In fact, the majority (86%) of the c-Fos-ir neurons
contained calbindin (Fig. 5D). The number of Fos-ir neurons in the PIL section with the
largest number of labeled cells was 169 + 14 after social interaction with a familiar female
while there were only 41 + 8 in the isolated group, which represents a highly significant
increase (p < 0.001). The activation of cells in the PIL was specific as adjacent structures,
such as the medial geniculate body and the substantia nigra, did not show an increase in
the number of c-Fos-ir neurons. In fact, an elevated number of c-Fos-ir neurons were
observed in only a relatively small number of brain regions including the medial

prefrontal cortex, medial preoptic area, and amygdala.
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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 h after reuniting rats that were housed
together and then separated for 22 h. The adjacent medial geniculate body (MG) and
substantia nigra (SN) are almost completely devoid of c-Fos activation while a lower
density of labeled cells are 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 neurons (green) completely overlaps with that of the
calbindin-ir neurons (red) in the PIL upon social interactions. D, A high magnification
confocal image demonstrates that the majority of c-Fos-ir neurons contain calbindin
immunoreactivity, indicated by white arrowheads. n=4 for each group. Scale bar: 500 pm
for A, B and C, 30 um for D. Source: (43).
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4.4. Behavioral effects of chemogenetically manipulated PIL neurons

To investigate whether PIL manipulation affects social behaviors, we injected excitatory
(recombinant adeno-associated virus (rAAV)-Phsyn-hM3D(Gq)-mCherry), inhibitory
(PAAV-Phsyn-nhM4D(Gi)-mCherry) designer receptor exclusively activated by designer
drug (DREADD) expressing or control viruses (rAAV-Prsyn-mCherry) into the PIL of
female rats. The rats, in which over 80% of the virally infected cells were only included
in the behavioral analysis. The animals were subsequently housed individually for two
weeks, and then reunited for 1 week (Fig. 6A) prior to injection of clozapine-N-oxide
(CNO), the agonist of the DREADD. Almost all (90.4 + 3.4%) activated cells contained
mCherry and almost all (88.9 + 3.0%) mCherry-positive neurons in the PIL showed c-
Fos-positivity 1.5 hours after CNO administration, which validates the effectiveness of
our chemogenetic stimulation (Fig. 6 B and C).

Next, we investigated several distinct social behavioral elements during a 10 min
following activation or inhibition of PIL neurons. Duration of social grooming
significantly increased upon the chemogenetic stimulation as compared to previous day
but also as compared to vehicle injection on the following day (Fig. 6D). Data from
individual animals are shown for social grooming. In turn, inhibition of the PIL neurons
reduced grooming as compared to the control days (Fig. 6E). In the absence of a
DREADD, the viral infection and the CNO administration did not affect social grooming
(Fig. 6F). Note that the stimulation and the inhibition of PIL neurons has the opposite
effect of social grooming while other behavioral elements were not affected by the
manipulation or changed the same direction by the different treatments (non-anogenital
sniffing).

We also performed an experiment in which direct contact between the animals
was prevented by separating them by a bar wall which still allowed them to smell, hear
and see each other. Chemogenetic activation of the PIL had no effect on the duration of
social interaction under these conditions, highlighting the importance of direct contact as
the effect of induced activation of the PIL (Fig. 6G).
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Figure 6. Effect of chemogenetic manipulation of PIL on social grooming in female
rats.

A, Experimental protocol of the chemogenetic manipulation of the PIL in female rats. B,
The PIL as the injection site of the virus expressing mCherry fluorescent tag, and the in

vivo validation of the effectiveness of chemogenetic stimulation. The PIL is located in
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the posterior part of thalamus in rat, dorsal from the substantia nigra (SN) and
ventromedial from the medial geniculate body (MG). DREADD-expressing mCherry-
immunopositive neurons (red) colocalized with c-Fos (green) in response to CNO
injection. APT — anterior pretectal area, ml — medial lemniscus. Scale bars: 750 um (left),
300 um (middle) and 60 um (right). C, Quantification of CNO-induced c-Fos expression
in the PIL. Most of the c-Fos expressing cells were mCherry-positive while most of the
mCherry-positive neurons were activated after the injection of CNO, n=6. D,
Chemogenetic stimulation of PIL neurons in freely moving adult females. n=7, repeated
measures ANOVA followed by Sidak's multiple comparisons tests, for social grooming:
p = 0.028 (1% control vs. CNO) and p = 0.041 (CNO vs 2" control). E, Chemogenetic
inhibition of PIL neurons in freely moving adult females. n=10, repeated measures
ANOVA followed by Sidék's multiple comparisons tests, for social grooming: p = 0.0005
(1% control vs CNO) and p = 0.0495 (CNO vs 2" control). F, The absence of effect of
control virus on the social interaction in freely moving adult females. n=8, repeated
measures ANOVA followed by Sidak's multiple comparisons tests, for social grooming:
p = 0.88 (1 control vs CNO) and p = 0.99 (CNO vs 2" control). G, Chemogenetic
stimulation and inhibition of PIL in absence of physical contact. For stimulation n=7, one-
way ANOVA followed by Sidak's multiple comparisons tests, p = 0.99 (1% control vs
CNO) and p = 0.64 (CNO vs 2" control); for inhibition n=10, one-way ANOVA followed
by Sidak's multiple comparisons tests, p = 0.072 (1% control vs CNO) and p = 0.14 (CNO
vs 2" control). 0.010 < *p < 0.050, 0.001 < **p < 0.010 and ***p < 0.001. Values are

mean + s.e.m. Source: (44).

4.5. Chemogenetic investigation of socially tagged PIL neurons

To selectively manipulate PIL neurons activated by previous social exposure, we used
the virus-delivered Genetic Activity-induced Tagging of cell Ensembles (VGATE)
method (87). Excitatory, inhibitory and control viral cocktails (rAAV-(tetO)7-Pos-ItTA,;
rAAV-Pibi-Cre/YC3.60; rAAV-Phsyn-DIO-hM3D(Gq)-mCherry/ rAAV-Phsyn-DIO-
hM4D(Gi)-mCherry/pAAV-Phsyn-DIO-mCherry) were injected into the PIL of female
rats. In the vVGATE system, a c-fos promoter (Pfos) fragment drives the expression of the
reverse tetracycline sensitive (tet) transactivator (rtTA). Following the recovery of the

animals, a single intraperitoneal doxycycline administration launched the autoregulatory
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expression loop of (tetO)7-rtTA, thus opening the labeling period. The following day, the
subjects were reunited with a cagemate in their home cage for 2 hours as direct social
exposure, which resulted in the expression of the DREADD or control sequence in social
contact experienced VGATE-tagged neurons only (encoded in the third virus: rAAV-
Phsyn-DIO-hM3D(Gq)-mCherry, rAAV-Phsyn-DIO-hM4D(Gi)-mCherry or rAAV-
Pnsyn-DIO-mCherry) (Fig. 7A). Social behavior experiments were conducted 10 days
later and then the brains were processed for histological analysis.

Labeling of calcium-binding proteins revealed that the PIL region infected with
the VGATE viruses was surrounded by parvalbumin-positive cells, and that the vast
majority of the calbindin-positive cells were VGATE labeled (90.6%; n =3). To validate
the applied VGATE method, we performed c-Fos immunolabeling after direct social
exposure or isolation (Fig. 7B). 2.4-times more cells were labeled for c-Fos after social
exposure (32.2 + 4.0; n = 3) than after isolation (13.4 + 4.3; n = 2), which is a significant
difference (two-tailed unpaired t-test, p=0.011). 54.0% + 5.5% of the mCherry cells were
double labeled with c-Fos after social interaction compared with 21.5% = 6.7% after
isolation (two-tailed unpaired t-test, p = 0.0044; Fig. 7C).

During the direct contact social behavior test, where the animals could freely
interact with each other, the duration of social grooming significantly increased following
the stimulation of PIL VGATE-tagged neurons (Fig. 7D), and in turn, the duration of
social grooming significantly decreased following the inhibition of PIL vGATE-tagged
neurons (Fig. 7F). Furthermore, no behavioral changes were found in the group injected
with the control virus (Fig. 7H). Notably, only direct physical contact elicited an increase
in social interactions time after chemogenetic manipulation of VGATE-tagged PIL
neurons (Fig. 7 E, G and I).

We also performed an open-field test with the CNO injected animals to measure
their locomotor activity. The total distance covered by the animals was not affected by
driving the activity of PIL neurons suggesting that the altered social behaviors were not
a consequence of altered locomotor drive.

Social behaviors initiated by the experimental and opponent animals were
separately examined. Manipulation of socially tagged PIL neurons by the injection of
CNO changed the behavior initiated by experimental animals. In contrast, the social

interactions initiated by the other animal were not affected.
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Figure 7. Effects of the manipulation of PIL using VGATE viral cocktail.

A, Experimental protocol of the chemogenetic PIL manipulation using VGATE viruses.
B, In vivo validation of the vVGATE technique: neurons infected by the VGATE viruses
were activated after social exposure (indicated by white arrowheads) but not in isolated

control animals. Scale bars: 75 um. C, Quantification of social-induced c-Fos expression
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in the vVGATE-tagged PIL. Significantly more cells were labeled for c-Fos after social
exposure than after isolation. In addition, significantly more mCherry cells were double
labeled with c-Fos after social interaction compared with the number of cells labeled after
isolation. n=3 for social, n=2 for isolation. D, VGATE stimulation of PIL neurons in
freely moving adult females. n=9, repeated measures ANOVA followed by Sidak's
multiple comparisons tests, for social grooming: p = 0.0019 (1% control vs CNO) and p <
0.001 (CNO vs 2" control). E, VGATE stimulation of PIL in absence of physical contact.
n=9, one-way ANOVA followed by Sidak's multiple comparisons tests, p = 0.96 (1%
control vs CNO) and p = 0.99 (CNO vs 2" control). F, vVGATE inhibition of PIL neurons
in freely moving adult females. n=8, repeated measures ANOVA followed by Sidak's
multiple comparisons tests, for social grooming: p = 0.0018 (1% control vs CNO) and p =
0.16 (CNO vs 2" control). G, VGATE inhibition of PIL in absence of physical contact.
n=8, one-way ANOVA followed by Sidak's multiple comparisons tests, p > 0.99 (1%
control vs CNO) and p = 0.46 (CNO vs 2" control). H, The effect of VGATE control virus
on the social interaction in freely moving adult females. n=8, repeated measures ANOVA
followed by Sidak's multiple comparisons tests, for social grooming: p = 0.99 (1 control
vs CNO) and p = 0.69 (CNO vs 2" control). I, The effect of VGATE control virus on the
social interaction in absence of physical contact. n=8, one-way ANOVA followed by
Sidak's multiple comparisons tests, p = 0.14 (1% control vs CNO) and p = 0.95 (CNO vs
2" control). 0.010 < *p < 0.050, 0.001 < **p < 0.010 and ***p < 0.001. Values are mean

+ s.e.m. Source: (44).

4.6. Role of PTH2-expressing PIL neurons in the control of social behavior
Our further aim was to investigate the role of PTH2 in the control of social behavior.
Following the microdissection of PIL, we compared the expression of PTH2 mRNA using
quantitative real-time PCR (Fig. 8A). We found that the expression of PIL PTH2 mRNA
was 2.4-times higher in animals kept in a social environment (together with conspecifics
in their home cage) compared to control animals socially isolated for two weeks (Fig.
8B).

We also performed an experiment infusing PTH2R antagonist into the lateral
ventricle of female rats via osmotic minipumps (Fig. 8C). The results demonstrate an

important role of PTH2 in the control of social grooming because this behavioral element
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was specifically reduced in the experimental group of the animals, which received the
PTH2R antagonist, compared with the artificial cerebrospinal fluid (ACSF) infused
control group (Fig. 8D).
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Figure 8. The role of PTH2 in the control of social behavior.

A, The PIL is located in the posterior part of thalamus in rat, dorsal from the SN and
ventromedial from the MG as shown in a drawing of the rat brain (86). The marked area
(red) was dissected for mMRNA measurement. B, Significantly higher PTH2 expression
was found in the PIL in animals kept in a social environment as compared to isolated
controls, using quantitative RT-PCR. mRNA level of PTH2 / mRNA level of
housekeeping gene * 108 n=10 (each group), two-tailed unpaired t-test, *p = 0.013.
Values are mean + s.e.m. C, Experimental design of infusion of an antagonist of the PTH2
receptor into the lateral ventricle of female rats using osmotic minipumps. D, The effect
of the PTH2 receptor antagonist on the social behavior of freely moving animals. n=7 for
artificial cerebrospinal fluid (ACSF) and n=6 for PTH2R antagonist, repeated measures
ANOVA followed by Sidak's multiple comparisons tests, for social grooming: p < 0.001.

***pn < 0.001. Values are mean + s.e.m. Source: (44).
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4.7. Close apposition of oxytocin neurons by PTH2-containing axon terminals

Within the anterior hypothalamus, the PVN (Fig. 9A), its anterior subdivision, the anterior
commissural nucleus (ACN), and the SON receive a dense innervation by PTH2
containing fibers. In these nuclei, the distribution of PTH2 fibers overlapped with the
distribution of oxytocin neurons (Fig. 9B and E). We also found that the majority of
oxytocin neurons were closely apposed by PTH2-containing varicosities (Fig. 9 C, D and
F). The average number of close apposition on the soma and proxymal dendrites of
oxytocin neurons was 2.28 + 0.38 in the parvocellular paraventricular, 1.90 + 0.39 in
magnocellular paraventricular, and 0.42 = 0.20 in supraoptic oxytocin neurons. We did
not observe a clustering of the oxytocin neurons that were closely apposed by PTH2-

containing varicosities in either the PVN or the SON.
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Figure 9. Close apposition of oxytocin neurons in the hypothalamus by fiber terminals
containing PTH2.

A, A sagittal section of the hypothalamus reveals that oxytocin neurons (red) are present
in the paraventricular (PVN) and a major accessory nucleus, the anterior commissural
(ACN) nucleus, as well as other accessory cell groups in the medial preoptic area (MPA).
B, There are abundant PTH2-positive nerve fibers (green) in these regions. C-D, At the
sagittal section of the hypothalamus, PTH2-containing nerve fiber terminals closely
appose the cells bodies of the oxytocin-positive neurons (indicated by white arrowheads)
in the ACN (C) and the PVN (D). E, Coronal section of the PVN demonstrates that PTH2-
ir terminals (green) in the PVN overlap with the location of oxytocin-ir neurons (red). F,
The high magnification confocal image demonstrated that PTH2-ir varicosities closely
appose cell bodies and proximal dendrites of oxytocin-ir cell bodies at the coronal section
of the PVN. The white arrowheads point to close appositions. n=6. ac — anterior
commissure, f — fornix, mt — mammillothalamic tract. Scale bars: 1 mm for A, 500 pm
for B, 50 um for C, 30 for um D, 200 um for E and 20 um for F. Sources: (43, 88).

4.8. Retrograde labeling in the PIL following tracer injections into the PVN

To identify the source of its PTH2 innervation we injected the retrograde tracer CTB into
the PVN. There were 4 injections with a large overlap between the area of tracer
deposition and the territory occupied by PTH2 fibers within the PVN, animals 3, 5, 8, and
9 in Fig. 10. The pattern of retrogradely labeled cells was similar for these injections
including a particularly high number of CTB-immunoreactive (CTB-ir) neurons in the
ipsilateral lateral septum, the bed nucleus of the stria terminalis, several hypothalamic
regions, the supramammillary nucleus, some thalamic regions, and the parabrachial
nuclei. In addition, all these injections resulted in a large number of labeled neurons in
the PIL. There was a predominantly ipsilateral labeling of cells that were distributed
uniformly throughout the PIL but there were no labeled cells in adjacent brain regions
(Fig. 10C). Double-labeling showed that 45% of the CTB labeled neurons in the PIL
contained PTH2 immunoreactivity. In turn, the PVN-projecting PIL neurons contained
calbindin (Fig. 10D). When the injection site overlapped only partially with the PVN
(animals 4, 6, and 10), only few CTB-ir cells in the PIL while CTB-labeled cells were not
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present in the PIL in animals 1, 2, and 7 whose injection site did not overlap with the

PVN.

Figure 10. Projection of the PIL to the PVN.
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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 (86). The three
drawings represent coronal sections at bregma levels -1.2 mm (A1), -1.6 mm (A2), and -
1.8 mm (A3). 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 colors
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 PTH2-ir fibers (green) located in the PVN. C, A high
number of retrogradely labeled CTB-ir neurons (red) are visible among the PTH2-ir
(green) neurons in the ipsilateral PIL. A high percentage of the retrogradely labeled
neurons are double labeled as indicated by the yellow color. D, Essentially all CTB-ir
neurons (red) are labeled with calbindin (green), as well. Some examples are shown by
white arrowheads. Single labeled calbindin-ir neurons are also visible (white arrows).
n=10. 3V —3rd ventricle, f—fornix, MG — medial geniculate body, ml —medial lemniscus,
mt — mammillothalamic tract, ot — optic tract, PIL — posterior intralaminar complex of the
thalamus, SN — substantia nigra. Scale bars: 1 mm for B and 300 um for C, and 100 pm
for D. Source: (43).

40



DOI:10.14753/SE.2023.2813

5. Discussion

5.1. The posterior intralaminar complex of the thalamus (PIL) and its afferent and
efferent neuronal connections

The PIL, defined by the area containing PTH2 neurons in mother rats, includes the
posterior intralaminar thalamic nucleus and also the parvicellular subparafascicular
nucleus and some parts of the caudal subdivision of the zona incerta (89). In this brain
area, calbindin-ir neurons are confined to the PIL except for the triangular subdivision of
the posterior thalamic nucleus dorsally adjacent to the PIL, which contains calbindin-ir
neurons, but not PTH2 neurons. The distribution of calbindin immunoreactivity in this
study was the same as reported previously in the area but called the parvocellular part of
the subparafascicular nucleus (90). The PIL also corresponds to the posterior intralaminar
complex described as containing calbindin but not parvalbumin (91) and the “ventral
division of the medioventral part of the posterior thalamus™ with a similar profile of
calcium binding proteins in mouse (92).

Based on the data obtained from injections of retrograde tracer into the PIL,
identified by the presence of PTH2 neurons, the PIL receives significant 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 and mostly 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 non-tonotopically organized auditory
nucleus with strong input from the auditory cortex and the spinal trigeminal nucleus (93,
94). In addition, the PIL also receives some descending input from the hypothalamus,
particularly from the lateral preoptic area and the ventrolateral subdivision of the
ventromedial hypothalamic nucleus. This pattern of PIL afferent connections is similar to
that described for neuronal inputs to the parvicellular subparafascicular nucleus in male
rats (95), where the ascending inputs were implicated in the processing of sensory
information related to mating and ejaculation (96). Since the PIL includes the
parvicellular 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 PTH2 double

labeling.
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PIL neurons project to several brain regions, such as the medial prefrontal cortex,
lateral septum, amygdala, periaqueductal grey area and hypothalamus, including the
medial preoptic area, the paraventricular, dorsomedial and ventromedial nuclei. These
brain regions correspond to parts of the social brain network. The target regions of PIL
neurons are also similar to the location of PTH2 fibers in the brain (89), suggesting that
PTH2 neurons are the major projection neurons of the PIL.

5.2. Functional evidence of the role of the PIL and its PTH2-expressing neurons in
the control of social behavior

The induction of PTH2 in response to social interaction generalizes previous findings on
the elevated level of PTH2 in a mother rat in the presence of her litter (69). Furthermore,
antagonizing PTH2R reduced the duration of social grooming, proving the role of PTH2-
PTH2R system in the control of social behavior. These data are also in line with a recent
report that the level of the corresponding peptide, PTH2, in individual zebrafish is
proportional to the total density of zebrafish in the surrounding environment (81). In
zebrafish, the cells expressing PTH2 were localized in a domain known to control the
specification of diencephalic neuroendocrine cells (97). The site of socially dependent
expression of PTH2 in mammals is the PIL (56), an area also defined recently in human
based on molecular anatomy (98). The PIL corresponds to the area expressing PTH2 in
the zebrafish based on the location of the cells.

While the results in the zebrafish study established how PTH2 expression is
induced by conspecifics — using their lateral line organ to sense water vibrations elicited
by their conspecifics (81), the actual function of PTH2 neurons, and PTH2 itself,
remained unexplored. To address this question, we manipulated PIL neurons using
chemogenetic tools in rats and found that the time spent social grooming was increased
by chemogenetic stimulation of PIL neurons. Other types of social interactions, including
sniffing or staying in the vicinity of each other when separated by walls were not affected.
The physiological relevance of our finding is supported by reduced duration of social
grooming following inhibition of the same PIL neurons. The same increase in the duration
of social grooming was found when instead of chemogenetically stimulating all PIL
neurons only those which were activated during a previous social interaction (socially

tagged neurons) were stimulated, suggesting that promoting grooming between
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individuals is dependent on socially activated neurons. Since social touch is rewarding
(99), it is possible that a subset of social contact experienced neurons in the PIL promotes

further social contact to maintain social interaction with conspecifics.

5.3. The PIL-PVN neuronal pathway and its characteristics

The high number of labeled neurons in the PIL following injection of retrograde 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. There have
been several previous studies aimed at identification of the neuronal inputs to the PVN.
Many of them failed to describe the PIL (33, 34, 100-103). 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 sectioning of the brain for anatomical mapping.
Nevertheless, the projection from the PIL to the PVN has been previously reported using
both retrograde and anterograde tracers (104). In that study the area projecting to the PVN
was called the parvicellular division of the subparafascicular and posterior intralaminar
nuclei. Thus, in the present study, we confirmed the existence of this pathway. We also
showed that some of the PVN projecting cells contain PTH2. The results of the present
study are also consistent with previous lesion studies that suggest hypothalamic
projections from PIL PTH2 neurons (60, 105). The present study also showed that the
retrogradely labeled neurons have an even distribution within the PIL, further suggesting
that the PIL is a topographical unit, even though it does not correspond to an obvious
cytoarchitectonically defined nucleus. Retrograde tracing from the PVN also
demonstrated that PTH2 neurons constitute a significant portion of the projection neurons
in the PIL. While PTH2 neurons contain calbindin, the majority of PVN-projecting
PTH2-negative PIL cells are also calbindin-positive.

The immunolabeling proved that PTH2-containing neurons innervate oxytocin
neurons in rats. In fact, the average of approximately 2 synaptic connections on the cell
body and proxymal dendrites of P\VN oxytocin neurons suggests a very robust action of
PTH2 neurons on the oxytocin system. Indeed, the receptor for PTH2, the parathyroid
hormone 2 receptor, has been previously shown to be particularly abundant in the PVN
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(61, 76). PTH2 increases CAMP and Ca?* levels by activating the PTH2 receptor in vitro
(48), which suggests that the neuropeptide has an excitatory action. It is likely that the
neurons that contain PTH2 also innervate oxytocin neurons when they do not contain a
significant amount of PTH2, such as in non-maternal, e.g. nulliparous rats. It is likely that
the PTH2 terminals use the excitatory amino acid transmitter glutamate. Thus, when
PTH2 is not abundant in the terminals of PIL neurons (non-maternal 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 non-maternal animals may promote social behaviors
via glutamate release. Co-released PTH2 may potentiate the effect of glutamate in
maternal rats. While not addressed in this study, we speculate that PVN-projecting
calbindin-positive but PTH2-negative neurons may also innervate oxytocin neurons,
similar to PTH2 cells of the PIL, and also provide an excitatory input. PTH2-positive and
-negative calbindin cells may be part of the same population with different strength of the
PTH2 inducing stimulus. However, it cannot be exluded based on our results that they are
different cell groups, which innervate different neuron populations in the PVN.
Altogether, we firmly established the existence of an excitatory pathway that projects
from the PIL to the PVN, and which is available to activate oxytocin neurons in lactating

and also in non-lactating rats.

5.4. Potential functions of the PIL-oxytocin neuron connection

The PIL receives ascending input from the gracile and cuneate nuclei, which relay sensory
information from the spinal cord through the dorsal fasciculus and medial lemniscus
system. Direct spinal input also reaches the PIL, probably via collaterals of the
spinothalamic tract. Both of these afferent connections are candidates to convey
information from the somatosensory components of social contacts to the PIL. The PIL
could also receive auditory input based on afferent connections from the external cortex
of the inferior colliculus and the auditory cortex, and the previously reported activation
of PTH2 neurons by auditory input (105). In the present study, the activation of calbindin
neurons in the PIL was demonstrated in social context. Since the female rats were siblings
and grew up together, their encounter in the familiar environment is not likely to evoke
stress. Indeed, their extensive social interactions after reunion also argues against anxiety-

induced activation of PIL calbindin neurons. In fact, previous c-fos studies in social
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context focused on the social interaction of unfamiliar males in novel environment as an
anxiety test (106-111). In these circumstances, a number of 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, our study is the first to implicate the PIL in the adult brain social
network. The activation of oxytocin neurons has been described in social context. In adult
social contexts, oxytocin release and receptors contribute to social recognition and
affiliative behavior (18, 19, 27, 32, 112, 113). Relevant to our model, i.c.v. oxytocin
injection specifically increased huddling together in mice (114). Thus, we suggest that
oxytocin neurons may be activated by the input from the PIL in different social situations
in response to somatosensory, and possibly auditory stimuli from other animals. Thereby,
the PIL-PVN pathway represents a previously missing link in the understanding of how

oxytocin neurons can be activated by neuronal inputs.

(with social effect?)

Oxytocin €é—

Figure 11. Schematic representation of the neuronal inputs and outputs of the posterior
intralaminar complex of the thalamus (PIL).

Neurons in the spinal cord (SC), the cuneate (and gracile) nucleus (Cu), the external
cortex of the inferior colliculus (ECIC), and the ventromedial hypothalamic nucleus
(VMH) project to the PIL (blue arrows). Neurons in the PIL in turn project to the
infralimbic cortex (ILC), the lateral septum (LS), the medial preoptic area (MPOA), the
paraventricular hypothalamic nucleus (PVN), the medial amygdala (A), the dorsomedial
hypothalamic nucleus (DMH) and the periaqueductal central grey (PAG) shown by
brown arrows. Oxytocin neurons of the PVN may mediate the effect of the PIL on social

behavior.
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6. Conclusions

1. The PIL neurons project to different parts of the social brain network including the
paraventricular nucleus of the hypothalamus.

2.. PIL neurons received ascending input from the spinal cord and inferior colliculus
suggesting multimodal, e.g. somatosensory and auditory inputs.

3. PIL contained a high number of activated neurons in response to social encounter with
an adult. The PIL neurons activated by social interaction contain calbindin.

4. Chemogenetic stimulation increased the activity of the PIL neurons expressing
stimulatory receptors. Stimulation of PIL neurons evoked social grooming between
conspecific animals.

5. Chemogenetic inhibition reduced social grooming behavior of female rats while control
virus injected animals did not change their grooming behavior.

6. Stimulation and inhibition of PIL neurons, which were activated during previous social
encounter, increased and decreased social grooming of the animals, respectively, without
affecting their locomotor activity.

7. PTH2 is induced in the PIL region of thalamus in response to social interaction.

8. Antagonizing PTH2 receptor selectively inhibited social grooming.

9. Oxytocin neurons were closely apposed by an average of 2.0 and 0.4 PTH2 terminals
in the PVN and the supraoptic nucleus, respectively.

10. Retrograde tracing identified PVVN-projecting neurons in the PIL, many of which may
be PTH2 neurons.
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7. Summary

We discovered a novel neuronal pathway from the posterior intralaminar complex of the
thalamus (PIL) to the paraventricular hypothalamic nucleus (PVN) and showed that the
PIL neurons are involved in the control of social grooming. We provided evidence that
the PIL contains relay neurons that convey stimuli from social partner via the spinal cord
to oxytocin neurons of the PVN. We found that neurons in the PIL were activated by
physical contact between female rats. In turn, chemogenetic stimulation and inhibition of
PIL neurons increased and decreased social grooming behavior, respectively. Activity-
dependent tagging of PIL neurons was performed in rats experiencing physical social
contacts. Chemogenetic manipulation of these neurons also affected social grooming
between familiar rats without altering locomotor activity. Neurons projecting from the
PIL to the PVN express the neuropeptide parathyroid hormone 2 (PTH2) and central
infusion of its receptor antagonist diminished social grooming. We propose that the
discovered neuronal pathway facilitates physical contacts in mammals. Since the
similarity of the PTH2-PTH2 receptor system between human and rodent has been

demonstrated (115), the results may be relevant to human social interactions, too.
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8. Magyar nyelvii 6sszefoglalas (Summary in Hungarian)

Sikeriilt felfedezniink egy 1j, a talamusz posterior intralamindris komplexumabol (PIL) a
hipotalamusz paraventricularis magjaba (PVN) vetiil6 neurondlis utvonalat, ¢&s
megmutattuk, hogy a PIL neuronjai részt vesznek a direkt kontaktussal jaro tarsas
érintkezés szabalyozasaban. Bemutattuk, hogy a PIL atkapcsol6 neuronjai aktivalédnak
tarsas interakciok hatdsara, mely informaciot tovabbithatjdk a PVN oxitocin neuronjai
felé. Megallapitottuk a PIL neuronjainak projekcios célteriileteit, és hogy a PIL neuronjai
aktivalodnak néstény patkanyok kozotti fizikai kontaktus hatasara. A PIL neuronok
kemogenetikai stimuldlasa serkentette, mig gatldsa csOkkentette az egymas
tisztogatasaval, fizikai kontaktussal toltdtt id6t. A PIL neuronok aktivitastol fiiggd
jelolését olyan patkanyokon végeztiik, melyekben mesterséges receptor csak olyan
sejtekben fejeztiink ki, melyek korabban szocialis interakcio soran aktivalodtak. Ezen
neuronok kemogenetikai manipulalasa szintén hasonld hatassal volt az ismerds
patkanyok kozotti direkt kontaktussal jaro tarsas érintkezés idejére. A PIL-b6l a PVN-be
vetiild neuronok a parathormon 2-es neuropeptidet (PTH2) fejezik ki, és ezen neuropeptid
receptoranak antagonistajanak agykamrai infizidja csokkentette a tarsas tisztalkodast.
Eredményeink alapjan feltételezhetjiik, hogy a felfedezett neuronalis titvonal serkenti az
emldsok fizikai érintkezését. Mivel korabban mar leirdsra keriilt a human ¢€s ragcsalo
PTH2-PTH2 receptor rendszere kozotti hasonldsag (115), az eredmények relevansak

lehetnek az emberi tarsas interakciok szempontjabol is.
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