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Abstract

Critically important components of the maternal neural circuit in the preoptic area robustly
activated by suckling were recently identified. In turn, suckling also contributes to hormonal
adaptations to motherhood, which includes oxytocin release and consequent milk ejection. Other
reproductive or social stimuli can also trigger the release of oxytocin centrally, influencing
parental or social behaviors. However, the neuronal pathways that transfer suckling and other
somatosensory stimuli to the preoptic area and oxytocin neurons have been poorly characterized.
Recently, a relay center of suckling was determined and characterized in the posterior intralaminar
complex of the thalamus (PIL). Its neurons containing tuberoinfundibular peptide 39 project to
both the preoptic area and oxytocin neurons in the hypothalamus. The present review argues that
the PIL is a major relay nucleus conveying somatosensory information supporting maternal
behavior and oxytocin release in mothers, and may be involved more generally in social cue
evoked oxytocin release, too.
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1. Introduction

Social behaviors are regulated by specialized neural networks in the brain that respond to
sensory information from the environment. These social neural networks were established
early in evolution, long before cortical structures developed to mediate advanced social
communication (Goodson, 2005; Royle et al., 2014). Even in mammals, these ancient
subcortical networks continue to play critically important roles in the control of instinctive
social and affiliative behaviors. One example of an evolutionarily ancient, yet highly
conserved behavior that is regulated by subcortical neural networks responsive to social cues
is parenting behavior, which is present in all mammalian species, although often only in the
form of maternal behavior, as only females take care of the young in most mammalian
species (Rilling and Young, 2014). Recent progress in parental neurobiology has determined
chemically identifiable cell types of the maternal regulatory network within the preoptic area
of the hypothalamus that are critically involved in parental responsiveness (Wu et al., 2014).
Other, even earlier established brain regions involved in maternal neuroendocrine actions are
the paraventricular and supraoptic nuclei of the hypothalamus, which contain the majority of
the brain’s oxytocin neurons (Feldman et al., 2016; Knobloch and Grinevich, 2014). These
neurons are activated in mothers, and secrete their neuropeptide hormone into the blood in
the pituitary to induce muscle contraction in the uterus during parturition and in the
mammary glands during milk ejection (Burbach et al., 2006). These same neurons release
oxytocin into the \brain where they influence the onset maternal motivation and bonding
(Lee et al., 2009; Leng et al., 2008; Marlin et al., 2015; Rich et al., 2014; Ross and Young,
2009). More recently, many more general functions of oxytocin have been established in
different social situations (Mitre et al., 2016; Neumann, 2008). Thus, oxytocin participates
in gating of social reward (Hung et al., 2017), controlling anxiety (Li et al., 2016), pair
bonding (Numan and Young, 2016), empathy based consolation behavior (Burkett et al.,
2016), as well as olfactory memories (Ferguson et al., 2001; Stoop, 2016). Like parental
behavior, these behaviors require social interactions, during which sensory information
transfer takes place between individuals. The sensory inputs include a variety of different
sensory systems, such as somatosensory, olfactory, auditory, and visual systems. These
sensory systems all have cortical representations, through which the social brain network can
be affected, probably via limbic connections. However, direct sensory inputs, which bypass
the cerebral cortex, may also reach the social brain network to evoke simple parental reflexes
as well as more complex social behaviors. This review will focus on a thalamic relay center,
which is optimally located to integrate somatosensory and auditory inputs and may exert
their effects on maternal and sociosexual brain centers in the preoptic area as well as on
oxytocin neurons in the hypothalamus. Thus, we focus our discussion on the posterior
intralaminar complex of the thalamus (PIL) as a potential relay station of certain maternal
reflexes as well as potentially more complex parental, sexual, and social behaviors, although
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a role of the PIL in regulating non-parental social behavior remains speculative. The PIL
contains a unique neuropeptide, tuberoinfundibular peptide of 39 residues (TIP39), which
will be described in detail, together with its receptor, the parathyroid hormone 2 receptor
(PTH2 receptor). We will then discuss the neural pathways which convey sensory
information to affect maternal responses. Finally, the broader implications for non-parental
social behavior, the human relevance of the rodent data, and potential future research
directions will be discussed.

2. The posterior intralaminar complex of the thalamus and its neuropeptide

content

We originally identified the posterior intralaminar complex of the thalamus (PIL) (Dobolyi
et al., 2003b) based on the distribution of the then newly identified tuberoinfundibular
peptide of 39 residues (TIP39; Fig. 1) (Usdin et al., 1999). Subsequent studies revealed its
likely role in integrating pup stimuli and activating MPOA neurons and potentially
stimulating oxytocin release.

2.1. Tuberoinfundibular peptide of 39 residues (TIP39)

TIP39 (or parathyroid hormone 2) is a ligand of the previously orphan parathyroid hormone
2 receptor (Usdin and Dobolyi, 2009), a G-protein coupled receptor concentrated in
hypothalamic and limbic brain regions (Dobolyi et al., 2006a; Faber et al., 2007; Wang et al.,
2000). TIP39 is coded by a single gene in mouse, rat, bovine and human, from which other
neuropeptides are not known to be synthesized (Dobolyi et al., 2002; John et al., 2002). The
original description of the distribution of TIP39 established only two sites of expression, the
periventricular gray-subparafascicular area in the medial thalamus and the medial
paralemniscal nucleus in the lateral pons (Dobolyi et al., 2002). The PIL, as a third major
site of expression of TIP39, only became apparent in a developmental study because TIP39
was the most abundant in the brain in this region before birth (Brenner et al., 2008).
However, TIP39 disappears from the PIL in early postnatal period, therefore, it is not
detectable there in adult male brains (Dobolyi et al., 2006b). The level of TIP39 is somewhat
higher, but still very low in adult female rat (Dobolyi et al., 2006b). In turn, we observed a
markedly significant increase of TIP39 expression in the PIL of mothers both at the mRNA
(Fig. 2) and peptide level in the postpartum period, starting at parturition and lasting until
weaning of the pups, indicating that TIP39 levels remain elevated throughout lactation
(Cservenak et al., 2010; Cservenak et al., 2013). In addition, the pontine site of TIP39
expression, the medial paralemniscal nucleus (Varga et al., 2008), also showed maternal
induction, albeit to a lesser degree than the PIL (Varga et al., 2012). Interestingly, TIP39 was
not induced at all in the periventricular gray of the thalamus, rather a tendency for further
decrease was found there (Cservenak et al., 2010; Cservenék et al., 2013), so the major site
of expression of TIP39 in the forebrain of mothers is the PIL (Fig. 2G).

2.2. Topography and chemoarchitecture of the PIL

The PIL does not follow the borders of traditional nuclei based on cell morphology or
clustering. Rather, it consists of the posterior intralaminar thalamic nucleus as well as the
parvocellular (or lateral) subparafascicular nucleus. Furthermore, TIP39 neurons are present
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ventrally in the lateral zona incerta below the lateral part of the medial lemniscus (Cservenak
et al., 2013; Dobolyi et al., 2003b). This area can be well-characterized neurochemically by
the presence and distribution of the calcium binding protein, calbindin (Fig. 1), which is
present in all parts of the PIL, essentially delineating its boundaries (Cservenak et al.,
2017a). The complexity of the structure is further enhanced by the subdivision of the
parvocellular subparafascicular nucleus into a medial and a lateral subdivision defined
topographically by the presence of galanin fibers and calcitonin gene-related peptide
(CGRP)-containing cell bodies, respectively (Coolen et al., 2003). We have determined that
TIP39 cell bodies are located medial to CGRP neurons in the area (Brenner et al., 2008;
Dobolyi et al., 2005) suggesting that the PIL can be also divided into a medial and lateral
subdivision and TIP39 neurons are located medially (Dobolyi et al., 2010). A chemo-
architectonic analysis found that essentially all TIP39 neurons contained calbindin, while
calbindin neurons were not present in brain areas immediately surrounding the PIL except
for the dorsally located triangular subdivision of the posterior thalamic nucleus (Cservenak
et al., 2017a). In contrast, the PIL did not contain parvalbumin neurons even though
parvalbumin was present in several adjacent nuclei including the ventrally located substantia
nigra, the dorsomedially located anterior pretectal nucleus, and with lower density, also in
the dorsally located triangular subdivision of the posterior thalamic nucleus (Cservenak et
al., 2017a). The distribution of both calcium ion binding proteins confirms that TIP39
neurons are mostly present in the medial subdivision of the PIL. Within this area, however,
the TIP39 neurons have an even distribution. TIP39 neurons are not the only cell type within
the medial PIL because there are some TIP39-negative calbindin neurons and TIP39-
negative GABAergic neurons in the area as well (Cservenak et al., 2017a), and the presence
of additional cell types cannot be excluded either.

2.3. Afferent neuronal connections of the PIL

The inputs to the PIL have been studied using retrograde tracer injections. Although the
injections were performed in mother rats so that the position of the injection site can be
verified using TIP39 immunohistochemistry, it is not known if the inputs terminate on TIP39
neurons. Nevertheless, the data are relevant when assessing the role of the PIL as a relay
center. The PIL receives contralateral ascending input from the spinal cord, thoracic laminae
IV-V and lumbar cells in laminae VI-VII, typically 5 neurons per millimeter. Additional
ascending somatosensory input arrived from the gracile and cuneate nuclei, as well as the
spinal trigeminal nucleus (Cservenak et al., 2017a). Furthermore, a number of retrogradely
labeled cells were found in the ipsilateral external cortex of the inferior colliculus suggesting
significant auditory input while less dense input arrived from the lateral parabrachial
nucleus, periaqueductal gray, and deep layers of the superior colliculus (Cservenak et al.,
2017a), findings which are consistent with a more restricted connectivity study focusing on
auditory inputs to the subparafascicular area (Yasui et al., 1990). In addition, the PIL also
receives some predominantly ipsilateral descending inputs, of which the largest one arrives
from the ventromedial hypothalamic nucleus, particularly in its ventrolateral subdivision,
while neurons in the infralimbic and insular cortices, the central amygdaloid nucleus, the
substantia innominata, and the anterior portion of the lateral septal nucleus, the lateral
preoptic area and zona incerta also send some projections to the PIL (Cservenak et al.,
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2017a). Thus, the PIL is in optimal position to convey multimodal, somatosensory, auditory
and possibly visual and viscerosensory information to upper brain sites.

2.4. Projections of TIP39 neurons in the PIL

TIP39 fibers are present in a variety of limbic, endocrine, nociceptive and auditory brain
regions, including the medial prefrontal cortex, the nucleus accumbens, the lateral septum,
the paraventricular thalamic nucleus, the fundus striati, the preoptic area (Fig. 3), the
paraventricular hypothalamic (Fig. 3), dorsomedial and arcuate nuclei, the medial and
central amygdaloid nuclei, the ventrolateral subdivision of the periaqueductal gray, deep
layer of the superior and external cortex of the inferior colliculi, the lateral parabrachial
nucleus, the locus coeruleus and subcoeruleus areas, the paraolivary nuclei, and the nucleus
of the solitary tract. Disappearance of TIP39 fibers following lesions of TIP39 neuronal cell
bodies suggested that thalamic TIP39 neurons project to limbic and hypothalamic regions of
the forebrain (Dobolyi et al., 2003a; Palkovits et al., 2009b) while TIP39 neurons in the
medial paralemniscal nucleus project to the lower brainstem (Dobolyi et al., 2003a).
Subsequent retrograde tracer studies in mother rats (in which TIP39 is present, consequently
identifiable in the PIL) determined that TIP39 neurons in the PIL project to the MPOA and
to a lesser extent to the arcuate nucleus (Cservendk et al., 2013; Szabo et al., 2010) as well
as to the PVN (Cservenak et al., 2017a). The distribution of TIP39 was similar to the
distribution of retrogradely labeled neurons except for some retrogradely labeled cells lateral
to the majority of TIP39 neurons. Furthermore, retrogradely labeled TIP39-negative cells
were also present following all hypothalamic injections suggesting that neurons other than
TIP39-positive ones also project to all these hypothalamic nuclei. It has not been directly
determined whether a single TIP39 neuron projects to different target areas. However, the
vast majority of TIP39 neurons were labeled following larger injections into both the MPOA
and the PVN suggesting that at least some TIP39 neurons projects to both sites (Cservenak
etal., 2017a; Cservenak et al., 2013). TIP39 neurons are likely excitatory glutamatergic as
TIP39 neurons contain MRNA of vesicular glutamate transporter 2 but not that of glutamic
acid decarboxylase (Cservenak et al., 2017a). In addition, TIP39 terminals contain glutamate
and form conventional asymmetrical synapses on target neurons (Cservenak et al., 2017b).

3. Maternal behavior

Parental behaviors in humans are determined by complex regulatory mechanisms, which
include emotional and cognitive neural processes. However, they also possess an instinctive
component, which can be well studied in animal models (Lonstein and Fleming, 2002). In
rodents, we can mostly speak about maternal behaviors as primarily mothers take care of the
offspring in rats and mice (Dulac et al., 2014). Maternal behaviors can be divided into pup-
directed behaviors (pup retrieval to the nest, anogenital licking of the pups, nursing postures,
such as kyphosis), and additional behavioral changes including placentophagia immediately
after parturition and increased food and fluid intake throughout lactation (Lonstein and
Fleming, 2002; Numan and Insel, 2003). Maternal emotional changes include maternal
aggression towards intruders, decreased anxiety in general, and reduced responsiveness of
the hypothalamo-pituitary-adrenal axis in stress situations (Bosch and Neumann, 2012;
Carter et al., 2001; Neumann, 2003). Maternal alterations also include hormonal changes,
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such as the release of prolactin for lactation, driven by suppression of the dopaminergic
neurons in the arcuate nucleus, which normally inhibits prolactin release from the pituitary
(Freeman et al., 2000; Neville, 2006). Furthermore, GnRH secretion is suppressed during
lactation leading to reduced estrogen serum level and lactational anoestrous characteristic of
mothers (McNeilly, 2006).

3.1. Hormonal and neuronal inputs that induce maternal behaviors

In rats, maternal behaviors appear only at the end of pregnancy, initiated by the changes in
concentrations of hormones associated with pregnancy and parturition. Estrogen levels are
high throughout pregnancy while progesterone levels are also high but decrease in the last
days of pregnancy. These changes in steroid hormone levels as well as elevated oxytocin and
prolactin levels at parturition may also contribute to the appearance of maternal behaviors
(Bridges et al., 1996; Knobil and Neill, 2006; Rilling and Young, 2014; Siegel, 1986). The
action of these hormones likely involves the elimination of the inhibition of maternal
behaviors evoked by pup odors (Numan and Insel, 2003). However, decreased levels of
estrogen hormones are found throughout lactation (Lamming, 1994) and oxytocin and
prolactin cannot maintain maternal behaviors in the absence of pup stimuli. In addition, the
full range of maternal behaviors can be induced by prolonged pup exposure even in
ovariectomized virgin females (Fleming and Rosenblatt, 1974; Rosenblatt, 1967).
Somatosensory inputs from the nipples and ventral body surface evoked by suckling and pup
exposure play the most important role in sensitization (Stern, 1989). The same
somatosensory inputs are thought to maintain maternal behaviors in dams throughout the
postpartum period (Febo et al., 2008; Numan and Woodside, 2010).

3.2. The preoptic area as a central element of maternal behavioral circuitry

The regulation and coordination of the above described maternal adaptations take place in
the central nervous system. Several brain regions may be involved in specific aspects of
maternal behaviors including the preoptic area, the lateral septum, the bed nucleus of the
stria terminalis, the medial and cortical amygdaloid nuclei, the anteroventral periventricular
nucleus, paraventricular hypothalamic nucleus (PVN), parts of the periaqueductal gray, the
accumbens nucleus and the ventral tegmental area (Bridges, 2015; Numan and Young,
2016). The ventrolateral subdivision of the caudal periaqueductal grey, for example, has
been shown to regulate kyphosis, the most effective body posture in rats for suckling pups,
and maternal aggression (Lonstein et al., 1998). However, a number of different approaches
provide convincing evidence that the preoptic area plays a central role in the initiation and
maintenance of maternal behaviors (Dobolyi et al., 2014). Brain activity is elevated in the
preoptic area in response to pup exposure based on immediate-early gene (Li et al., 1999;
Lonstein et al., 1998; Stack and Numan, 2000), 2-deoxyglucose (Del Cerro et al., 1995) and
fMRI techniques (Febo et al., 2005). The activated neurons in the preoptic area have a
characteristic distribution. They are abundant in the medial preoptic nucleus (MPN), an area
dorsolateral to the MPN, and also further dorsolaterally in the ventral subdivision of the bed
nucleus of the stria terminalis (BNSTV) (Fleming et al., 1994; Kalinichev et al., 2000;
Numan and Numan, 1995; Sheehan et al., 2000). These regions are often referred to as the
medial preoptic area (MPOA). Electrical as well as axon-sparing excitotoxic lesions of the
MPOA eliminate all maternal behaviors without affecting other, e.g. feeding, behaviors
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(Gray and Brooks, 1984; Numan, 1986; Numan and Woodside, 2010) and similar effects
were found following temporal pharmacological inactivation of MPOA (Arrati et al., 2006;
Pereira and Morrell, 2009). In contrast to lesions, electrical stimulation of the MPOA
increased maternal responsiveness (Morgan et al., 1997). Although additional preoptic
neurons may also play a role in the control of maternal responsiveness, the involvement of
the activated cells is particularly likely. The neurochemical characteristics of these
maternally activated MPOA cells began to be explored recently. First, it was shown that the
majority of them are GABAergic as they express glutamic acid decarboxylase (Lonstein and
De Vries, 2000) even though the majority of the neurons in the MPOA are glutamatergic
(Tsuneoka et al., 2013). Significant portions of the activated neurons also contained
neuropeptides, specifically galanin, neurotensin, and/or tachykinin2 (Tsuneoka et al., 2013).
Among these, the galanin neurons received particular attention because their manipulation
strongly affected maternal behavior in mice. Their selective lesion markedly impaired
parental responses while their optogenetic activation induced caring behavior even in males
(Wu et al., 2014).

3.3. Anatomical pathways activating the preoptic maternal center

Despite all the advances on the control of maternal responsiveness, the available data are still
scarce as to the neuronal input to the preoptic area that evokes and maintains maternal
behaviors. The preoptic area receives olfactory input primarily through the medial
amygdaloid nucleus, which may contribute to maternal behaviors (Walsh et al., 1996).
However, maternal behaviors remain in the absence of olfactory input (Levy and Keller,
2009). In addition, neuronal activation in the preoptic area appears following suckling
behavior (Fleming and Walsh, 1994; Hasen and Gammie, 2005; Lonstein et al., 1998), a
response in which the role of the somatosensory suckling stimulus is not fully determined.
When an anaesthetic was applied locally to the ventral region of the mother before suckling,
c-Fos expression in MPOA was not decreased (Walsh et al., 1996). In turn, the combined
elimination of both olfaction and ventral somatic sensory inputs in mothers decreased, but
did not eliminate, c-Fos expression in MPOA (Numan and Numan, 1995). Moreover, c-Fos
expression in the MPOA showed a significant increase in response to physical suckling
stimulus, which would include exteroceptive sensory stimuli associated with pup exposure,
compared with the patterns induced in response to pup exposure without physical contact (Li
etal., 1999). These results are most consistent with the view that multiple sensory inputs
from pups influence MPOA activation and maternal behavior. A number of brain regions
projecting to the medial preoptic area have been identified in a detailed study on the afferent
neuronal connections of the medial preoptic area (Simerly and Swanson, 1986). One of
them, called the “central tegmental field” in that report, resembles a relay station of the
milk-ejection reflex. Using the retrograde tracer, cholera toxin beta subunit, injected in the
medial preoptic nucleus (Fig. 4), we suggested that the area identified as the posterior
intralaminar complex of the thalamus (PIL) projects to the preoptic area, and that its neurons
are activated by pup exposure in mother rats (Cservenak et al., 2013). Furthermore, we also
showed that the same neurochemically identified neurons project to the paraventricular
nucleus of the hypothalamus as well (Cservenak et al., 2017a).
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4. The involvement of projections, and specifically TIP39-containing

projections from the PIL in the control of maternal behaviors

4.1. Activation of neurons in the PIL of mother rats

The involvement of projections from the PIL to convey pup-driven somatosensory
information to forebrain has been suggested by the activation of PIL neurons in mother rats.
In 20-hour pup deprived rats, suckling induced marked c-Fos expression in the PIL
(Cservenak et al., 2010). Pup exposure without physical contact elicited only a minimal c-
Fos expression in the PIL suggesting that somatosensory input from the pups is required for
robust activation (Cservendk et al., 2013). While Fos-ir neurons were evenly distributed
within the PIL in the area where TIP39 neurons were present and also the area immediately
lateral to it, almost none appeared in adjacent regions, implying that the PIL includes all
pup-activated neurons in the area, which likely corresponds to the “lateral midbrain
tegmentum” where c-Fos expressing neurons have been previously reported in response to
suckling and during lactation (Li et al., 1999; Lin et al., 1998).

Almost all TIP39 neurons were activated by suckling, however, these cells accounted for
only about a third of the activated neurons in the PIL, suggesting that not only TIP39
neurons are activated in the PIL of mothers (Cservenak et al., 2013). This finding raises the
possibility that TIP39-positive and -negative PIL neurons could have similar but also distinct
functions in the control of maternal behavior and maternal adaptations in general. Since our
knowledge on the function of PIL projection neurons is minimal, their specific function
should be addressed experimentally, for example using optogenetics in the future, as general
somatosensory inputs, independent of TIP39 release, could drive aspects on maternal
behavior via activation of PIL (Lonstein, 2005; Stern and Kolunie, 1993). Another critical
study as to the mechanism of activation and maternal function of the TIP39 neurons
specifically would be to determine whether thelectomy blocks the increased TIP39
expression in PIL of postpartum females. In rats, thelectomy does not interfere with
maternal behavior (Numan and Numan, 1995) but could affect the induction of TIP39.

Pup exposure represents a complex stimulus for the mothers. Apart from nursing-related
somatosensory inputs, visual, auditory, or olfactory exteroceptive stimuli, or hormonal
changes associated with the presence of pups can induce maternal behaviors (Hashimoto et
al., 2001; Terkel et al., 1979). Since the PIL receives auditory inputs (Cservenak et al.,
2017b; Yasui et al., 1990), it is conceivable that auditory inputs from the pups also affects
TIP39 neurons in the region. While physiologically relevant ultrasonic vocalization has not
been tested, high-intensity auditory signal was shown to activate neurons in the PIL
(Campeau and Watson, 2000), and specifically TIP39 neurons in the PIL allowing the
possibility that pup-derived auditory input can be conveyed through these neurons as well
(Palkovits et al., 2009a). Thus, TIP39 neurons in the PIL are ideally positioned to relay or
even combine pup-derived somatosensory and auditory signals and transfer this information
to the hypothalamus for maternal behaviors, and hormonal responses (Fig. 5).
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4.2. Projections of TIP39 neurons to additional suckling-activated neurons in the forebrain

In the MPOA, the distribution of TIP39 fibers was very similar to that of c-Fos-positive
neurons in pup-activated mothers. We used the potassium channel Kv2.1 to help define the
plasma membrane, and showed that TIP39 containing fibers closely apposed c-Fos-
expressing neurons in all regions of the MPOA (Cservenék et al., 2013). The percentage of
Fos-expressing neurons that were closely apposed by TIP39 fibers was 78-85% depending
on the specific MPOA region. As mentionned above, galanin neurons represent a large
subclass of c-Fos-positive neurons in the MPOA whose crucial role in the control of
maternal responsiveness has been demonstrated (Dulac et al., 2014; Wu et al., 2014). We
determined that cell bodies of galanin neurons are closely apposed by TIP39 terminals.
Furthermore, it was also demonstrated that galanin neurons are innervated by TIP39
projections as they contained TIP39-positive synapses (Cservenak et al., 2017b). We do not
have direct evidence that galanin neurons contain the receptor of TIP39, the parathyroid
hormone 2 receptor (PTH2 receptor). However, it was shown that the PTH2 receptor is
present in the MPOA (Fig. 4B). Since PTH2 receptor-containing cell bodies are not reliably
immunolabeled, X-gal histochemistry was used in mice expressing the beta-galactosidase
enzyme driven be the PTH2 receptor promoter to describe the distribution of PTH2 receptor
expressing neurons (Faber et al., 2007). This distribution was essentially identical to the
distribution of PTH2 receptor mRNA expressing neurons detected by in situ hybridization
histochemistry (Dobolyi et al., 2006a; Faber et al., 2007). Both methods suggest that the
distribution of PTH2 receptors in the MPOA is similar to that of pup-induced c-Fos
expressing neurons in the area.

4.3. Functional evidence of the role of TIP39 in the control of maternal motivation

To examine the function of TIP39, a peptide antagonist of the PTH2 receptor was developed
(Kuo and Usdin, 2007) by modifying the sequence of TIP39 at 4 positions (HYWH-TIP39).
The sequence encoding this antagonist was inserted into a lentivirus, which was injected into
the preoptic area (Cservendk et al., 2013). The infected cells in the preoptic area—visualized
by green fluorescent protein in the construct—secreted the antagonist continuously. The
conditioned place preference test, used regularly in the study of addiction (Schwarz and
Bilbo, 2013), is a particularly sensitive way to assess maternal motivation (Mattson et al.,
2003; Seip and Morrell, 2009). Therefore, pup-conditioned place preference was used to
evaluate a potential causal relationship between TIP39 signaling in MPOA and maternal
motivation (Cservenék et al., 2013). The control virus-injected mothers spent significantly
more time in the pup-associated cage than in the control cage (Cservenak et al., 2013) as
expected from previous studies (Arrati et al., 2006; Pereira and Morrell, 2011), while
nulliparous females did not show any significant cage preference suggesting a specific
maternal effect. In contrast, the time spent in the different compartments, and also the
number of animals demonstrating at least 20% difference between compartments did not
differ for the mother rats infected with the antagonist producing virus (Cservenék et al.,
2013) suggesting the involvement of the TIP39-PTH2 receptor system in pup attachement
and maternal motivation. Fos-expressing neurons have been previously implicated in
maternal motivation (Lonstein et al., 1998; Stack and Numan, 2000), probably via their
projections to the nucleus accumbens and the ventral tegmental area (Numan et al., 2005). In
addition, local preoptic injection of the virus did not affect serum prolactin levels arguing
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against an indirect mechanism of action on maternal motivation via prolactin (Bridges et al.,
1990), and further suggesting that preoptic TIP39 projections are involved in maternal
motivation. The nature of this involvement, however, remains to be established. The
treatment of the mother with the antagonist did not change retrieval behavior, suggesting that
the primary appetitive aspect of maternal behaviour remained unaffected. Therefore, it is
possible that the formation or retention of the conditioned place preference was influenced
as inactivation of the MPOA is known to prevent the expression of preference for the pup-
associated compartment (Pereira and Morrell, 2010). To address this question, acute
injection of the PTH2 receptor antagonist into the MPOA would be necessary at different
phases of the conditioning for pup-associated place preference, including its aquisition and
its performance. In addition, the effect of thelectomy on the TIP39 system and the pup-
associated place preference would also be relevant. It will be also interesting to investigate
whether TIP39-positive and -negative projections of PIL are similarly or differentially
involved in the formation of maternal attachment. These studies are now possible with novel
viral tools available for the functional investigation of specific projections of overlapping
cell populations (EI-Shamayleh et al., 2016).

5. TIP39 projections from the PIL potentially regulate oxytocin neurons

5.1. The oxytocin neurons of the mammalian brain and their projections

Oxytocin neurons are found only in restricted parts of the hypothalamus, specifically in the
paraventricular, supraoptic and so called accessory nuclei (Knobloch et al., 2012; Lee et al.,
2009). There may be different types of oxytocin neurons, which possess different functions.
The early studies distinguished magnocellular and parvocellular oxytocinergic neurons.
Magnocellular neurons in both the supraoptic and paraventricular nuclei were suggested to
project to the pituitary while parvocellular neurons to brain and spinal cord sites (Russell et
al., 2003). Later on, magnocellular neurons were also shown to have collaterals with targets
within the brain (Knobloch et al., 2012; Lee et al., 2009; Ross et al., 2009; Ross and Young,
2009). It is, however, very possible that different subclasses of oxytocin neurons exist as
suggested by gene transcriptional (Romanov et al., 2017), and morphological/
electrophysiological studies (Althammer and Grinevich, 2017; Eliava et al., 2016).

Extensive brain projections of oxytocin neurons were first expected based on the relatively
widespread distribution of oxytocin receptors even though the presence of oxytocin
immunoreactive fibers did not always match the location of the receptors (Bale et al., 2001;
Trueta and De-Miguel, 2012). Recent connectivity data using molecular biological
techniques suggested that oxytocin neurons project to these sites even if oxytocin cannot
always be detected in them with immunohistochemical techniques (Grinevich et al., 2016).
Our knowledge regarding the potentially diverse targets of the different oxytocin neurons is
limited but the likely existence of several types of oxytocin neurons suggests that they may
have different projections and functions in the central nervous system..

5.2. Inputs leading to oxytocin release

Oxytocin neurons are also known to have a variety of different inputs. These include
hormonal inputs, as they possess prolactin and estrogen receptors (Kokay et al., 2006;
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Laflamme et al., 1998). In fact, oxytocin neurons also contain oxytocin receptors, by which
they may be synchronized following dendritic oxytocin release (Ludwig, 1998; Ludwig and
Stern, 2015). In addition, oxytocin neurons also receive neuronal inputs. Studies using
traditional retrograde tracers to establish afferent connections to the paraventricular nucleus
(Campeau and Watson, 2000) provide limited information on specific inputs of oxytocin
neurons as this nucleus, in addition to oxytocin neurons, also contains several different types
of neurons with extensive inputs (Kiss, 1988). Despite the recent developments of methods
allowing selective tracing of neuronal subtypes, however, selective inputs to oxytocin
neurons, let alone to subtypes of oxytocin neurons have not been performed. Still, studies
using anterograde tracers and describing synapses on oxytocin neurons identified a number
of afferent projections to oxytocin neurons. Thus, oxytocin neurons receive glutamatergic,
GABA-ergic, monoaminergic as well as peptidergic inputs (Brown et al., 2013). These
inputs may provide information on salt-water balance, food intake and metabolic status,
stress, as well as reproductive and social environment (Brown et al., 2013). In addition,
signal from peripheral osmo- and baroreceptors can reach oxytocin neurons via visceral
sensory centers of the brainstem, such as the Al and A2 noradrenergic cell group
(Sawchenko and Swanson, 1982). Since drugs acting on adrenergic receptors (mostly alpha
2 type) can affect oxytocin release during stress (Lipinska et al., 2008; Onaka, 2004) and
reproductive situations as well (Bealer et al., 2010; Brunton and Russell, 2008b; Russell et
al., 2008), brainstem nuclei containing monoaminergic cells including the nucleus of the
solitary tract have been implicated in oxytocin release (Bealer and Crowley, 1998). However,
more detailed analysis of the pathways leading to oxytocin release under reproductive
circumstances suggests that they are not restricted to the ascending noradrenergic system.

Neuronal pathways activating the oxytocin system were first addressed by investigating the
milk ejection reflex in animals. Suckling induces milk ejection, which was possible to
measure simply by looking at the presence of milk in the stomach of previously fasted pups
(Knaggs et al., 1972; Tindal et al., 1967). Later, intramammary pressure, or directly, blood
oxytocin levels were measured for more precise analysis of the reflex (Dubois-Dauphin et
al., 1985a; Hansen and Kohler, 1984; Wang et al., 1995). Importantly, pups would suckle
even an anaesthetized mother, which allowed different manipulations, such as lesions and
electrophysiological stimulation and/or recording in the mother’s nervous system (Fukuoka
et al., 1984; Tindal and Knaggs, 1975). Any resulting deficit in milk ejection was confirmed
with the peripheral addition of exogenous oxytocin as positive control. These approaches
determined that the dorsal column-medial lemniscal system and the major thalamic relay
station of spinal somatosensory stimuli, the ventral posterolateral nucleus were not involved
in the milk-ejection reflex (Dubois-Dauphin et al., 1985b). Rather, the information in the
mammary nerves is conveyed in the dorsal column of the spinal cord and ascends in the
lateral funiculus (Fukuoka et al., 1984). It may relay in the lateral cervical nucleus and the
superior and inferior colliculi (Dubois-Dauphin et al., 1985a, b). The pathway then unites in
the lateral tegmentum of the midbrain because small lesions in this area block the milk
ejection reflex (Juss and Wakerley, 1981). While lesions can determine the path of the
projections, they are less suitable to determine the position of the relay neurons as
destruction of fibers also eliminates the reflex response. In turn, neuronal cell bodies are
more sensitive to low intensity microstimulation than fibers. Using this technique, an area
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ventromedial to the medial geniculate body, but not the caudally located lateral midbrain
tegmentum, was determined to contain effective injection sites of the milk-ejection reflex
(Fig. 6A), while bilateral transection of the lateral tegmentum immediately caudal to this site
also blocked milk ejection (Tindal and Knaggs, 1971, 1975). Chemical lesions of the area
ventromedial to the medial geniculate body (called “peripeduncular nucleus” in the original
paper), which preserves fibers but eliminates cell bodies inhibited lactation (Factor et al.,
1993), further suggesting the presence of relay neurons at this position (Fig. 6B). Studies
using neuronal tracers also supported that this area (called “parvicellular division of the
subparafascicular and posterior intralaminar nuclei” and “lateral zona incerta”) projects to
the paraventricular (Campeau and Watson, 2000), and supraoptic nuclei (Tribollet et al.,
1985), respectively (Fig. 6C,D). The position of the brain sites that control milk ejection in
these experiments is very similar to, and possibly overlapping with that of the PIL (Fig.
1,4,6). Therefore, we propose here that it is the same brain area, which is activated by
suckling and is involved in the transmission of this information to promote maternal
behaviors as well as oxytocin release, the latter leading to milk ejection and indirect
enhancement of maternal behaviors (Okabe et al., 2017). We believe that the PIL is a
complex brain region at the border of the diencephalon and mesencephalon making it
difficult to precisely identify, which could be the reason of the different names in previous
literature. In turn, the complexity of the area makes it also possible that its different parts
may be involved in different functions. Specifically, it is possible that some neurons in the
PIL regulate maternal behaviors while others are involved only in milk-ejection reflex.

5.3. TIP39 inputs of oxytocin neurons

TIP39 fibers and PTH2 receptors are present in the hypothalamic paraventricular and
supraoptic nuclei (Fig. 4). PTH2 receptors are particularly abundant in the PVN (Dobolyi et
al., 2012; Dobolyi et al., 2006a) where TIP39 terminals approach oxytocin neurons
(Cservenak et al., 2017a). The number of close appositions between TIP39 terminals and
oxytocin cell bodies is on average two per cell. Furthermore, the existence of synaptic
contact has also been demonstrated with electron microscopy (Cservenak et al., 2017a)
providing strong evidence for extensive innervation of oxytocin neurons by TIP39 terminals
suggesting that TIP39 may have functional significance in the control of oxytocin release
during lactation. Since the body weight of (even cross fostered) pups is reduced in the
absence of a functional PTH2 receptor gene in mice (Coutellier et al., 2011b), a role of the
TIP39-PTH2 receptor system in oxytocin release is likely. However, we do not have direct
evidence for that, a question that should be addressed in the future. Furthermore, TIP39
neurons represent only a portion of PIL neurons that project to the PVN. In fact, the PIL
probably corresponds to the relay station of the milk-ejection reflex based on the
topographic localizations (see in 5.2.). Thus, all the relay neurons present in the PIL may
have an even more significant role in the regulation of oxytocin release than only TIP39
neurons, an intriguing point, which also remains to be established. If functionally different
oxytocin cell subclasses exist as described in 5.1, then a further complexity is possible as
different cell populations in the PIL could innervate different types of oxytocin cells in the
hypothalamus. Thus, it is possible that PIL neurons represent a significant mechanism for
regulating the oxytocin system beyond motherhood, in a broad range of social context,
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perhaps independently of TIP39. Future optogenetic studies are needed to explore this
possibility.

6. Additional maternal adaptations of the brain and their potential control

by TIP39-containing projections from the PIL

There is direct and indirect evidence that TIP39 may play a role in additional maternal
adaptations, warranting further investigation of its role in modulating the maternal brain.
Apart from the preoptic area and paraventricular hypothalamic nuclei, TIP39 terminals are
present in some additional hypothalamic sites, including the arcuate nucleus (Dobolyi et al.,
2003b), which is known to control prolactin release (Grattan, 2015). In fact, there is some
evidence available that TIP39 is involved in suckling-induced prolactin release. Injection of
the above described (see 4.3.) PTH2 receptor antagonist (Kuo and Usdin, 2007) HYWH-
TIP39 into the cerebral ventricle dose-dependently inhibited suckling-induced prolactin
release suggesting that TIP39 plays a physiological role in the regulation of prolactin
secretion (Cservenak et al., 2010). Injection of a virus directly into the mediobasal
hypothalamus, thereby producing the antagonist locally, also reduced suckling-induced
prolactin release suggesting a local effect in the mediobasal hypothalamus (Cservendk et al.,
2013). However, anatomical evidence suggests that TIP39 neurons do not directly act on
dopaminergic neurons in the arcuate nucleus. Rather, TIP39 may excite local interneurons,
which in turn inhibit tuberoinfundibular dopamine neurons to induce prolactin release from
the pituitary (Cservenak et al., 2010).

The core body temperature of mothers is increased, particularly in the postpartum period
(Eliason and Fewell, 1997; Gamo et al., 2016). Since TIP39 was suggested to increase body
temperature in male mice and provide some protection in cold environment (Dimitrov et al.,
2011), its role was tested in mothers as well. Evidence using mice lacking the PTH2 receptor
suggests that TIP39 contributes to the elevated core body temperature of mothers (Gellen et
al., 2017).

Direct functional evidence of the involvement of the TIP39-PTH2 receptor neuromodulator
system is not available regarding other changes in the maternal brain. However, indirect data
obtained in males suggest that TIP39 could have additional functions in mothers as well. A
reduced anxiety is present during the postpartum period, possibly to better cope with
increasing burden of raising the litter (Hillerer et al., 2011; Silva et al., 1997) while anti-
depression-like behavior of rodent mothers has also been reported (Lonstein et al., 2014;
Maguire and Mody, 2008). Since TIP39 injection into the cerebral ventricle caused
anxiolytic- and antidepression-like effects in rats (LaBuda et al., 2004) while mice lacking
TIP39 signaling showed increased anxiety (Coutellier et al., 2011a; Fegley et al., 2008), it is
possible that maternally induced TIP39 may contribute to reduced anxiety- and depression-
like behaviors in mothers. Stress coping strategies are also altered during late pregnancy and
postpartum: mother rats demonstrate reduced responsiveness of the hypothalamo-pituitary-
adrenal (HPA) axis including diminished synthesis and release of corticotropin releasing
hormone (Carter et al., 2001; Neumann, 2001, 2003). Suckling was suggested to drive the
hyporesponsiveness of the HPA axis in the postpartum period (Brunton and Russell, 2008a).
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The involvement of TIP39 in this potential maternal alteration is conceivable because
corticotropin-releasing hormone-containing neurons are affected by TIP39 in male mice
(Dimitrov and Usdin, 2010).

There are additional maternal alterations where no functional evidence is available on the
role of the TIP39-PTH2 receptor neuromodulator system, but the presence of TIP39
terminals and PTH2 receptor-expressing neurons form an anatomical basis of a potential
functions that should be examined in future studies. For example, the suppression of GnRH
secretion and consequently reduced estrogen level leading to lactational anoestrous is
characteristic in mothers (McNeilly, 2006). The central common pathways for the regulation
of GnRH neurons are kisspeptin neurons (Clarke et al., 2015; Uenoyama et al., 2016)
located in the anteroventral periventricular and arcuate nuclei (Javed et al., 2015).
Lactational anoestrus is primarily driven by the suckling stimulus during the first half of
lactation and by negative energy balance during its second half (Tsukamura and Maeda,
2001) mediated by the kisspeptin system (Smith et al., 2010; Topaloglu et al., 2010). Since
PTH2 receptors and TIP39 terminals are present in both the anteroventral periventricular and
arcuate nuclei (Dobolyi et al., 2006a), it seems conceivable that TIP39-containing
projections from the PIL could affect GnRH secretion via the kisspeptin neurons and play a
role in lactational anoestrus.

Another specific behavioral characteristic of mothers is maternal aggression, that is defense
of the litter by attacking a male intruder.. It is possible that TIP39 could affect maternal
aggression as TIP39 fibers have been described in several nuclei, including the lateral
septum, the paraventricular hypothalamic nucleus, and the ventral mamillary nucleus, which
are involved in maternal aggression (Bosch and Neumann, 2012; Carter et al., 2001,
Neumann, 2003). In fact, a previous study using partial lesions of the area corresponding to
the PIL (Fig. 6) demonstrated impairment in both lactation and maternal aggression (Factor
et al., 1993), suggesting common mechanisms at this level of processing. In turn, other
postpartum maternal behaviors were not affected. It is conceivable, that the TIP39 could
affect maternal aggression via the oxytocin system as it was recently demonstrated that
oxytocin affects maternal aggression, probably via projections to the central amygdaloid
nucleus (Bosch and Neumann, 2012). Therefore, it can be hypothesized that TIP39-mediated
general somatosensory inputs from pups evoke oxytocin release in central amygdaloid
nucleus to influence maternal aggression. To test this hypothesis, it would be interesting to
inject TIP39 antagonist into the PVN to measure potential blockade of the occurrence of
maternal aggression in postpartum rats, while also measuring other aspects of maternal
behavior.

7. Potential non-maternal functions of TIP39 neurons in the PIL

7.1. Sexual activity

Sexual reflexes are driven by spinal reflexes with substantial descending control in both
males and females (Pfaus, 1999). However, there is information related to sexual activity,
which should be transferred to the brain via ascending pathways, such as reward value
(Matthews et al., 2005), the initiation of post-ejaculatory interval (Schober and Pfaff, 2007)
(\Veening et al.), or attachment to the mate characteristic in monogamous species (Amadei et
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al., 2017; Johnson and Young, 2015). One candidate for a forebrain relay station of sexual
reflexes is the so-called peripeduncular area because electric stimulation applied to pudendal
nerve evoked field potentials as well as single unit responses in this brain region (Carrer,
1978). Furthermore, lesion or synaptic blockade of this area eliminated female sexual
behavior (Hansen and Gummesson, 1982; Lopez and Carrer, 1985a, b) as well as male
sexual behavior (Hansen and Gummesson, 1982; Hansen and Kohler, 1984). Another
previously suggested diencephalic relay station is the parvicellular subparafascicular
nucleus, which was implicated in the processing of sensory information related to mating
and ejaculation (Coolen et al., 2004). The activation of its neurons requires ejaculation in
male rats while only sexual intercourse in females but the topographical localization of
activated neurons is the same in both sexes (Meening et al.). Furthermore, the location of the
brain region avtivated during sexual behavior is very similar to the PIL suggesting that some
parts of the PIL could also be involved in conveying ascending sexual information following
sexual intercourse. The activated neurons following male ejaculation were shown to contain
TIP39 (Wang et al., 2006) arguing that they in fact may be the same cell types activated in
mothers as well.

7.2. Oxytocin release following sexual intercourse

Oxytocin neurons are activated and oxytocin is released during sexual intercourse
(Carmichael et al., 1987; Pfaus and Heeb, 1997; Ross et al., 2009; Waldherr and Neumann,
2007) suggesting that information from genitalia can reach oxytocin neurons in the
hypothalamus. Experimental investigation of this neuronal pathway is more difficult than
that of the milk ejection because sexual intercourse requires behaving, conscious animals.
Therefore, the pathway is not fully established yet. It is, however, possible that the pathway
from the genitalia joins the pathway from the nipples before reaching the paraventricular and
supraoptic nuclei, specifically, they could both relay in the PIL. This hypothesis is supported
by the finding that elimination of relay neurons in this area by electrolytic lesions (Hansen
and Gummesson, 1982) or by local injections of ibotenic acid inhibited male ejaculation as
well as the milk-ejection reflex in females (Hansen and Kohler, 1984) suggesting that the
neuronal pathways conveying these types of information are convergent at this level of the
brain to the same neurons, or the relay neurons are closely located in the area.

7.3. Non-reproductive social situations

Apart from reproductive actions, oxytocin can also be released in non-sexual social
situations (Light et al., 2005; Nagasawa et al., 2015; Uvnas-Moberg, 1998). The type of
sensory input that leads to oxytocin release can vary under social circumstances. Olfactory
input may play an important role (Stoop, 2016) as oxytocin neurons receive input from the
olfactory bulb, which could play a role in relaying olfactory information in a social situation
(Gur et al., 2014). Auditory and visual inputs may also be important, especially in human.
They could be transmitted to oxytocin neurons from the limbic system, e.g. through
prefrontal cortical projections to the oxytocin neurons (Brown et al., 2013). In addition,
affective somatosensory inputs play an important but sometimes not sufficiently emphasized
role in oxytocin release as sensory nerve stimulation in anaesthetized animals can raise
plasma oxytocin levels (Stock and Uvnas-Moberg, 1988). Pain as a stressor has long been
known to induce oxytocin release (Neumann, 2002), however, affective touch (McGlone et
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al.), such as strokes or massage have also been reported to increase oxytocin levels
(Kurosawa et al., 1995; Lund et al., 2002). They may be important in mother/father—infant
relations (Barrett et al., 2015; Matthiesen et al., 2001), which suggests the relevance of
physical contact between the parents and their child, too. Very little is known about how
affective somatosensory input reaches oxytocin neurons in adult-adult contexts or how they
affect the social brain network directly. However, we recently demonstrated that TIP39
neurons in the PIL are activated in response to social situations. To avoid stress and
aggression, familiar female rats were separated for a day. Following their reunion,
significant c-fos activation was present in the PIL of both females (Cservenak et al., 2017a).
Since TIP39 cannot be very well visualized in non-maternal females, the c-fos activated
neurons were double labeled with calbindin, a marker of PIL neurons (see in 3.2.). Indeed,
most of the c-fos activated neurons following the reunion of the females were calbindin-
positive (Cservenak et al., 2017a). These findings suggest that PIL neurons, partly those that
would be expressing TIP39 in mothers, may relay input, which can contribute to the
activation of oxytocin neurons or directly the social brain network in non-reproductive social
situations. Thus, it is possible that the same thalamus relay circuit that is critical for pup-
induced activation of maternal responsiveness and oxytocin release supporting the milk
ejection reflex my play a more general role in socially mediated oxytocin release in non-
parental context. If this is the case, the PIL represents a novel relay center that not only is
involved in transducing pup stimuli to regulate maternal neuroendocrinology and behavior,
but may play an important, yet unexplored role in evoking oxytocin release in more general
social contexts to influence a host of oxytocin-dependent social behaviors ranging from
social bonding to empathetic consoling behavior. If true, this is consistent with previous
assertions that the neural circuits underlying maternal responsiveness have become
evolutionarily generalized to influence broader social bonding behaviors ranging from
empathy and pair bonding to romantic attachment (Young, 2009; Young and Alexander,
2012). Further, as oxytocin is a strong candidate for improving social cognition in
psychiatric disorders such as autism (Young and Barrett, 2015), the PIL TIP39 neurons
represent a potential target for evoking endogenous oxytocin release in a clinical setting.
Future studies should examine the role of the PIL relay in stimulating non-parental, socially-
evoked central oxytocin release as well as consider the translational implications of
stimulating the oxytocin system through targeted PIL circuit manipulations.

8. Conclusions

Different aspects of maternal behaviors are driven by sensory inputs from the pups.
Somatosensory inputs including suckling play an essential part in the different components
of maternal behaviors. In addition, auditory input may also be involved in eliciting maternal
behaviors. The PIL, located in the posterior thalamus may integrate these inputs. It seems
likely that TIP39 projections from the PIL participate in more than one of the above listed
regulations and even a single TIP39 cell can have multiple functions. It raises the important
question how the different functions can be independently regulated if they receive the same
input. Since neither the cell-specific inputs nor the projections of TIP39 neurons and other
projections neurons of the PIL are known at present, we can only speculate that the target
areas determine how they interpret the incoming information from the PIL depending on
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their state and/or the hormonal status of the animal. The fact that PIL neurons use a peptide,
TIP39, suggest that their influence on the target areas depends on the state of motherhood as
T139 is expressed only during this period in adult female rats. TIP39 is an ideal candidate for
this task as neuropeptides are signaling molecules in the nervous system that typically have
slow actions but play important neuromodulatory functions during adaptive processes.

Although parental care in human is more complex than in animals as it involves emotional
and cognitive cortical functions, the role of PIL in conveying somatosensory information
may still be important in human as well. Touch evokes oxytocin release and physical contact
with babies may contribute to parental attachment. Indeed, both TIP39 and the PTH2
receptor have a similar distribution in human and macaque as in rodents (Bago et al., 2009).
Such similarities between distributional patterns in the brains of primates and rodents have
often been reported for other neuropeptides and neuropeptide receptors suggesting similar
functions in different species (de Lacalle and Saper, 2000; Kostich et al., 2004). These data
support the idea that the TIP39-PTH2 receptor system may also be involved in similar
functions. However, judgment about the relevance of particular observations made in rodents
to humans obviously requires detailed consideration of the specific functions and structures.
Given the enthusiasm for targeting the oxytocin system in psychiatry (Shamay-Tsoory and
Young, 2016), the PIL TIP39 circuit should be more intensively investigated as a potential
entry point to manipulate the oxytocin system to enhance social cognition and behavior to
explore its translational potential beyond the context of the maternal brain.
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Highlights

The posterior intralaminar complex of the thalamus (PIL) conveys suckling
information to the forebrain

Tuberoinfundibular peptide 39 (TIP39) is induced in the PIL of lactating mother
rats

TIP39-containing terminals innervate oxytocin neurons and galanin neurons in the
preoptic area

The PIL may correspond to the lateral subparafascicular area activated by sexual
activity

PIL neurons are activated by social stimuli and may be involved in social cue
evoked oxytocin release
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Bregma -5.40 mm

Fig. 1.
The posterior intralaminar complex of the thalamus (PIL). A: A schematic drawing from the

Paxinos rat atlas demonstrates the nuclei in the region (Paxinos and Watson, 2007). B:
Calbindin immunolabeling shows the distribution of calbindin-positive cell bodies in the PIL
as well as in some of the surrounding nuclei including the triangular subdivision of the
posterior thalamic nucleus (PoT), and the peripeduncular area (PP). However, the substantia
nigra (SN), the medial geniculate body (MG) and the anterior pretectal area (Apt) are mostly
devoid of calbindin immunoreactivity. C: TIP39 immunoreactivity is present in the PIL of a
mother rat. TIP39-ir cell bodies are mostly located in the medial part of the PIL while
TIP39-ir fibers are also visible in the lateral PIL. Additional abbreviations: Ag—cerebral
aqueduct, Hipp-hippocampus, ml-medial lemniscus, pc—posterior commissure, PIN—
posterior thalamic nucleus, ZIl-zona incerta pars lateralis. Scale bar = 1 mm for B and 400
um for C. The figure was created from the material presented in our previous paper
(Cservenak et al., 2017a).
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Fig. 2.
Expression level of TIP39. A-E: Low magnification dark- and high magnification bright-

field images of sections are shown at the level of the PIL visualized with in situ
hybridization histochemistry for TIP39. The framed areas in upper panels are shown in the
lower panels. F: RT-PCR data confirm the induction of TIP39 in the PIL. G: TIP39 mRNA
level is not elevated in the periventricular gray of the thalamus during lactation.
Abbreviations: MG-medial geniculate body, ml-medial lemniscus, SN-substantia nigra.
Scale bar = 500 um for E1 and 100 um for E2. The figure was adapted from our previous
papers (Cservenak et al., 2010; Cservenék et al., 2013).
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Fig. 3.
TIP39-ir fibers and parathyroid hormone 2 receptor (PTH2 receptor)-expressing neurons in

the preoptic and anterior hypothalamus of mice. A: TIP39-ir fibers are abundant in the
medial preoptic nucleus (MPN) as well as dorsolateral to it in the medial preoptic area
(MPA\) and ventral subdivision of the bed nucleus of the stria terminalis (BNSTv). B: X-gal
histochemistry in a mouse expressing LacZ driven by the promoter of the PTH2 receptor.
The PTH2 receptor-expressing neurons are distributed similarly to TIP39 fibers. C: TIP39-ir
fibers have particularly high density in the paraventricular hypothalamic nucleus (PVN).
They are also present in the anterior and lateral hypothalamic areas (AH and LH,
respectively) albeit with only a low density in the LH. TIP39 fibers are present in the
supraoptic (SON) but absent in the suprachiasmatic nucleus (SCN). D: PTH2 receptor-
expressing neurons are abundant in the PVVN. Scale bar = 400 um for A and B, 500 um for C,
and 300 um for D. The figure is created from the material presented previously (Faber et al.,
2007).
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PIL MG

SN

Comparison of neurons in the PIL retrogradely labeled from the medial preoptic nucleus and
those that express c-Fos in response to pup exposure in mothers. A: Injection site of the
retrograde tracer, cholera toxin beta subunit, in the medial preoptic nucleus (MPN). B:
Retrogradely labeled neurons in the posterior intralaminar complex of the thalamus (PIL). C:
Fos-immunoreactive neurons in the PIL following suckling in mother rats. Additional
abbreviations: ac—anterior commissure, f-fornix, och—optic chiasm, MG-medial geniculate
body, SN—substantia nigra, vBNST — ventral subdivision of the bed nucleus of the stria
terminalis. Scale bar = 1 mm. The figure is created from the material of our previous paper

(Cservenak et al., 2017b).
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Fig. 5.

chhematic illustration of the major inputs and projections of TIP39 neurons in the PIL.
TIP39 neurons (green) receive auditory input from the external cortex of the inferior
colliculus as well as somatosensory input from the spinal cord (both direct and indirect
inputs), and project to the medial preoptic area to innervate galanin neurons and the
paraventricular hypothalamic nucleus to innervate oxytocin neurons.
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Fig. 6.

Prgesumed diencephalic relay center of the milk-ejection reflex. The panels are modifications
from the reference papers. The red arrows point to the presumed relay station of suckling
information. A: Black circles represent the position where microstimulations evoked, and
empty circles where could not evoke milk ejection (Tindal and Knaggs, 1975). B: Lesion of
the shaded areas with NMDA injections reduced milk ejection (Factor et al., 1993). C: Black
triangles correspond to neurons retrogradely labeled following injection of tracer into the
PVN (Campeau and Watson, 2000). D: Black dots represent neurons retrogradely labeled
following injection of tracer into the supraoptic nucleus (Tribollet et al., 1985).
Abbreviations: CG—central gray (or substantia grisea, or periaqueductal gray), cp—cerebral
peduncle, IP-interpeduncular nucleus, MG-medial geniculate body, MGD, medial
geniculate body, dorsal subdivision, MGM - medial geniculate body, medial subdivision,
MGV - medial geniculate body, ventral subdivision, ml-medial lemniscus, PP (or PPN)-
peripeduncular nucleus, PIL—posterior intralaminar thalamic nucleus, PoT, Posterior
thalamic nucleus, triangular subdivision, SG-suprageniculate nucleus, SGPV-substantia
grisea periventricularis, SN—substantia nigra, SPFPC—subparafascicular nucleus,
parvocellular subdivision, ZI-zona incerta, 3n—oculomotor nerve.
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