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More than any other neuropeptide, oxytocin (OXT) is attracting the attention of neurobiologists, psychologists,
psychiatrists, evolutionary biologists and even economists. It is often called a “love hormone” due to its many
prosocial functions described in vertebrates including mammals and humans, especially its ability to support
“bonding behaviour”. Oxytocin plays an important role in female reproduction, as it promotes labour during
parturition, enables milk ejection in lactation and is essential for related reproductive behaviours. Therefore, it
particularly attracts the interest of many female researchers. In this short narrative review I was invited to

provide a personal overview on my scientific journey closely linked to my research on the brain OXT system and
the adventures associated with starting my research career behind the Iron Curtain.

1. Introduction

My personal odyssey started in the German Democratic Republic
(GDR, also simply called East Germany), where I was a student of
Biology at the Karl-Marx-University in Leipzig. During my diploma
thesis, I started to monitor the release of the neuropeptides oxytocin
(OXT) and arginine vasopressin (AVP) in the rat brain during relevant
physiological stimuli using push-pull perfusion and, some years later
during my PhD period, microdialysis approaches. Later, I have
continued to use these and complementary other methods to focus on
the functional impact of OXT release in distinct brain regions under
healthy conditions, including during suckling, birth, mating or exposure
to stress, and in rodent models of psychopathology. With the help of a
variety of increasingly sophisticated behavioural paradigms along with
pharmacological, genetic and pharmacogenetic, and optogenetic ap-
proaches to manipulate central OXT release, we were able to reveal
multiple relationships between OXT and social behaviors, such as
aggression, maternal behaviour, social preference behaviour and social
fear. This scientific journey, with OXT as my major companion, has
continued with more recent studies linking intraneuronal signaling
cascades to nonapeptide-receptor interactions, the impact of OXT re-
ceptor mutations on the receptor’s functionality, intracellular in-
teractions with small non-coding RNAs, and the role of oxytocinergic
neurocircuits in social interactions. I consider it a huge privilege to
dedicate my scientific energy to such an amazing, evolutionary
conserved and somehow mysterious molecule, central to all aspects of
sociability.

E-mail address: inga.neumann@ur.de.
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2. The OXT and AVP systems

The closely related nonapeptides OXT and AVP are synthesized as
neurophysin-containing pro-hormones in magnocellular neurons of the
supraoptic (SON) and paraventricular (PVN) nuclei of the hypothala-
mus, which are central components of the hypothalamo-
neurohypophysial system (HNS) in mammals. After axonal transport
to the neurohypophysis, OXT and AVP are stored in terminal vesicles
and secreted into the blood stream as neurohormones in response to
appropriate stimulation. Hemorrhage and osmotic stimulation are major
stimuli for the secretion of AVP, which exerts antidiuretic actions at the
kidney, whereas birth-related stimuli, and suckling in the lactating fe-
male, but also exposure to various kinds of stressors, induce OXT
secretion into the blood. The long-known physiological functions of OXT
as a circulating hormone, such as the uterine-contracting effect as well
as the induction of milk ejection from the mammary gland, have origi-
nally been revealed by application of pituitary extracts [1-3] (for more
historical details see Refs. [4,5]). The effect of OXT to promote labour
and to speed up the mammalian birth process was the basis for the name
oxytocin (Greek: 0£Uc, oxys, and tOkoc, tokos, meaning “quick birth™),
generally used today. However, according to the Nobel laureate Roger
Guillemin, the spelling “oxytocin,” may have been a “mistaken trans-
lation”, and the correct name should be “ocytocin” [6].

In the 1970s, extrahypothalamic pathways in the brain, which were
neurophysin-positive and, thus, potentially oxytocinergic or vaso-
pressinergic, had been identified in The Netherlands [7,8] and - inde-
pendently - in East Germany [9]. The discovery of these
neurophysin-positive intracerebral pathways, along with the
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description of first central effects of synthetic AVP and OXT on learning
and memory [10,11], and on maternal behaviour [12], respectively,
sparked an enormous scientific interest in the brain nonapeptide systems
and their capacity to modulate multiple behavioural and physiological
functions, which remains until today.

Thus, many details of the complex brain OXT and AVP systems have
been revealed until today, but their detailed description goes beyond the
scope of this small review, the more as they have been extensively
reviewed [5,13-15]. In brief, the brain OXT and AVP systems consist
mainly of hypothalamic magnocellular and parvocellular neurons,
which synthesize either OXT or AVP and have distinct electrophysio-
logical properties, and their widespread intracerebral fiber networks.
Whereas OXT seems to be exclusively expressed in the hypothalamus,
AVP neurons have also be identified in other brain regions of the limbic
system. OXT and AVP neurons respond to various physiological, social
or stressful stimuli with neurohormone secretion into the blood, and -
partly independent, partly coordinated - with neuropeptide release
within the brain. Such central release may occur from different neuronal
compartments including dendrites, cell soma and axons. Further, OXT
receptors (OXTR) and AVP (V1A) receptors are expressed in neurons and
astrocytes of many brain regions. Distinct receptor-coupled intracellular
signaling pathways enable multiple facets of cellular responses.

3. The origin of our research on oxytocin and vasopressin

A vision begins with the right idea being born at the right time. In the
1980-ies, we did not know whether the neuropeptides OXT and AVP
were released within the brain under physiological conditions, in par-
allel to their well-known secretion as hormones into the blood stream.
Thus, scientists began to monitor the release of these neuropeptides
within the brain. Among them was my mentor and later PhD supervisor,
Rainer Landgraf. Rainer succeeded in developing highly sensitive ra-
dioimmunoassays for the quantification of the nonapeptides AVP and
OXT. Using selective extraction in combination with extremely specific
and sensitive antibodies, he eventually succeeded in detecting unbound,
(i.e. bioavailable) OXT and AVP in the lower pg range [16,17]. These
tools were critical to our ability to study the dynamics of release and the
functions of OXT and AVP.

4. The back story on OXT research in Leipzig, East Germany

This achievement was not originally driven by purely scientific in-
terest, but rather also by political interests of the governmental insti-
tution, where Rainer Landgraf worked in Leipzig - the German High
School for Physical Culture and Sports (DHFK). During the Cold War
various countries used international sporting events, especially the
Olympic Games, to compete and show their dominance. The tiny GDR,
with only 17 million inhabitants, was always among the three leading
countries in medal rankings, competing successfully against the US and
Soviet Union teams in swimming, athletics, weightlifting, or rowing and
canoeing, among others. German discipline was not the only reason for
their dominance, as children were often selected at a young age based on
their physical potential for athletics. The implementation of excellent
training facilities further enabled this overwhelming success, especially
among women’s teams. Consequent government-driven and goal-
directed biomedical research, combined with pharmaceutical applica-
tions, resulted in the development of effective (however, risky) strate-
gies to improve physical fitness, muscle growth, and endurance. Thus,
international competition, for instance in the swimming pool, was also a
scientific and technological competition among the Western and Eastern
block countries. This competition also contributed to the development of
strong scientific programs.

The neurohormones AVP and OXT became subjects of interest, as it
was discovered that their blood concentrations increased in response to
physical and mental exertion, e.g., in marathon runners or high-level
chess players experiencing cognitive challenges [16]. A plethora of
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cognitive, emotional, and social effects of the use of synthetic OXT or
AVP have been detailed in numerous research articles and journals.
However, to my knowledge, even to the present not a single study has
reported the improvement of physical fitness nor muscle strength by
either nonapeptide. Of interest to the unique functions of OXT and AVP,
nobody has examined the potential social effects in team players. Do
professional soccer players seek to increase their team spirit by secretly
sniffing OXT in the cabin together? Do choir singers inhale OXT along-
side their conductor behind the curtain prior to performance?

Although the governmental interest in OXT and AVP dropped in the
GDR, the potential to quantify tiny nonapeptide amounts had been
established, allowing for independent research behind the Iron Curtain.
This is important to note, as sensitive assays for AVP and OXT had also
been established around this time in other (Western) countries including
Canada [18,19], The Netherlands [20], France [21,22], the UK [23,24],
and the USA [25].

5. My scientific journey — a bumpy start

As a student of Biology and Animal Physiology at the Faculty of
Biosciences of the Karl-Marx-University in Leipzig, East Germany, I was
offered a Diploma project (an equivalent of the Master thesis) in the
small Landgraf lab in 1985. Working with the lab technician, I sought to
establish a technique that would allow us to monitor the central release
of AVP and OXT in response to a physiological stimulus, known as push-
pull perfusion. Unfortunately, the project was postponed before it even
started due to the birth of my first son, and consequently, one full year of
maternity leave. Without access to the internet during my leave, I was
left completely undisturbed; no emails had to be answered and no
important papers were sent for reading.

When I returned to the lab in 1986, I began to “re-invent” the push-
pull perfusion method in freely behaving rats; this technique had already
been established in cat, sheep, monkey, and rat brains in several
“Western” labs [18,22,26-29]. Western products were inaccessible, so
we had to build our own, home-made concentric cannula systems, which
consisted of an inner push and an outer pull stainless steel cannula
(Fig. 1).
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Fig. 1. Principle of push-pull perfusion (a) and microdialysis (b). a) The
concentric push-pull cannula device is inserted into the guide cannula
implanted above the brain target region. The arrows indicate the direction of
flow of the perfusion fluid at a constant rate (20 pl/min). The push cannula
extends the pull cannula allowing a direct washout of surrounding extrac-
elluluar fluid (ECF) and tissue at the tip. b) The U-shaped microdialysis probe
allows continuous flow of perfusion fluid (3 pl/min) via in parallel inflow and
outflow tubings connected via a bent, U-shaped semipermeable microdialysis
fiber. The semiparmeable membrane allows diffusion of substances in the sur-
rounding ECF into the microdialysis sample. Visible is also an attached infusion
cannula glued in between the U of the membrane allowing local drug delivery
(so-called triple probe). (The figure was drawn by hand. From PhD thesis
Neumann I, 1992, University of Leipzig.)
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The major challenge was the in vivo implantation of the pull cannula
in rats within a defined brain region of interest. Anesthesia was intro-
duced using ether from a bottle, a cotton swab, and a plastic cap for the
rat’s nose. Due to the lack of a stereotaxic frame, the coordinates found
in the rat brain atlas [30] were approximated via Bregma using a divider
and a ruler. Without a stereotaxic device, a stable hand was needed to
keep the forceps holding the pull cannula in the right position (either
straight or with an angle in the case of the mediolateral septum to
prevent sagittal bleeding) until the dental cement solidified. A dental
drill, dental cement, and a glue-like substance, “adhesor”, were donated
by a friend working in the field of dentistry. Not being allowed to visit a
Western lab, where the method had already been well established, in
addition to an inability to access relevant publications caused us to
initially overlook the use of miniature screws for fixing the pull cannula
to the bone. As a result, many animals lost their implanted pull cannula
during the first 2 days of postsurgical rest.

The push-pull perfusion is based on the assumption that outflow of
artificial cerebrospinal fluid (aCSF) at a certain speed (3 pl/min) remains
constant via the 1-mm extending tip of the push cannula and in complete
balance with the backflow via the pull cannula (Fig. 1). This technique
allows a tiny, targeted wash of extracellular fluid at the tip of the push-
pull cannula system, which can be collected for quantification of locally
released neuroactive substances within the target region upon backflow.
In order to ensure an identical flow rate of outflow (push) and backflow
(pull), a perfusion pump with 2 syringes mounted in opposite directions
was constructed with a push and pull syringe connected to the implanted
push and pull cannulas, respectively. The infusion pump was self-made
by our mechanics. Although the procedure was often disrupted due to an
imbalance of pushed and pulled volumes of aCSF and, consequently,
tissue blockage at the push-pull tip, we were able to sample our first 30-
min perfusates in freely moving rats.

With the previously described technical problems, and a 1-year old
son (who was often sick due to substantial air pollution in Leipzig during
the first year in childcare) I experienced quite a lot of frustration over
many months of my Diploma project. But the topic was too exciting to
give up. The atmosphere in the lab, which was slowly growing in size
thanks to joining Diploma students, was relaxed and humorous, but also
creative, inspiring and motivating. Among the students were Mario
Engelmann, who focused on AVP effects on memory, especially on social
memory, and established the social discrimination paradigm [31,32],
Mike Ludwig, who studied AVP release within the SON during direct
osmotic stimulation [33] and continued to characterize dendritic release
of AVP within the SON later, and Thomas Horn, who was challenged by
establishing push-pull perfusion in the Nucleus of the solitary tract, at
this time. Also, Carsten Wotjak joined the lab as a Diploma student [34]
and continued his research at the Max-Planck-Institute of Psychiatry in
Munich later. All of them have started their successful neurobiological
career in the lab in Leipzig, and most of them are still prominent in the
neuropeptide field today.

I remember very well the day that the radioimmunoassay provided
the first results from 5 freely moving rats. We observed a rise in AVP
content in push-pull perfusates sampled within the dorsal hippocampus
during intraperitoneal application of a hypertonic saline solution. AVP,
also known as antidiuretic hormone (ADH), is an important regulator of
blood pressure as well as water and salt homeostasis. We were not the
first to show that AVP is released in the brain during osmotic stimulation
[22,29,35], but we could build on these initial observations by
demonstrating a simultaneous increase in OXT release both in the
medio-lateral septum and dorsal hippocampus [36].

Lab and office space was extremely limited, and all procedures
including surgery, behavioural and perfusion experiments, histology,
construction of push-pull devices, or preparation of sampling tubes
(Fig. 2) were performed in one room, were I also had my desk. However,
the lab progressed technically. The implantation procedure became
increasingly reliable thanks to the gift of a stereotaxic apparatus from
the veterinary department and of small screws for fixation from a
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Fig. 2. Impressions from the Leipzig lab in 1989. In the one available lab all
experiments were performed including brain cutting and histology, stereotaxic
and other surgeries, push-pull perfusions and microdialysis, and behavioural
experiments. The upper picture shows Mike Ludwig at the left preparing a
microdialysis experiment and the author at the right. The lower picture shows
the author sorting push-pull sampling tubes. The back on the right site belongs
to Mario Engelmann performing stereotaxic surgery right beside the author’s
desk at the window.

watchmaker. I decided to move on with a PhD in that lab. This decision
was also inspired by my first scientific meeting in Budapest in 1988,
where I was able to meet prominent members of the British Neuroen-
docrine Group. This led not only to a very fruitful collaboration with
John Russell, from Edinburgh, but also to a long-lasting friendship. It
was also at that International Brain Research Organization (IBRO)
conference, where I learned about the method of intracerebral micro-
dialysis, which - in comparison with push-pull perfusion - causes less
tissue damage due to the coverage of the perfusion site by the semi-
permeable dialysis membrane. Microdialysis was established in our lab
soon thereafter [33,37]. Our U-shaped microdialysis probes (Fig. 1) are
self-constructed, with a microdialysis membrane obtained from a
defective artificial kidney of a local hospital, and have proved them-
selves in our hands until today both in rats and mice [38,39]. These
probes work reliably with a relatively large dialyzing surface (and also
happen to be extremely affordable). However, there is a dramatically
low relative neuropeptide recovery in the microdialysis samples (2-3%
recovery via microdialysis compared to 20% in push-pull perfusates).
Only the availability of sensitive radioimmunoassays for both non-
apeptides [16], and the fact that neuropeptide concentrations in the
extracellular fluid, for example of the SON, are in the 107°M range, i.e.,
about 100-1000 times higher than in plasma [40], allowed for the
successful application of microdialysis. Thus, we first monitored intra-
cerebral neuropeptide release using microdialysis in the hypothalamic
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SON [33] and PVN [37], but later also in other neuropeptide target
regions, such as the amygdala or septum [38,41,42].

6. OXT release in the female brain during reproduction

My interest to study the release of OXT within the brain during fe-
male reproduction was stimulated by fascinating findings of OXT being
able to trigger maternal behaviour in rats [12], but also by the impres-
sive results of Keith Kendrick and Berry Keverne, who showed that OXT
is released within the olfactory bulb during vaginocervical stimulation
in ewes [43]. Moreover, they demonstrated that the experience of birth
and the release of OXT or hormonal priming are required for selective
maternal attachment to an offspring in ewes [35]. Together, these
findings implicated stimulated OXT release within the brain during birth
and suckling, especially in regions involved in the regulation of social
behaviours.

Thus, my own research became focused on monitoring OXT (as well
as AVP for comparison) release during physiological stimuli, such as
suckling and birth. The discovery of OXT release in the septum and
dorsal hippocampus in the freely moving lactating rat during ongoing
maternal behaviour and suckling [44] were fascinating moments for me.
The figures for this paper as well as all previous ones were, of course,
drawn by hand using ink, with pre-printed letters and numbers glued
onto axes and graphs, although why I decided to draw a 3-dimensional
graph remains my secret (Fig. 3).

Studying parturition proved to be more challenging. Because rat
dams do not display a preferential time of the day when delivering their
pups, we spent many late to early hours in the lab hoping to observe and
perform push-pull perfusions during the process of ongoing birth.
Sometimes we were successful, but the rat dams would often give birth
after I had finally left the lab. On top of that, I remember that our
electrical supply had a knack for repeated malfunctioning, which dis-
rupted ongoing intracerebral microperfusions during birth - incredibly
bad timing!

Nevertheless, we continued to conduct the protocol, step by step,
until a sufficient number of samples were collected and analysed. Our
data showed a substantial rise in local neuropeptide release within the
ventral (OXT and AVP) and medial (AVP) septum on days 20/21 of late
pregnancy; and neuropeptide release remained elevated during ongoing
birth without further increase [45]. Thus, we could not detect an asso-
ciation between the increase in local OXT (or AVP) and pup delivery,
indicating that the release of OXT as neuromodulator/neurotransmitter
within the limbic brain may occur independently of peripheral secretion
of OXT as neurohormone into the blood. Such release may rather pre-
pare the maternal brain for the major behavioural and physiological
adaptations that we, and others, identified later on [12,38,46-50].
Based on the finding that the activity of hypothalamic OXT neurons and
OXT secretion into blood is strongly inhibited by endogenous opioids

pg/sample

OoXT

AVP

Fig. 3. Oxytocin (OXT) and arginine vasopressin (AVP) content in three
consecutive 30-min push-pull perfusates sampled from the septum of lactating
rats before (1), during (2) and after (3) a 30-min suckling period (hatched
columns) or in presence of a single pup (white columns). Mean +SEM, n = 5-7
(from: [44]; hand-drawn figure).
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peripartum [51,52], we hypothesized that opioid inhibition was the
probable cause of the observed lack of a detectable rise in local OXT
release during the delivery process. In collaboration with John Russell,
who repeatedly visited us in Leipzig behind the Iron curtain, we could
indeed show that the opioid antagonist naloxone disinhibited local OXT
(but not AVP) release in parturient rats within the medio-lateral septum
and dorsal hippocampus [53,54]. This finding indicated that similar
opioid mechanisms were involved in regulating peripheral and central
release patterns.

In order to monitor OXT release within the hypothalamic nuclei of
origin, i.e., in the SON and PVN, we decided to capitalize on the ad-
vantages of microdialysis. We found a rise in OXT, but not AVP, content
in microdialysates sampled from the SON and PVN both during birth and
suckling in lactating rats. Pharmacological manipulation by adding
drugs to the perfusion fluid (called retrodialysis) provided evidence of
local neuropeptide release from intact neuronal structures and excluded
the possibility that OXT from blood significantly contaminated the
microdialysis samples [37]. These microdialysis experiments remain to
this day the only studies describing OXT release within selected brain
regions during ongoing parturition. Although the parturition process is a
biologically fundamental and philosophically exciting physiological
event, many mysteries regarding the contribution of brain OXT persist. It
is not clear whether modern students will be willing to watch late
pregnant animals for hours during the day and night in order to further
shed light on these mysteries.

Our early results in combination with those from other labs [22,29,
35,43] demonstrate  stimulus-specific,  peptide-specific, and
region-dependent release of OXT and AVP within the brain during fe-
male reproduction. These findings revealed a missing puzzle piece in
neuropeptide research. When secreted as a classical neurohormone from
the neurohypophysis into the blood stream, OXT is essential for physi-
ological functions during birth (promotion of labour) and suckling (milk
ejection). However, when OXT is released in the brain at these times, it
facilitates the onset of maternal behaviour and its fine-tuned regulation.
Furthermore, OXT released within the hypothalamic SON and PVN
peripartum stimulates local glial-neuronal plasticity [55]. Glial retrac-
tion from OXT neurons, and local OXT are essential for synchronicity
among hypothalamic OXT neurons during the milk ejection reflex in the
lactating animal [21] (and possibly also during birth, but this has never
been demonstrated), which causes pulsatile OXT secretion into the
blood [56]. OXT release within the brain, which is induced by birth- and
pup-related stimuli, also contributes to various other behavioural and
physiological adaptations of the maternal brain in preparation of
motherhood in the context of emotionality and stress coping, which
were discovered later [46,47,57,58] (for review see Refs. [48,49]). A
detailed knowledge of OXT pathways, neuropeptide release patterns,
and the distribution of its receptor within the brain (Fig. 4) remain to the
present fundamental to the interpretation of the many behavioural ef-
fects caused by endogenous or synthetic OXT (Fig. 5).

7. Science in a world of political changes

In the late 1980s, specifically in 1989, scientific research often had to
give place to endless political discussions about national and interna-
tional events: Evidence for fake elections in the GDR in May 1989,
opening of the Hungarian border to Austria in August, weekly “monday
demonstrations” in Leipzig and many other cities in the GDR demanding
political changes, and the sudden, unexpected opening of the German-
German border on November 9th were real and life-touching events
that changed the political, and later scientific landscape in the GDR. We
worked at the Karl-Marx-University in a socialistic country. A politically
incorrect statement at the Department meeting on monday morning
(which always started with a political report of the week’s political
events), or participation in any demonstrations could easily mean the
end of your contract as a PhD student. This threatening atmosphere and
reports of dismissed students from other faculties were always present.
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Fig. 4. The complexity of the brain oxytocin (OXT) system has been revealed in many laboratories worldwide in the last 30 years including the presence of OXT
projections, OXT receptors and sites of OXT release (from: Grinevich & Neumann [59]).
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Fig. 5. The neuromodulator oxytocin (OXT) regulates multiple behaviours and physiological functions after its release within distinct brain regions, as revealed by
manipulation of the endogenous OXT system in laboratory animals (right). In humans, intranasal application of OXT has been shown to affect comparable social,
emotional and other behaviours (from: Jurek & Neumann [5]).

To return to the world of science from time to time, and to focus on a During this time, I continued to study the functional significance of
molecule released within the brain during reproductive events was like OXT release within the SON using either antisense oligonucleotides to
meditation for the mind during these stirring times. prevent OXT synthesis or a peptidergic OXT receptor antagonist, which
After the break down of the political system in East Germany and the was always kindly provided by our good friend Maurice Manning
fall of the German Wall, we suddenly gained the ability to travel to (Toledo, USA). During ongoing microdialysis, the OXT receptor antag-
conferences in the West and meet colleagues we only knew from sci- onist was directly infused into the SON using a so-called triple probe
entific literature. This opened the door to an entirely new world - a with a 31-gauge infusion cannula attached to the U-shaped microdialysis
friendly, but competitive international scientific community. It also probe (Fig. 1b). We could show that local OXT release during parturition
allowed me to move to the esteemed laboratory of Quentin Pittman, at and OXT receptor-mediated actions exert a positive feedback on OXT
the University of Calgary in Canada, as a postdoc right after defending release within the SON, which is essential for regulating the temporal
my PhD thesis. I was equipped with a solid stipend provided by the patterns of the birth process. The OXT receptor antagonist also impaired
Human Frontiers Science Organization Programme (HFSOP), my 6-year various facets of maternal behaviour [56,60], but whether this was due
old son, and a miserable level of English I had learned in school. Working to blocked local OXT actions or inhibition of centrally projecting OXT
for two years in an extremely stimulating and supportive scientific neurons remained open.
environment, and living in the Western world for the first time with all In the Pittman lab, I also learned that in vivo electrophysiology on
its possibilities, temptations, and challenges was an overwhelming, yet OXT neurons of the SON in lactating rats (previously treated with
exciting and unforgettable experience. antisense oligonucleotides bilaterally within the SON to interrupt local
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OXT synthesis) is an extremely challenging task ([61]). Unfortunately,
despite excellent supervision by Quentin, this method did not seem
suitable for a researcher, who has a son that would enter the lab after
school and needed to be accompanied home at 4.30 p.m. latest - which is
usually when you have just hit your first neuron with the hope of more to
come!

8. Physiological significance of brain OXT

With an unbroken fascination for brain neuropeptides, their intra-
cerebral release patterns and functions, I continued to search for an
opportunity to continue in this direction. In this period, I was fortunately
offered a postdoc position at the Max-Planck-Institute for Psychiatry in
Munich. Our lab and others were able to link together the low levels of
anxiety and of hormonal stress responses identified in pregnant and
lactating rats [46,62,63] (for review see Refs. [48,49]) with the high
activity of the brain OXT system identified peripartum [47,64,65]. We
could also reveal that OXT exerts anxiolytic effects, modulates stress
coping behaviour and inhibits the responsiveness of the
hypothalamo-pituitary adrenal (HPA) axis, in males and females inde-
pendent of reproduction (Fig. 5) [42,66,67].

9. Gaining scientific independence

In the 1990s, general research performed at the Max-Planck-Institute
focused, among others, on neuropeptides including AVP and cortico-
tropin releasing factor (CRF). Because these neuropeptides exert anx-
iogenic effects, their brain systems became targets for methods to treat
anxiety and depression disorders. Due to practical reasons, all experi-
ments in the context of psychopathologies were performed on male ro-
dents at that time. Somehow, I joined the institute as an outsider
working on a female hormone and its actions in the female brain in the
context of female physiological events at this prestigious institute. To
increase my local standing and scientific acceptance, I agreed to also
study specific HPA axis responses in aged male rats (24 months old, up to
1.2kg body weight) [68]. However, I never gave up my OXT focus and
found my scientific niche in this competitive environment. I was fortu-
nate and had been selected as a recipient of the prestigious Heisenberg
stipend by the German Research Council (DFG) in 1997. Although this
means that I was capable to provide my own research funding, I had
never been offered the status of an independent junior group leader,
which would have significantly increased my chances for professorship
elsewhere.

I had only gained complete scientific independence after becoming
full professor of Neurobiology and Animal Physiology at the University
of Regensburg in 2001. My personal research playground provided
many opportunities to continue studying the role of OXT in the context
of emotionality, anxiety, and depression-related behaviours. These
include various aspects of social interactions under healthy conditions
and using animal models of socio-emotional dysfunctions, such as early
life stress, chronic psychosocial stress, or social fear. However, the start
in Regensburg was challenging: I was creating a new Department with
technicians and researchers taken over from my predecessor (working
on olfaction in mosquitos), organizing the reconstruction of animal,
surgery and molecular labs, while establishing a new home for the
family and managing one small child as well as a teenager. On top of
that: A full semester lecture series on Animal Physiology had to be
prepared using powerpoint for the first time and starting one week after
arrival at the university. I recall this as almost unbearable. But some-
how, you can rely on your energy depot in times when you need it most.

Obtaining an external grant was essential for future research ambi-
tions. Applying for those was extremely frustrating and without success
at the beginning. A study performed by Wennerés and Wold in Sweden
and published in Nature [69], demonstrated that women scientists need
2.7 fold more publications or research impact factors than men to be
similarly acknowledged by grant reviewers for their scientific
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excellence. Being the first full professor of the Faculty of Biology and
Preclinical Medicine of this Bavarian University, I felt the pressure to
work harder to reach similar goals compared to my colleagues. In the
end, gaining the financial independence to perform each project I aimed
for was worth every effort, every day and every weekend invested in
grant writing. The freedom to even discuss, initiate, and perform “fun”
projects involving local students and colleagues as subjects allowed
particularly enjoyable and rewarding moments. For example, we were
able to study changes in salivary OXT before, during and after running or
sexual activity [17], or in the context of solo versus choir singing [70].

10. An example of our research approach: brain OXT in response
to mating in male and female rats

One of the first behavioural studies on OXT (or neurohypophysial
extract) suggested the involvement of this peptide in sexual behaviour in
fish [71]; this was later confirmed in mammals [72,73]. As studied in
humans and male rats, the OXT system is responsive to sexual stimula-
tion, reflected by increased activation of hypothalamic OXT neurons in
rodents and elevated secretion into the bloodstream during orgasm in
humans [17,74,75]. These findings implicated sexual stimulation is a
physiological stimulus for the male OXT system. However, whether OXT
was also released in the male brain and might have the potential to exert
positive effects, e.g., on emotionality, was unknown. Thus, we per-
formed a microdialysis study during mating in male rats and found
elevated OXT release within the hypothalamic PVN, which began to rise
in the presence of a primed, receptive female and peaked during sexual
interaction and mating [76]. Interestingly, males also displayed lower
levels of anxiety-related behaviour up to 4 h after mating, which was
found to be the consequence of mating-induced OXT release [76].

Compared to males, studying mating-associated consequences on
emotionality in females was more complex [77]. Females need to be
steroid-primed to become receptive, however, receptive, estrus females
were found to be generally less anxious in comparison with non-primed
ones. Surprisingly, mating significantly increased their level of anxiety,
which was evaluated 30 min after mating on an elevated plus maze.
After experimental adaptation and using a paced-mating design, in
which the female can determine the time point of mating, the anxiogenic
effect of mating disappeared. Only under these paced-mating conditions
we detected an increased release of OXT within the PVN [77]. Overall,
this is an interesting finding by itself, as in all breeding facilities
worldwide, females seem to be exposed to highly stressful, forced mat-
ing conditions.

Some indication for elevated OXT release was also found in the
Nucleus accumbens of female prarie voles during mating [78]. In this
socially monogamous species, brain OXT is important for both partner
preference and pair-bonding [79] (for review see Refs. [80,81]).

11. Ongoing OXT research

Today, it is still fascinating and a challenge to contribute to a
growing body of global scientific evidence that brain OXT exerts a
plethora of behavioural effects (for review see Refs. [5,82]). For
example, OXT significantly contributes to the fine-tuned regulation of
brain regions, which are part of the social network, thus modulating
sexual behaviour [83] (for review see Ref. [84]), pair bonding and the
consequences of partner loss [85] (for review see Ref. [86]), various
subtle aspects of maternal behaviour [50,87] (for review see Ref. [88]),
empathy and consolation [89], aggression both in male and female rats
[39,90,91], defensive aggression in lactation [92,93], social interactions
including social preference [94,95], and social stress-induced social
avoidance [38,50,94,96-99] (Fig. 5).

Another line of my research efforts was focused on finding the un-
derlying mechanisms behind OXT activity at the molecular and cellular
levels. Thus, we and others studied intraneuronal signaling cascades
linked to the OXT receptor in a behavioural context [100-103] (for
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review see Refs. [5,15]). We began to ask ourselves: What molecular
events are triggered by OXT in OXT receptor-expressing target neurons?
What happens on that level, when OXT is applied chronically
[104-107], or when the cells express an OXT receptor mutant [108]?
Does OXT also modulate interactions with neuronal non-coding RNA,
such as microRNA [109]. A plethora of open questions remains
regarding OXT-associated effects and their underlying mechanisms.
Impressively, innovative experimental approaches, such as optogenetics
[95,110], pharmacogenetics [38,111], or other viral approaches [50,85,
87,112] including biosensors to detect tiny amounts of local OXT release
are rapidly used and made available to the scientific community by
colleagues in the OXT family. As a result, we are able to highly specif-
ically manipulate the activity of OXT neurons and their central pro-
jections to reveal neuronal connectivities and downstream targets of
OXT in the context of socio-emotional behaviours. This growing,
worldwide OXT family enabled collaborations with colleagues in Cal-
gary, Edinburgh, Hershey, Bordeaux, Atlanta, Sydney, Toledo, Inns-
bruck, Japan, Amsterdam, Paris, and within Germany. Overall, I feel
very privileged that I have consistently been able to dedicate my sci-
entific work to reveal the many secrets of the fascinating molecule
known as oxytocin.
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