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Abstract

Magnocellular neurosecretory cells (MNCs) clustered in the hypothalamic paraventricular nucleus (PVN) and supraoptic
nucleus constitute a major source of oxytocin (OXT) and arginine vasopressin (AVP) peptides, and are among the best
described peptidergic neurons in the brain. OXT and AVP are involved in a range of homeostatic processes, social behaviours,
emotional processes, and learning. Notably, their actions can be sex-specific, and several sex differences in the anatomies of
the OXT and AVP systems have been reported. Nonetheless, possible sex differences in the detailed distributions of MNCs
and in their intrinsic electrical properties ex vivo have not been extensively examined. We addressed these issues utilizing
immunostaining and patch-clamp ex vivo recordings. Here, we showed that Sprague-Dawley rat PVN AVP neurons are more
numerous than OXT cells and that more neurons of both types are present in males. Furthermore, we identified several previ-
ously unreported differences between putative OXT and AVP MNC electrophysiology contributing to their partially unique
profiles. Notably, elucidation of the highly specific action potential (AP) shapes, with AVP MNCs having a narrower AP
and faster hyperpolarizing after-potential (HAP) kinetics than OXT MNCs, allowed unambiguous discrimination between
OXT and AVP MNC:s ex vivo for the first time. Moreover, the examined electrophysiological properties of male and female
MNC:s generally overlapped with the following exceptions: higher membrane resistance in male MNCs and HAP kinetics in
putative OXT MNCs, which was slower in males. These reported observations constitute a thorough addition to the knowl-
edge of MNC properties shaping their diverse physiological actions in both sexes.

Keywords Paraventricular nucleus of the hypothalamus - Magnocellular neurosecretory cells - Oxytocin - Vasopressin - Sex
differences - Electrophysiology

Introduction

The paraventricular hypothalamic nucleus (PVN) is con-
sidered a major hub of homeostatic control in mammals.
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PVN contributes to hypothalamic neurosecretory systems
(magno- and parvocellular neurosecretory cells) and the
central autonomic network (brain stem and spinal cord pro-
jecting parvocellular neurons). Integrating and orchestrating
neuroendocrine and autonomic responses, the PVN controls
arange of physiological and behavioural processes, such as
stress response, energy and fluid balance, metabolism, noci-
ception, reproduction, and social behaviours (Hazell et al.
2012; Horn and Swanson 2013; Armstrong 2015).

Magnocellular neurosecretory cells (MNCs) of the PVN,
together with those clustered in the hypothalamic supraoptic
nucleus (SON) and accessory nuclei, are the major source
of oxytocin (OXT) and arginine vasopressin (AVP) peptides
(Silverman and Zimmerman 1983; Hou-Yu et al. 1986).
OXT and AVP MNC:s robustly project to the neurohypophy-
sis, where OXT and AVP are released into circulation to act
peripherally as hormones in several physiological processes:
OXT release is crucial for labour, lactation, and ejacula-
tion, while water balance and blood pressure are controlled
primarily by AVP, with OXT complementing its role (Horn
and Swanson 2013; Armstrong 2015; Veening et al. 2015).
These functional specializations of OXT and AVP MNCs are
accompanied by their unique electrophysiological behaviour
and responsiveness to specific physiological stimuli in vivo:
OXT MNCs produce synchronized burst activity in response
to suckling, whereas AVP MNCs react to changes in blood
pressure by adapting phasic activity patterns (Poulain et al.
1977; Brown et al. 2013).

Apart from neurohypophysis, OXT and AVP MNCs in
the PVN project centrally to various brain regions (e.g.,
hippocampus, striatum, amygdala, and prefrontal cortex),
wherein OXT and AVP act as neuromodulators and neu-
rotransmitters (Silverman and Zimmerman 1983; Raggen-
bass 2001; Knobloch et al. 2012; Stoop 2012; Hernindez
et al. 2015). Additionally, independent of axonal release,
OXT and AVP can be released from dendrites and somata
of MNC:s to exert autoregulatory roles and act locally within
the hypothalamus (Ludwig et al. 2002; Ludwig and Leng
2006). Central release of OXT and AVP is involved in the
regulation of social and parenting behaviours as well as
learning and emotional processing (Meyer-Lindenberg et al.
2011; Bosch and Neumann 2012; Baribeau and Anagnostou
2015; Caldwell 2017). OXT and AVP are also produced by
parvocellular PVN neurons; however, these subpopulations
have different projection patterns and are involved in differ-
ent functions (e.g., stress reaction, autonomic response, and
pain regulation) (Koshimizu et al. 2012; Eliava et al. 2016;
Jurek and Neumann 2018).

MNCs are among the most extensively studied hypo-
thalamic neurons, with a plethora of data describing their
physiology and function both in vivo and ex vivo. As an
excellent experimental model for studying neuronal activity,
MNC:s have contributed to our understanding of fundamental
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phenomena in neuroendocrinology and neuroscience, such
as axonal/somatodendritic peptide release or generation and
regulation of different firing patterns (Poulain and Waker-
ley 1982; Renaud and Bourque 1991; Brown et al. 2013;
Armstrong and Tasker 2014; Leng et al. 2015; Jurek and
Neumann 2018).

Although several attempts to describe electrophysiologi-
cal differences between OXT and AVP MNCs ex vivo have
been made, only a few individual characteristics have been
reported. The first difference observed was that depolariz-
ing after-potentials following a train of spikes are displayed
by a greater percentage of AVP rather than OXT MNCs in
the SON (Armstrong et al. 1994). Additionally, the follow-
ing features were claimed to be characteristic of only OXT
MNC:s in the SON: sustained outwardly rectifying potassium
current (SOR, Stern and Armstrong 1995, 1997), rebound
depolarization at the offset of the hyperpolarizing current
injection (Stern and Armstrong 1995), and an inwardly rec-
tifying hyperpolarization-activated current (Hirasawa et al.
2003; Zampronio et al. 2010). Importantly, none of these
features allows for reliable discrimination between the two
MNC types (Li et al. 2007; da Silva et al. 2015).

Notably, the physiological roles of OXT and AVP are sex-
specific, with OXT action during labour and lactation being
the most striking example (Wakerley and Lincoln 1973;
Hatton and Wang 2008). It is now clear that both peptides
differentially modulate a wide range of sex-specific social
behaviours (e.g., pair bonding, parenting, aggression, and
social recognition), where OXT and AVP can exert opposing
effects between sexes or have a stronger or no effect in one
sex or the other. These functional differences are accompa-
nied by the sex-specific anatomy of the OXT and AVP brain
systems. The high species specificity of these sex differences
implies their roles in varying social structures among spe-
cies (de Vries 2008; Nephew 2012; Knobloch and Grinevich
2014; Dumais and Veenema 2016; Bangasser and Wicks
2017; Bendesky et al. 2017; Bredewold and Veenema 2018).

Despite the sex differences identified and the many pio-
neering behavioural studies published, no comprehensive
analysis of male and female MNC electrophysiology has
been reported. Considering species-specific sex differences
in the anatomy of the OXT and AVP systems, the present
study aimed to thoroughly characterize (1) the number and
anatomical distribution of OXT- and AVP-immunoreactive
(ir) neurons within the identified PVN subnuclei and (2)
the electrophysiology of OXT and AVP MNCs in male and
female Sprague-Dawley rats. These experiments were per-
formed utilizing immunostaining techniques and ex vivo
whole-cell recordings combined with subsequent examina-
tion of the neurochemical nature of recorded neurons.

The obtained results indicate differences in the number
of OXT- and AVP-ir neurons within the PVN area as well
as sex differences in the number of PVN MNCs. Moreover,
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we identified several novel differences in electrophysi-
ological properties between putative OXT and AVP MNCs
that, for the first time, allow for unambiguous discrimina-
tion in ex vivo recordings and indicate their distinct nature
despite their common developmental origin (Karim and
Sloper 1980). Importantly, with no striking sex differences
observed, our results rule out the endogenous electrophysi-
ological features of OXT and AVP MNCs as a prevailing
source of the distinct actions of these neuropeptides in
females and males, further strengthening the roles of OXT
and AVP systems anatomy and their receptor expression pat-
terns in related sex-specific behaviours.

Methods
Ethical approval

All procedures performed in studies involving animals were
approved by the 1st Local Ethical Commission on Animal
Research (Krakow, Poland) and conducted in accordance
with the directive 2010/63/EU of the European Parliament
and of the Council of 22 September 2010 on the protection
of animals used for scientific purposes and the Act on the
Protection of Animals Used for Scientific or Educational
Purposes of 15 January 2015. All efforts were made to mini-
mize suffering and to reduce the number of animals used.

Animals

Male and female Sprague-Dawley rats were bred and housed
in a conventional animal facility at the Institute of Zoology
and Biomedical Research at the Jagiellonian University in
Krakow. Rats were kept in plastic cages lined with wooden
bedding under constant environmental conditions (21 +2 °C)
and maintained on a 12-12 light—dark cycle (light on at
08:00 h) with ad libitum access to fresh water and standard
laboratory rodent chow. From the age of 4 weeks, rats were
separated from dams and kept in the same-sex cages (3-8 per
cage) until the experiment. Four-month-old adult (McCutch-
eon and Marinelli 2009) rats were used for immunostaining
experiments; 6— 8-week-old young adult (McCutcheon and
Marinelli 2009) rats were used for patch-clamp experiments.

Reagents

All reagents for the phosphate-buffered saline (PBS) solu-
tion, artificial cerebrospinal fluid, and intrapipette solution
(apart from biocytin, purchased from Tocris Bioscience,
Bristol, UK, 3349 or Sigma-Aldrich, B4261) were purchased
from Sigma-Aldrich (Darmstadt, Germany).

The suppliers of the immunostaining reagents were as
follows: 36-38% formaldehyde solution, POCH, Gliwice,

Poland, 432173111; Triton X-100, Sigma-Aldrich; normal
donkey serum (NDS), Abcam, Cambridge, UK, ab7475;
avidin—fluorescein conjugate, Sigma-Aldrich, 94091; mouse
anti-OXT antibody, Abcam, ab78364, RRID:AB_1603099
or Merck Millipore, Darmstadt, Germany, MAB5296,
RRID:AB_2157626; rabbit anti-AVP antibody, Abcam,
ab39363, RRID:AB_778778; anti-mouse Alexa Fluor
647-conjugated antibody, Jackson ImmunoResearch, West
Grove, PA, USA, 715-606-150, RRID:AB_2340865; anti-
rabbit Cy3-conjugated antibody, Jackson ImmunoResearch,
711-165-152, RRID:AB_2307443; and Fluoroshield with
DAPI, Sigma-Aldrich, F6057. Primary antibodies and NDS
were aliquoted and stored at — 20 °C; secondary antibodies
were aliquoted and stored at — 80 °C.

The suppliers of the electrophysiology reagents were as
follows: tetrodotoxin citrate (TTX), Abcam, ab 120055 and
Tocris Bioscience, 1069; 2-amino-5-phosphopentanoic acid
(DL-APS) Tocris Bioscience, 0105; 6-cyano-7-nitroquinox-
aline-2,3-dione disodium salt (CNQX) Tocris Bioscience,
1045; and bicuculline methiodide, Sigma-Aldrich, 14343.
All drugs were dissolved in deionized water, aliquoted and
stored at —20 °C.

Tissue preparation, immunostaining,
and reconstruction of PVN neuron distribution

Male (n=4) and female (n=6) Sprague-Dawley rats (adult
4 months old) were sedated with isoflurane (AErrane, Bax-
ter, Warsaw, Poland), anaesthetized with pentobarbital (IP,
1.5 ml/kg, Morbital, Biowet, Pulawy, Poland), and sacrificed
by transcardial perfusion with 200 ml of PBS followed by
200 ml of a 4% formaldehyde solution in PBS (made fresh
from a 38% solution). After overnight post-fixation in a 4%
formaldehyde solution (at 4 °C), the brains were cut into
coronal sections (50 um thick) on a vibrating microtome
(Leica VT1000 S, Leica Instruments, Heidelberg, Germany).

Ten consecutive sections containing magnocellular PVN
divisions [corresponding to stereotactic atlas plates from
—1.44 to — 1.92 mm caudal to bregma (Paxinos and Watson
2007)] were selected from each brain and stained for either
OXT or AVP (every second section, five sections for each
staining) as previously described (Kania et al. 2017). Briefly,
after blocking and permeabilization for 1 h at room tem-
perature (10% NDS, 0.3% Triton X-100 in PBS solution),
the sections were incubated with primary antibodies for
72 h at 4 °C [2% NDS, 0.3% Triton X-100 in PBS solution
containing a mouse anti-OXT antibody (1:10 000) or a rat
anti-AVP antibody (1:500)]. The specificities of the widely
validated primary antibodies used (Zhao et al. 2017; Roy
et al. 2018; Barna et al. 2019) were verified by competitive
ELISA according to the manufacturer’s instructions. Moreo-
ver, double immunostaining of the PVN slices against OXT
and AVP after patch-clamp recordings (described below)
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revealed negligible number of double-labelled neurons, fur-
ther confirming good specificity of antibodies. Finally, the
sections were incubated with secondary antibodies for 24 h
at4 °C [2% NDS in PBS solution containing a donkey anti-
mouse Alexa Fluor 647-conjugated antibody (1:400) or a
donkey anti-rabbit Cy3-conjugated antibody (1:400)]. Each
step was followed by washing with PBS. Stained sections
were mounted and coverslipped with Fluoroshield™ con-
taining DAPI. Images were collected using a confocal laser
microscope (LSM710 on Axio Observer.Z1, Zeiss, Gottin-
gen, Germany) with the EC Plan-Neofluar 20 x/0.50 M27
objective with 0.6 x digital zoom. AVP- and OXT-ir neuron
distributions within the PVN area were assessed based on
z-stack images (2048 x2048). OXT- and AVP-ir neurons
were counted unilaterally and assigned to an anatomical
subdivision according to the rat brain atlas (Paxinos and
Watson 2007) using ZEN 2.1 (Zeiss, Gottingen, Germany;
RRID:SCR_013672) and CorelDraw X8 (Corel Corpora-
tion, Ottawa, Canada; RRID:SCR_014235) software. All
cell counts were done manually by examining one optical
plane after another. Cells were included in the count if they:
(1) were located in the PVN, (2) exhibited a reliable OT
or AVP staining pattern (faintly stained, questionable cells
were excluded), and (3) contained a nucleus (DAPI-positive
signal). Depending on its location, each cell was assigned
to a defined subdivision of the PVN. Care was taken not to
allocate given cell in more than one subdivision. If a cell
happened to be located on the boundary of two sub-regions,
it was assessed and included in the sub-region containing
the major part of this cell. Each z-stack image used for the
counting contained the whole area of interest (unilateral
coronal image of PVN); therefore, there was no need for
edge effect correction. Furthermore, collecting every second
50 pm-thick section for given immunostaining (even sec-
tions for OXT staining, odd for AVP staining, respectively),
eliminated the probability of presence of the same stained
cell body on more than one brain section.

Patch-clamp experiments and post-recording
immunostaining

Patch-clamp recordings were performed according to previ-
ously described methods (Kastman et al. 2016; Kania et al.
2017). Briefly, male and female Sprague-Dawley rats (young
adult, 6-8 weeks old) were anaesthetized with isoflurane and
decapitated between zeitgeber times (ZT) 2 and 3. Brains
were collected and cut into 250-um-thick coronal slices on
a vibrating microtome (Leica VT1000 S) in carbogenated
ice-cold, sucrose-rich, low-sodium, high-magnesium artifi-
cial cerebrospinal fluid (ACSF), comprising the following
(in mM): 185 sucrose, 25 NaHCO,, 3 KCl, 1.2 NaH,PO,,
2 CaCl,, 10 MgSO,, and 10 glucose (pH 7.4; osmolality
290-300 mOsmol kg~!). PVN-containing sections were
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bisected along the third ventricle and transferred to an incu-
bation chamber containing carbogenated, warm (32 °C)
ACSF comprising the following (in mM): 118 NaCl, 25
NaHCO;, 3 KCI, 1.2 NaH,PO,, 2 CaCl,, 2 MgSO,, and 10
glucose (pH 7.4; osmolality 290-300 mOsmol kg™!). After
at least 90 min of recovery, slices were transferred to the
submerged recording chamber, wherein the tissue was con-
tinuously perfused (2 ml min~') with carbogenated, warm
(32 °C) ACSF of the same composition.

Recording micropipettes (5—7 MQ resistance), pulled
on a horizontal puller (P-1000, Sutter Instruments, Novato,
CA, USA) from borosilicate glass capillaries (Sutter Instru-
ments), were filled with a solution containing (in mM) 145
potassium gluconate, 1.3 MgCl,, 4 Na,ATP, 0.4 Na;GTP,
5 EGTA, 10 HEPES (pH 7.3; osmolality 290-300 mOs-
mol kg™!), and biocytin (0.05%), allowing for subsequent
immunofluorescent identification of recorded neurons. The
calculated liquid junction potential for ACSF and the intra-
pipette solution was + 15 mV, and this value was subtracted
from the data.

PVN neurons were localized and approached using a
light microscope equipped with video-enhanced infrared
differential interference contrast (Axio Examiner.D1, Zeiss,
Gottingen, Germany). Cell-attached and whole-cell configu-
rations were obtained under visual control with mouth suc-
tion. The SEC 05 LX amplifier (NPI, Tamm, Germany),
Micro 1401 mk II [Cambridge Electronic Design (CED),
Cambridge, UK] converter, and Signal and Spike?2 software
(CED, RRID:SCR_017081, RRID:SCR_000903) were used
for signal recording (low-pass filtered at 3 kHz and digitized
at 20 kHz) and data acquisition. All drugs were delivered via
a bath perfusion system.

After recording, slices were fixed with 4% formaldehyde
(overnight at 4 °C) and immunostained according to a pre-
viously described protocol (Kania et al. 2017) to examine
the neurochemical contents (OXT/AVP) of recoded neurons.
Briefly, after blocking and permeabilization for 3 h at room
temperature or 24 h at 4 °C (10% NDS, 0.3% Triton X-100
in PBS solution), sections were incubated with primary
antibody mixtures supplemented with an avidin—fluores-
cein conjugate for 48-72 h at 4 °C [2% NDS, 0.3% Triton
X-100 in PBS solution containing a mouse anti-OXT anti-
body (1:5000/1:10 000 depending on the antibody used),
rat anti-AVP antibody (1:500/1:5000 depending on the
antibody used), and avidin—fluorescein conjugate (1:200)].
Finally, sections were incubated with secondary antibody
mixtures for 24 h at 4 °C (2% NDS in PBS solution con-
taining a donkey anti-mouse Alexa Fluor 647-conjugated
antibody (1:400) and a donkey anti-rabbit Cy3-conjugated
antibody (1:400). Each step was followed by washing with
PBS. Stained sections were mounted, coverslipped with
Fluoroshield™ containing DAPI, and imaged and ana-
lysed with a fluorescence microscope (Axio Imager.M2,
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Zeiss, Gottingen, Germany). Even after successful immu-
nostaining, the antigen of interest can be undetectable in
patch-recorded neurons (due to, for e.g., the physiological
state, low expression, dilution of antigen by the intrapipette
solution, or disruption of the cell membrane by prolonged
recording), and the lack of OXT or AVP immunoreactivity
was never a prerequisite for labelling an MNC as non-OXT
or non-AVP.

Electrophysiological data acquisition and analysis

All current clamp recordings were performed in normal
ACSF. Stimulations were delivered from a membrane poten-
tial of —75 mV sustained with continuous current injections.

Single action potentials (APs) evoked by a 2-ms-long
depolarizing current pulse were analysed using the Signal
script provided on the CED website to calculate several AP
features: (1) threshold, (2) amplitude (from threshold to AP
peak), (3) 10-90 rise time, (4) half width, (5) hyperpolar-
izing after-potential (HAP) trough (minimum membrane
potential value after AP peak), and (6) time between AP
peak and HAP trough.

Several membrane parameters were assessed based on
voltage response to current steps or ramp and analysed using
custom Signal scripts. The voltage response to a 50 pA cur-
rent pulse (500 ms) was utilized to calculate the following:
(1) the membrane time constant, which was determined
by fitting a single exponential to the charging phase of the
voltage response; (2) the membrane resistance, which was
calculated based on the maximum amplitude of the voltage
response, assuming an ohmic current—voltage (I-V) relation-
ship; and (3) the membrane capacitance, which was calcu-
lated as the quotient of the time constant and resistance. (4)
The voltage sag was measured from the voltage response
to a — 140 pA hyperpolarizing current step (500 ms). The
voltage response to current ramp stimulation (O—1 nA in 1 s)
was used to determine (5) the rheobase, which was measured
as the ramp current value at the moment of reaching the
AP threshold (6), which was determined as the point cor-
responding to the steepest slope of the third derivative of
the AP waveform. (7) Maximal spiking frequency was cal-
culated using the minimal interspike interval measured dur-
ing ramp current stimulation. (8) The voltage—current rela-
tionship was traced based on steady-state voltage responses
to decremental hyperpolarizing current pulses from — 140
to — 10 pA (10 pA decrement, pulse duration 500 ms, and
5 s between steps). (9) Neuronal excitability (input—output
relationship) was measured as the number of spikes elic-
ited by incremental depolarizing current pulses from + 10
to + 140 pA (10 pA increment, pulse duration 500 ms, and
5 s between steps). Only current steps triggering APs were
used to characterize the input—output relationship.

Voltage clamp stimulations were delivered from a hold-
ing potential of —75 mV in the presence of TTX (0.5 uM,
to block AP generation) and antagonists of ionotropic gluta-
mate and GABA receptors (10 pM CNQX, 50 uM DL-APS,
and 20 uM bicuculline, respectively, to block postsynaptic
currents). Voltage steps from — 120 to +10 mV (10 mV
change, pulse duration 500 ms, and 3 s between steps)
were used to measure the I-V relationships of the steady-
state current. Linear or nonlinear regression for parameters
acquired in the current (excitability and steady-state volt-
age I-V relationship) and voltage clamp mode (steady-state
current I-V relationship) was calculated in R (R Core Team
2018, RRID:SCR_001905).

Spontaneous synaptic activity was measured at a holding
potential of —50 mV. Since the calculated reversal poten-
tial for C1™ currents equalled —90.51 mV, at a set holding
potential, outward events represented inhibitory postsynaptic
currents, whereas inward events represented excitatory post-
synaptic currents (SIPSCs and sEPSCs, respectively). The
nature of postsynaptic currents was verified using glutamate
[CNQX (10 uM), DL-APS5 (50 uM), and GABA (bicuculline,
20 uM) receptor antagonists (data not shown)]. Two hundred
second-long recordings of spontaneous inhibitory and excit-
atory postsynaptic currents from each MNC were analysed
using Mini Analysis software (Synaptosoft Inc., Fort Lee,
NJ, USA). Events were manually detected to measure the
following parameters: (1) frequency and interevent interval,
(2) mean rise time, (3) mean amplitude, and (4) decay time
constant of the averaged current trace.

Statistics

Statistical analyses of anatomical data were performed
among four groups of neurons [male oxytocin-ir (OXT-IRJ),
male arginine vasopressin-ir (AVP-IRJ), female oxytocin-
ir (OXT-IR?), and female arginine vasopressin-ir (AVP-
IR Q)], whereas electrophysiological parameters of MNCs
were compared among male putative oxytocin (OXTJ),
male putative arginine vasopressin (AVPJ), female puta-
tive oxytocin (OXT?), and female putative arginine vaso-
pressin (AVPQ) neurons. In a subset of electrophysiological
parameters (AP features and membrane properties: resist-
ance, time constant, capacitance, rheobase, AP threshold,
maximal spiking frequency, and voltage sag in response to
hyperpolarizing current pulse), outliers were detected using
the ROUT method (Q =5%) and excluded from the analysis.
Data were assessed as normally distributed and analysed by
two-way ANOVA. Robust differences in variations between
putative OXT and AVP MNCs in time from the AP peak
to the HAP trough prevented reliable two-way ANOVA
comparisons. The time from the AP peak to the HAP
trough parameters was compared between male and female
putative OXT MNCs as well as between male and female
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putative AVP MNCs using Student’s 7 test. Data sets for (1)
AP parameters and (2) selected membrane properties were
processed using principal component analysis (PCA). The
obtained principal components were analysed analogically
to the rest of the electrophysiological data and additionally
tested using nested two-way ANOVA to reveal potential ran-
dom effects of the animals from which the MNC parameters
were obtained. All differences were considered statistically
significant at p <0.05. Data analysis was performed using
GraphPad Prism for Windows (RRID:SCR_002798) and R
(R Core Team 2018). Graphics were made using GraphPad
Prism, R, and CorelDraw software.

Results

Paraventricular nucleus AVP-ir neurons are more
numerous than OXT-ir neurons

Coronal sections through the PVN obtained from male and
female rats were immunostained for either OXT or AVP.
OXT- and AVP-ir neurons were counted, and numbers were
compared among whole PVNs as well as among the fol-
lowing anatomically distinct PVN subdivisions: the dorsal
cap (PaDC), the ventral part (PaV), the medial parvocellular
part (PaMP), the lateral magnocellular part (PaLM), and
the medial magnocellular part (PaMM) (Fig. 1a). ANOVA
showed that the total number of PVN AVP-ir neurons was
significantly higher than the total number of PVN OXT-ir
cells in both sexes. Moreover, males had significantly more
OXT-ir and AVP-ir neurons than females, as shown by sig-
nificant sex differences and lack of interaction between sex
and peptide content. Regarding the PVN subdivisions, more
AVP- than OXT-ir neurons were present in PaDC, PaV, and
PalLM than in the other regions in both sexes. Significant sex
differences in immunoreactive cell numbers were observed
only in PaMM, with more neurons (OXT and AVP) being
observed in males. No significant interactions between the
PVN cell peptide content and sex were observed among the
PVN subdivisions (Fig. 1d). Detailed data regarding the
number of AVP- and OXT-ir cells as well as statistical test
results are shown in Online resource Table 1.

Identification of PVN magnocellular neurosecretory
cells

Electrophysiological differences between PVN neuronal
populations allow for the identification of MNCs based on
(1) the presence of transient outward rectification mediated
by a robust A-type potassium current (Fig. 2a) and (2) the
lack of low-threshold spikes generated by T-type calcium
currents (characteristic feature of parvocellular neurons)
(Luther and Tasker 2000). According to these criteria,
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data from 261 putative MNCs recorded in the brain slices
obtained from 90 young adult Sprague-Dawley rats (35
males and 55 females) were included in the present study.
The vast majority of recorded MNCs were localized in the
PaMM and PaLLM regions of the PVN.

MNCs were further identified as putative OXT or AVP
based on the post-recording immunostaining (122 and 82
MNCs, respectively) and/or on striking differences in the
time course and shape of the HAP following a single AP
(see below, Fig. 2b, c). Altogether, 261 MNCs included in
this study were assigned to one of four groups: male puta-
tive oxytocin (OXTJ, n=>50), male putative vasopressin
(AVPJ, n=47), female putative oxytocin (OXTQ, n=97),
and female putative vasopressin (AVPQ, n=67).

The first set of experiments was aimed at characteriz-
ing the APs and passive and active membrane properties
of PVN MNCs. Overall, 107 putative OXT neurons (36
male and 71 female) and 76 putative AVP (27 male and
49 female) neurons were recorded in normal ACSF in the
current clamp mode.

OXT and AVP MNC action potentials are highly
distinctive

Two strikingly distinct shapes of HAPs following induced
single APs were observed among the recorded MNCs.
Based on post-recording immunofluorescence staining,
these distinct waveforms could be assigned to either
OXT-ir (51 out of 62 successfully stained MNCs dis-
playing HAPs with slow kinetics were OXT-ir and none
were AVP-ir) or AVP-ir MNCs (28 out of 32 successfully
stained MNCs HAPs with fast kinetics were AVP-ir and
none were OXT-ir, Fig. 2b). These differences in the AP
waveform between OXT-ir and AVP-ir MNCs allowed for
further unequivocal differentiation between MNCs lacking
immunofluorescent identification.

ANOVA revealed additional significant differences
between putative OXT and AVP MNC APs with OXT
MNCs having longer 10-90 rise times and half widths as
well as more depolarized HAP troughs than AVP MNCs.
No differences in the AP threshold or amplitude values
were observed. No significant sex differences or inter-
actions between sex and peptide content were observed
among all the ANOVA comparisons. Sex differences in
the times from the AP peaks to the HAP troughs of puta-
tive OXT MNCs were revealed by Student’s ¢ test, with
males having significantly slower kinetics than females.
No such sex differences were observed in putative AVP
MNCs (Fig. 3). The mean values of the analysed AP fea-
tures as well as the statistical tests used and their results
are shown in Online resource Table 2.
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Fig. 1 Distributions and numbers of OXT- and AVP-ir neurons in the
PVN area. a Schematic reconstruction of the distributions of OXT-
(red circles) and AVP-ir (yellow circles) neurons on selected coronal
sections of the rat PVN area. The left and right plates represent male
and female PVNs, respectively. The distance from bregma is indi-
cated for each section. Scale bar: 400 pm. b Confocal microscope
projection images of coronal hypothalamic sections at the level of
PVN illustrating OXT- (top, red) and AVP-ir (bottom, yellow) neu-
ron distribution. The left and right images represent male and female
PVNs, respectively. The distance from bregma is indicated. Scale bar:
100 pm. ¢ High magnification confocal projection images illustrat-
ing OXT- (left, red) and AVP-ir (right, yellow) PVN neurons. Scale

Putative OXT and AVP MNCs display different
passive and active membrane properties

Several parameters characterizing the membrane electro-
physiology of PVN MNCs were obtained using incremental
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bar: 10 pm. d Strip charts with bars showing the numbers of neurons
in the whole PVN area (left) and its anatomical subdivisions (right):
male OXT-ir (OXT-IRZ), male AVP-ir (AVP-IRJ), female OXT-ir
(OXT-IR?), and female AVP-ir (AVP-IR?). Bars and whiskers rep-
resent means and SDs. Symbols indicate statistical significance in
two-way ANOVA: differences between the numbers of OXT-ir and
AVP-ir neurons are marked as ** (p<0.01) and **** (p<0.0001);
differences between the numbers of male and female-ir neurons are
marked as * (p<0.01). 3V third ventricle; paraventricular nucleus
subdivisions: PaDC dorsal cap, PalLM lateral magnocellular part,
PaMM medial magnocellular part, PaMP medial parvicellular part,
PaV ventral part

current steps and/or fast current ramp stimulations (Fig. 4a,
b). ANOVA revealed significant differences between puta-
tive OXT and AVP MNCs, with OXT MNCs being charac-
terized by a higher membrane resistance and maximal spik-
ing frequency as well as a lower membrane capacitance,
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Fig. 2 Identification of OXT and AVP PVN magnocellular neuro-
secretory cells. a Exemplary current clamp protocol (upper trace)
used for the electrophysiological identification of PVN neurons.
MNCs were identified by the presence of a transient outward rectifi-
cation causing a delay to the first action potential (lower trace, black
arrowhead) after being depolarized from the hyperpolarized state of
the membrane. b Post-recording immunofluorescent identification
of MNCs: (top) series of fluorescence projection images illustrat-
ing biocytin-filled AVP-ir MNCs (white arrowhead); (bottom) series
of fluorescence projection images illustrating biocytin-filled OXT-
ir MNCs (white arrowhead). Scale bar: 10 um. ¢ Exemplary APs of
OXT (light grey) and AVP (dark grey) MNCs showing differences
in HAP kinetics. Zoom in on HAPs: OXT MNCs have slower HAP
kinetics, whereas AVP MNC HAPs are characterized by fast over-
shoots. Spikes were elicited with a brief (2 ms) current injection from
a membrane potential of —75 mV

rheobase, AP threshold, and voltage sag amplitude. No dif-
ferences in time constants were observed. Significant sex
differences were found in only one parameter, with male
MNCs being characterized by a higher membrane resist-
ance than female MNCs. No significant interactions of sex
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Fig.3 Action potential parameters of PVN magnocellular neuro-
secretory cells. a Exemplary waveform of a single, evoked action
potential illustrating measured properties. Spikes were elicited from a
membrane potential of —75 mV with a brief (2 ms) current injection.
b Strip charts showing the action potential parameters of four MNC
groups: male putative oxytocin (OXTJ), male putative vasopressin
(AVP3), female putative oxytocin (OXTQ), and female putative vas-
opressin (AVPQ) neurons. Lines and whiskers represent means and
SDs. Symbols indicate statistical significance in two-way ANOVA:
differences between putative OXT and AVP MNCs are marked as **
(p<0.01) and **** (p <0.0001). Unpaired Student’s 7 test (marked as
¥, p<0.05) revealed that male putative OXT MNCs display a signifi-
cantly longer AP peak to HAP over time than female putative OXT
MNCs
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and peptide content were observed. The mean values of the
analysed membrane parameters as well as the statistical tests
used and their results are shown in Online resource Table 3.

Both the steady-state voltage in response to decremen-
tal hyperpolarizing current steps and the number of spikes
in response to incremental depolarizing current steps were
characterized by a strong linear relationship (mean R?
equalled 0.98 and 0.97, respectively, Fig. 4d). Therefore, the
steady-state voltage [-V relationships and excitability curves
were characterized and compared using the linear regression
curve slope and y intercept. Again, ANOVA revealed differ-
ences between putative OXT and AVP MNCs. Steady-state
voltage I-V curve y intercepts were significantly lower in
putative OXT than in AVP MNCs. No differences in curve
slopes were reported. OXT MNCs were also characterized
by higher excitability curve slopes (stronger gain) and y
intercepts than AVP MNCs. No significant sex differences
between MNCs and no interactions between sex and peptide
content were observed. The mean values of the analysed
linear regression coefficients as well as the statistical tests
used and their results are shown in Online resource Table 4.

The steady-state current-voltage relationship does
not differ among PVN MNCs

A second set of experiments aimed at investigating PVN
MNC membrane properties was carried out in ACSF con-
taining TTX as well as CNQX, DL-APS5, and bicuculline to
block sodium AP generation and synaptic activity, respec-
tively. The I-V relationships of the steady-state current
were measured using a series of incremental voltage steps
(Fig. 4c¢) in 35 putative OXT (13 male and 22 female) and 29
putative AVP (16 male and 13 female) MNCs. The steady-
state current I-V relationship was highly nonlinear and
strongly outwardly rectifying in all MNCs. Therefore, poly-
nomial curves were fitted to the data using nonlinear regres-
sion models (mean R?>=0.998, Fig. 4d). ANOVA showed no
significant differences between intercepts and equation coef-
ficients among MNCs. Data regarding polynomial regression
curve coefficients and the statistical tests used to compare
them are presented in Online resource Table 4.

Principal component analysis shows differences
in OXT and AVP MNC electrophysiology

Complete data sets regarding either the AP characteristics of
MNC:s or their active and passive membrane properties were
further transformed and analysed using PCA (Fig. 5). PCA
was performed on the properties of the APs, including all
of the following aforementioned parameters: (1) threshold,
(2) amplitude, (3) 10-90 rise time, (4) half width, (5) HAP
value at the trough, and (6) time from the AP peak to the
HAP trough. The first three principal components (PCs),

explaining 85% of the observed variance, were considered.
Significant differences between putative OXT and AVP
MNCs were observed in all three PCs, with no sex differ-
ences or interaction between sex and peptide content being
reported (Fig. 5b). PCA of membrane property parameters
considered only those characterized by at least a ‘medium’
effect size (Cohen’s d: defined as the difference between two
means: OXT vs. AVP MNCs, divided by a standard devia-
tion). These parameters included (1) membrane resistance,
(2) membrane capacitance, (3) steady-state voltage -V
curve intercept, (4) excitability curve slope, (5) AP thresh-
old, and (6) rheobase. Again, the first three PCs, explaining
76.5% of the observed variance, were considered. Significant
differences between putative OXT and AVP MNCs were
observed in first PC, with no sex differences or interaction
between sex and peptide content being reported (Fig. 5d). To
address the potential random effects of variability between
animals, the PCs were additionally analysed using nested
two-way ANOVA. No significant random effects were
observed, and the reported variances between animals were
always lower than the residual variances, indicating little
influence of variability between animals on the reported
results. Moreover, no statistically significant differences
between these two models (two-way ANOVA vs. nested
two-way ANOVA) were reported.

The synaptic input properties of putative OXT
and AVP MNCs differ

The third and final set of recordings was aimed at character-
izing the spontaneous synaptic input to the PVN MNCs. A
subset of MNCs [24 putative OXT (12 male and 12 female)
and 23 putative AVP (12 male and 11 female)] was voltage-
clamped at —50 mV to measure spontaneous excitatory
and inhibitory synaptic events (Fig. 6a) in normal ACSF.
Overall, the inhibitory synaptic activity recorded from
PVN MNCs was significantly more robust than the excita-
tory activity (SIPSC vs sEPSC frequency: 9.19 +6.86 vs.
1.11+0.51 Hz in males and 7.58 +5.67 vs. 1.06 +0.83 Hz
in females, two-way ANOVA, synaptic activity type (sIPSCs
vs. SEPSCs): p <0.0001, sex: p>0.05, interaction: p > 0.05).
Moreover, ANOVA revealed differences between putative
OXT and AVP MNC:s for almost all the measured param-
eters. The sIPSCs of OXT MNCs were characterized by a
higher frequency, lower amplitude and slower rise time, and
decay time constant than AVP MNCs, whereas the SEPSCs
of OXT MNCs had a higher frequency and amplitude but
a slower rise time than AVP MNCs. No significant differ-
ences were observed in the SEPSC decay time constant.
ANOVA showed no significant sex differences or interac-
tion between sex and peptide content in any of the analysed
parameters (Fig. 6b). The mean values of the synaptic
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«Fig.4 Passive and active membrane properties of PVN magnocel-
lular neurosecretory cells. a Current-step stimulation protocol (top)
and voltage responses of exemplary PVN MNCs (bottom) illustrat-
ing measured properties. Voltage sag was measured from the volt-
age response to a — 140 pA hyperpolarizing current step. The mem-
brane resistance, time constant, and capacitance were measured from
the voltage response (red line) to a —50 pA hyperpolarizing current
step; resistance was calculated assuming an ohmic current—volt-
age relationship; the time constant was measured from the charging
phase of the voltage response and capacitance was calculated as the
resistance and time constant quotient. The voltage—current relation-
ship was traced based on the steady-state voltage responses (marked
in grey) to decremental hyperpolarizing current pulses from — 140 to
—10 pA (step every 10 pA, step duration: 500 ms, and 5 s between
steps). Neuronal excitability (input—output relationship) was quan-
tified by measuring the number of spikes elicited by depolarizing
current pulses from +10 to + 140 pA. b Current ramp stimulation
protocol (top) and voltage response of exemplary PVN MNCs (bot-
tom) illustrating measured properties. Rheobase was measured as the
ramp current value at the moment the action potential threshold was
reached. The maximal spiking frequency was calculated using the
minimal interspike interval. ¢ Voltage-step stimulation protocol (top)
and current responses (bottom) of exemplary PVN MNCs illustrat-
ing measured steady-state membrane currents. The voltage—current
relationship was traced based on the steady-state current responses
(marked in grey) to voltage-step pulses from — 120 to — 10 mV (step
every 10 mV, step duration: 500 ms, and 3 s between steps). d Line
charts showing the excitability (input—output relationship, top),
steady-state voltage—current relationship (middle), and steady-state
current—voltage relationship of four MNC groups: male putative oxy-
tocin (OXTJ'), male putative vasopressin (AVPJ), female putative
oxytocin (OXTQ), and female putative vasopressin (AVP?) neurons.
Group symbols and whiskers represent means and SDs. Lines con-
nect consecutive means. Linear and polynomial equations describe
regression curves fitted to the data in each group. Coefficients signifi-
cantly different among groups are framed; symbols indicate statistical
significance in two-way ANOVA: differences between putative OXT
and AVP MNCs are marked as ** (p<0.01), *** (p<0.001), and
#HEE% (p<0.0001). e Strip charts showing the membrane properties
of four MNC groups: male putative oxytocin (OXTJ'), male putative
vasopressin (AVPJ), female putative oxytocin (OXTS), and female
putative vasopressin (AVP?) neurons. Lines and whiskers represent
means and SDs. Symbols indicate statistical significance in two-way
ANOVA: differences between putative OXT and AVP MNCs are
marked as ** (p<0.01), *** (p<0.001), and **** (p <0.0001); dif-
ferences between male and female MNCs are marked as # (p <0.05)

activity parameters as well as the statistical tests used and
their results are shown in Online resource Table 5.

Discussion

The present study was focused on PVN OXT and AVP neu-
ron distribution and MNC electrophysiology to search for
possible features underlying functional and sex differences
between OXT and AVP peptides. We described differences
in the numbers of OXT- and AVP-ir PVN neurons, with
the latter being more numerous in both sexes. Moreover,
we revealed sex differences in the numbers of MNCs, and
showed that male rats have more PVN OXT- and AVP-ir

neurons than females. Importantly, we revealed several novel
characteristics of putative OXT and AVP MNC electrophysi-
ology, the most prominent being the AP shape. The novel
reported differential HAP time courses, with faster kinetics
in AVP rather than OXT MNCs, allowed for unequivocal
identification of these cell types in ex vivo preparations.
The partially distinct electrophysiological profiles of OXT
and AVP MNCs (largely overlapping between males and
females) described in the present study were also shown
by PCA clustering. Finally, while similarities in a number
of MNC electrophysiological parameters were reported, we
also described sex differences in the HAP kinetics, which
were slower in putative male OXT MNCs, and in membrane
resistance, which was higher in male MNCs.

OXT and AVP PVN neuron numbers

In the current neuroanatomical study, we showed that,
regardless of sex, there are more AVP- than OXT-ir cells
in Sprague-Dawley rat PVN. Although, as the PVN is com-
posed of MNCs as well as parvocellular neurons, both of
which express OXT and AVP, our data do not ultimately
depict the contributions of specific cell types in the observed
difference. Earlier reports state that the numbers of PVN
OXT and AVP neurons are similar in Wistar and Long Evans
rat (Swaab et al. 1975; Vandesande and Dierickx 1975; Rho-
des et al. 1981); reported discrepancies may, therefore, arise
from strain differences. Additionally, the anterior commis-
sural cell group, composed primarily of OXT MNCs, con-
sidered by some as part of the PVN, was not included in
our analysis (Rhodes et al. 1981; Swanson and Sawchenko
1983), which may further explain the difference.

The higher number of PVN OXT-ir cells in male rather
than female Sprague-Dawley rats reported in the present
study does not support the majority of anatomical/expression
data published to date. In the majority of species studied, a
lack of sex differences in the numbers of both OXT-ir and
OXT mRNA-expressing cells in the PVN or a higher number
of OXT-ir PVN neurons in females is shown, as elegantly
reviewed in Dumais and Veenema (2016). Reported discrep-
ancies may arise from not only strain/species differences but
also from the fact that in the present study, all PVN subnu-
clei were examined, as opposed to the specific, restricted
regions of interest considered in many other animal and
human studies. Notably, two independent studies focusing on
OXT plasma levels in Sprague-Dawley rats show contradic-
tory results: one reports higher OXT levels in males (Windle
and Forsling 1993), while another reports higher levels in
females (Kramer et al. 2004). Therefore, further research
is needed to reach unambiguous conclusions regarding the
level of this hormone in this rat strain. Importantly, a quan-
titative comparison of both OXT cell output and input fibre
distribution between males and females is still missing.
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Fig.5 Principal component analysis of PVN magnocellular neurose-
cretory cell electrophysiological properties. a, ¢ Scatter plots of the
first two principal components of a action potential parameters and ¢
membrane properties. Ellipses encompass 90% of OXT (light grey)
and AVP (dark grey) MNCs. Arrows represent the loadings of all
parameters used in PCA; their length was quadrupled for clarity. b, d
Strip charts showing the principal components for the b action poten-

Eventually, differences in PVN OXT MNC innervation and
activity of PVN input structures may account for the plasma
OXT level, independent of the cell number. Finally, MNCs
clustered in the SON and accessory hypothalamic nuclei,
which were not subjects of the present study, also contribute
to the final release of these peptides and may determine sex
differences in their plasma levels.

We also showed a higher number of PVN AVP-ir neurons
in male Sprague-Dawley rats than in female rats; however, in
other rat strains (Wistar) and in California mice, no sex dif-
ferences in the number of AVP PVN neurons were observed
(Steinman et al. 2015; Dumais and Veenema 2016), which
again point to species differences and/or different cell count-
ing approaches. Interestingly, a higher number of AVP
neurons in men than in women was shown, which matches
the plasma AVP concentrations in both sexes (Share et al.
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tial parameters and d membrane properties of four MNC groups:
male putative oxytocin (OXTJ'"), male putative vasopressin (AVPJ),
female putative oxytocin (OXT%), and female putative vasopressin
(AVP?Q) neurons. Lines and whiskers represent means and SDs. Sym-
bols indicate statistical significance in two-way ANOVA: differences
between putative OXT and AVP MNCs are marked as *** (p <0.001)
and *#** (p <0.0001)

1988). Importantly, sexual dimorphism in the AVP-ir cell
number was described in several other brain regions. The
bed nucleus of the stria terminalis (BNST) and medial amyg-
dala (MeA) AVP neurons are also more numerous in males
than females in both rodents and non-mammalian vertebrate
species (in which differences in vasotocin neurons and AVP
homologues were reported; reviewed in De Vries and Pan-
zica 2006). More AVP neurons in the PVN and other brain
regions may contribute to the reported higher AVP plasma
levels in males than in females as well as to the specific role
of this nanopeptide in the regulation of male aggression and
social status (Terranova et al. 2016).

The PVN consists of heterogeneous neuronal subpopula-
tions, which are largely segregated into specific subnuclei
(magnocellular neurons in the PaLM and PaMM regions and
parvocellular neurons in the PaV, PaMP, and PaDC regions)
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that differ in their projection patterns; MNCs in the PaLM
and PaMM innervate not only the posterior pituitary but
also forebrain areas, including the hippocampus and amyg-
dala, whereas parvocellular neurons in the PaMP project
mainly to the median eminence, and neurons in the PaV and
PaDC constitute descending projections to the spinal cord
and several brain stem regions (Armstrong 2015). Impor-
tantly, sex differences in the numbers of both OXT and AVP
PVN neurons were found to arise mainly from the PaMM
part of the PVN, which lies in the most anterior magnocel-
lular subdivision of the nucleus; therefore, we assigned the
observed differences to OXT and AVP MNC:s. Interestingly,
the PaMM, unlike the PalLM or SON, has been shown to be
heavily innervated by ACTH-ir fibres (Knigge and Joseph
1982; Piekut 2003) (studies in males only). This phenom-
enon constitutes the anatomical substrate for the possible
involvement of PaMM MNC:s in the neuronal circuits con-
trolling learning and arousal-related processes, as these roles
were suggested for ACTH-synthesizing neurons in different
brain areas (Pranzatelli 1994).

The presented neuroanatomical data indicating sex dif-
ferences in the numbers of PVN OXT- and AVP-ir neurons
constitute an important addition to the understanding of
the mechanisms underlying gender diversities in OXT and
AVP actions, although sex-specific innervation and recep-
tor expression patterns as well as MNC sensitivity to dis-
tinct stimuli are undeniably important factors shaping these
actions.

OXT and AVP MNC action potentials

The present study offers an in-depth analysis of PVN MNC
electrophysiological features of both sexes. Since the vast
majority of available data concerning the electrophysiologi-
cal properties of MNCs comes from the SON (Brown et al.
2013) and PVN and SON MNCs are assumed to possess
similar properties (Tasker and Dudek 1991), in the following
discussion, we mainly refer to studies performed on SON
MNCs (nonetheless, no study thus far has directly compared
PVN and SON MNC electrophysiological properties). First,
we will discuss differences between OXT and AVP MNC
electrophysiology, whereas sex differences will be addressed
later.

The AP shape differs strikingly among neuronal cells
(Bean 2007) and influences hormone release by shaping
the firing pattern. Here, we examined the AP components
of PVN MNC:s and revealed several differences as well as
similarities between OXT and AVP neurons. In intracellular
recordings with sharp electrodes, SON OXT MNCs have
been shown to have a smaller AP amplitude than AVP cells
in female rats but not in male rats (Armstrong et al. 1994;
Stern and Armstrong 1996), whereas our whole-cell patch-
clamp recordings did not reveal differences in AP amplitude

between male and female MNCs. These discrepancies can
largely be attributed to the different recording techniques,
because the AP amplitude is largely affected by the capaci-
tance of the recording electrode. We showed herein that the
AP threshold in OXT MNC:s did not differ from that in AVP
MNCs when elicited with a brief current pulse, but was sig-
nificantly lower when APs were elicited with current ramps.
Conversely, previous intracellular recordings have shown
that in the SON, OXT neurons have a more depolarized AP
threshold than AVP MNCs (Stern and Armstrong, 1996,
study in females) and are positively correlated with the base-
line membrane potential in only OXT cells (Scroggs et al.
2013, study in females). Our current data clearly show the
dependence of the MNC threshold potential on the AP elici-
tation method, which may underlie the described discrep-
ancies. Additionally, the AP threshold in OXT MNCs was
proposed to be more depolarized due to the SOR underlined
by non-inactivating K* conductance (Stern and Armstrong
1997; Armstrong et al. 2019). However, the SOR requires
depolarization to approximately —60 mV to become active
and thus had little influence on OXT MNC properties in the
current study, as all neurons were set to —75 mV baseline
for testing. Therefore, the possible influence of the SOR on
OXT MNC properties will not be further discussed.

In our study, AVP MNCs exhibited narrower APs with
faster rise times than OXT MNCs. The shorter rise time of
AVP MNC APs is in line with the previous findings, dem-
onstrating that SON AVP neurons had faster rising APs than
OXT neurons, underlined by a greater transient voltage-
dependent Na™ current density (Scroggs et al. 2013).

Traditionally, the terms HAP and afterhyperpolarization
(AHP) have fixed specific meanings in MNC electrophysi-
ology. HAP (also referred to as fast afterhyperpolariza-
tion—fAHP) follows single APs, whereas AHP is induced
by AP trains (Oliet and Bourque 1992; Armstrong et al.
1994). HAPs and AHPs differ in ionic mechanisms and
pharmacology (Roper et al. 2003; Armstrong et al. 2019).
Here, we showed that when an AP was evoked with a sin-
gle depolarizing pulse from — 75 mV, the following HAP
had faster kinetics and reached more hyperpolarized poten-
tials in AVP MNCs than in OXT MNCs. Among the cur-
rents underlying MNC HAPs are the A-current carried by
A-type channels and the IK current flux through delayed
rectifier channels that shape the first faster component of
HAP, which is then sustained by activation of the Ic current
carried by BK channels (Bourque 1988; Roper et al. 2003;
Komendantov et al. 2007). In our stimulation protocol, the
time from the AP peak to the HAP trough was more than
ten times shorter in AVP MNCs than in OXT MNCs. The
narrower spikes and faster repolarization kinetics of AVP
MNCs compared to those of OXT MNCs can be attributed
to the greater A-current amplitude and slow inactivating
component reported for AVP MNCs as well as to the higher
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expression of Kv3.1b channel subunits, contributing to IK
generation (Fisher et al. 1998; Shevchenko et al. 2004). As
4-aminopyridine, a blocker of the A-current, has been shown
to increase the AP duration and influence HAPs in MNCs
(Bourque 1988), the striking difference observed in the time
course of HAPs may have resulted largely from A-current
differences between OXT and AVP MNCs. Alternatively,
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we propose that in OXT MNCs, in which the A-current is
weaker, the characteristic slower HAP kinetics are mainly
Ic-current-dependent. Additionally, as MNC HAPs are gen-
erated largely by Ca**-dependent potassium currents (Bour-
que et al. 1985; Bourque 1988; Dopico et al. 1999; Roper
et al. 2003), the higher density of whole-cell Ca>* current in
AVP vs. OXT MNCs (Teruyama and Armstrong 2005) may
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«Fig.6 Spontaneous synaptic inputs to PVN magnocellular neurose-
cretory cells. a Exemplary trace of MNC spontaneous synaptic events
recorded in voltage clamp at a —50 mV holding potential (top).
Inhibitory postsynaptic currents (sIPSCs, black arrowhead) are vis-
ible as upward deflections, and excitatory postsynaptic currents (SEP-
SCs, white arrowhead) are visible as downward deflections. Note the
prevailing inhibitory synaptic activity. The analysed parameters were
obtained from single (frequency, amplitude, and rise time) or mean
events (decay time constant). b Strip charts showing the spontaneous
postsynaptic current parameters of four MNC groups: male putative
oxytocin (OXTd'), male putative vasopressin (AVPJ), female puta-
tive oxytocin (OXTS), and female putative vasopressin (AVP$) neu-
rons. Lines and whiskers represent means and SDs. Symbols indicate
statistical significance in two-way ANOVA: differences between puta-
tive OXT and AVP MNCs are marked as * (p <0.05), ** (p<0.01),
*¥#*% (p<0.001), and **** (p<0.0001). ¢ Cumulative frequency
distribution histograms of the sIPSC (bin: 10 ms) and sEPSC (bin:
50 ms) mean interevent intervals. Individual sexes were plotted sepa-
rately for clarity. d Cumulative frequency distribution histograms
of sIPSC and SEPSC mean amplitudes (bin: 1 pA). Individual sexes
were plotted separately for clarity. Insets show representative aver-
aged synaptic currents

shape their distinct HAPs. However, the possible involve-
ment of other currents and cell type-specific conductances
generating HAPs remain to be experimentally verified.
Interestingly, as summarized in the introduction of this
paper, several attempts have been made to electrophysi-
ologically distinguish OXT from AVP MNCs, but have
failed to provide the final discriminating criteria (da Silva
et al. 2015). Several reasons may explain why the highly dis-
criminative time course of HAPs described herein has been
overlooked. First, the majority of studies on MNC electro-
physiology to date focus on post-burst AHPs and not HAPs
(Oliet and Bourque 1992; Armstrong et al. 1994; Armstrong
1995). Second, the recording technique (whole cell vs. sharp
intracellular) may obscure the electrophysiological proper-
ties of MNCs, as was shown for the SOR in OXT MNCs (da
Silva et al. 2015; Armstrong et al. 2019). Third and most
likely, the observed difference in MNC HAPs may depend
heavily on voltage. Here, we induced APs from a hyperpo-
larized membrane state (— 75 mV), whereas previous stud-
ies considered spikes elicited from potentials just below the
threshold (Stern and Armstrong 1996; Teruyama and Arm-
strong 2002). Notably, slower HAPs of OXT MNCs being
voltage-independent would have resulted in a lower maximal
frequency and lower excitability of OXT vs. AVP MNCs,
and we showed exactly the opposite in the current study.

Passive and active electrical properties of OXT
and AVP MNCs

Passive electrical properties, such as membrane resistance,
time constants and capacitance, mediate the effect of syn-
aptic input in modulating membrane potential and influ-
ence neuronal excitability. The lower membrane resistance
accompanied by the higher membrane capacitance of AVP

MNCs compared to those of OXT MNCs observed in our
study is in line with morphometric data demonstrating
larger AVP-ir vs. OXA-ir neurons in the SON and PVN
across several species, including humans (Kawata and
Sano 1982; Schimchowitsch et al. 1989; Lazcano et al.
1990; Ishunina and Swaab 1999). Similar differences in
membrane resistance were observed in female SONs in
one patch-clamp study (Li et al. 2007), where membrane
resistance was assessed based on hyperpolarizing cur-
rent stimulation, similar to the present study. Another
study, in which voltage clamp stimulation from a more
depolarized potential (— 60 mV vs. —75 mV in the cur-
rent study) was utilized to calculate the input resistance,
reported no differences, pointing to distinct stimulation
protocols as the cause of the observed discrepancy (Stern
et al. 1999). Described differences in passive membrane
properties may underlie the observed excitability of OXT
MNCs being higher than that of AVP MNCs (reflected by
lower rheobase, higher maximal spiking frequency, and
stronger input—output relationship). Additionally, several
other factors may have contributed to the reported lower
excitability of AVP MNCs. The more profound A-current
in AVP vs. OXT MNCs not only delays the occurrence of
the AP, but also causes more robust spike broadening in
AP trains (Hlubek and Cobbett 2000), resulting in a lower
maximal frequency. Finally, AVP MNCs display a greater
spiking frequency adaptation than OXT MNCs (Stern and
Armstrong 1996; Teruyama and Armstrong 2002), which
may further shape their distinct excitability.

Previous studies on female rat SONs showed that
AVP but not OXT MNCs display inward rectification in
response to hyperpolarizing voltages steps (Stern and
Armstrong 1995). Studies in guinea pigs by Erickson
et al. attributed this rectification to the H-current being
present more frequently in AVP neurons than in OXT neu-
rons and proposed its role in phasic firing generation in
AVP MNC:s (Erickson et al. 1990, 1993). Here, we demon-
strated a more profound voltage sag amplitude in response
to strong hyperpolarization in AVP MNCs corresponding
to the inward rectification. Moreover, the more prominent
voltage sag in AVP MNCs most likely contributed to the
little yet significantly more depolarized intercepts calcu-
lated for the linear steady-state voltage I-V relationship
in AVP vs. OXT MNCs (— 80 mV vs —84 mV). As previ-
ously reported for hyperpolarized MNCs in the SON, both
OXT and AVP neurons displayed a similar linear steady-
state voltage I-V relationship (Hoffman et al. 1991; Arm-
strong et al. 1994; Stern and Armstrong 1995). Similarly,
the steady-state current I-V relationship measured herein
in voltage clamp showed the outward rectification char-
acteristic of MNCs (Cobbett et al. 1989; Li and Ferguson
1996; Hlubek and Cobbett 1997).
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OXT and AVP MNC synaptic input

Synaptic input relays neuronal communication and, together
with intrinsic membrane properties, shapes neuronal activ-
ity. Spontaneous postsynaptic activity recorded from PVN
MNC s in the present study was dominated by inhibitory
inputs, similar to MNCs in the SON (Li et al. 2007). This
observation is in line with the local origin of GABAergic
inputs to the PVN, which may be well preserved in slice
preparation (Tasker and Dudek 1993; Boudaba et al. 1996).
Moreover, for the first time, we showed that almost all exam-
ined parameters describing spontaneous synaptic inputs are
different between OXT and AVP MNCs, with OXT MNCs
having a higher frequency, lower amplitude, and faster kinet-
ics of sSIPSCs as well as a higher frequency, amplitude, and
faster kinetics of SEPSCs when compared to AVP MNCs.
Interestingly, several analogous differences were reported
previously for some mIPSCs and AMPA-mediated mEPSC
parameters in the SON, pointing to similarities in synaptic
input between MNCs localized in different hypothalamic
nuclei (Stern et al. 1999; Li et al. 2007). Distinct innervation
patterns as well as differences in the ion-channel properties
have been identified and surely contribute to this phenom-
enon (Stern et al. 1999; Armstrong 2015). Eventually, recent
findings that GABAergic neurotransmission is excitatory
specifically in AVP MNCs (in a physiological state-depend-
ent manner) should be considered concerning the final out-
come of cell type-specific synaptic input on MNC activity
(Haam et al. 2012; Morton et al. 2014; Choe et al. 2016).

Sex differences in OXT and AVP MNC
electrophysiology

Despite decades of research on the organizational and acti-
vational effects of gonadal hormones on brain development
and functioning in adulthood, detailed knowledge of the
sex-specific properties of neurons is still missing. This defi-
ciency mainly stems from the underrepresentation of female
subjects in electrophysiological and anatomical studies and
the fact that many studies that are conducted in both sexes
fail to analyse results by sex (Beery and Zucker 2011). None-
theless, growing evidence points to sex-specific properties of
neurons contributing to sex differences in brain functioning
and behaviour (Abi-Gerges et al. 2004; Cao et al. 2018).
The hypothalamic PVN is a place wherein many neu-
rotransmitters with sex-specific roles are synthesized, and
PVN MNCs are among the most comprehensively studied
peptidergic neurons in the mammalian brain. However, to
the best of our knowledge, there has been no systematic
comparison of their electric properties addressing possible
sex differences. Only two studies, both from more than 2
decades ago, directly compared the electrophysiological
properties of male and female MNCs. Erickson et al. (1993),
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using intracellular recordings, showed that only the mem-
brane time constant in guinea pig SON MNCs was different
in males and females, whereas intracellular recordings in
hypothalamic organotypic cultures by Jourdain et al. (1996)
reported no sex differences in the basal electrical properties
of MNCs. However, due to differences in the recording tech-
niques and tissue preparations, these data cannot be directly
compared to the current report.

Our analysis of PVN MNC features revealed that the
majority of their intrinsic electrical properties are similar
between male and female rats. Nevertheless, we identified
the following sex differences in MNC electrophysiology:
higher input resistance in male vs. female MNCs and slower
HAP kinetics in male vs. female OXT MNCs. However,
higher input resistance in males was not accompanied by
different membrane capacitance, excluding possible sex dif-
ferences in the size of MNCs in rats, in contrast to reports in
humans (Ishunina and Swaab 1999). Interestingly, these dif-
ferences in input resistance and HAP kinetics did not result
in sex-specific changes in excitability, inferring their voltage
dependence. In a study examining the phasic properties of
putative OXT SON neurons from male and lactating female
rats, Wang and Hatton (2005) showed that in males, APs
during bursts have a faster rise time and a tendency towards
narrower widths; such differences, according to our data,
are not present when properties of single AP are compared
between virgin female and male OXT MNCs. Several other
MNC electrical properties have been shown to be altered by
different, specialized physiological states, such as pregnancy
and lactation, indicating their sex dependence (Stern and
Armstrong 1996; Teruyama and Armstrong 2002, 2005).

Considering sex differences in HAP kinetics, we showed
that the time from the AP peak to the HAP trough is sig-
nificantly longer in male OXT MNCs than in female OXT
MNCs. Because the HAPs of OXT MNC:s lack the fast over-
shoot characteristic of AVP MNCs, we suggest herein that
slower kinetics in OXT neurons are dependent on the Ic
carried by BK channels (Roper et al. 2003). The lack of
sex differences in the AP rise time and half width further
confirms that the observed variations in male and female
OXT MNC:s arise mainly from the slow component of HAP
and, therefore, may stem from sex-specific expression of
BK channels. Notably, such sex differences in BK channels
have been reported in the rat amygdala (Ohno et al. 2009).
Nevertheless, the source of observed sex differences in PVN
MNCs remains to be thoroughly studied and identified.

Conclusions

Our results show partially distinct electrophysiological pro-
files of OXT and AVP MNCs, with action potential shapes
being unique to each subpopulation. These cell type-specific
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differences are accompanied by the overall similarity of
male and female MNC electrophysiology. Nevertheless, we
identified individual electrophysiological parameters vary-
ing between male and female PVN MNCs. Moreover, our
anatomical studies further strengthen the role of OXT and
AVP systems anatomy in sex-specific behaviours (Dumais
and Veenema 2016).

Finally, since distinctive roles of OXT and AVP in
females and males most likely arise from a combination of
diverse intrinsic MNC properties and extrinsic factors, both
aspects should be considered when examining the roles of
these nanopeptides in different processes. This notion is
of particular importance for studies aimed at unravelling
neuronal mechanisms of sex differences in the prevalence
and course of various psychiatric disorders, such as autism
(Xu et al. 2013; LoParo and Waldman 2015), schizophrenia
(Jobst et al. 2014; Aydin et al. 2018), and depression (Yuen
et al. 2014; Massey et al. 2016), in which the involvement
of AVP and OXT has been implicated.
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