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The lateral septum (LS) is a forebrain area that has a role in forming prosocial behavioural ele-
ments such as maternal care. LS is supposed to have a role in maternal behaviour based on lesion
studies, however, the responsible cellular networks are not known yet. Therefore, we aimed to char-
acterize maternally activated septal neurons and their function in maternal regulation. First, we es-
tablished that all of the pup-induced c-Fos+ septal neurons are inhibitory GABAergic neurons. A pop-
ulation of these GABAerg neurons in the ventral subdivision of the LS (LSv) contain calbindin (Cb+).
The number of c-Fos-activated Cb+ neurons was markedly higher in mothers following pup exposure
than pup deprivation. We demonstrated by viral based, cell type-specific anterograde tracing that
Cb+ LSv neurons send massive projection to the medial preoptic area (MPOA) a centre for regulating
maternal behaviour and confirmed this projection by retrograde tracing. To establish how maternal
input arrives at the Cb+ LSv neurons, we first established that these neurons contain receptors of
the maternally induced neuropeptide, parathyroid hormone 2 (PTH2) using Cb immunolabelling in
reporter mice expressing ZsGreen in PTH2 receptor-expressing neurons. These receptors are likely
activated by PTH2 released from the PTH2 terminals we also identified around Cb+ neurons in the
LSv. Moreover, a synaptic connection was established between PTH2+ fibres and maternally acti-
vated inhibitory neurons in the LSv using electron microscopy. These PTH2+ terminals might arrive
from the PTH2+ neurons located in the posterior intralaminar thalamic nucleus (PIL), which all show
c-Fos-activation in mothers following pup exposure compared to pup-deprived controls. Functional
investigation of LS Cb+ neurons in Cb-Cre mice demonstrated that the inhibition of these neurons
reduced the time spent with the licking of the pups, but caused no other behavioural effects. There-
fore, we conclude that the activation of the inhibitory Cb+ neurons is required for the pup licking
behaviour, which may be executed by their projection to the MPOA neurons. Finally, this activation
of CB+ LSv neurons is executed via the excitatory PTH2+ input from maternally activated PIL neurons.
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Conclusion
Pup exposure mediated by PTH2+ input activates GABAergic
calbindin neurons of lateral septum (LS), which regulate the pup
licking behaviour of female
mice. This modula- B
tion may happen S
through their projection | 55,
to the medial preoptic
¢ area (MPOA), the major
brain region controlling
maternal behaviour.

Introduction
Maternal care is regulated by a complex neural network, which includes the LS
has prominent connection with different brain regions involved maternal regulation including the
,awell established brain site driving maternal motivation. LS contains an
elevated number of activated neurons in lactating rodents following pup exposure. However, the cell
types of LS participating in the control of maternal behaviours, and the inputs, which activate LS
neurons by pup exposure are unknown. Our research group previously described that neurons in the
express an excitatory neuropeptide,
, Whose expression is induced in mothers. Dense PTH2+ fibre network can be found
in the LS, as well.
We hypothesize that the LS contains specific cell types taking part in maternal adaptation via their
projection to the MPOA driven by the PTH2+ pathway originated from the PIL.

Summary of results
® Inhibitory calbindin neurons of the LS are activated following
pup-exposure.

 Calbindin+ LS neurons send prominent projection to the MPOA.

® PTH2R and PTH2+ fibres are located in the same area as
pup-induced c-Fos+ septal neurons.

® PTH2+ terminals innervate the inhibitory neurons of LS.

® PTH2+ fibres probably arrive from the pup-induced c-Fos+ neurons o
the PIL.

licking of the pups in sensitized female mice.
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Calbindin neurons are activated by pup exposure in the LS of
mother mice. A-F: Mother mice deprived from their pups for 22
hours, which were then returned to them on the following day (A)
show higher number of double labelled calbindin-positive (Cb+)
and c-Fos+ neurons in the LS (B, C), in contrast to the control
maternal group in absence of their pups (D-F) showed by
fluorescent immunohistochemistry. G: The density of c-Fos+ and
double labelled (Cb+/c-Fos+) neurons in the LS. 51.12% of the Cb+
neurons are c-Fos+ following pup exposure. Area = 0,1 mm=. All
data are presented as means # s.e.m. 0.01< *p<0.05, ***p<0.0001.
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2. Pup activated septal neurons are GABAergic
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Maternally activated calbindin neurons are also GABAergic in the lateral septum. A:
Immunolabelling of a ZsGreen reporter expressing mouse brain section shows that around
96% of lateral septal calbindin neurons contain the vesicular GABA transporter (VGAT)
indicating that they are inhibitory GABAergic neurons. B: Confocal image demonstrates the
lateral septal area of a VGAT-ZsGreen mother mouse following c-Fos immunolabelling after
pup exposure. C: We determined that nearly all pup-induced c-Fos+ neurons are GABAergic
(VGAT+(c-Fos+)), as shown in the high magnification inlet of panel B.

3. Lateral septal calbindin neurons project to the medial
breoptic area
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Calbindin neurons of the
lateral septum project to
Calbindin+/CTB+ the medial preoptic area.
Calbindin-/CTB+ A: Injection of the antero-
gradely transporting AAV
containing mCherry
reporter protein gene,
which is expressed in
C Cre-dependent manner
into the LS of Calbindin-Cre mice. B: A higher magnification image of the injection site in LS indicates that
mCherry is expressed in calbindin neurons. C: Projection site in the MPOA shows that mCherry+ fibres
from LS closely appose MPOA neurons. D: Injection of the retrogradely transported cholera toxin B
subunit (CTB) into the MPOA. E: A higher magnification confocal image of the LS following calbindin
immunostaining shows that more than 70% of the MPOA-projecting LS neurons are calbindin+.

® Inhibition of calbindin+ LS neurons reduced the time spent with g m

Inhibitory neurons of the lateral septum receive PTH2+ *
input. A-D: Localization of PTH2 receptors (PTH2R) in the LS
(A). Confocal images from the LSv with PTH2R+ terminals (B)
that probably arrive from the PTH2R expressing Cb+ neurons /
of the dorsal part of the intermediate LS (LSi) (C), that also
contain VGAT (D). E: High magnification representative
image of a Cb+ LS neuron closely surrounded by PTH2+
fibres. F: Fluorescent microscopic image of the lateral
septum following PTH2 immunolabelling of ZsGreen
reporter expressing lactating mouse brain section shows
PTH2+ fibres surrounding GABAergic septal neurons G-H:
High magnification image of a VGAT+ neuron closely
apposed by PTH2+ fibres after fluorescent (G) and
peroxidase-based (H) PTH2 immunolabelling. Some PTH2+
terminals are marked with arrows. I-J: Correlative low (1) and
high (J) magnification electron microscopic image of the
same neuron shows the synaptic connection of the PTH2+
terminal (No.1.). Black arrowheads: dense core vesicles. K:
Images of the posterior intralaminar thalamic nucleus (PIL)
of mother mice deprived from their pups for 22 hours, then
returned on the following day (left) or remained separated
to serve as control (right). PTH2+ neurons show c-Fos
activation after pup-exposure. L: The density of PTH2+, cFos+
and double labelled neurons in the PIL. ***p<0.0001
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5. Inhibition of calbindin neurons reduces maternal licking behaviour
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mouse Schematic illustration of the
@ﬁr\} 4§ injection of anterogradely
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D Dayo Doy gcNo Day 4 LSv of Calbindin (Cb)-Cre
Sensitization Elevated plus moze Rest mouse. B-C: Representative

Forced swim 0es“¢ - images of the injection site. The

~ confocal microscopic image (C)

Maternal tes.!s Rest Matemal Oesjs shows that mCherry is

Day 1 - Vehicle Day 3 Day 5 - Vehicle expressed in Cb+ septal

E F = G 00 =  DEUrONS. D: Schematic
500 o = ey fllustration of the behaviour
m Sl Forced swim test 5:; : test schedule. Maternal tests

= Vehiciez include spontaneous maternal
oo oo, DENAViOUT test, pup retrieval
Elevated plusmaze test and nest building test. E:
Summary diagram shows the
Ds@a o mean time spent with different
L maternal behavioural elements
on control and test days. Inhibition of Cb+ LS neurons significantly reduced the time spent with licking of pups. **p<o0.001 F:
Individual data about the time spent with pup licking. G: Summary diagrams of elevated plus maze and forced swim test
results. Inhibition of Cb+ neurons did not cause any changes in anxiety- and depression-like behaviours.
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