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Adaptive Resetting of Tuberoinfundibular Dopamine
(TIDA) Network Activity during Lactation in Mice
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Giving birth triggers a wide repertoire of physiological and behavioral changes in the mother to enable her to feed and care
for her offspring. These changes require coordination and are often orchestrated from the CNS, through as of yet poorly
understood mechanisms. A neuronal population with a central role in puerperal changes is the tuberoinfundibular dopamine
(TIDA) neurons that control release of the pituitary hormone, prolactin, which triggers key maternal adaptations, including
lactation and maternal care. Here, we used Ca>" imaging on mice from both sexes and whole-cell recordings on female
mouse TIDA neurons in vitro to examine whether they adapt their cellular and network activity according to reproductive
state. In the high-prolactin state of lactation, TIDA neurons shift to faster membrane potential oscillations, a reconfiguration
that reverses upon weaning. During the estrous cycle, however, which includes a brief, but pronounced, prolactin peak, oscil-
lation frequency remains stable. An increase in the hyperpolarization-activated mixed cation current, I, possibly through
unmasking as dopamine release drops during nursing, may partially explain the reconfiguration of TIDA rhythms. These
findings identify a reversible plasticity in hypothalamic network activity that can serve to adapt the dam for motherhood.
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Motherhood requires profound behavioral and physiological adaptations to enable caring for offspring, but the underlying
CNS changes are poorly understood. Here, we show that, during lactation, neuroendocrine dopamine neurons, the “TIDA”
cells that control prolactin secretion, reorganize their trademark oscillations to discharge in faster frequencies. Unlike previ-
ous studies, which typically have focused on structural and transcriptional changes during pregnancy and lactation, we dem-
onstrate a functional switch in activity and one that, distinct from previously described puerperal modifications, reverses fully
on weaning. We further provide evidence that a specific conductance (I,) contributes to the altered network rhythm. These
findings identify a new facet of maternal brain plasticity at the level of membrane properties and consequent ensemble
activity.

&

ignificance Statement

J

Introduction

The mother who has just given birth undergoes a series of physi-
ological changes. Parallel to recalibration after the extensive
puerperal organ modifications, physiological and behavioral
adaptive modifications enable caring for the offspring (Brunton
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and Russell, 2008). These changes are orchestrated by an altered
blood profile of hormones, which, in turn, likely require reconfi-
guration at the master level of the endocrine system, the hypo-
thalamus-pituitary axes. Abundant evidence supports that the
transcriptional repertoire of neuroendocrine populations under-
goes dramatic revision during the bearing and rearing of children
(Grattan et al., 2008; Augustine et al., 2018). Far less is, however,
known about if, and how, network properties of the hypothala-
mic neurons that control the pituitary are subject to adaptive
resetting during nursing.
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Among the hormones that trigger and sustain the maternal
state, prolactin plays a central role (Freeman et al, 2000).
Originally named for its ability to trigger crop milk production
in pigeons (Stricker and Griiter, 1928; Riddle et al., 1933), prolac-
tin is now understood to induce several of the postpartum physi-
ological changes in the mother (Grattan et al, 2008). These
include modifications of ovulatory function (Cohen-Becker et
al., 1986; Fox et al,, 1987), libido (Dudley et al., 1982), maternal
behavior (Bridges et al., 1985; Brown et al., 2017), immune sys-
tem (Dorshkind and Horseman, 2000), and metabolism and
feeding (Sauve and Woodside 1996).

Blood prolactin levels exhibit a marked dynamic profile,
driven primarily by reproductive state (Ronnekleiv and Kelly,
1988). While lactation corresponds to a sustained hyperprolacti-
nemic state, beginning during late pregnancy in rodents (Sairenji
et al,, 2017), circulating prolactin is low under baseline condi-
tions in females and, even more, in males (Guillou et al., 2015;
Kalyani et al, 2016). A brief, albeit pronounced, peak appears
within the estrous cycle in the transition from proestrus to estrus
(Butcher et al., 1974), enabling the maintenance of the corpus
luteum and successful implantation (Morishige and Rothchild,
1974).

The dominant control of pituitary prolactin secretion is
exerted by neuroendocrine tuberoinfundibular dopamine (TIDA)
neurons located in the dorsomedial hypothalamic arcuate nu-
cleus (dmArc; Lyons and Broberger, 2014). These neurons
powerfully inhibit prolactin exocytosis by releasing dopamine
via the portal capillary vessels to act on dopamine D2 recep-
tors (D2Rs) on the lactotroph cells. Dopamine release usually
mirrors circulating prolactin to mediate feedback inhibition
(Lerant and Freeman, 1998; Brown et al,, 2016), but during
lactation, this control is proposed to be overridden through,
for example, downregulated dopamine biosynthesis (Wang et
al., 1993), enabling prolactin to remain elevated for long peri-
ods to enable nursing (Grattan, 2015; Le Tissier et al., 2015;
Yip et al., 2019).

Yet, neurons calibrate their action not merely by the number
of receptors expressed and transmitter produced, but equally
important by the cellular and network activity patterns. The
issue of adaptive control of TIDA neurons is interesting, not
only for their role in reproduction and nursing, but also for
the intriguing pattern of their discharge activity, organized as
slow, regular membrane potential oscillations (Lyons et al.,
2010). These oscillations can be observed by whole-cell patch-
clamp recording as well as Ca’" imaging in both rats and
mice, albeit with species-specific features in network configura-
tion (Stagkourakis et al., 2018). TIDA network activity can be
modulated by several hormones and transmitters implicated in
prolactin control (Briffaud et al, 2015; Zhang and van den
Pol, 2015; Lyons et al,, 2016; Stagkourakis et al., 2016). In the
pituitary, the ensemble activity of lactotrophs has been shown
to be reorganized as a female enters nursing, with remarkably
long-lasting effects (Hodson et al., 2012). If and how the net-
work activity of TIDA neurons, the master control of the
lactotropic axis, are reconfigured as a consequence of repro-
ductive state remains, however, largely unknown. Here, we
used Ca*" imaging and whole-cell recordings, combined with
in situ hybridzation (ISH), in mice to determine the cellular
and network activity of these neurons during different repro-
ductive states. We demonstrate a reversible shift in ensemble
activity during lactation, and identify a candidate underlying
mechanism in altered membrane properties.
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Materials and Methods

Experimental design
Experiments were approved by the local animal research ethical commit-
tee, Stockholms Norra Djurforsoksetiska Namnd.

Experiments were performed in F1 adult (4-6 months) female and
male transgenic mice (on a C57BL/6] background) expressing GCaMP3
or tdTomato under the control of the dopamine transporter (DAT) pro-
moter (Ekstrand et al., 2007). Females were divided into different groups
according to the estrogen cycle: proestrus, estrus, diestrus/metestrus
(determined by the cytology of the vaginal smears) (McLean et al,
2012). For the lactating studies, dams were used between days 7 and 10
of lactation. For weaning studies, pups were removed from the dams at
postnatal day 21, which were used for recordings 3 weeks later.

Animals were anesthetized with pentobarbital, decapitated, and the
brain was dissected and sliced at 4°C in slicing solution of the following
composition (in mM): sucrose (213), KCI (2), NaH,PO, (1.3), NaHCO;
(26), CaCl, (2), MgCl, (2), and glucose (10); 250-pm-thick coronal
hypothalamic slices were cut on a vibratome. Slices where continuously
perfused with oxygenated aCSF containing the following (in mM): NaCl
(127), KCl (2), NaH,POy (1.3), NaHCOj (26), CaCl,, (2.4), MgCl, (1.3),
and glucose (10). Three to five slices per animal, with a minimum of
four oscillating cells per slice, were used for the network-mapping
experiments.

Immunofluorescence

Adult male mice (n=4) were anesthetized and perfused via the ascend-
ing aorta with a fixative containing 4% PFA and 0.2% picric acid. Brains
were dissected, cryo-protected in sucrose, rapidly frozen with CO, gas,
and sectioned on a cryostat at 14 um thickness. Tissue sections spanning
the entire rostrocaudal length of the Arc were processed for immunoflu-
orescence (Foo et al., 2014), using primary anti-TH antiserum (1:2000;
raised in rabbit; AB152; Millipore, RRID:SCR_008983) combined with
anti-GFP antiserum (1:4000; raised in chicken; GFP-1020; Aves Labs,
catalog #GFP-1020, RRID:AB_10000240). TH was visualized with
Alexa-594-conjugated secondary antisera (1:500; raised in donkey;
A21207; Thermo Fisher Scientific), and GFP was visualized with tyra-
mide signal amplification Plus (PerkinElmer) using HRP-conjugated
secondary antisera (1:500; raised in goat; 103-035-155; Jackson
ImmunoResearch Laboratories) and fluorescein tyramide substrate.
Tissue sections were mounted with 2.5% 1,4-diazabicyclo[2.2.2]octane
in 100% glycerol. Fluorescence micrograph montages were automatically
generated by taking consecutive pictures with a Carl Zeiss Axio Imager
M1 and merging them using MBF Neurolucida computer software.
Confocal micrographs were acquired with an Olympus FV1000 micro-
scope and visualized in BitPlane Imaris. For final images, brightness,
contrast, and sharpness were adjusted digitally.

RNAScope assay

Adult mice (nulliparous females in estrus and lactating dams) were
deeply anesthetized with isoflurane. The brain was removed and rapidly
frozen on dry ice. Brains were stored at —80°C until sectioning. Coronal
sections (14-20 um) of the hypothalamus were cut on a cryostat
(CryoStar NX70, Thermo Fisher Scientific) and mounted on SuperFrost
Plus slides (Thermo Fisher Scientific). Slides were processed for FISH of
multiple target RNAs simultaneously according to manufacturer proto-
cols for RNAScope (Advanced Cell Diagnostics). Briefly, sections were
postfixed in 10% neutral buffered formalin, washed, and dehydrated in
sequential concentrations of ethanol (50%, 70%, and 100%) at room
temperature. Samples were treated with protease, then incubated for 2 h
at 40°C in the presence of target probes to allow for hybridization. A se-
ries of three amplification steps is necessary to provide substrate for tar-
get fluorophore labeling. After labeling, samples were counterstained by
incubating for 30 s at room temperature with DAPI (Advanced Cell
Diagnostics). Prolong Gold Antifade Mountant (Invitrogen) was applied
to each slide before coverslipping. Images were acquired by confocal
laser scanning microscope (LSM710 META, Carl Zeiss). High-resolution
z-stack confocal images were taken at 0.3 um intervals. Cell-by-cell
expression profiles in the ROI (DAT mRNA-positive neurons in the
dmArc) were achieved by semiquantitative analysis where the number of


https://scicrunch.org/resolver/SCR_008983
https://scicrunch.org/resolver/AB_10000240

Thom Pérezetal.  TIDA's Network Activity during Lactation

dots (i.e,, single RNA transcripts) in each bin was estimated as described
by the manufacturer (Advanced Cell Diagnostics score: 0, no staining; 1,
1-3 dots/cell profile; 2, 4-9 dots/cell profile; 3, 10-14 dots/cell profile; and
4, >15 dots/cell profile) and the overall score (range 0-400) was calcu-
lated as follows:

H-score = Z (ACD score * percentage of cells per bin)

Prolactin level analysis

Mice were anesthetized with an intraperitoneal dose of pentobarbital,
and trunk blood samples were collected after decapitation. The serum
was obtained by leaving the blood to clot at room temperature for
30 min and centrifugation at 4°C for 15 min (10,000 rpm). The superna-
tant was aliquoted and stored at —80°C. Prolactin serum levels were
measured by bead-based sandwich immunoassay (Qundos et al., 2014).
Affinity reagents and the mouse recombinant prolactin protein, pur-
chased from RnD Biosystems Douset kit (RnD DY1445), were used to
quantify prolactin levels in serum. In brief, a goat anti-mouse prolac-
tin capture antibody, as well as goat IgG, were covalently coupled to
color-coded magnetic beads (MagPlex microspheres), which, together
with plain beads (as negative control), composed the bead-based
array. The coupling efficiency for the antibody was determined via R-phy-
coerythrin-labeled anti-goat IgG antibody (Jackson ImmunoResearch
Laboratories).

Serum samples were diluted 1:5 in assay buffer, and then 45 ul was
combined with 5ul of the bead array in microliter plates (Greiner).
Samples were incubated for 2 h on a shaker at room temperature and
650 rpm. Beads were washed on a magnet with PBS-T using a plate
washer (EL406, BioTek), followed by 1 h incubation of 70 ng/ml biotin-
ylated detection antibody (part B-DY1445). Beads were washed again,
and 0.5 ug/ml R-phycoerythrin-labeled streptavidin (Invitrogen) in PBS-
T was added and incubated for 30 min. Finally, washed samples were
measured in PBS-T using the MAGPIX instrument (Luminex). Median
fluorescence intensity and a standard curve were obtained for all sam-
ples. A 5PL parameter logistic curve was generated to interpolate median
fluorescence intensity into protein concentration (ng/ml).

Calcium imaging

The activity of oscillating neurons was recorded in a chamber that was
continuously perfused with oxygenated aCSF and maintained at ~36°C
on a microscope system (Carl Zeiss). Fluorescence images were captured
with a CCD camera (Evolve, Photometrics) monitored by fluorescence
changes under imaging acquisition in Image] (National Institutes of
Health) or Metafluor software. Imaging frames of 512 x 512 pixels were
acquired at 4Hz, during 90 s using a 20X water-immersion objective
(Carl Zeiss), and image sequences were analyzed with custom software
written in Image] (National Center for Microscopy and Imaging
Research: Image] Mosaic Plug-ins, RRID:SCR_001935) and MATLAB
(The MathWorks, RRID:SCR_001622).

Individual cells were marked as ROIs from the image sequences (i.e.,
all positive cells in one plane). Consistent with previous studies in mice,
both oscillating and nonoscillating DAT-GCaMP3 cells were found
(Zhang and van den Pol, 2015; Stagkourakis et al., 2018). Our focus in
this study was on the oscillating population, which was selected by the
fold difference in the intensity signal (>1%) and the rhythmicity index
(RI; defined below; >0.2).

The recorded intensity signals were presented as relative changes of
fluorescence in each of the selected ROIs and expressed as (AF/F0),
where FO is the minimum fluorescence value of the ROI and AF = (F -
F0) x 100. The frequency was determined using a power spectrum. The
signal was high pass filtered using a cutoff at 0.1 Hz, and the RI was
defined as RI = 3 a, where « is the amplitude of the peak at zero lag and
B is the amplitude of the peak at the period of the Ca®" oscillations, usu-
ally the second peak in the auto-correlogram (see Fig. 3Ba) (Levine et al.,
2002). Thus, the closer RI is to 1, the more rhythmic is the Ca®* signal.
A MATLAB script described by Smedler et al. (2014) was used to
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illustrate and determine the correlation matrix value and correlated cell
pairs were defined as the ones with autocorrelation coefficient > 0.8.

Simultaneous Ca>" imaging and whole-cell patch-clamp recording
(see below) were performed using a 64x water-immersion objective.
Whole-cell recordings were obtained through visualizing DAT-GCaMP3
cells and then adapting them to the differential contrast images. For tem-
poral synchronization of acquired images and recorded membrane
potential oscillations, camera exposure data indicating the occurrence of
each frame were obtained from the imaging system and recorded simul-
taneously with the intracellular signal using pClamp software (Molecular
Devices).

Electrophysiology

For the whole-cell recording experiments, identical conditions of perfu-
sion rate and temperature were kept as with Ca>" imaging. TIDA neu-
rons, visualized as DAT-GCaMP3 or DAT-tdTomato, were recorded
using patch electrodes pulled from borosilicate glass microcapillaries.
Whole-cell recordings were performed in current- or voltage-clamp
mode using a Multiclamp 700B amplifier (Molecular Devices). Bridge
balance and pipette capacitance compensation were automatically
adjusted. Liquid junction potential was 15.2mV and not compensated.
Patch pipettes had resistances of 4-7 M{) and contained the following
(in mM): K-gluconate (140), KCl (10), KOH (1), Na,ATP (2), and
HEPES (10). The pH was adjusted to 7.4 with 1 M KOH and the osmo-
larity to 280 mOsm. Solutions of pharmacological agents were bath-
applied at a perfusion rate of 1 ml/min.

Consecutive hyperpolarizing voltage steps (1 s, —140mV to
—70mV) were performed under Na* channel blockade by TTX (500
nM; Sigma Millipore) in the presence or absence of ZD7288 (Tocris
Bioscience). Drugs were kept as concentrated stocks dissolved in water
and kept frozen at —20°C. During the experiments, the drugs were
diluted to the final concentration in aCSF and bath-applied through the
perfusion system.

The signal was amplified, and low pass filtered online at 10 kHz, and
digitized. Data were acquired with Clampex software and analyzed using
Clampfit (pCLAMP 10, Molecular Devices), Spike2 4.16 (Cambridge
Electronic Design) or WinEDR, Electrophysiological data recorder 3.8.7
(University of Strathclyde) software.

Statistical analysis

Statistical analyses were performed using GraphPad (Prism) software.
Assumptions of normality and homogeneity of variance were tested
before conducting the following statistical approaches (Kolmogorov—
Smirnov test). Student’s ¢ test and Mann-Whitney were used to measure
the significance of the differences between two unpaired samples.
Multiple groups were compared using ANOVA with Tukey’s or Sidak’s
test as a post hoc comparison. In case the results failed the test of normal-
ity, Kruskal-Wallis ANOVA was performed (a= 0.05) with Dunn’s mul-
tiple comparison. Unless otherwise stated, data are expressed as mean *
SEM, and # indicates the number of animals, network maps, or cells as
specified. Box plots represent the interquartile (25%-75%) ranges; me-
dian/mean values with whiskers indicate maximum and minimum val-
ues. Statistical significance was set at p < 0.05.

Results
GCaMP3 dynamics
To access TIDA cells in acute hypothalamic slices, we used a
transgenic mouse line expressing the genetically encoded Ca*™*
indicator, GCaMP3 (under the control of the DAT promoter),
which is expressed in dmArc dopamine neurons (i.e., the TIDA
population) (Lorang et al., 1994). GCaMP3 expression was veri-
fied by GFP-like immunoreactivity and colocalization of the
rate-limiting enzyme in dopamine biosynthesis, TH (Fig. 14,B).
Voltage-gated Ca®" channels mediate a critical step in stimu-
lus-secretion coupling, converting action potential-triggered
depolarization to vesicular release of neurotransmitters (Katz
and Miledi, 1970). To determine the relationship between
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GCaMP3 Ca>* imaging faithfully correlates to electrophysiologically recorded membrane potential oscillations in TIDA neurons. 4, Fluorescence micrograph in the coronal plane of

a male DAT-GCaMP3 mouse brain at the level of the arcuate nucleus. Converted to grayscale and inverted for better contrast. Inset, Higher magnification of marked region. Ba—c, Confocal micro-
graphs of marked region in A, immunostained for Tyrosine Hydroxylase (TH) (red; Ba), GFP (green; Bb), and merged (Bc). Yellow represents colocalization of signals. (, Photomicrograph of a fluores-
cent DAT-GCaMP3 neuron in the dmArc during whole-cell patch-clamp recording. Dashed line outlines recording pipette. Da, Whole-cell current-clamp recording from a DAT-GCaMP3 neuron.
Downsampled trace overlaid in red. Db, Downsampled trace from Da aligned with the simultaneously recorded Ca®* imaging activity (green). Note coincident activity peaks in both signals. D,
Gray box in Db expanded to illustrate high peak-to-peak correlation (black arrow) and the slow decay kinetics of the Ca®* signal compared with the membrane depolarization. E, Cross-correlogram
between the downsampled membrane potential and the @" activity of trace (Dd). Scale bars: (in Ba) Ba—c, 100 um; €, 25 pum. 3V, Third ventricle; ME, median eminence.

GCaMP3-visualized Ca®" fluctuations and membrane potential
oscillations in TIDA neurons, we performed simultaneous Ca®"
imaging and whole-cell recordings in DAT-GCaMP3 neurons
(Fig. 1C), revealing a strong correlation with GCaMP3 waveform
peaks sharply phase-locked to the TIDA UP states (Fig. 1D;
n=13 of 13 cells). The characteristic fast rise and slow decay of
the Ca®" signal are illustrated in Figure 1Db, c. Cross-correlation
analysis of the two signals (Fig. 1E) highlights the positive corre-
lation (<0.5, n =13 of 13) between signal peaks, and the negative
correlation between Ca®" signal decay and the slow depolariza-
tion phase of the TIDA oscillation. Thus, Ca*" imaging can be
used as a reliable readout of the TIDA oscillation in individual
neurons as first identified by electrophysiology (Lyons et al.,
2010).

TIDA oscillation frequency increases during lactation

To determine whether different activity states in the lactotropic
axis are paralleled by changes in TIDA network behavior, Ca*"
imaging was performed on dmArc slices from DAT-GCaMP3
mice where circulating prolactin is low (juvenile males and
females during diestrus/metestrus), transiently elevated (proes-
trus, estrus), or sustained elevated (lactation). Estrous cycle
stages were determined by vaginal smears. The cytology of dies-
trus and metestrus smears could not consistently be reliably dif-
ferentiated from each other; but as they are distinct from the
other states by the presence of leukocytes, these two states were
pooled into one group (D/M). While the characteristic cytologi-
cal profiles of proestrus and estrus are distinct, there was no sig-
nificant difference in the oscillation frequency between these
states (Fig. 2B; f(o44y=1.48, p=0.14, unpaired ¢ test), so data
from these two groups were also pooled (P+E). In all

physiological conditions, the proportion of oscillating cells
remained similar (D/M: 53.2 = 8.6%; P + E: 43.7 = 5.1%; lactat-
ing 46.9 = 9.5%; of all fluorescent cells, and no significant differ-
ences between groups; cumulative total average for all groups:
47.9 * 10.0%). Figure 2Aa-d shows traces of simultaneous Ca>*
fluctuations from five cells from a single slice in the experimental
groups. The series of images from all groups (males, D/M, estrus,
and lactating) revealed a large distribution and overlapping dis-
persal of oscillation frequencies.

Oscillation frequency was not significantly different in com-
parisons between adult males (0.25 = 0.06 Hz) and the estrous
cycle groups (D/M=0.32 %+ 0.06 Hz, p,4j = 0.73; P+ E=0.36 =
0.06 Hz, p,g; = 0.25; p values for Tukey’s multiple comparison
test, which followed one-way ANOV A to reflect difference across
groups, F333)=9.89, p < 0.001). During lactation, TIDA neuron
oscillation activity persisted, consistent with a previous report
(Romano et al., 2013). The mean frequency of the Ca*" signal
fluctuation was, however, significantly faster compared with the
other groups (0.53 * 0.04 Hz; Fig. 2C). We found no correlation
between the number of oscillating cells in a slice and the mean
oscillating frequencies within the nulliparous female population
(Fig. 2D; R* < 0.05), suggesting that oscillation period does not
depend on active population size.

As summarized above, serum prolactin levels are shaped by
TIDA neurons, which exert tonic inhibition on pituitary lacto-
trophs (see Grattan, 2015). We performed a bead-based sand-
wich immunoassay to directly study serum prolactin levels in
the mice used in the recordings. Prolactin levels were signifi-
cantly different between males and the P+ E group and
between males and the lactating group (Fig. 2E; F3,7)=3.13,
p = 0.04, one way ANOVA).
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Figure 2.  The frequency of TIDA neuron Ca*" oscillations increases during lactation. 4, Representative concomitant traces of Ca>" fluctuations in DAT-GCaMP3 neurons in the dmArc from
the same slice in adult males (Aa), female in diestrus/metestrus (D/M; Ab), female in estrus (from the proestrus-+estrus group; P + E; Ac), and lactating dam (Ad). B, Box plot represents the
frequency of the Ca*" oscillations in DAT-CGaMP3 neurons in the dmArc recorded from female mice in proestrus and estrus. There is no significant difference between the two groups (unpaired
Student’s ¢ test, p=0.14). n indicates the number of animals/neurons. Box plots represent the interquartile ranges (square) and median (line). Values with whiskers indicate minimum and
maximum values. €, Scatter plots represent the mean frequency and SEM of oscillating DAT-GCaMP3 neurons in the dmArc (i.e., all oscillating cells, from all slices of a single mouse). The mean
frequency was significantly different between the lactating group and the male, D/M, and P + E groups. ***p<< 0.001 (one-way ANOVA with Tukey's multiple comparison as post hoc test).
**p > 0.01 (one-way ANOVA with Tukey's multiple comparison as post hoc test). All other comparisons between groups are nonsignificant. n indicates the number of animals/cells. D, The
number of oscillating cells in a slice plotted against the mean oscillation frequency of the same slice. No correlation (Pearson correlation: R << 0.05) is found, suggesting that the number of
active cells within a preparation does not influence the speed of the activity. E, Serum prolactin concentration measured by immunoassay in the experimental groups shown in C. *p > 0.05
(one-way ANOVA with Tukey’s multiple comparison as post hoc test). **p > 0.01 (one-way ANOVA with Tukey’s multiple comparison as post hoc test). All other comparisons between groups
are nonsignificant. n indicates the number of samples/animals.

Together, these results suggest that, while prolactin levels vary
dynamically both during the estrous cycle and during nursing, it
is only in conjunction with long-term changes in prolactin out-
put (ie., nursing), and not for more transient elevations (i.e.,
proestrus/estrus), that plastic changes that shift TIDA oscillation
frequency appear.

TIDA rhythmicity decreases during lactation

To further investigate the extent of TIDA network rearrange-
ment across high- and low-prolactin states, we conducted a
cross-correlation analysis of the Ca** fluctuations between all
oscillating cells in a single network (see Materials and Methods).
Figure 3A shows representative network maps from males,
estrous stages, and lactation. The color represents level of cell-
to-cell correlation according to the Ca>* activity profiles.
While correlated cell pairs could be observed in all stages,
they were rare (one or two per slice), suggesting an overall ab-
sence of synchronization. Figure 3C summarizes the matrix
value of each map in different physiological states. The differ-
ences in functional connectivity were not significant between

groups (F(3.116=2.358, p=0.0753, one-way ANOVA; n indi-
cates the number of network maps), suggesting that direct
communication between oscillating cells is low (and that a
common organizing input is unlikely, at least within the ana-
tomic confines of the slice preparation), and that this condi-
tion remains unchanged across the physiological states that we
examined. Thus, the state-dependent changes that we observed
in oscillation frequency are unlikely to be a consequence of modi-
fied connectivity in the network.

We also determined whether the oscillation rhythmicity is
related to the physiological state and/or to the frequency,
by analyzing the auto-correlation of each oscillating cell.
Representative auto-correlograms are shown in Figure 3Ba-d.
During lactation, the RI (see Materials and Methods) of the
cells decreased significantly compared with other states, indi-
cating a less regular oscillation pattern (Fig. 3D; H = 123.5,
p<<0.0001, Kruskal-Wallis). Notably, rhythmicity did not
exhibit a correlation to frequency analyzed across individual
cells, suggesting that these factors are independent variables
(Fig. 3E; R* < 0.05).
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Rhythmicity, but not functional connectivity, of TIDA neurons is affected in lactating dams. A, Representative network maps of the functional connectivity in DAT-GCaMP3 neurons

in the dmArc of adult male (Aa), female in diestrus/metestrus (D/M; Ab), female in estrus (from the proestrus+estrus group; P + E; Ac), and lactating dam (Ad). Color coding represents the
degree of correlation between neuron pairs. Ba—d, Representative autocorrelation from one of the neurons from maps shown in A for the respective groups. Ba, Autocorrelogram illustrates
the oscillation period (7), the amplitude of the first trough (), and the amplitude of the second peak (3); the Rl was defined as Rl = 3/cv. (, Scatter plots represent mean values of the cor-
relation matrix between groups and SEM. There are no significant differences (p = 0.31-0.87). One-way ANOVA with Tukey’s multiple comparison used as post hoc test. n indicates the number
of network maps per hemisphere. D, Box plots represent the interquartile ranges (square) and median (line). Values with whiskers indicate minimum and maximum values of the RI. The Rl of
the lactating group was significantly lower than the R of the other groups. ****p<< 0.001 (Kruskal-Wallis with Dunn’s multiple comparison as post hoc test). n indicates the number of cells.
All other comparisons between groups are nonsignificant. Scale bar: (in Ad) Aa—d, 50 jum. 3V, Third ventricle. £, The correlation between the Ca>* oscillation frequency and the Rl is low, sug-

gesting that the speed of the oscillation is independent of the rhythmicity.

Reversibility of the TIDA neuron network during weaning

Giving birth and nursing are, as a rule, recurring events for
mouse dams (and women) (Livingston, 2015). At the pituitary
level, multiple successful pregnancies have been shown to rein-
force lactation-associated plastic changes (Hodson et al., 2012).
We therefore sought to establish to what extent the frequency
changes associated with lactation in TIDA neurons are persistent
and/or accentuate with repeated pregnancies. We compared the
frequency of Ca®* oscillations in nulliparas, during lactation in
primipara mice, in 3 weeks weaned primipara dams, and in lac-
tating dams following a second pregnancy. Figure 4Aa-d shows
representative traces of Ca®" fluctuations in five TIDA neurons

from a single slice in a nulliparous (in estrus), a primipara-lactat-
ing (same as in Fig. 2Ac-d), a weaned female in estrus, and a lac-
tating dam following a second pregnancy (L2). As described
above, oscillation frequency was significantly higher in the lactat-
ing dams (Fig. 2C; F68)=19.26, p < 0.001, one-way ANOVA).
No significant difference was found between the averages for the
first and second lactation (p = 0.06, Tukey multiple comparisons,
which followed one-way ANOVA). However, there might be
subtle differences that do not emerge when the overall mean fre-
quency is compared between slices but are significantly different
when compared as individual cells (fzsg)=2.95 p=0.003,
unpaired ¢ test). Notably, however, TIDA oscillation frequency
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from the same slice in nulliparous female in estrus (Aa), primipara lactating (L1) dam (Ab), dam in estrus, 3 weeks after weaning (Ac), and lactating dam following a second preg-

nancy (L2; Ad). B, Box plot represents the interquartile ranges (square) and median (line).

Values with whiskers indicate minimum and maximum values of the oscillation frequency.

Note significantly lower frequency in weaned dams compared with L1 and L2. **p << 0.01 (one-way ANOVA with Tukey’ multiple comparison as post hoc test). ****p < 0.0001
€, There is no significant difference between the average frequency of the Ca>* oscillations between the estrus (nulliparous) group and the weaned females during estrus (unpaired
Student’s ¢ test, p = 0.06). D, There is no significant difference between the correlation matrix mean between the estrus (nulliparous) group and the weaned females during estrus
(unpaired Student’s t test, p = 0.14). n indicates the number of network maps per hemisphere. E, There is no significant difference between the rhythmicity index between the estrus
(nulliparous) group and the weaned females during estrus (Mann—Whitney, p = 0.33). n indicates the number of cells. Aa, Ab, Same traces as Figures 2Ac, d, respectively. The num-

ber of animals is as follows: L1, n=5; L2, n=5; nulliparous, n = 7; weaned, n = 4.

in the weaning period was significantly lower than during lacta-
tion, and statistically indistinguishable from the estrus period of
nulliparous females (Fig. 4C; t(45)=0.98, p =0.06, unpaired ¢ test).
We also compared correlation within the network (Fig. 4D;
tue) = 1.53, p=0.14, unpaired ¢ test) and the rhythmicity (Fig. 4E;
U=9209, p=0.33, Mann-Whitney) between the TIDA neurons
of nulliparous cycling mice in estrus and of weaned dams in
estrus but found no significant difference for either parameter.
These data suggest that the lactation-induced resetting of the
TIDA network reverses fully once nursing terminates but indi-
cate that there is no “experience” effect of multiple pregnan-
cies at this level of the lactotropic axis.

Changes in intrinsic properties

Having established that TIDA neurons undergo a reversible
acceleration of oscillation frequency during nursing, we next
turned our attention to cellular mechanisms that may be
involved in this adaptive resetting. This issue was explored by
patch-clamp whole-cell recordings from TIDA (DAT-GCaMP3
and DAT-tdT) neurons in lactating and cycling nulliparous
females. In current-clamp recordings, the previously described

UP-DOWN state oscillation (Lyons et al., 2010) could clearly be
observed in both groups (Fig. 5A,B). Notably, the nadir of the
oscillating membrane potential of TIDA neurons from nullipar-
ous females was —60.3 = 1.15mV (n=11), significantly more
hyperpolarized than the TIDA neuron nadir of lactating females
(—54.0 = 1.87mV, n=10; Fig. 5C; t(109)=2.74, p < 0.01, unpaired
t test). To determine whether membrane potential was related to
oscillation frequency, depolarization was induced by injecting
positive constant current into oscillating cells from nulliparous
females. This manipulation resulted in faster oscillations (n=11
of 11; Fig. 5A). Contrariwise, hyperpolarization induced by nega-
tive current injection to oscillating cells from lactating females
resulted in a slower oscillation (1 = 8 of 10; Fig. 5B). The relation-
ship between imposed (i.e., by current injection) nadir potential
and oscillation frequency in individual TIDA neurons from nul-
liparous and lactating females is plotted in Figure 5D. These data
suggest that the faster TIDA Ca®" oscillations during lactation
may be caused by a depolarizing influence.

Responses of TIDA neurons to a series of square current
injections revealed differences between nulliparous and lactating
females (n=5 or 6 cells/group; Fig. 5Ea): A transient outward
rectification was pronounced in nulliparous mice, similar to
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Figure 5. Lactation-associated increase in oscillation frequency is paralleled by depolarization and changes in TIDA membrane properties. A, Whole-cell current-clamp in vitro re-
cording of a DAT-GCaMP3 neuron in the dmArc from a nulliparous female. Membrane potential alternates between hyperpolarized DOWN states and depolarized UP states
crowned by action potential discharge. Note increasing frequency of oscillations as depolarizing current of increasing amplitude is injected (10 pA steps). B, Current-clamp re-
cording of a DAT-GCaMP3 neuron from a lactating female. Note faster oscillation frequency that slows down on injection of hyperpolarizing current (—15pA step). C, The
mean DOWN state potential (nadir) of DAT-GCaMP3 dmArc neurons from lactating females is more depolarized (—54.00 = 1.87mV; n=10) than in virgin females
(—60.00 == 1.15mV; n=11). **p < 0.01 (unpaired Student’s t test). D, Nadir potential plotted against oscillation frequency (data from whole-cell recordings in DAT-GCaMP3
neurons). Note linear relationship in both nulliparous and lactating females, and overall higher oscillation frequencies in lactating dams. Ea, Electrophysiological recordings of
DAT-GCaMP3 neuron from a nulliparous (top) and lactating (below) female in the presence of TTX (500 nm), to abolish oscillations and establish a stable baseline, in
response to a series of hyperpolarizing square current steps (—10/—20 to —50 pA). Blue arrow indicates outwardly rectifying (A-like) current. Note depolarizing sag in lac-
tating female (absent from nulliparous control), indicative of the h-current (I, magenta arrow). Eb, Representative traces from a whole-cell voltage-clamp recording from
DAT-tdTomato neuron in the dmArc from a lactating dam before and after 4-AP application (4 mu) application. Command voltage protocol to elicit A-like K* current shown
above. A-type currents were evoked in response to 10 mV membrane potential steps from —80 to 70 mV after a —100 mV prepulse. Ec, Current—voltage curves from nulli-

parous and lactating dams in the presence or absence of 4-AP. No significant difference was found between control and 4-AP conditions (p =0.08, F test; n = 5 for nulli-
parous; n=6 for lactating).

what has been reported in male rats (Lyons et al., 2010), where it~ (F315) = 13.82, p=0.08, F test). Thus, we conclude that alteration
has been attributed to an A-type K" current (I,). To determine  of I, is not a major contributor to the change in membrane
whether differences in this property could explain the depolar-  excitability observed in lactating females.

ized state of TIDA neurons during lactation, we used voltage-
clamp recordings and pharmacology to identify I, in TIDA  yated nonspecific cation current (I,), since it both has been
neurons from nulliparous and lactating females. An A-type cur-  implicated in network oscillations across a wide span of brain
rent could be blocked by application of 4-aminopyridine (4-AP)  regions (Bal and McCormick, 1996; Avella Gonzalez et al., 2015)
in both groups (Fig. 5Eb,c). No significant difference was found and can contribute to setting resting membrane potential
between TIDA neurons from nulliparous or lactating females ~ (Maccaferri et al, 1993; see He et al, 2014), making it an

We next turned our attention to the hyperpolarization-acti-
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attractive candidate to account for the network and cellular
changes observed in TIDA neurons during lactation. Previous
work in male rats has, however, reported little evidence of the
depolarizing sag, indicative of I,, in TIDA neurons (Lyons et al.,
2010). Similarly, we failed to observe a depolarizing sag in any of
the recorded TIDA neurons from nulliparous female mice
(n=16 of 16; Fig. 5Ea). In notable contrast, a subpopulation
(n=6 of 16) of TIDA neurons from lactating females exhibited
the depolarizing sag typical of I, (Fig. 5Ea,b). Thus, the lactation-
induced changes in rhythmic activity appear to be paralleled by
alterations of Iy, carried by hyperpolarization-activated cyclic nu-
cleotide-gated (HCN) channels.

Expression of HCN channels has been reported in the hypothal-
amus (Loose et al., 1990; Kelly et al., 2013), but the exact identity of

TIDA neurons express HCN channel mRNA. 4, Confocal micrograph from the arcuate nucleus of a female nullipar-
ous mouse in estrus after ISH (RNAScope) performed to detect DAT mRNA (white); section counterstained with DAPI (blue) to
visualize anatomy. Note distribution of DAT-expressing TIDA cells in the dmArc (arrow). Insets, High-magnification examples of
TIDA cells coexpressing DAT (white) and (in clockwise order): the HCN channel 1 (HCNT; magenta) and HCN2 (green); the HCN
channel auxiliary subunit, tetratricopeptide repeat-containing Rab8b-interacting protein (TRIP8b; green); HCN3 (magenta); and
HCN4 (magenta). B, Confocal micrograph organized as in A, from the arcuate nucleus of a lactating dam. All RNA transcripts
detected in the nulliparous female TIDA neurons can also be found in the same neurons from a lactating female. Scale bars: 4,
B, 100 zem; Inset, 20 wm. 3V, Third ventricle; ME, median eminence. (, Histogram displaying the H-score (see Materials and
Methods) of DAT-expressing neurons in the dmArc that coexpress HCN1-4 mRNA. The individual values represent the score
from slices from 3 animals in each group. The H-score is not statistically different for either HON mRNA between the two exper-
imental groups (unpaired Student’s ¢ test: HIN1, p = 0.43; HIN2, p = 0.45; HCN3, p = 0.13; HCN4, p = 0.05).
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HCN-expressing neurons in this region
remains unknown. ISH revealed that
mRNA transcripts encoding the HCN
subunits 1-4 canallbefoundin TIDA neu-
rons in the arcuate nucleus from nullipar-
ous females during estrus (Fig. 6A). In all
DAT" neurons sampled (n = 22-30, from
3 mice), at least one subunit was present.
Specifically, all (100%) DAT" neurons
expressed HCN1 (n=22) and HCN4
(n=30); 50% expressed HCN2 (n =22),
and 86% expressed HCN3 (n=30).
Furthermore, the HCN channel auxiliary
subunit, the tetratricopeptide repeat-
containing Rab8b-interacting protein
(TRIP8D) (Santoro etal., 2004; Lewis et
al.,, 2009), was also coexpressed with
DAT in the arcuate nucleus (Fig. 6A).
Notably, a similar expression pattern
was observed in TIDA neurons from
three lactating dams (Fig. 6B). All
DAT™" neurons in lactating females
contained mRNA for atleast one subu-
nit and 76% expressed HCN1 (n = 30),
92% expressed HCN2 (n=31), and
100% DAT " neurons expressed HCN3
(n=20) and HCN4 (n=22). The HCN
expression level in DAT " neurons was
quantified (H-score, see Materials and
Methods); no statistical differences
were found between the TIDA popula-
tions in nulliparous females in estrus
and lactating dams (Fig. 6C; HCN1
t(s)=0.85, p=0.43; HCN2 t =0.79,
p=0.45; HCN3 t;=1.68, p=0.13;
HCN4 t(;)=2.36, p=0.059, unpaired ¢
tests). These data suggest that the depo-
larization sagin TIDA neurons is likely
generated by I}, but that overt differen-
ces in the expression of HCN channels
are unlikely to account for the augmen-
tation of this currentduringlactation.
While I, contributes to rhythmic
oscillations in membrane potential in
many neurons and other excitable cells
(Bal and McCormick, 1996; Avella
Gonzalez et al., 2015), earlier studies fo-
cusing on male (Lyons et al., 2010) and
nonlactating female (Zhang and van den
Pol, 2015) rodents have failed to observe
current sag in oscillating TIDA cells, similar to our present
results in nulliparous mice, as noted above. The surprising find-
ing of a depolarizing sag in TIDA cells from lactating females
prompted us to evaluate the pharmacological identity of this
membrane property by applying the selective Ij, blocker, ZD7288
(Harris and Constanti, 1995). In all six TIDA neurons that dis-
played a sag on hyperpolarization, the sag was abolished in the
presence of ZD7288 (50 wmm; Fig. 7Aa), concomitant with a
membrane hyperpolarization. Quantification of the change in
“sag” amplitude (A mV; Fig. 7Ab) revealed a significantly
greater attenuating effect of ZD7288 in TIDA neurons from
lactating dams compared with nulliparous females (fg)=5.31,
p<<0.001, unpaired ¢ test). Furthermore, the addition of
ZD7288 resulted in a more hyperpolarized nadir potential of

TRIP8b DAT
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Figure 7. An increase in h-current contributes to increased TIDA oscillation frequency during lactation. Aa, Whole-cell current-clamp in vitro recording of a DAT-GCaMP3 neuron in the
dmArc from a lactating dam; negative current step injected to reveal depolarizing sag indicative of h-current (I; magenta trace). Superimposed gray trace represents the same cell recorded in
the presence of the I,-blocker, ZD7288 (50 wum). Sag abolished after pharmacological blockade. Ab, The voltage difference between the sag and the steady state of a hyperpolarizing step is sig-
nificantly larger in TIDA neurons from lactating dams compared with nulliparous females. ***p << 0.001 (unpaired Student’s ¢ test). Ac, The blockage of I, by ZD7288 decreased the nadir
potential in lactating dams (Lac) but not in nulliparous females (Nulli). *p << 0.001 (paired ¢ test). Ba, Representative trace from a whole-cell voltage-clamp recording from DAT-tdTomato neu-
ron in the dmArc from a lactating dam (in the presence of TTX, 500 nm) before (magenta) and during (gray) ZD7288 application (50 ). Bb, Application of ZD7288 decreased the sag ampli-
tude of I, in both nulliparous and lactating dam TIDA neurons. *p << 0.05 (paired Student’s t test). Bc, I-V curves from nulliparous and lactating dams in the presence or ahsence of ZD7288.
Bd, The comparison of the slope obtained by linear fitting of the |-V curves reveals a difference in lactating dams with respect to nulliparous, which is abolished during Ih blockade by ZD7288.
*p < 0.05 (two-way ANOVA with Sidak's multiple comparison as post hoc test). , Representative traces of Ca*" fluctuations in a DAT-GCaMP3 neuron before and during ZD7288 application in
nulliparous and lactating dam. Box plot represents the effect of bath-applied ZD7288 (50 um) on the frequency of Ca®* oscillations in DAT-GCaMP3 neurons from nulliparous and lactating
females. In nulliparous, the frequency remains unchanged during pharmacological blockade of I, (p = 0.77, paired Student’s t test); whereas in lactating females, the frequency decreased dur-

ing ZD7288 application (p = 0.01, paired Student’s ¢ test) **p = 0.01. The frequency was significantly different between control conditions without ZD7288 (p = 0.03, unpaired ¢ test).

TIDA cells from lactating dams (Fig. 7Ac; t4)=10.04, p <
0.001, paired t test) but did not affect the nadir potential of
TIDA neurons from nulliparous mice (Fig. 7Ac; t4) = 1.068,
p=0.35, paired ¢ test). This finding suggests that the depolar-
ized membrane potential of TIDA cells during lactation (Figs.
5C, 7Ac) might, at least in part, be related to enhanced I}, in
this physiological state.

To further validate the presence of I;, in TIDA neurons, volt-
age-clamp recordings were performed in lactating dams for com-
parison with nulliparous females in estrus (Fig. 7Ba) The main
effects are presented in Table 1. Cell capacitance was not signifi-
cantly different (¢g)=0.15, p=0.88, unpaired Student’s ¢ tests).
Membrane potential was analyzed with a 2x (states: nulliparous
vs lactating) x 2 (conditions: control vs ZD7288) ANOVA. The
main effects were qualified by a significant interaction between

state and condition (F(;g =9454, p=0.046). The difference
between states was significant (F(; g)=8.81, p = 0.018), and the
main effect of ZD7288 was also significant (F;g,=5.87, p =
0.041). Sidak’s multiple comparisons test indicated that states
and conditions were significantly different (p < 0.05, 95% CI of
the difference = —10.42 and —9.74, respectively). Input resist-
ance was also analyzed with a two-way ANOVA between states
and conditions, and it did not show an interaction (F(, gy =2.07,
p=0.19). Adjusted comparisons indicated that states differ
(F1,8=5.59, p=0.046); and in contrast, the conditions did not
significantly differ (F(; 5y = 1.46, p = 0.261).

The response to hyperpolarizing voltage steps, under TTX
application, revealed the presence of a ZD7288-sensitive current
in both groups (Fig. 7Bb; nulliparous, (4 =2.68, p =0.02; lactat-
ing, t4)=7.2, p=0.001, paired ¢ test). However, the analysis of
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Table 1. Summary of basic electrophysiological properties of TIDA neurons in nulliparous and lactating females”

Nulliparous Lactating State p
Cell capacitance 197 27 203 =30 p=0.88
Membrane potential (mV)
Condition Control —514+09 —42.74+33 Main effect of states: p=0.018*
Conditions: p = 0.041*
D —512%=05 —446*+28 Interaction: p = 0.046*
Input resistance (G€2)
Condition Control 0702 —21=%05 Main effects of state: p = 0.046*
D 0.6 £0.2 —35+14 Conditions: p = 0.262

Interaction: p =0.19

?Baseline electrophysiological properties of TIDA neurons in nulliparous and lactating females before and during ZD7288 application. Experiments were performed in the presence of TTX. Data are mean = SEM; n = 5 for

each group.*Two-way ANOVA and Sidak’s test as a post hoc test (p << 0.05).

the currents in response to consecutive command voltage steps
indicated a greater sensitivity to ZD7288 in TIDA neurons from
lactating mice in comparison with nonlactating mice (Fig. 7Bc).
Notably, the slope of the I-V curves from TIDA cells during
lactation differs significantly from those from nulliparous in
control conditions (Fig. 7Bd; Fg =8.337, p=0.01, two-way
ANOVA), but the application of ZD7288 eliminates that dif-
ference (F(;5 =0.7658, p=0.395 two-way ANOVA, Sidak’s
comparison). Thus, while I;, can be detected through voltage
clamp in nulliparous females, this current is enhanced in lac-
tating dams. The induction or upregulation of this current is
thus a candidate to explain, at least in part, the depolarized na-
dir potential and faster oscillations that TIDA neurons exhibit
during nursing.

To test this hypothesis, we assessed whether pharmacological
blockade of I, affects oscillation frequency recorded at the net-
work level. Thus, ZD7288 (50 um) was applied during visualiza-
tion of Ca*" oscillations in DAT-GCaMP3 females. In oscillating
TIDA cells from nulliparous females (n =59), the frequency was
not significantly affected by I,, blockade (Fig. 7C; t(sg)=1.06
p=0.77, paired ¢ test). In contrast, in TIDA cells from lactating
females (n =72), the mean frequency was significantly reduced in
the presence of ZD7288 (Fig. 7C; t(;1y=3.28 p=0.01, paired ¢
test), supporting a role for augmented I, in accelerating network
rhythms during nursing. Notably, the frequency was significantly
different between nulliparous and lactating females under con-
trol conditions (t(129) = 0.26, p = 0.03, unpaired ¢ test).

Discussion
Few, if any, physiological life events rival the scope and impact of
adaptive changes that pregnancy and nursing impose on the
body. Virtually all organ systems undergo profound structural
and functional modifications to prepare the mother for carrying,
giving birth to, and nursing her offspring from conception to
weaning. In order to organize, coordinate, and properly sequence
these events, the CNS also undergoes reorganization in key cir-
cuits (see Brunton and Russell, 2008; Elyada and Mizrahi, 2015).
In particular, such changes should involve the networks that con-
trol the secretion of hormones that define maternal physiology
and behavior. Here, using Ca>* imaging, ISH, and electrophysio-
logical recordings, we show that TIDA neurons, the main regula-
tor of pituitary prolactin release, shift to faster oscillation
frequencies during lactation (but not during the course of the
estrous cycle), that this is a reversible phenomenon, and present
an upregulation of I, as one of the candidate mechanisms for the
resetting of rhythms in the nursing dam.

Earlier work has described altered neurochemistry and
modulation of TIDA neurons that allow for a sustained hyper-
prolactinaemia during lactation that, under most other stages in

life, is corrected by powerful feedback mechanisms (see Le
Tissier et al.,, 2015). Thus, the increase in dopamine output at
the neurovascular interface in the median eminence, which is
normally triggered when circulating prolactin rises, is now
abolished. Indeed, indices of dopamine release at the median
eminence drop during lactation (Selmanoff and Wise, 1981; Ciofi
et al,, 1993). This has been attributed to suppressed biosynthesis
through downregulation of expression (Wang et al, 1993) and
phosphorylation (Feher et al., 2010; Romano et al,, 2013) of TH,
and a blunted ability of prolactin to trigger key intracellular signal-
ing pathways (Anderson et al., 2006). Diminished dopamine pro-
duction is further paralleled by an induction of the peptide,
enkephalin (Ciofi et al., 1993; Merchenthaler, 1993; Yip et al,
2019), which may inverse the action of TIDA neurons on prolac-
tin release (see Le Tissier et al., 2015). We demonstrate here that
neuroendocrine adaptation to motherhood also involves changes
in the dynamics of TIDA network activity.

Thus, the transition to motherhood appears to involve not
only changes in what is released from TIDA neurons, and the
influence of incoming hormonal signals, but also how the neuro-
secretory signals are released. Interestingly, oscillation frequency
was increased only in lactating animals but not in the P+ E
group, although the latter period is also typically characterized
by elevated circulating prolactin (Ronnekleiv and Kelly, 1988;
Szawka et al, 2007). Thus, it may be speculated that, while
dynamic recalibration of TIDA rhythms contributes to sustained
hyperprolactinemia during lactation, brief serum peaks of pro-
lactin, such as those within the estrous cycle, result from a quali-
tatively different modulation of the system. This possibility
should, however, be considered with a caveat: if the pre-estrus
peak is preceded by a very transient frequency shift that can only
be recorded for a brief time, it could have escaped detection in
our Ca®" imaging experiments. At the receiving end of the dopa-
mine signal (i.e., the pituitary lactotrophs), there is a concomi-
tant consolidation of functional connectivity during lactation
(Hodson et al, 2012). A full understanding of how the dopa-
mine-prolactin axis adapts for nursing will thus need to consider
the cumulative effects of changes in both sender (TIDA) and re-
ceiver (pituitary).

MRI has revealed consistent structural modifications in the
cerebral cortex of pregnant women (Hoekzema et al, 2017).
Overall, published pregnancy- and/or lactation-associated CNS
changes generally consist of alterations in structure or gene
expression (e.g., Theodosis et al., 1986; Shingo et al., 2003;
Meurisse et al., 2005; Cortes-Sol et al., 2013). In comparison, lit-
erature describing functional puerperal brain plasticity is scarce,
with the exception of work identifying how the maternal brain is
reorganized to detect and integrate different pup-generated sen-
sory signals (Marlin et al., 2015). These studies offer a precedent
for a dynamic reorganization of the dam’s brain, as we report
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here for a hypothalamic population. In a previous study, where
TIDA electrical activity was recorded in loose-patch configura-
tion, the oscillation period was not found to be different between
male, virgin female, and lactating mice (Romano et al., 2013). It
is possible that the recording technique, which excludes sub-
threshold activity, and the smaller number of cells included, pre-
cluded detection of the changes we report here. The unbiased
nature and large cell yield of Ca>* imaging optimize chances of
identifying alterations at the population level.

Our work further identifies augmentation of I, as a candi-
date mechanism to account for the increased TIDA frequency
in dams. This current is implicated in network rhythmicity
(see Luthi and McCormick, 1998) and contributes to depolari-
zation of the resting membrane potential (Maccaferri et al,
1993; see He et al., 2014), as observed in the lactating mothers
(present results). Indeed, we have described a correlation
between depolarization and oscillation frequency in mouse
TIDA neurons (Stagkourakis et al., 2018), and the present
data show that pharmacological blockade of I, reduces the lac-
tation-associated fast rhythm, similar to the rate of nulliparous
dams.

The voltage sag typical of I, is not apparent in TIDA neuron
current-clamp recordings in male juvenile rats (Lyons et al,
2010) or mouse (Zhang and van den Pol, 2015). That does not
by necessity mean that the current is fully absent from these
neurons. Indeed, indirect evidence supports the functional
relevance of I;, within the system as application of ZD7288 to
rat TIDA cells interferes with the ability of D2Rs to modulate
oscillation frequency (Stagkourakis et al., 2016), and in the
same system we have observed a ZD7288-induced slowing of
network rhythms. The failure to visualize voltage sag in somatic
current-clamp recordings may reflect a location on dendrites (dis-
tant of the location of the recording pipette) (Magee, 1998; Stuart
and Spruston, 1998; Notomi and Shigemoto, 2004). In voltage-
clamp recordings, a ZD7288-sensitive I;, component could be seen
in nulliparous mouse TIDA neurons (current study). Importantly,
however, this component was substantially bigger, and could only
be seen in current-clamp recordings, in TIDA neurons from lac-
tating dams. We thus conclude that Ij, is augmented during
nursing.

In this context, it should be noted that changes in Ij, are
unlikely to exclusively account for the network reorganization of
TIDA neurons during lactation. Notably, we observed a threefold
increase in input resistance in nursing dams, contrary to what an
augmentation in I would be expected to yield. Thus, other
membrane properties are also expected to be subject to modula-
tion in the TIDA population in the puerperal state. While our
current study suggests that I, is not among such conductances,
the full identification of these physiological targets is an impor-
tant future goal. Nonspecific cation conductances carried by
transient receptor potential cation channels have been shown to
be targets for neuromodulation in TIDA neurons (e.g., Lyons et
al,, 2010; Briffaud et al., 2015; Blum et al., 2019); their potential
role in the transition of TIDA neurons to the high-prolactin state
of lactation remains to be determined.

The most parsimonious explanation for the appearance of I,
in TIDA neurons from lactating dams is an increased transcrip-
tion of HCN proteins. Indeed, both I}, and HCN expression have
in other neuronal systems shown to be sensitive to sex steroid
status (Piet et al., 2013; Qiao et al., 2013). However, mRNAs for
all HCN subunits, as well as the associated HCN protein TRIP8b
(Santoro et al., 2004; Lewis et al., 2009), were readily detectable
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in TIDA neurons in both nulliparous and lactating females. This
semiquantitative analysis revealed that the overall HCN expres-
sion was not statistically different between virgin and lactating
female mice. An alternative scenario thus merits consideration,
taking into account the ultrashort dopaminergic autoinhibitory
loop recently described in the TIDA system (Stagkourakis et al.,
2016). In the prepubertal male, activation of somatodendritic
D2Rs slows TIDA oscillations. Pertinent to the present results,
D2Rs can attenuate I, in TIDA neurons (Stagkourakis et al,,
2016), respectively, likely through adenylate cyclase inhibition
and consequently decreased [CAMP];pyaceliulars @ Known activator
of HCN channels (Parkening et al., 1982; Santoro et al., 1998).
Thus, the lactating dam, where TIDA dopamine output has been
proposed to be decreased (Demarest et al., 1983; Wang et al,,
1993; Nagai et al., 1995), would be likely to experience a decreased
D2R-mediated inhibition, leading to increased [cCAMP];yruceliuar Which,
in turn, would unmask a suppressed I, resulting in depolariza-
tion and faster oscillations.

It seems reasonable that at least some of the pregnancy- and
lactation-associated brain adaptations need to be reversible to
make possible new gravid cycles (up to eight in the female mouse
life span) (Nagai et al., 1995). Yet, examples of such adaptations
from the literature have, when assessed, in general demonstrated
more or less persistent changes (Macbeth et al., 2008; Galindo-
Leon et al,, 2009; Cohen et al,, 2011; Hoekzema et al., 2017; see
also Kinsley et al., 2012). In contrast, the present results show
that, after weaning, TIDA oscillations are reset to their prepreg-
nancy frequencies. We also assessed whether oscillation fre-
quency differs between a dam’s first and second lactation
periods. No significant difference was found when the means of
the frequencies between animals were compared. However, when
the t test was performed on values from individual cells
(i.e., a larger sample), the second lactation was marked by signifi-
cantly higher oscillation frequencies. This could imply a capacity
for “learning” that would improve performance with repeated
nursing periods. In humans, reproductive experience impacts on
nursing such that mothers produce more milk (Ingram et al,,
2001), although prolactin levels are lower (Musey et al., 1987; Dos
Santos et al., 2015), on a second and subsequent lactation periods.

In conclusion, the results presented here reveal a new level of
plasticity in the neuroendocrine system, where the sustained ele-
vations of prolactin that drive maternal physiology and behavior
in the nursing state are paralleled by a reversible reconfiguration
of the hypothalamic circuit that controls its release. Our work
identifies a candidate mechanism in the upregulation of I, (likely
to be accompanied by further changes in membrane properties)
and shows how the maternal brain resets to prepare for the ar-
rival of new offspring.
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