bioRxiv preprint doi: https://doi.org/10.1101/2021.07.26.453888; this version posted June 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

1 Recording and Manipulation of the Maternal Oxytocin

2 Neural Activities in Mice

3

4  Hiroko Yukinaga!, Mitsue Hagihara!, Kazuko Tsujimoto', Hsiao-Ling Chiang!,

5  Shigeki Kato?, Kazuto Kobayashi?, and Kazunari Miyamichi'-3**

6 ! Laboratory for Comparative Connectomics, Riken Center for Biosystems Dynamics

7  Research, Kobe, Hyogo 650-0047, Japan

8 2 Department of Molecular Genetics, Institute of Biomedical Sciences, Fukushima

9  Medical University School of Medicine, Fukushima 960-1295, Japan
10 3 PRESTO, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012,
11 Japan
12 *Lead Contact
13 *Correspondence: kazunari.miyamichi@riken.jp
14
15  Summary
16  Pulsatile release of the hormone oxytocin (OT) mediates uterine contraction during
17  parturition and milk ejection during lactation'. These pulses are generated by unique
18 activity patterns of the central neuroendocrine OT neurons located in the paraventricular
19  and supraoptic hypothalamus. Classical studies have characterized putative OT neurons
20 by in vivo extracellular recording techniques in rats and rabbits under anesthesia'*” or
21 awake®!%. Due to technical limitations, however, the identity of OT neurons in these
22 previous studies was speculative based on their electrophysiological characteristics and
23  axonal projection to the posterior pituitary, not on OT gene expression. To pinpoint OT
24  neural activities among other hypothalamic neurons that project to the pituitary!!"'? and
25  make better use of cell-type-specific neuroscience toolkits!®, a mouse model needs to be
26  developed for studies of parturition and lactation. We herein introduce viral genetic
27  approaches in mice to characterize the maternal activities of OT neurons by fiber
28  photometry. During lactation, a sharp photometric peak of OT neurons appeared at
29  approximately 520 s following simultaneous suckling stimuli from three pups. The
30 amplitude of the peaks increased as the mother mice experienced lactation, irrespective
31  of the age of the pups, suggesting the intrinsic plasticity of maternal OT neurons. Based
32 on a mono-synaptic input map to OT neurons, we pharmacogenetically activated the
33  inhibitory neurons in the bed nucleus of the stria terminalis and found suppression of
34  the activities of OT neurons. Collectively, our study illuminates temporal dynamics in
35  the maternal neural activities of OT neurons and identifies one of its modulatory
36  circuits.
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37

38  Highlights:

39 - Pulsatile activities of genetically-defined OT neurons in mother mice were recorded
40 in vivo.

41 - The maternal experience-dependent plasticity of the OT neural activities was found.
42 - Input-mapping of OT neurons in mother mice was performed by rabies-mediated
43 trans-synaptic tracing.

44 - Photometric peaks of OT neurons were suppressed by the activation of BST
45 inhibitory neurons.

46

47  RESULTS

48  During parturition and lactation, OT neurons are thought to fire synchronously in bursts,
49  resulting in pulsatile OT secretion, which is necessary for the contraction of the uterine
50  and mammary glands'?. Although cell-type-specific recoding and manipulations of the
51  OT system have been reported in previous studies of OT-mediated emotions and social

52  behaviors>'4 18

, the maternal functions of OT neurons remain uncharacterized by
53  cell-type-specific neuroscience toolkits. This motivated us to introduce in vivo chronic
54 Ca’" imaging to characterize the activities of OT neurons during parturition and
55  lactation.

56

57  Activities of OT neurons during parturition

58 We used fiber photometry!® to monitor selectively the activity dynamics of
59  genetically-defined OT neurons in free-moving female mice. As a target, we focused on
60 the paraventricular nucleus of the hypothalamus (PVH) because it contains a large
61  number of OT neurons projecting to the posterior pituitary'? and can be accessed with
62 minimum damage to the other hypothalamic regions. Hereafter, for simplicity, we refer
63  to OT neurons located in the PVH as OT neurons. An optical fiber was implanted above
64 the PVH of sexually naive OT-Cre?®; 4i162*' double heterozygous female mice. These
65 mice were then crossed with stud male mice, and Ca®" imaging was performed.
66  Post-hoc histochemical analyses confirmed the fiber location (Figure 1A) and
67  specificity of GCaMP6s expression (Figure 1B and 1C).

68 To monitor the neural activities of OT neurons during parturition, we applied
69  an apparatus to capture the Ca?" dynamics together with video records of the side and
70  bottom views of the mouse cage (Movie S1). We habituated the female mice to the
71  apparatus and started recording from the evening before the expected parturition day.

72  Parturition in our experimental condition started mostly from Zeitgeber time (ZT) 17 to
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73 20 (Figure 1D), where ZT 0 is the onset of the light phase. It lasted for one to a few
74  hours, with a median interval of about 20 min for each pup delivery. No difference was
75  found in the inter-pup interval with or without connecting to optical fibers (Figure 1E),
76  suggesting that spontaneous parturition under fiber photometry was grossly normal.
77 Fiber photometry data showed pulsatile Ca®" activities that started about 10
78 min before each delivery, whereas no peaks were observed in the 405-nm channel
79  representing a non—calcium-dependent signal (Figures 1F, 1G, and SIA-S1D). From the
80 side view, we observed abdominal contractions of the mother occurring 10-15 s after
81  the photometric peaks (Figure 1F). The number of peaks before each delivery was often
82  6-8, but this varied substantially, even among individual deliveries of pups by a single
83  mother (Figure SIA-S1D). In a heat map representation, high Ca*" signals were
84  clustered before, but not after, the delivery of pups (Figure 1H), while some intensive
85  signals after the delivery of pups likely reflected the delivery of placental materials.
86  These data show the temporal dynamics of photometric signals of OT neurons in the
87  course of spontaneous parturition in mice.
88
89  Activities of OT neurons during lactation
90  We recorded the activities of OT neurons of female mice in various conditions. While
91 no apparent photometric peaks were observed when late pregnant female mice played
92  with a toy (Figure S1E), we detected intensive photometric peaks during lactation
93  starting several hours after parturition (Figure S1F). These observations motivated us to
94  characterize further the neural activities of OT neurons in lactating mothers. A
95  representative trace in Figure 2A shows photometry data from a mother at postpartum
96 day 12 (PPD12) for 12 continuous hours. OT neurons often exhibited a cluster of peaks
97  throughout the recording session. In this trace, we detected 62 peaks, with highly
98  stereotyped height and full-width at half-maximum (FWHM) of individual waveforms
99  (Figure 2B-2D). By contrast, the inter-peak interval substantially varied; although the
100  majority clustered around 270 s, small fractions ranged widely, from 20 min to close to
101 1 h (Figure 2E).
102 Next, we aimed to characterize the relationships between nipple stimulation by
103 pups and photometric signals. Based on the finding that three or more pups are required
104  for reliable activation of a mother’s OT neurons (Figure S1G and S1H), we placed three
105  pups with PPD10 mothers and monitored the behaviors of mothers and pups at the onset
106  of photometric peaks (Movie S2). We found that the peak appeared on average at 520 +
107 101 s (mean =+ standard error of the mean) after simultaneous suckling by all three pups

108  (Figure 2F and 2G). This supports the notion that the observed photometric peaks are
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109  related to milk ejection.

110 When we chronically monitored the activities of OT neurons in the early and
111 later lactation periods, we noticed that individual peaks became much higher as mothers
112  experienced lactation. Because the intensities of the photometric peaks observed in each
113 mother varied considerably, probably because of the variable optical fiber location
114  relative to the PVH, the exact value of AF/F could not be compared among different
115  animals. Therefore, we analyzed the fold change of the same animal from PPDI1 to
116  PPD12-16 and found that the height of the peaks was almost doubled in the PPD12-16
117  compared with the PPD1 mothers (Figure 2H-2K). Enhanced photometric signals in the
118  experienced mothers may have been caused by stronger nipple sucking by elder pups.
119  Alternatively, this change may be intrinsic to maternal OT systems, independent of the
120  sucking skills of pups. To distinguish these two possibilities, we cross-fostered pups
121 between PPD1 and PPD12-16 mothers. The height of the peaks would change after
122 swapping if the pups were the determinant. We found that the peaks in PPDI and
123 PPD12-16 mothers remained unchanged, regardless of the age of the pups (Figure 2L—
124  2N). Therefore, enhanced photometric peaks in PPD12—-16 mothers are not simply due
125  to the greater nutritional requests by pups, which suggests the presence of plasticity in
126 the OT neural system. This can lead to a more efficient milk ejection reflex as pups
127 grow.

128 If the photometric peaks were enhanced by lactation experience, how would
129  they behave in secundiparous mothers who nurse their second litters after weaning the
130  first ones? In some cases (n = 5), we chronically monitored the same female mice
131  throughout the first (#1) and second (#2) postpartum periods (Figure 2I). Enhanced
132  peaks established by PPD12*! tended to return to baseline at PPD1* and increased
133 again by PPD12* (Figure 2J); however, due to the limited numbers of samples, we
134  could not confirm this notion statistically. Instead, we confirmed a significant increase
135 in the peak height analyzed separately by the fold change from PPD1* to PPD12-16%
136 (n = 7 secundiparous mothers, Figure 2K). These observations are consistent with the
137  notion that the lactation-dependent enhancement of photometric peaks of OT neurons is
138  reset by each parturition. Collectively, our data reveal the temporal dynamics of neural
139  activities of OT neurons during lactation.

140 Lastly, we compared the waveforms of photometric signals during parturition
141 (Figure 1G) and lactation (Figure 2B) using the same female mice. From parturition to
142  PPDI, the average FWHM was significantly reduced and the average peak height was
143  greatly increased (Figure S1I and S1J). Therefore, the photometric signals in lactation

144  were steeper. The inter-peak interval was much shorter during parturition; the median
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145  peak interval was 50.3 s before delivery (Figure S1D) and about 270 s during lactation
146  (Figure 2E). These data reveal that the shape and interval of photometric signals
147  significantly differed between parturition and lactation, suggesting that the neural circuit
148  mechanisms that generate these peaks change quickly (within several hours) from the
149  peri-partition to lactation phase (Figure S1F).

150

151  Input neural circuit mapping to OT neurons

152  How are the neural activities of OT neurons modulated by afferent neural circuitry? The
153  current understanding is mostly based on the classical non—cell-type specific lesion or

154  electric stimulation data in postpartum rats during lactation®*?*,

Mapping
155  mono-synaptic input to OT neurons would be the first step to address this issue. We
156  applied Cre-dependent rabies-virus-mediated trans-synaptic tracing?>2® to OT neurons.
157  To map long-distance input to OT neurons efficiently, we injected Cre-dependent
158  adeno-associated virus (AAV) vectors for CAG-FLEx-TC® (TVA-mCherry” ") and
1569  CAG-FLEx-RG (rabies glycoprotein) into the PVH of sexually naive O7-Cre female
160  mice. We then crossed them with stud male mice and injected rabies dG-GFP+EnvA
161  into the PVH of age-matched sexually-experienced nonpregnant control mice and PPD1
162  mothers (Figure 3A) for a side-by-side comparison. A negative control experiment
163  omitting Cre expression showed 385.8 + 76.4 GFP expressing (GFP+) cells as
164  nonspecific rabies labeling®®, the vast majority of which were located in the PVH (72%)
165  and paraventricular thalamus (PVT, 18%). Thus, we excluded PVH and PVT from the
166  analysis of long-range input to OT neurons.

167 Overall, the number of starter cells (i.e., those labeled with TVA-mCherry and
168  rabies-GFP) was comparable in nonpregnant and lactating female mice (Figure 3B and
169  3C), consistent with a previous report showing no major changes in the number of OT
170 neurons upon lactation in rats'”. The majority of presynaptic neurons were located in the
171 broad preoptic and hypothalamic areas (Figure 3D) with prominent input structures,
172  including the medial preoptic nucleus (MPN), supraoptic nucleus (SO), dorsomedial
173 hypothalamus (DMH), ventromedial hypothalamus (VMH), and arcuate hypothalamic
174  nucleus (ARH). We also noticed substantial input cells in the extra-hypothalamic areas,
175  such as the lateral septum (LS), the bed nucleus of the stria terminalis (BST), and the
176  periaqueductal gray of the midbrain (PAG). Input patterns were grossly similar between
177  nonpregnant female mice and lactating mothers (Figure 3E and 3F), with no statistically
178  significant differences in any brain region (Table S1); however, a weak tendency to send
179  more input to OT neurons was seen in anterior brain regions in lactating mothers.

180 Next, we analyzed the cell type of input neurons. Brain slices containing six
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181  selected areas were stained by in sifu hybridization (ISH) with an excitatory or
182  inhibitory neural marker, vGluT2 or vGAT, together with immunostaining of rabies-GFP
183  (Figure S2). Input neurons originating from the anteroventral periventricular nucleus
184 (AVPV) and DMH were mixed with vG/uT2+ and vGAT+ subpopulations, whereas
185  those from the LS, BST, and ARH were mostly GABAergic, and those from the VMH
186  were mostly glutamatergic. No difference in the fraction of excitatory or inhibitory
187  neurons was observed between nonpregnant female mice and lactating mothers.

188 As TCP’-based trans-synaptic tracing contained substantial local background
189  labeling, we utilized a mutant TVA receptor’® to characterize local connectivity within
190 the PVH more accurately and reduce the nonspecific labeling to zero (Figure S3).
191  Rabies-GFP spread to local PVH neurons (Figure S3B), showing abundant local PVH
192  input to OT neurons. To characterize the cell type of GFP-labeled neurons, we detected
193 mRNA for OT and its related peptide hormone vasotocin?’ (VT; also known as
194  arginine-vasopressin), together with immunostaining of rabies-GFP (Figure S3D). In
195  nonpregnant female mice, 6.2% + 1.0% of GFP+ neurons were O7+, and 17.9% + 2.4%
196  were VT+, demonstrating intensive connectivity among neurons producing posterior
197  pituitary hormones. In lactating females, OT-to-OT connection tended to increase,
198  whereas no change was seen in VT-to-OT connection (Figure S3E). As VT and OT
199  neurons account for only 20%-30% of GFP+ neurons in the PVH, other types of
200  neurons are likely to contribute to the regulation of OT neurons via the local circuits.
201 In summary, our input circuit mapping forms a basis to characterize afferent
202  neural circuitry to OT neurons that underlie various OT-mediated biological processes,
203  including parturition, lactation, and social bonding®.

204

205  Pharmacogenetic manipulations of maternal neural activities of OT neurons

206  The mono-synaptic input map to the OT neurons (Figure 3) can facilitate the study of
207  circuit mechanisms by which maternal neural activities of OT neurons (Figures 1 and 2)
208 are modulated by afferent circuitry. As a proof-of-principle, we combined
209  OT-Cre-mediated fiber photometry recordings with cell-type-specific pharmacogenetic
210  manipulations of a defined presynaptic structure. We focused on the inhibitory neurons
211  in the BST (Figure 3D-3F, Figure S3) because they are the prominent long-distance
212  input to OT neurons. To target inhibitory neurons selectively, we utilized a small
213 enhancer sequence of the human DIx5/6 intergenic region®® to drive hM3Dq or hM4Di
214  for activation or inactivation of the targeted neurons® (Figure 4A), with a negative
215  control driving only mCherry. Post-hoc histochemical analyses revealed that the
216  majority (94% £ 1.0%) of the transduced neurons were inhibitory based on the labeling
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217  with anti-GABA antibodies (Figure S4A) and that, on average, 85% of
218  hM3Dg-dTomato+ and 80% of hM4Di-dTomato+ cells were located within the BST
219  (Figure 4B, Figure S4B). For some data, we utilized AAV9 CAG-FLEx-GCaMPb6s
220  injected into the PVH instead of 4i/62 based on the confirmation that GCaMP6s was
221  selectively expressed by OT neurons by using this method (Figure S4C and S4D).

222 We performed a 6-h photometry recording twice in PPD6—13 mothers. On the
223  first day, either saline control or clozapine-N-oxide (CNO) was intraperitoneally
224  injected 2 h after the onset of the imaging session. On the second day, we replaced
225  saline and CNO for counterbalancing. In the hM3Dq+ female mice, latency to the first
226  peak was significantly elongated, and the number of peaks per 3.5-h time window was
227  significantly decreased following CNO injection (Figure 4C, 4F, and 4G). No effect was
228  observed in negative controls such as saline-injected trials or CNO injection into
229  mCherry+ animals (Figure 4E). For some hM3Dq+ animals, we analyzed the crouching
230  durations of mothers in the nest as an inference of maternal motivation. CNO injection
231  did not significantly alter the crouching durations (Figure 4H). No correlation was
232 found between the number of photometric peaks and the crouching duration (Figure 4I),
233  suggesting that the hM3Dqg-mediated effect is not primarily due to the loss of maternal
234  interactions with pups. As the hM3Dg-mediated reduction of the photometric peaks
235  varied substantially among individuals (Figure 4F), we next analyzed distributions of
236 hM3Dq+ neurons within the subdivisions of the BST (Figure S4B). A positive
237  correlation was found between the number of hM3Dq+ neurons in the BST posterior
238  subdivision and the CNO-mediated reduction of the peak (Figure 4J), whereas no such
239  correlation was found in the other subdivisions of the BST (Figure S4K). By contrast, in
240  the hM4Di+ female mice, CNO injection did not affect the frequency of photometric
241  peaks (Figure 4D, 4F, and 4G), despite it affecting the expression of c-Fos, a neural
242  activity marker gene, in the local BST neurons (Figure S4E—4G). These data suggest
243  that the inhibitory neurons in the BST, particularly those in its posterior subdivision, can
244  modulate the neural activities of OT neurons during lactation; however, whether this
245  effect is mediated by the direct presynaptic partners of OT neurons in the BST remains
246  an open question.

247

248  DISCUSSION

249  The present study expands the scope of cell-type-specific recording of OT neural
250  activities'*!>!83% to maternal functions during parturition and lactation. Our fiber
251  photometry data generally support single-unit recording of putative OT neurons in rats'.

252  For example, peaks were initiated about 10 min before the delivery of the first pup
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253  (Figure 1), which is in-line with data from parturient rats®!. The inter-peak interval of
254  the photometric peaks during lactation was about 270 s (Figure 2E), close to the 300 s
255  described in rats*’. The peaks started approximately 520 s after simultaneous suckling
256 by three pups, also supporting the notion that the observed peaks are related to the milk
257  ejection reflex. Notably, one limitation of our study is the lack of characterization of
258  spiking or bursting activities of OT neurons required for OT release. In addition, we did
259  not directly detect the contraction of the uterus/mammary gland mediated by the
260  released OT. Future studies should attempt to link photometric signals directly with the
261  action potentials and downstream endocrinological functions of OT.

262 We found the enhancement of individual photometric peaks from PPDI1 to
263  PPD12-16 mothers (Figure 2). As the age of pups did not significantly affect the
264  intensity of the peaks, we speculate that this plasticity is mostly autonomous to the OT
265  system of mothers. Of note, while devising the present study, a similar observation was
266  reported in lactating rats’>. What are the underlying mechanisms? In one scenario, the
267  number of OT neurons forming each pulse is not changed from PPD1 to PPD12-16, but
268  each neuron fires more. Alternatively, new OT neurons are recruited as mothers
269  experience lactation. To distinguish these two possibilities, studies involving single-cell
270  resolution imaging of OT neural activities are needed. We also found that the height,
271  inter-peak interval, and waveform of the neural activities of OT neurons differed
272  substantially between parturient and lactating females; therefore, it would also be
273  interesting to investigate whether the OT neurons that are active during parturition also
274  work for the milk ejection reflex, or whether distinct sub-populations of OT neurons
275  exist for delivery and lactation.

276 The present study identified direct presynaptic partners of OT neurons by using
277  a rabies-virus-mediated trans-synaptic tracing technique?2®. Although a few other
278  studies have reported similar tracing data in rats and mice in different biological

279  contexts!'>30-33-35

, our data expand the scope of circuit analysis to lactating mothers and
280  provide quantitative information on presynaptic structures and cell types (Figure 3 and
281  Figure S2). In addition, we demonstrated the presence of local OT-to-OT and VT-to-OT
282  connections (Figure S3). As the morphological changes in glia-OT neuron associations
283  during lactation have been well documented®®, we initially expected a drastic
284  reorganization in input to OT neurons in mothers compared with nonpregnant female
285  mice. However, our data suggest widespread and nuanced adjustments of connections
286  (Figure 3 and Figure S3).

287 Nevertheless, our input map to OT neurons is a useful resource to characterize

288  the afferent circuitry of OT neurons. To show this utility by pharmacogenetic
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289  manipulations, we identified a modulatory function of inhibitory neurons in the BST,
290  particularly in its posterior subdivision (Figure 4). Our data not only confirm classical

291 lesion and electronic stimulation data in rats2*>’

, but also expand the scope to
292  cell-type-specific and reversible manipulations of the neural activities of OT neurons in
293  mothers. As diverse signals such as vomeronasal input®®, stress, and anxiety® are
294  mediated by the BST, it would be interesting to ask whether BST input to OT neurons is
295  indeed involved in the acute physical and/or mental stress-induced impairment of the
296  milk ejection reflex, a phenomenon often reported in postpartum women*’. More
297  generally, our data form the basis for comprehensive circuit characterizations of various
298  input nodes. A major obstacle in this direction is the necessity of Cre-based double
299  transgenic mice for use in our method, which would not only limit the throughput of the
300 data collection, but also compromise the use of various Cre-dependent toolkits for
301  dissecting molecular and neural circuit functions. To overcome this issue, a simple
302  Cre-free method for monitoring OT neural activities®> should be applied to mice. We
303  expect that viral genetic manipulations of upstream neural activities or gene functions
304  will illuminate the circuit mechanisms that shape the pulsatile activities of OT neurons.
305
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308  Figure 1. Fiber photometry recording of OT neurons during parturition

309  (A) Representative coronal brain section showing the location of the optical fiber and
310  expression of GCaMP6s in the PVH.

311  (B) Typical example of a 30-um coronal section showing PVH stained by anti-OT (red)
312 and anti-GFP (for GCaMP6s, green) antibodies counterstained with DAPI (blue).
313  Arrows indicate some of the GCaMP6s-positive cells. Of note, most GCaMP6s-positive
314 cells expressed OT, whereas a substantial number of OT neurons were
315  GCaMP6s-negative. D, dorsal, L, lateral.

316  (C) Quantification of specificity (OT+/GCaMP6s+) and efficiency (GcaMP6s+/OT+). n
317 = 5 mice each. The efficiency of GCaMP6s expression was 59.0% =+ 1.0%. This
318 suboptimal efficiency might reflect the stochastic inactivation of the tetracycline
319  response element promoter in the 4i/62 line.

320 (D) Temporal distribution of the initiation of parturition under the fiber photometry
321  setting (fiber +). No difference was found compared with control animals without
322  connecting to the optical fiber (fiber —). ns, p > 0.05 by two-sided #-test.

323  (E) Quantification of the pup delivery interval under the fiber photometry setting (fiber

324  +). No difference was found compared with control animals without connecting to the

10
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325  optical fiber (fiber —). The center line shows the median; box limits represent upper and
326  lower quartiles. ns, p > 0.05 by two-sided #-test.

327 (F) Representative peri-event photometry traces of the 405-nm channel (non—
328  calcium-dependent background, purple) and the 465-nm channel (calcium-dependent
329 GCaMPo6s signals, black) showing —10 min to +5 min relative to delivery. The
330  photometric peaks are indicated by arrowheads, and the timing of abdominal
331  contractions and pup delivery are represented by blue and red vertical dotted lines,
332  respectively. Of note, this sample (mother #2-pup 2) corresponds to the data shown in
333  Movie S1. The inset shows the high magnification view of the boxed area.

334  (G) The mean of normalized peri-event traces of the peaks observed in mothers from —
335 10 min to delivery (n = 6 mothers, 292 peaks). The shadow represents the SEM.

336  (H) Colored heat map representation of normalized AF/F from —10 min to +5 min
337 relative to delivery for three representative mothers. Bin = 0.5 s. For each mother, the
338 data of the first 5-6 deliveries are analyzed, because after the sixth delivery, the nest
339  became too crowded to analyze the timing of the birth. We noticed a significant
340  reduction of peaks after delivery: within the 5-min bin, the averaged peak number was
341 4.5+ 0.44 (before) and 2.4 + 0.38 (after) (p < 0.001 by two-sided z-test).

342  Scale bar, 100 pm.
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343

344  Figure 2. Fiber photometry recording of OT neurons during lactation

345  (A) Representative 12-h continuous fiber photometry trace from a PPDI12 mother
346  containing 62 photometric peaks.
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347 (B) Averaged peri-event trace of these peaks, with shadows showing the standard
348  deviation (SD).

349  (C-E) Histograms showing the FWHM (C), peak height (D), and inter-peak interval (E)
350  from the raw data shown in (A).

351  (F) Behavioral analysis of a mother and pups before each photometric peak. Three pups
352  were placed with the PPD10 mother. Top, raster plot showing a mother staying in the
353  nest (gray) and pups demonstrating suckling behaviors (gray). Bottom, photometric
354  signals of the OT neurons.

355  (G) Quantification of the latencies to the photometric peak from the mother returning to
356  the nest (a) or from the third pup starting the suckling behaviors (b). n = 15 cases
357  observed with n = 3 mothers.

358  (H) Timeline of the experiments. #1 indicates the first round of parturition to lactation,
359  whereas #2 indicates the second round after weaning and re-crossing.

360  (I) Representative examples of averaged peri-event traces of individual peaks from a
361 mother at four time points: PPD1 (blue) and PPDI12 (magenta) of the #1 and #2
362 lactation.

363  (J) The peak height normalized to the mean of that of PPD1*! for n = 5 mothers in
364 whom we could monitor OT neurons from PPD1*! to PPD12-16". A significant
365  difference was not supported by repeated measures one-way ANOVA with post hoc
366  paired t-test with Bonferroni correction.

367  (K) Peak height was calculated for each animal and shown as the fold change from
368  PPDI1"! to PPD12-16"! or PPD1% to PPD12-16" of the same animal. **, p < 0.01 and
369  * p <0.05 by two-sided #-test with the Bonferroni correction. n = 10 for #1 and n = 7
370  for #2 data.

371 (L) Representative examples of 5.5-h traces of fiber photometry data obtained from
372  PPDI (L) or PPD14 (M) mothers during lactation. In the middle of the recording
373  session, the original pups were removed and foster pups were introduced. Arrowheads
374  represent the photometric peaks.

375  (N) Quantification of the fold change of peak height before (original) and after
376  swapping pups. The p-values were 0.36 and 0.45 by two-sided z-test for PPD1 mothers
377  (n=06)and PPD12-16 mothers (n = 6), respectively.
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379  Figure 3. Quantification of input cells to OT neurons in the postpartum female
380  mice

381  (A) Schematics of the experimental design.

382  (B) Coronal sections of OT-Cre tracing brains showing the starter cells (defined by
383  co-expression of TVA-mCherry and rabies-GFP, some indicated by arrows) in the PVH.
384  Scale bar, 100 pm.

385  (C) Quantification of starter cells per animal. No significant difference was found
386  between nonpregnancy (NP) and lactating mothers (LM) by the Wilcoxon rank-sum test
387 (p=0.48). n =15 each.

388 (D) Representative coronal sections showing the distribution of presynaptic partners.
389  Scale bar, 200 um.

390 (E, F) The d’-values and average convergence index (defined by the number of
391  rabies-GFP+ cells normalized to the number of starter cells) with individual animal data
392  in gray. n =5 each. For abbreviations of brain regions, see Table S2.

393
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395  Figure 4. Modulation of the peak frequency by pharmacogenetic manipulations

396  (A) Schematics of the experimental design and timeline of the experiments.

397  (B) The number of dTomato+ cells in each brain region normalized to the total number
398 in all the regions, showing the distributions of hM3Dq+ or hM4Di+ neurons in the BST
399  and surrounding regions. n = 9 for hM3Dq and n = 5 for hM4Di. For abbreviations of
400  brain regions, see Table S2.

401  (C-E) Representative 5.5-h traces showing the photometric peaks of OT neurons
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402  (arrowheads) in hM3Dg+ (C), hM4Di+ (D), or mCherry+ (E) mothers. The timing of
403  saline or CNO injection is indicated by the vertical arrows.

404  (F, G) Quantification of latency to the first peak (F) and the number of peaks in 3.5 h
405  (QG) after saline or CNO injection. n = 9 for hM3Dq, n = 5 for hM4Di, and n = 3 for
406  mCherry control. ** p <0.01 by two-sided Wilcoxon rank-sum test with the Bonferroni
407  correction.

408 (H) Crouching durations of hM3Dq+ mothers in a 1-h time window starting from 30
409  min after saline or CNO injection. No difference was found by the two-sided Wilcoxon
410  rank-sum test. n = 5 mothers.

411  (I) Correlation between crouching duration and the number of photometric peaks during
412  saline (blue) or CNO (red) injected trials. No strong correlation was found.

413  (J) Correlation of the number of dTomato+ cells (log scale) in the BST posterior (P)
414  subdivision of hM3Dg+ mothers and the difference between the numbers of
415  photometric peaks of saline and CNO trials. n = 9 mothers.

416  (K) Correlation coefficient (R) and p-values in the analysis shown in (J) for five BST
417  subdivisions. MA, medial anterior; MV, medial ventral; LD, lateral dorsal; LV, lateral

418  ventral; P, posterior.
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421  Figure S1. Photometric peaks during parturition in various reproductive
422  conditions and with different numbers of pups, related to Figures 1 and 2.

423  (A) Peri-event photometry traces from —10 min to +5 min relative to the delivery
424  (indicated by the red vertical line) of each pup from a single female mouse
425  (corresponding to mother #2 in Figure 1). The peaks detected before each delivery are
426  shown by arrowheads. Of note, the clustered photometric peaks of OT neurons were not
427  caused by the suckling of newborns, as we did not detect any suckling until the end of
428  the delivery.

429  (B-D) Histograms showing peak height (B), full width at half-maximum (FWHM, C),
430  and inter-peak interval (D). Peaks that occurred from —10 min to delivery from the raw
431  data shown in (A) were used for the calculation.

432  (E) Representative examples of individual 15-min traces of photometry data of a female
433  mouse obtained from different conditions as indicated. Nonpregnancy: a nonpregnant
434  female mouse staying only in the home cage. Late pregnancy: the same mouse at
435  gestation day 17 playing with a toy. The bottom raster plot shows the timing of contact
436  with a toy in red. Birth: during partition. Lactation: during breastfeeding at postpartum
437 day 1 (PPD1). Arrowheads indicate photometric peaks.

438  (F) A representative example of photometry data showing activities of OT neurons from
439  parturition to lactation. Deliveries of pups are indicated by the red vertical lines. About
440 4 h after the delivery of the last pup, the mother stably showed crouching behaviors, and
441  intensive photometric peaks emerged, suggesting the beginning of the lactation period.
442  Notably, the individual photometric peaks were higher during lactation compared with
443  parturition.

444  (G) Three representative examples of photometric peaks during lactation at different
445  postpartum days (PPD2, 12, or 17) when the number of pups was changed from 0 to 5.
446  Zero or one pup did not efficiently evoke the photometric peaks; two to three pups were
447  necessary for the stable peaks (arrowheads).

448  (H) Correlation between the number of pups and the normalized peak height. For each
449  condition, the peak height was normalized to the mean of the peaks during lactation for
450  four pups. A weak positive correlation was found (R =0.33, p = 0.017).

451 (I, J) Comparison of photometric signals of OT neurons during parturition and lactation.
452 Average FWHM (I) and the fold change of peak height during parturition normalized to
453  that of PPD1 (J). *, p < 0.05 by two-sided Wilcoxon rank-sum test. n = 6 each.
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455  Figure S2. Cell-type analysis of rabies-labeled neurons

456  (A) We analyzed six brain regions (AVPV, LS, BST, VMH, DMH, and ARH), as these
457  are the prominent presynaptic structures of OT neurons (Figure 3) and discrete
458  structures that are easily identified in sections. Typical examples are shown for AVPV
459 and BST coronal sections with vGluT2 or vGAT ISH (red), along with anti-GFP
460  immunostaining (green). Scale bar, 100 um. High magnification images to the right of
461  each image correspond to boxed areas in the low magnification images. Yellow arrows
462  indicate markers and GFP double-labeled cells, whereas yellow arrowheads show
463  examples of GFP-positive but marker-negative cells. D, dorsal, L, lateral, V, ventral.

464 (B) Average fractions of GFP-positive cells that are vGluT2-positive (top) or
465  vGAT-positive (bottom) in the indicated brain regions. Error bars represent the SEM.
466  Individual data are shown in gray. n = 3—6 animals for each brain region.

467
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469  Figure S3. Local circuit input to OT neurons within the PVH

470  (A) Schematics of the experimental design.

471  (B) Typical coronal section showing the starter cells that co-expressed TVA-mCherry
472  (red) and rabies-GFP (green) in the PVH. D, dorsal, L, lateral. High magnification
473  images to the right exhibiting red, green, and superimposed images correspond to the
474  boxed area in the low magnification image. Arrows indicate some of the starter cells.
475  Scale bar, 100 um for low magnification images and 20 pm for high magnification
476  images.

477  (C) Quantification of starter cells per animal. No significant difference was found
478  between nonpregnant (NP) and lactating mothers (LM) by the Wilcoxon rank-sum test
479  (p=0.6). n="7 for NP and n = 3 for LM.

480 (D) Representative coronal sections with OT or vasotocin (VT) ISH (magenta), along
481  with anti-GFP immunostaining (green). Scale bar, 100 um. D, dorsal, L, lateral.
482  Although these two hormones were encoded by highly homologous genes, we carefully
483  designed ISH probes to distinguish OT and V'T.

484  (E) Average input fraction (top) and convergence index (bottom) of OT and GFP
485  dual-labeled cells (left) or VT and GFP dual-labeled cells (right). Error bars, SEM.
486  Individual data are shown in gray. *, p = 0.023 by #-test, ns, p > 0.05 by two-sided z-test.
487 Of note, the fraction and convergence index of OT-to-OT connections are
488  underestimated because some presynaptic OT neurons may be recognized as starter
489  cells. The estimated number of starter cells corresponded to 8.3% =+ 2.4% and 13.4% +
490  6.3% of OT+ neurons in NP and LM samples, respectively (p = 0.52 by the two-sided
491  Wilcoxon rank-sum test). n = 7 for NP and n = 4 for LM.
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Figure S4. Additional data for histology supporting pharmacogenetic experiments,
related to Figure 4.

(A) Cell-type specificity of nuc-dTomato expression driven by the DIx regulatory
regions in the AAV vector. Brain slices of the cortex and BST were immunostained with

21


https://doi.org/10.1101/2021.07.26.453888
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.26.453888; this version posted June 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

497  anti-GABA antibody (green) and counterstained with DAPI (blue). The majority of
498  dTomato+ were GABA+. n =3 for the cortex and n = 6 for the BST.

499  (B) Representative coronal sections showing the expression of hM3Dq inferred by the
500  co-expressing nuc-dTomato marker in the BST and surrounding brain regions. The
501  values in the top left indicate the location along the anterior—posterior axis (in mm)
502  from the bregma. a, anterior, p, posterior. For abbreviations of brain regions, see the
503  legend in Figure 4 and Table S2.

504  (C) Typical example of a 30-um coronal section of the PVH from OT-Cre female mice
505  that had been injected with AAV9 CAG-Flex-GCaMP6s into the PVH. The section was
506  stained with anti-OT (red) and anti-GFP (for GCaMP6s, green) antibodies and
507  counterstained with DAPI (blue). Arrows indicate some GCaMP6s-positive cells.

508 (D) Quantification of specificity (OT+/GCaMP6s+) and efficiency (GCaMP6s+/OT+).
509 n =5 mice each. Of note, the specificity and efficiency of GCaMP6s by the AAV-based
510  method were comparable to those achieved by OT-Cre,; Ail162 (Figure 1B and 1C).

511  (E) Because hM4Di-mediated inactivation of BST inhibitory neurons did not show any
512  effect on the photometric peaks of OT neurons (Figure 4D, 4F, and 4G), we aimed to
513 analyze whether this manipulation could impact the BST as assessed by c-Fos
514  expression as a proxy of neural activation. Schematics of the experimental design and
515  timeline are shown. At 1 h following saline or CNO injection, we obtained brain
516  sections for ISH to detect c-Fos mRNA expression.

517  (F) Typical example of a 30-um coronal section of the PVH from hM4Di+ female mice
518  stained with vGAT (a marker of inhibitory neurons shown in red) and c-Fos (shown in
519  green) RNA probes.

520  (G) Quantification of c-Fos+ vGAT+ dual positive neurons in the BST per 30-um
521  coronal section. The hM4Di-group showed a significant increase of c-Fos+ inhibitory
522  neurons in the BST. *, p < 0.05 by the Wilcoxon rank-sum test (z = 6). Due to technical
523  reasons, we could not detect c-Fos+ cells simultaneously with dTomato epifluorescence,
524  and therefore, we could not assess whether c-Fos induction happened in hM4Di+ cells.
525  Silencing hM4Di+ inhibitory neurons by CNO might activate some local BST neurons
526  via the disinhibition of local inhibitory circuits. Although the underlying mechanisms
527  are unknown, these data imply that hM4Di in the BST can impact local neural activities.
528 D, dorsal, L, lateral. Scale bars, 100 um.

529
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530  Supplementary movie 1: Dynamics of OT neural activities during parturition,
531  related to Figure 2.

532  The OT-Cre; Ail62 female mouse is about to give birth to her second pup in this
533  parturition. Top, side (left), and bottom (right) views of the cage. Bottom, fiber
534  photometry trace of GCaMP6s signals (the same sample shown in Figure 1F). The
535  photometric peaks are indicated by arrowheads. The timing of abdominal contractions
536  and pup delivery are represented by blue and red vertical dotted lines, respectively. Of
537  note, abdominal contractions often occur 10-15 s after OT-PAs. The video is shown at
538  4x real-time speed.

539

540  Supplementary movie 2: Photometric peak relative to suckling behaviors by pups,
541  related to Figure 2.

542  The OT-Cre; Ail62 mother mouse returns to the nest to start breastfeeding three pups.
543  Top, bottom view of the cage. Bottom, raster plots of behaviors of the mother and pups
544  and a fiber photometry trace of GCaMP6s signals (the same sample shown in Figure
545  2F). In this sample, the photometric peak appears at about 4 min after the start of
546  suckling by the third pup. The video is shown at 15x real-time speed.

547
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548
549

STARYMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
horseradish peroxidase (HRP) conjugated anti-Dig | Roche Applied Science cat#11207733910;
antibody RRID:AB_514500
rat anti-mCherry Chromotek cat#5f8;
RRID:AB_2336064
rabbit anti-OT Immunostar cat#20068;
RRID:AB_572258
donkey anti-rat IgG, Cy3 conjugated Jackson Immuno | #712-165-153;
Researchcat RRID:AB_2340667
goat anti-chicken IgY, Alexa Fluor 488 Jackson Immuno | cat#703-545-155;
Research RRID:AB_2340375
rabbit anti-GABA Sigma-Aldrich Cat# A2052,
RRID:AB_477652
chicken anti-GFP antibody Aves Labs cat#GFP-1020;

RRID:AB_2307313

donkey anti-rabbit IgG, Alexa Fluor 488 Thermo Fisher Scientific cat# A32790;
RRID:AB_2762833
donkey anti-rabbit IgG, Alexa Fluor 488 Thermo Fisher Scientific cat# A32794;

RRID:AB_2762834

horseradish peroxidase (HRP) conjugated anti-Flu | Perlin EImer cat# NEF710001EA,

antibody RRID:AB 2737388

Bacterial and virus strains

AAV serotype 5 CAG-FLEx-TC? Miyamichi et al.,, 2013 | N/A
(Custom made by UNC
Vector Core)

AAV serotype 8 CAG-FLEXx-RG Miyamichi et al.,, 2013 | N/A
(Custom made by UNC
Vector Core)

AAV serotype 2 CAG-FLEx-TC66T Miyamichi et al.,, 2013 | N/A
(Custom made by UNC
Vector Core)

AAV serotype 2 CAG-FLEXx-RG Miyamichi et al.,, 2013 | N/A
(Custom made by UNC
Vector Core)

AAV serotype 5 hDIx-hM3Dq-nuc-dTomato Dimidschstein J. et al., | N/A
2016 (Custom made by
Fukushima Medical Univ.
by using plasmid Addgene
#83897)

AAV serotype 1 hDIx-hM4Di-nuc-dTomato Dimidschstein J. et al., | N/A

2016 (Custom made by
Fukushima Medical Univ.
by using plasmid Addgene
#83896)
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550

AAV serotype 1 mDIx-ChR2-mCherry Dimidschstein J. et al., | N/A
2016 (Custom made by
Canadian Neurophotonics
Platform by using plasmid
Addgene #83898)
AAV serotype 9 CAG-FLEx-GcaMPés Chen TW. et al.,2013 RRID: Addgene
100842
Rabies dG-GFP+EnvA Reconstructed and | Osakada and
amplified in the lab Callaway, 2013
Experimental models: Cell lines
B7GG cell line Gift from Dr. Edward | Osakada and
Callaway Callaway, 2013
BHK-EnvA cell line Gift from Dr. Edward | Osakada and
Callaway Callaway, 2013
HEK293-TVAS800 cell line Gift from Dr. Edward | Osakada and
Callaway Callaway, 2013

Experimental models: Organisms/strains

Mouse: OT-Cre (Oxytocin-lres Cre) JAX Laboratories Jax# 024234
Mouse: Ai162 (TIT2L-GC6s-ICL-tTA2) JAX Laboratories Jax#031562
Oligonucleotides
Primers for RNA probes, see Histology and | This paper (Custom made | N/A
histochemistry below by Thermo Fisher

Scientific)
Recombinant DNA
Plasmid: pAAV CAG-FLEx-TC? Miyamichi et al., 2013 RRID:

Addgene 48332

Plasmid: pAAV CAG-FLEX-RG

Miyamichi et al., 2013

RRID:
Addgene_48333

Plasmid: pAAV CAG-FLEX-TCS6T

Miyamichi et al., 2013

RRID:
Addgene 48331

Plasmid: pAAV-hDIx-GiDREADD-dTomato-Fishell-5

Dimidschstein J. et al,,
2016

RRID:
Addgene_ 83896

Plasmid: pAAV-hDIx-GqgDREADD-dTomato-Fishell-4

Dimidschstein J. et al.,
2016

RRID:
Addgene_83897

Plasmid: pAAV-mDIx-ChR2-mCherry-Fishell-3

Dimidschstein J. et al,,
2016

RRID:
Addgene_ 83898

mouse whole brain cDNA GenoStaff cat#MDO01
Software and algorithms
Doric Neuroscience Studio Software Doric Lenses, Inc 54.1.1

MATLAB

Mathworks

R2020b Update 2
(9.9.0.1524771)

Other
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551 LEAD CONTACT AND MATERIALS AVAILABILITY

552  Further information and requests for materials and data used in this study should be
553  directed to and will be fulfilled by the Lead Contact, Kazunari Miyamichi, at
554  kazunari.miyamichi@riken.jp. This study did not generate new unique reagents.

555

556 EXPERIMENTAL MODEL AND SUBJECT DETAILS

557  Experimental protocols utilizing the rabies virus followed Biosafety Level 2 (P2/P2A)

558  procedures approved by the biosafety committee of the RIKEN Center for Biosystems
559  Dynamics Research (BDR). All animal procedures followed animal care guidelines
560 approved by the Institutional Animal Care and Use Committee of the RIKEN Kobe
561  branch. Wild-type C57BL/6j mice were purchased from Japan SLC (Shizuoka, Japan)
562  for histological and mating experiments. OT7-Cre (Jax#024234) and Ail62
563  (TIT2L-GC6s-ICL-tTA2, Jax#031562) were purchased from the Jackson Laboratory.
564  Animals were housed under a regular 12-h dark/light cycle with ad libitum access to
565  food and water.

566

567 METHOD DETAILS

568  Viral preparations

569  The following AAV vectors were generated by UNC viral core using the corresponding
570  plasmids as described in the original literature®®. The titer of the AAV was estimated by
571  quantitative PCR methods and shown as genome particles (gp) per milliliter.

572  AAV serotype 5 CAG-FLEx-TC? (9.3 x 10'? gp/ml)

573  AAV serotype 8 CAG-FLEx-RG (2.8 x 10'? gp/ml)

574  AAV serotype 2 CAG-FLEx-TC%T (1.0 x 10'? gp/ml)

575  AAV serotype 2 CAG-FLEx-RG (1.3 x 102 gp/ml)

576

577  The following AAV vectors were generated by the viral vector cores of Fukushima
578  Medical University School of Medicine and Canadian Neurophotonics Platform by
579  using the corresponding plasmids (Addgene #83896 and #83897) described in the
580  original literature®®.

581  AAV serotype 5 hDIx-hM3Dg-nuc-dTomato (1.0 x 10'* gp/ml)

582  AAV serotype 1 hDIx-hM4Di-nuc-dTomato (8.9 x 10'? gp/ml)

583  AAV serotype 1 mDIx-ChR2-mCherry (1.3 x 10" gp/ml)

584

585  AAV serotype9 CAG-FLEx-GcaMP6s (1.7 x 10'* gp/ml), which was originally
586  described in ref. 41, was obtained from Addgene (#100842).
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587

588  Rabies dG-GFP+EnvA was prepared by using B7GG and BHK-EnvA cells (kindly
589  gifted by Ed Callaway) according to the published protocol*?
590 RVdAG-GFP+EnvA titer was estimated to be 1.0 x 10° infectious particles/ml based on
591  serial dilutions of the virus stock, followed by infection of the HEK293-TVAS800 cell
592  line.

593

594  Stereotactic injection

. The EnvA-pseudotyped

595  For targeting AAV or rabies virus into a certain brain region, stereotactic coordinates
596  were first defined for each brain region based on the Allen Brain Atlas*’. Mice were
597  anesthetized with 65 mg/kg ketamine (Daiichi-Sankyo) and 13 mg/kg xylazine
598  (Sigma-Aldrich) via intraperitoneal injection and head-fixed to the stereotactic
599  equipment (Narishige). For rabies tracing experiments (Figure 3 and Figure S2), 200 nl
600  of a 1:1 mixture of AAV5 CAG-FLEx-TC? and AAVS CAG-FLEx-RG was injected into
601 the PVH at a speed of 50 nl/min using a UMP3 pump regulated by Micro-4 (World
602  Precision Instruments). For local circuit mapping (Figure S3), 200 nl of a 1:1 mixture of
603  AAV2 CAG-FLEx-TC%T and AAV2 CAG-FLEx-RG was injected into the PVH,
604  followed by 200 nl of Rabies dG-GFP+EnvA injection to the same coordinate 2 weeks
605 later. For pharmacogenetic experiments (Figure 4), 200 nl of AAVS
606  hDIx-hM4Di-2a-nuc-dTomato, AAV1  hDIx-hM3Dgq-2a-nuc-dTomato, or AAV1
607  mDIx-ChR2-mCherry as a negative control, was injected into the BST. The following
608  coordinates were used (distance in millimeters from the Bregma for the anterior [A]-
609  posterior [P] and lateral [L] positions, and from the brain surface for the ventral [V]
610  direction)]: BST, A 0.2, L 0.6, V 3.7; and PVH, A -0.75 L 0.2, V 4.5. After viral
611  injection, the incision was sutured, and the animal was warmed using a heating pad to
612  facilitate recovery from anesthesia. The animal was then returned to the home cage.

613

614  Fiber photometry

615  For fiber photometry recording, 4il62/+; OT-Cre/+ double heterozygous female mice
616  were used. For some experiments in Figure 4, OT-Cre single heterozygous female mice
617  that had been injected with AAV9 CAG-FLEx-GCaMPo6s into the PVH were also used.
618 A 400-um core, 0.5 NA optical fiber (Thorlabs, cat#FP400URT) was implanted
619 immediately above the PVH. After the surgery, animals were crossed with stud males
620  and housed in the home cage until recording. We performed Ca®" imaging by delivering
621  excitation lights (465-nm modulated at 309.944 Hz and 405-nm modulated at 208.616

622  Hz) and collected emitted fluorescence by using the integrated Fluorescence Mini Cube
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623  (Doric, iFMC4 AE(405) E(460-490) F(500-550) S). Light collection, filtering, and
624  demodulation were performed using Doric photometry setup and Doric Neuroscience
625  Studio Software (Doric Lenses, Inc.). The 405-nm signal was recorded as a background
626  (non—calcium-dependent), and the 465-nm signal reported calcium-dependent GcaMP6s
627  excitation/emission. The power output at the tip of the fiber was about 5 uW. The
628  signals were initially acquired at 12 kHz and then decimated to 120 Hz for recording to
629  disk. As the 405-nm signals were flat when 465-nm signals showed peaks in parturition
630  (Figure 1F) or lactation (not shown), we did not apply further background subtraction
631  methods. We used a 2-Hz low-pass filter before the analysis of the photometric peaks of
632  OT neurons.

633 For the analyses, we used a homemade MATLAB code. Briefly, the AF/F was
634  calculated by 100 x (F; — Fo)/Fo, where F; was the recorded signal at time=t and Fo was
635  the average of signals in the whole recording period. Because the height of peaks in
636  each mother varied considerably, as the optical fiber location relative to the PVH was
637  variable, to identify the photometric peaks reliably, we first selected several visually
638  obvious peaks to estimate the peak height of that animal. The photometric peaks of OT
639  neurons were then automatically detected by using the findpeaks function in MATLAB,
640  with the peak threshold of half of the estimated peak height, and the FWHM threshold
641  over 4 s. To show the peri-event traces of the peaks (Figures 1G, 2B, and 2I), we
642  extracted the AF/F data from —10 s to +15 s around the peak (the local maximum point
643  of AF/F). We then adjusted the median fluorescence of the —8 to —3 s baseline period to
644  zero to align multiple data.

645 Videos from a side infrared camera (DMK33UX273; The Imaging Source)
646  were synchronized with fiber photometry acquisition. The camera from the bottom
647  (QWatch; IODATA) was matched with the side camera using the mouse motion and
648  light conditions. For the analysis of parturition, based on the bottom view of the video
649  record, the delivery timing was defined as the moment when the entire pup was outside
650  the vagina. We extracted the AF/F data from —10 min to +5 min around each delivery
651  and analyzed only the peaks detected before delivery because those after delivery might
652  be included in the next delivery event. For the heat map representation (Figure 1H),
653  AF/F was normalized to the maximum value within that animal in a =10 min to +5 min
654  period of the analysis. To compare peak height (Figure 2J, 2K, and 2N and Figure S1J),
655  we calculated the averaged peak height of one condition normalized to the averaged
656  peak height of another condition of the same animal to obtain the normalized AF/F. For
657  the analysis of photometric peaks during lactation, PPD1 was defined as 1 day after the
658 day of parturition. In the cross-fostering experiments (Figure 2L-2N), we used the
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659  postnatal day 0—1 pup as ‘young’ and the postnatal day 10—16 pup as ‘elder’.

660 To monitor the sucking by pups during lactation (Figure 2F and 2G), hairs of
661  the abdomen of PPD9 mothers were removed under slight anesthesia. At PPD10, the
662  mother and three pups were placed in an acryl cage with nest materials and a minimum
663  amount of woody chips. One hour after connecting to the photometry system, we
664  carefully placed two cameras (Qwatch, IODATA) just beneath the nest from the bottom.
665  We quantified the latency to the first photometric peak from the time when the mother
666  returned to the nest or the time when pups started suckling behaviors.

667 To assess the crouching duration of mothers (Figure 4H), we measured the
668  amount of time when mothers stayed in their nest and interacted with pups within a 1-h
669  time window starting from 30 min after saline or CNO injection.

670

671  Pharmacogenetics

672  Neural activation or inactivation experiments were performed at least 2 weeks after the
673  injection of AAV driving hM3Dq or hM4Di. Then, 0.3 ml of 400 pg/ml CNO
674  (Sigma-Aldrich cat#C0832) dissolved in saline or 0.3 ml of saline was intraperitoneally
675  injected into the animal during the fiber photometry imaging sessions.

676

677  Histology and histochemistry

678  For the quantitative analysis of the trans-synaptic tracing samples and the histochemical
679 analyses, the experimental mice were anesthetized with a lethal amount of sodium
680  pentobarbital, sacrificed, and perfused with phosphate-buffered saline (PBS) followed
681 by 4% paraformaldehyde (PFA) in PBS. Brain tissues were post-fixed with 4% PFA in
682  PBS overnight at 4 °C, cryoprotected with 30% sucrose solution in PBS at 4 °C for 24—
683 48 h, and embedded in the O.C.T. compound (Tissue-Tek, cat#4583). We collected
684  30-um coronal sections of the whole brain using Cryostat (model#CM1860; Leica) and
685  placed them on MAS-coated glass slides (Matsunami). Unless otherwise noted, every
686  third (Figures 3 and 4 and Figure S2 and S4) or fifth (Figure 1 and Figure S3) coronal
687  brain section was analyzed for quantification, and compensated data (x3 or x5) were
688  represented.

689 To map the long-distance input to OT neurons (Figure 3), every third of the
690  coronal brain section was imaged using a slide scanner (Zeiss Axio Scan.Z1) with a 20x
691  objective lens (NA 0.8). Image processing was performed semi-automatically using
692  Image] macro (National Institutes of Health, Bethesda, MD). Briefly, regions of interest
693  (ROIs) were manually set for each brain region by using the DAPI channel (showing
694  brain structures but not GFP+ cells) based on the Allen Brain Atlas*’ by annotators who
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695  were blinded to the experimental conditions. For each ROI, the raw fluorescent image
696  for GFP or mCherry was processed using open and median filters. The labeled cells
697  were detected by using the “Threshold” and “Analyze Particles” commands. The starter
698  cells were defined by those detected as cells using both GFP and mCherry channels. In
699  Figure 3E, the d” value was calculated as (Umother — Mnonpregnancy) divided by (Gmother +

700  Gnonpregnancy), Where u and o denote the average and standard deviation, respectively. A
701 d°  value larger than 0 means that OT neurons in lactating mothers receive more input.

702 Next, 30-um coronal sections containing the target brain region were subjected
703  to ISH (Figures S2-S4), as described previously**. To generate cRNA probes, DNA
704  templates were amplified by PCR from the C57BL/6j mouse genome or whole-brain
705 cDNA (Genostaff, cat#MD-01). T3 RNA polymerase recognition  site
706  (5’-AATTAACCCTCACTAAAGGG) was added to the 3’ end of the reverse primers.
707  Primer sets to generate DNA templates for cRNA probes are as follows (the first one,
708  forward primer, the second one, reverse primer):

709  OT5’- TGTGCTGGACCTGGATATGCG; 5°’-CGCCGTGCACAATCCGAATC

710 VT 5- GAATGAAGGGAGTCGAGGGTT; 5’-TCCCCACCCCAGAAATAGAGAC
711 vGluT2-15-TAGCTTCCTCTGTCCGTGGT; 5’-GGGCCAAAATCCTTTGTTTT

712 vGluT2-2 5’-CCACCAAATCTTACGGTGCT; 5’-GGAGCATACCCCTCCCTTTA

713 vGluT2-3 5’-CTCCCCCATTCACTACCTGA; 5’-GGTCAGGAGTGGTTTGCATT

714 vGATI-1 5’-CCTGGTCTGGACAGCATCTC; 5’-GCTATGGCCACATACGAGTC

715  vGATI-2 5°-GTCAATGTGGCGCAGATCAT; 5’-CCTAGTCCTCTGCGTTGGTT

716  cFos-1 5-AGCGAGCAACTGAGAAGACTG; 5’-ATCTCCTCTGGGAAGCCAAG
717  cFos-2 5’-CCAGTCAAGAGCATCAGCAA; 5°’-CATTCAGACCACCTCGACAA

718

719 DNA templates (500-1000 ng) amplified by PCR were subjected to in vitro
720  transcription with DIG (cat#11277073910)- or Flu (cat#11685619910)-RNA labeling
721  mix and T3 RNA polymerase (cat#11031163001) according to the manufacturer’s
722 instructions (Roche Applied Science). When possible, two or three independent RNA
723  probes for the same gene were mixed to increase the signal/noise ratio.

724 For ISH combined with anti-GFP staining, after hybridization and washing,
725  sections were incubated with horseradish peroxidase (HRP)-conjugated anti-Dig (Roche
726  Applied Science cat#11207733910, 1:500) and anti-GFP (Aves Labs cat#GFP-1020,
727  1:500) antibodies overnight. Signals were amplified by TSA-plus Cyanine 3 (AKOYA
728  Bioscience, NEL744001KT, 1:70 in 1x plus amplification diluent) for 25 min, followed
729 by washing, and then GFP-positive cells were visualized by anti-chicken Alexa Fluor
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730 488 (Jackson Immuno Research cat#703-545-155, 1:250). PBS containing 50 ng/ml
731  4',6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich, cat#D8417) was
732 used for counter nuclear staining.

733 For dual-color ISH (Figure S4E-S4G), DIG-labeled vGAT probes and
734  Flu-labeled c-Fos probes were mixed for hybridization. DIG-positive cells were
735  visualized with TSA-plus Cyanine 3 (AKOYA Bioscience, NEL744001KT, 1:70 in 1x
736  plus amplification diluent), and Flu-positive cells were detected with anti-Flu antibody
737  (PerkinElmer, NEF710001EA, 1:250 in blocking buffer) followed by TSA-plus biotin
738  (AKOYA Bioscience, NEL749A001KT, 1:70 in 1x plus amplification diluent) and
739  streptavidin-Alexa Fluor 488 (Life Technologies, 1:250).

740 For immunohistochemistry, sections were washed three times with PBS
741  containing 0.3% Tween-20 (PBST) for 10 min and treated with 5% normal donkey
742  serum (NDS; Southern Biotech, cat#0030-01) in PBST for 1 h at room temperature for
743  blocking. The following primary antibodies were used in this study: rat anti-mCherry
744  (Chromotek cat#5f8, 1:500-1:1000), chicken anti-GFP (Aves Labs cat#GFP-1020,
745  1:500), rabbit anti-OT (Immunostar cat#20068, 1:1000), and rabbit anti-GABA
746  (Sigma-Aldrich cat#A2052, 1:1000). These antibodies were diluted into 5% NDS in
747  PBST for 3 h at room temperature or overnight at 4 °C. Signal-positive cells were
748  detected by the following secondary antibodies: anti-rat Cy3 (Jackson Immuno
749  Research cat#712-165-153, 1:250), anti-chicken Alexa Fluor 488 (Jackson Immuno
750  Research cat#703-545-155, 1:250), anti-rabbit Alexa Fluor 488 (Thermo Fisher
751  Scientific cat#A32790, 1:250), and anti-rabbit Alexa Fluor 555 (Thermo Fisher
752  Scientific cat#A32794, 1:250) diluted into PBST for 2 h at room temperature or
753  overnight at 4 °C. Sections were washed once with PBST for 10 min, treated with PBS
754  containing DAPI for 20 min, rinsed with PBS, and mounted with cover glass using
755  Fluoromount (Diagnostic BioSystems cat#K024).

756 To analyze the efficiency and specificity of GCaMP6s expression (Figure 1C
757  and Figure S4C), 30-um coronal sections containing PVH were stained with anti-OT
758 and anti-GFP (for GCaMP6s) antibodies. Then, OT+, GCaMP6s+, and dual-positive
759  cells were manually counted from at least five coronal sections of the PVH per animal.
760  For the c-Fos assay (Figure S4E-S4G), AAVS hDIx-hM4Di-2a-nuc-dTomato was
761 injected into the BST of 8 week-old wild-type C57BL/6j female mice. After the surgery,
762  animals were singly housed for 2 weeks. They were sacrificed 1 h after saline or CNO
763  injection, and brain samples were processed for dual-color ISH to detect c-Fos and
764  vGAT mRNA expression. Dual-labeled cells were manually counted for at least five

765  coronal sections of the BST per animal. To analyze the distribution of hM3Dq+ cells in
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766  the BST subdivisions (Figure 4J and 4K, Figure S4B), based on the shape of the anterior
767  commissure®’, we annotated labeled cells into one of five subdivisions: medial anterior,
768  medial ventral, lateral dorsal, lateral ventral, and posterior. Of note, the medial division
769  posterior part, medial division posterior intermediate part, and lateral division posterior
770  part in the atlas* were collectively grouped as “posterior” in this work.

771 Sections were imaged using an Olympus BX53 microscope with a 4x (NA
772 0.16) or 10x (NA 0.4) objective lens equipped with a cooled CCD camera (DPS8O0;
773 Olympus) or Zeiss Axio Scan.Z1 with a 20x (NA 0.8) objective lens. Images were
774  processed in ImageJ and Photoshop CC (Adobe).
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