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Abstract

Repeated exposure to young can induce caregiving in virgin female mice, a phenomenon known
as pup sensitization, but whether virgin males can similarly acquire parental behavior and the
neural mechanisms underlying this transition remain unclear. We show that 7 days of continuous
pup exposure reliably converts virgin adult male mice to a parental state. This transition requires
calcitonin receptor (CalcR)-expressing neurons in the medial preoptic area (MPOA): silencing
MPOACaR neurons disrupts both the acquisition and expression of paternal behavior, whereas
optogenetic activation of GABAergic MPOACaR neurons promotes caregiving in virgin males.
Longitudinal two-photon calcium imaging reveals that MPOACa°R neurons develop enhanced pup-
selective responses as males transition to a parental state. Moreover, CalcR signaling in the
MPOA promotes synaptic potentiation and facilitates the emergence of parental behavior. These
results identify an experience-dependent hypothalamic plasticity mechanism that enables

parental behavior in non-father males.

Main Text

Mammalian parents have evolved a set of robust and stereotyped behaviors to ensure offspring
survival, including nursing, crouching, grooming, and young retrieving. Additionally, nulliparous
female mice can display pup-caring behaviors after interacting with unrelated young'®. This
process, termed pup sensitization, occurs independently of sex hormones®’.

Adult unmated non-father (referred to as virgin) male mice are typically aggressive or
indifferent to pups, whereas fathers, like mothers, show robust parental behaviors. This behavioral
switch during fatherhood appears to require ejaculation and is facilitated by co-habituation with
females®''. Unlike females', however, repeated, short-term exposure to pups (15 minutes per
day) was unable to induce parental behaviors in adult virgin male mice'2. Consequently, virgin
males have been considered incapable of alloparenting, i.e., caring for pups that they did not sire,
and are rarely studied in the field. However, exposure to pups during development suppresses
infanticide in adult male mice'® and cohabitation with a dam and litter can promote paternal
behaviors in virgin male mice'*. A recent study further demonstrated that daily one hour exposure
to pups for three days can suppress infanticide and facilitate parental behaviors in some isolated
male mice'. These studies collectively indicate that sexual experience may not be strictly
required to affect pup-directed behaviors and promote alloparental care in non-fathering males.
Thus, the first goal of our study is to address whether virgin male mice can show reliable
alloparental care, as observed in humans'®'7.

Numerous studies support the central role of the medial preoptic area (MPOA) in

mediating parental behaviors'®2°. Classic lesion or deafferentation studies demonstrated a total
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loss of maternal care after MPOA damage in mice and rats'®2'-2°, Newer work has focused on
examining specific cell types in the MPOA, and identified cells expressing galanin (Gal), estrogen
receptor alpha (Esr1), or the prolactin receptor (Prir) as important for the regulation of parental
behavior'®30-36, More recently, systematic snRNAseq and multiplexed error robust in situ
hybridization (MERFISH) revealed that calcitonin receptor (CalcR) expressing MPOA (MPOACa/eR)
cells are preferentially active (based on immediate early gene expression) during parental
behaviors in virgin females, dams, and sires®. Later, silencing MPOACaR or knocking down
CalcR expression in the MPOA was shown to suppress parental behaviors in female mice®’.
MPOACaR neurons are only a small subset of MPOA Gal, Esr1, or Prir expressing cells3%37 and
thus represent the most selective population for maternal behaviors known to date. The functional
role of MPOAC@R neurons in male parental behaviors remains unclear.

In this study, we examined alloparenting behaviors in virgin male mice and the potential
contribution of MPOACa°R cells and CalcR signaling in the emergence and expression of these

behaviors.

Results

Induction of alloparenting in sexually naive male mice

We first asked whether extensive pup interaction can induce the emergence of parental behaviors
in virgin male mice (Fig. 1a). Because C57/BL6 male mice are often infanticidal prior to mating
1038 we developed a pup sensitization protocol, involving placing 2-3 pups in a wire mesh ball
and co-housing them with males over the course of one week. As a control, we placed a novel
inanimate object in the mesh ball instead of pups (Fig. 1a). Before the first day of pup
sensitization, we tested male behavior toward pups in a pup interaction test by introducing 10
pups, one at a time for 2 min, into the male’s home cage (Fig. 1a). On each subsequent day, we
removed the pup-containing mesh ball and repeated the pup interaction test using unfamiliar pups
(Fig. 1a). Over 7 days of pup sensitization, infanticidal behavior stopped in all male mice (days to
last infanticidal event, mean + SEM: 3.0 + 0.7 days) (Fig. 1b, ¢, e), and 19/20 male mice retrieved
pups (days to first retrieval, mean + SEM: 3.5 + 0.5 days) (Fig. 1 b, d, f, g). In contrast, animals
co-housed with objects continued to be infanticidal and never retrieved pups (Fig. 1b-g). While
both pup- and object-sensitized animals contacted pups more quickly across days of sensitization,
those that underwent pup sensitization spent significantly more time investigating, grooming, and
crouching over the pups, as well as building nests (Fig. 1h-l). The sensitization-induced parental
behaviors did not depend on sex hormones; castrated males began to show parental behaviors
on a similar time course to intact males, although castration abolished infanticide as previously
reported® (Extended Data Fig. 1).
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95 We then asked whether MPOACaR cells in males were activated during pup interaction,
96 and if so, whether the activation level depends on the parental state of the males. We introduced
97 3 pups housed in a wire mesh ball to the home cage of the test male mouse for 20 minutes after
98 either 7 days of pup sensitization or single housing and examined c-Fos expression (Fig. 1m). All
99 5 pup-sensitized animals showed reliable parental behaviors, while none of the single-housed
100 males did (Fig. 1n). We found that c-Fos expression was nearly twice as abundant in the MPOA
101 of pup-sensitized animals compared to single-housed animals, and a larger fraction of MPOACalcR
102 cells expressed c-Fos after pup exposure in sensitized males than single-housed males (Fig. 10-
103 q). These results suggest that extensive pup exposure can induce the switch from negative to
104 positive pup-directed behaviors in sexually naive males independent of sex hormones, and this
105 behavioral change is accompanied by increased responses of MPOACa°R cells to pups.

106

107 Inhibiting MPOAC3'°R neurons impairs alloparenting behaviors

108 We next asked if MPOACaR cells are required for alloparenting behaviors in virgin males. We
109 bilaterally injected Cre-dependent hM4Di or mCherry virus into the MPOA of virgin Calcr-2A-Cre
110 (CalcrCre) male mice “° (Fig. 2a). Three weeks later, we sensitized these animals until they showed
111 a high level of paternal behavior. On alternating days, we injected saline or CNO (1mg/kg)
112 intraperitoneally and, 30 minutes later, introduced pups (one by one for 10 trials) into the male
113 home cages (Fig. 2b). Following CNO injection, hM4Di animals, but not mCherry animals,
114 became significantly less likely to retrieve pups, and some animals attacked pups (Fig. 2c-f).
115 Additionally, the pup grooming duration significantly decreased, and the pup crouching duration
116 also trended downwards (Fig. 2i, j), whereas the latency to contact pups, investigation duration,
117 and nesting building time did not change significantly after CNO injection (Fig. 29, h, k). Inhibiting
118 these neurons neither affected inter-male aggression (Extended Data Fig. 2a-d) nor sexual
119 behaviors toward adult females (Extended Data Fig. 2e-h). Together, these results indicate that
120 MPOACaR cells are necessary for expressing paternal behaviors in virgin males and seemingly
121 dispensable for adult-directed social behaviors.

122 To understand if MPOAC@<R cells regulate the emergence of paternal behaviors, we again
123 used a chemogenetic approach to inhibit these cells throughout the period of pup sensitization
124 (Fig. 21, m). Specifically, we continuously delivered CNO through the drinking water. During the
125 7 days of pup sensitization, hM4Di animals remained largely infanticidal and did not retrieve pups
126 during the pup-interaction tests (Fig. 2n-q). Meanwhile, all mCherry animals ceased attacking
127 pups by day 5 of pup sensitization and began to retrieve pups (Fig. 2n-q). Because MPOACacR
128 cells are necessary for expressing paternal behaviors, we reasoned that while the cells were
129 tonically inhibited during the sensitization period, the animals may be unable to commit motor
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130 actions corresponding to parenting, even if they are parental. Thus, we tested the animals for 3
131 additional days after stopping CNO administration and pup sensitization (Fig. 2m) and found only
132 2 out of 8 hM4Di-injected animals retrieved pups (Fig. 20, q). On the 3™ day of testing after CNO
133 termination, compared to mCherry-injected animals, hM4Di animals retrieved significantly fewer
134 pups and spent less time crouching over pups (Fig. 2r-t, x). Other parental behaviors, such as
135 pup grooming and nest building, also showed trends of lower performance in hM4Di animals,
136 although hM4Di and mCherry animals contacted the pups with a similar latency (Fig. 2u-w, y).
137 These results suggest that MPOACaR cells are required for the emergence of paternal behavior
138 with pup sensitization.

139

140 Stimulation of MPOAC?3/RNVGAT neyrons promotes paternal behaviors

141 We next asked if we could accelerate the onset of paternal care in naive male mice by activating
142 MPOACaR cells. We injected a Cre-dependent channelrhodopsin (ChR2) virus bilaterally into the
143 MPOA of Calcr® male mice and delivered sham or blue light (20 ms, 20 Hz, 20 s) while
144 introducing pups one by one (Extended Data Fig. 3a, b). Although MPOACaR stimulation
145 promoted pup approach, as reflected by the shorter latency to contact pups in light trials compared
146 to sham trials (0 mW), the stimulated animal did not show pup retrieval or increase any other
147 parental behaviors (Extended Data Fig. 3c-j).

148 The MPOAC?R cells are approximately 80% GABAergic and 20% glutamatergic based on
149 snRNAseq analysis®>4'. Most (approximately 75%) of the MPOA neurons expressing c-Fos during
150 maternal behaviors are GABAergic?5, and optogenetic inhibition of glutamatergic cells in the
151 MPOA increases, rather than decreases, pup retrieval in virgin females*?. Our previous study
152 showed that MPOAEs™ cells send primarily GABAergic inputs to the ventral tegmental area (VTA)
153 to disinhibit dopamine cells and promote pup retrieval®®. Thus, we hypothesized that the
154 GABAergic subpopulation of MPOACaR cells may be the most relevant subset of MPOACa<R cells
155 for parenting. To this end, we stimulated MPOACaRNVCAT cells by injecting the Cre- and Flp-
156 dependent opsin ChRmine*? into the MPOA of CalcrteVgat™ (Slc32a1-2A-FIp*4) male mice and
157 delivered sham or yellow light (20 ms, 20 Hz, 20 s) after pup introduction (Fig. 2z, aa). Light
158 stimulation ceased infanticide (Fig. 2bb-dd), robustly induced approach toward the pup, and
159 shortened the latency to pup contact without altering pup investigation duration (Fig. 2ee-gg).
160 Strikingly, 7/8 males repeatedly retrieved and groomed pups, signifying a rapid switch to paternal
161 behavior (Fig. 2hh, ii).

162 To test if glutamatergic MPOACaR cells also play a role in parenting, we used the same
163 interactional strategy to target and stimulate the MPOACalcRNVGIu2 popylation in CalcreeVglut2fe
164 (Slc17a6-IRES2-FIp**) male mice (Extended Data Fig. 4a, b). Stimulation caused no change in
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165 pup-directed behaviors (Extended Data Fig. 4c-j). These results suggest that MPOACalcRNVEIuR2
166 population is likely not involved in paternal behaviors and underscore the importance of
167 MPQACaICRNVGAT cells in parenting.

168 To understand the functional specificity of MPOACaCRNVEAT ce|ls, we tested their relevance
169 in orchestrating behaviors toward other social targets. We found that MPOACacRNVGAT stimulation
170 did not affect interactions with adult males (Extended Data Fig. 5a-d) or female mice (Extended
171 Data Fig. 5e-h) but did induce a place preference in a real-time place preference assay,
172 suggesting activating the cells is of positive valence (Extended Data Fig. 5i, j). Stimulation of
173 MPOACaR or MPOACaICRNVEIR2 cells also had no effect on male- or female-directed behaviors
174 (Extended Data Fig. 3k-r and Extended Data Fig. 4k-r) and did not induce a place preference
175 (Extended Data Fig. 3s, t and Extended Data Fig. 4s, t).

176 Anterograde tracing revealed that MPOACacRNVGAT cells send projections to regions known
177 to orchestrate parental behaviors, including the ventral tegmental area (VTA)33' paraventricular
178 nucleus of the hypothalamus (PVN)3 and anteroventral periventricular nucleus (AVPV)*
179 (Extended Data Fig. 6). Additionally, MPOACaCRN\VGAT cells also target infanticide-promoting
180 regions, including the rhomboid?® and principal nuclei*® of the bed nucleus of the stria terminalis
181 (BNSTrh and BNSTpr) and the perifornical area (PeFA)*” (Extended Data Fig. 6). As such,
182 MPQACacRIVEAT nopulation is well positioned to counteract hostile behaviors toward the young
183 and orchestrate parental behaviors.

184

185 Recording MPOACR neural activity during parenting

186 As we identified MPOACa<R cells as a critical population mediating parenting, we next wanted to
187 understand how these cells respond during parental behaviors. We injected Cre-dependent
188 GCaMP6s* virus into the MPOA of Calcr®® male mice and recorded the calcium activity of
189 individual neurons using a head-mounted two-photon microscope*® during paternal behaviors
190 after pup sensitization (Fig. 3a-c). During the recording, we introduced 10 pups, one at a time,
191 into the male’s home cage (Fig. 3c). A total of 213 cells were imaged from 6 mice (26-50 cells
192 recorded from each animal) that showed robust parental behaviors. An example session is shown
193 in Fig. 3d. Across all recorded cells, 71% increased activity significantly during at least one pup-
194 directed behavior, with many responding during two or more behavioral events (Fig. 3e). Activity
195 changes during pup approach, investigation, retrieval, and grooming are positively correlated with
196 each other, whereas response during crouching is negatively correlated with those during
197 approach, investigation, and retrieval (Fig. 3f, Extended Data Fig. 7), suggesting distinct
198 MPOACaR cell response patterns during active vs. passive pup-directed behaviors.
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199 We calculated each cell’'s temporal responses (Z-scored AF/F from -10 to +10 seconds
200 surrounding behavior onset) during pup approach, investigation, retrieval, grooming, and
201 crouching and then performed principal components analysis (PCA) based on these responses®
202 (Extended Data Fig. 8). We then performed k-means clustering based on scores of the first 4
203 PCs, which accounted for 92% of the variance, and identified 4 clusters (Extended Data Fig. 39,
204 h). The 1stcluster (33 cells, green) showed high PC1 scores and high activities during active
205 components of pup interaction, including pup approach, investigation, grooming, and retrieval,
206 with the highest activity increase during retrieval, while crouching is accompanied by activity
207 decline (Fig. 3e, i-n). The 2" cluster (24 cells, magenta) had high PC2 scores and was primarily
208 tuned to pup grooming and crouching while being mildly modulated by approach and investigation
209 (Fig. 3e, i-n). The third cluster (80 cells, blue) showed increased activity during pup approach and
210 investigation; however, unlike the first cluster, activity during retrieval did not increase further
211 beyond the level observed during investigation (Fig. 3e, i-n). The 4t cluster (76 cells, grey) was
212 largely non-responsive during pup-directed behaviors, although 10 cells showed mildly increased
213 activity during crouching (Fig. 3e, i-n).

214 Using linear decoders, we found that all pup-directed behaviors, including pup approach,
215 investigation, retrieval, grooming, and crouching, could be reliably decoded from MPOACalR
216 population activity relative to non-interaction periods (Fig. 30). To further determine whether
217 MPOACaR activity distinguishes among distinct pup-directed behaviors, we trained a five-class
218 linear decoder to classify these behaviors. The F1 scores for all five behaviors were significantly
219 above label-shuffled controls, indicating that each behavior is associated with a discriminable
220 activity pattern (Fig. 3p). Among them, crouching and grooming were decoded with the highest
221 accuracy, and misclassifications between these two behaviors were more common than
222 confusion with pup approach, investigation, or retrieval (Fig. 3p). In contrast, decoding
223 performance was lowest for pup approach and retrieval, which were most often misclassified as
224 pup investigation (Fig 3p, left). Consistent results were obtained using pairwise decoders trained
225 to distinguish individual pairs of pup-directed behaviors: decoding accuracy was lowest for
226 approach versus investigation and retrieval versus investigation, and highest for comparisons
227 between active pup-directed behaviors and crouching or pup grooming (Fig. 3q). Together, these
228 findings suggest that active pup-directed behaviors, which often occur in close temporal
229 succession, are represented by overlapping but non-identical activity patterns in MPOACalcR
230 neurons. This interpretation is further supported by the strong correlations among activity patterns
231 associated with active pup-directed behaviors, whereas grooming- and crouching-related activity
232 patterns were more distinct (Fig. 3e, f)
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233 The activity elicited by each behavior varied across animals, likely due to differences in
234 imaging sites along the anterior-posterior axis (Extended Data Fig. 9). Specifically, the animal
235 with the most anteriorly placed GRIN lens (Bregma: 0.14 mm) showed weak responses during
236 pup-directed behaviors in general, and during active components of pup interaction in particular
237 (Extended Data Fig. 9a). However, pup investigation, retrieval, and pup grooming elicited large
238 responses in animals with posteriorly placed GRIN lenses (Extended Data Fig. 9c-f). The
239 average population response during these behaviors showed a trend toward positive correlation
240 with the GRIN lens anterior-posterior placement (Extended Data Fig. 9h-j). These results,
241 together with recent population Ca?* recordings in females®', support the involvement of
242 MPOACaCR cells, especially those located posteriorly, in various aspects of parental behaviors.
243

244 Changes in MPOAC2°R responses over pup sensitization

245 To determine how MPOACaR cell responses change as animals become parental, we
246 longitudinally tracked the cell responses before and after pup sensitization. We recorded cell
247 responses as animals investigated pups, adult male, and adult female intruders before pup
248 sensitization and after paternal behavior onset (Fig. 4a). A total of 131 cells from 7 animals could
249 be confidently matched before and after pup sensitization (Fig. 4b). Fig. 4c shows recordings
250 from one example animal. Across animals, 18% (23/131) of neurons responded during pup
251 investigation before pup sensitization (Fig. 4d, e). When animals became parental, as defined by
252 pup retrieval, the percentage of pup investigation-responsive cells more than doubled (49/131)
253 (Fig. 4d, e). In contrast, the fraction of adult female and adult male responsive cells dropped by
254 approximately 10% (adult female: 45% to 37%; adult male: 37% to 24%) (Fig. 4d, e). Consistent
255 with a net increase of pup-responsive cells, the mean magnitude of Ca?* activity during pup
256 investigation increased in paternal animals across all tracked cells (Fig. 4f). In contrast, the
257 population responses were largely unchanged during male and female investigation (Fig. 4g, h).
258 We wondered whether parental behavior-responsive cells are predisposed to be activated
259 by pups before the emergence of parental behaviors and examined pre-sensitization MPOACacR
260 cell social cue responses (Extended Data Fig. 10). Among the four MPOACaR clusters identified
261 based on their post-sensitization responses during parental behaviors (Fig. 3e), the 15t (retrieval
262 cells) and 2" cluster (grooming and crouching cells) responded preferentially to adult stimuli
263 before sensitization (Extended Data Fig. 10a, b, e, f, i, j). After sensitization, both clusters
264 decreased their responses during adult investigation and increased their responses to pups
265 (Extended Data Fig. 10a, b, e, f, i, j). The 3" cluster, i.e., moderately responsive during approach
266 and retrieval, responded similarly to all social stimuli before sensitization and showed a trend of
267 increased responses to pups after sensitization (Extended Data Fig. 10c, g, k). The 4" cluster,
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268 i.e., the parental behavior non-responsive cells, showed no activity increase during pup
269 investigation either before or after sensitization and responded overall more to adult stimuli
270 (Extended Data Fig. 10d, h, I). These results suggest that MPOA parental cells are not wired to
271 receive pup cues exclusively, although parental behavior-unrelated cells may receive minimal
272 pup-related sensory inputs.

273 To further understand the flexibility of sensory inputs to the MPOA cells, we compared the
274 preferred response of each cell, defined by the social stimulus that evokes the largest significant
275 response, before and after pup sensitization (Fig. 4i). After pup sensitization, pup-preferring cells
276 increase from 14% (18/131) to 31% (41/131), while adult-preferring cells decreased by roughly
277 the same percentage (55% to 37%). Among pup-preferring cells, while a portion of neurons
278 consistently responded to the pup preferentially (8/41) before and after the emergence of parental
279 behaviors, other cells switched from previously male-preferring (12/41), female-preferring (9/41),
280 or non-responsive profiles (13/41) to pup-preferring (Fig. 4d, i). Beyond a net increase of pup
281 preferring responses, a subset of cells shifted their responses from male preferring to female
282 preferring (Fig. 4d, i). These results further support that MPOACaR cell response profile to social
283 sensory inputs is plastic.

284 To address whether the responses of MPOACaR cells become more selective with the
285 transition to alloparental care, we first examined the pairwise cross-correlation among pup, adult
286 male, and adult female responses. MPOACa<R cgll responses to pups and adult males or females
287 were uncorrelated before pup sensitization. The responses became slightly but significantly anti-
288 correlated to females and showed a trend of anti-correlation to males after parental behavior onset
289 (Fig. 4j, k). In contrast, responses during male and female investigation were significantly
290 positively correlated both before and after pup sensitization (Fig. 4j, k).

291 We next computed the choice probability®?52 for each neuron to estimate how the cell
292 response differs between two social stimuli. Specifically, AF/F distribution histograms of each pair
293 of stimuli were used to generate a Receiver Operating Characteristic (ROC) curve, and the
294 absolute deviation of the area under the ROC (auROC) from 0.5 was used to measure the cell’s
295 ability to discriminate between the two stimuli (0: indiscriminate; 0.5: fully distinct) (Extended Data
296 Fig. 11). After sensitization, the discrimination ability of MPOACaR cells between pup and adult
297 stimuli, but not between adult male and female, increased significantly (Fig. 41).

298 To address whether MPOACaR cell responses to social cues change without pup
299 sensitization, we additionally recorded the activity of 145 MPOACa<R cells from 7 single-housed
300 male mice between 2 sessions, with 3-6 days apart, and examined the responses during
301 investigating pups, adult males, and adult females (Extended Data Fig. 12a). At the population
302 level, a largely stable number of neurons (pup: 30 vs. 27; female: 47 vs. 55; male: 54 vs. 43)
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303 responded during investigation of each social target between these two sessions (Extended Data
304 Fig. 12b, c¢). The average magnitude of responses to pups and adult males remained consistent
305 across the two sessions, while the responses to females showed a trend of increase in the second
306 recording session (Extended Data Fig. 12d-f). When examining the preferred response of
307 individual cells, unlike pup-sensitized males, we found no increase in the number of pup-preferring
308 cells (Extended Data Fig. 12g). However, we did find changes in individual cell response tuning
309 between the two sessions. Most noticeably, a subset of cells switched from male-preferring to
310 female-preferring or non-responsive (Extended Data Fig. 12g). Across the population, the male
311 and female investigation responses were highly correlated with each other and largely
312 uncorrelated with pup responses in both recording sessions (Extended Data Fig. 12h, i). The
313 discriminability between pup and female, but not pup vs. male, showed a slight increase in the
314 second session, although it is lower than the discriminability after pup sensitization (Extended
315 Data Fig. 12j). These results suggest increased pup response is unique after pup sensitization,
316 although short periods of social experience with pups and adults may enhance MPOACaR cell
317 response selectivity to some extent.

318 When examining response profiles of individual animals, we found that the tuning of
319 MPOACaR neurons to social stimuli differed along the anterior-posterior axis of the MPOA.
320 Interestingly, MPOACaR cells showed a strong adult-biased response pattern in animals with the
321 most anteriorly located imaging sites (Bregma: 0.04 mm), whereas the posteriorly located
322 MPOACa R cells preferentially responded to pups (Extended Data Fig. 13). This tuning difference
323 was present before pup sensitization and largely persisted following sensitization, suggesting an
324 experience-independent topographical organization of MPOACaR cell tuning to social stimuli
325 (Extended Data Fig. 13h, i).

326 Altogether, these single-cell longitudinal imaging results suggest that, first, many
327 MPOACaR cells are activated during parental behaviors; second, MPOACaR cell responses to
328 pups expand after pup sensitization; third, MPOACaR cells increase discriminability between pup
329 cues and adult social cues after pup sensitization although short periods of social interactions
330 may also induce response divergence; third, individual MPOACaR cells could respond to multiple
331 social targets, and their sensory tuning could change with social experience; fourth, MPOACalcR
332 cell responses during adult male and female investigation are more similar than those during pup
333 investigation at the population level; fifth, responses of anterior MPOACaR cells are adult-biased
334 whereas those in the posterior part are pup-biased regardless of animals’ experience with pups.
335

336 Physiological changes of MPOAC3/R cells over pup sensitization
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337 To determine whether in vivo response changes are supported by cell physiological changes, we
338 performed in vitro patch-clamp recordings of MPOACaCRNVGAT cells (Fig. 4m). We labeled
339 MPQACaICRNVEAT cells with Cre- and Flp-dependent oScarlet and collected brain slices from male
340 mice after undergoing 0, 1, or 7 days of pup sensitization (Fig. 4m). Compared with non-sensitized
341 animals, MPQOACaCRNVEAT cells from 7-day-sensitized male mice showed enhanced firing upon
342 current injection, yielding a significantly higher maximal firing rate (Fig. 4n, o). This change
343 appeared to occur quickly and gradually: animals undergoing 24 hours of pup exposure and
344 whose behavior had not yet switched to parenting already showed a trend of increased excitability
345 (Fig. 4n, o). Other parameters, including rheobase, resting membrane potential (RMP), and input
346 resistance, did not differ across groups (Fig. 4p-r).

347 To wunderstand whether pup sensitization also induces synaptic plasticity in
348 MPQOACaCRNVEAT cells, we recorded miniature excitatory and inhibitory postsynaptic currents
349 (mEPSCs and mIPSCs). Compared to both non-sensitized and 24-hour pup-exposed animals,
350 MPQACaICRNVEAT cells in 7-day pup sensitized males showed increased mEPSC amplitude (Fig.
351 4s, u). The mEPSC frequency also showed an upward trend (Fig. 4t). Likewise, mIPSC amplitude
352 increased in sensitized animals compared to both other groups (Fig. 4v-x). These results suggest
353 that pup sensitization, particularly to the point that parental behaviors emerge, is associated with
354 both synaptic changes and increased excitability of MPOACalcRIVEAT ce||s,

355

356 Disrupting CalcR signaling in the MPOA impairs paternal behaviors

357 To address whether CalcR is itself functionally important for the emergence and expression of
358 parental behaviors in virgin male mice, we generated viruses expressing short hairpin RNA
359 (shRNA) against Calcr or scrambled shRNA controls and injected them into the MPOA (Fig. 5a).
360 Immunostaining revealed that Calcr shRNA reduced CalcR-positive cells by approximately 60%
361 (Fig. 5b, c). Patch-clamp recordings in non-sensitized males showed that MPOACaCRNVEAT ce||g
362 expressing Calcr shRNA and scrambled shRNA did not differ in cell excitability, mEPSCs, or
363 mIPSCs, suggesting that Calcr knockdown does not alter the cells’ basal physiological properties
364 (Extended Data Fig. 14).

365 Three weeks after the virus injection and before pup sensitization, a comparable number
366 of Calcr shRNA (4/8) and scramble shRNA-injected males (3/9) showed spontaneous infanticide,
367 consistent with no change in MPOACalcRI\VEAT ce|| properties after Calcr knockdown in naive males
368 (Fig. 5d, Extended Data Fig. 14). Over the course of 7-day pup sensitization, fewer Calcr shRNA
369 animals showed pup retrieval compared to scrambled shRNA-injected control animals, and the
370 retrieval reliability was consistently lower in Calcr shRNA animals (Fig. 5d, e). When comparing

371 Calcr shRNA and control animals after 7 days of pup sensitization, Calcr shRNA animals took
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372 longer to start retrieving, retrieved fewer pups, and crouched over pups for a shorter period (Fig.
373 5f-1). The onset of pup retrieval was negatively correlated with the number of remaining CalcR-
374 positive cells: the fewer the cells that remained, the slower the onset (Fig. 5m). These results
375 suggest that CalcR in the MPOA is important for the emergence and/or expression of paternal
376 behavior.

377 CalcR contributes to multiple receptors: it can, by itself, form calcitonin receptors and bind
378 calcitonin, or form heterodimers with three receptor activity-modifying proteins (RAMPs 1-3),
379 resulting in amylin receptors 1-3 (Amy1-3)%. All amylin receptors bind to amylin, a pancreatic
380 peptide also produced in the hypothalamus of female mice3°%%_ Amy1 and Amy3 also bind to
381 CGRP. In particular, Amy1 has a similarly high binding affinity to amylin and CGRP and is
382 considered a dual receptor®*%”. In the MPOA, previous RNAseq and in situ hybridization studies
383 revealed expression of RAMP1%3 and RAMP2%, but not RAMP3, suggesting the potential
384 presence of Amy1 and Amy2 in the area.

385 To more directly test which forms of CalcR may contribute to the paternal behavior
386 expression following pup sensitization, we implanted cannulas over the MPOA to block the
387 receptor action locally in paternal virgin male mice (Fig. 5n). We found that both the general
388 amylin receptor 1-3 blocker, AC187, and the CGRP receptor and Amy1 dual blocker, CGRP 8-
389 37, significantly reduced the probability of pup retrieval and increased retrieval latency but did not
390 affect other aspects of parental behaviors in pup-sensitized male mice (Fig. 50-bb). No animal
391 attacked pups after either antagonist injection. Given that Amy1 is the only receptor blocked by
392 both AC187 and CGRP8-37, we consider Amy1 the likely receptor mediating the behavioral
393 changes induced by the antagonists. We could not test the contribution of the calcitonin receptor
394 due to a lack of specific antagonists®+58%°. Nevertheless, given that calcitonin is synthesized
395 exclusively peripherally, the calcitonin receptor, on its own, is likely to have limited central
396 functions®8', Notably, compared with Calcr knockdown, which reduced receptor expression
397 throughout the pup sensitization process, the parental behavior deficits caused by acute AC187
398 or CGRP 8-37 injection are relatively minor, suggesting that CalcR likely plays a more critical role
399 in the emergence than in the acute expression of parental behaviors. Lastly, injecting AC187 or
400 CGRP 8-37 into the MPOA of non-sensitized males did not alter pup-directed behaviors, such as
401 infanticide probability or pup interaction duration, suggesting that MPOA CalcR signaling
402 contributes little to modulating pup-directed behaviors in non-parental males (Extended Data Fig.
403 15).

404

405 CalcR activation facilitates pup-relevant inputs to MPOAC?ICRNVEAT cg||g
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406 The functional and imaging results suggest that activation of CalcR-containing receptors, e.g.,
407 Amy1, may facilitate the MPOACa<R cell response increase to pups after repeated pup exposure,
408 leading to increased parental behaviors. To test this hypothesis, we first aimed to identify an
409 excitatory input to the MPOA that could carry pup cues. We previously found that posterior
410 amygdala (PA) cells expressing estrogen receptor alpha (Esr1) are responsive to social cues and
411 provide strong excitatory inputs to the MPOA®2, A recent study further suggested that a subset of
412 MPOA-projecting PA cells is uniquely activated during parental care in fathers and
413 pharmacological activation of the cells can suppress infanticide and promote parental care in
414 naive males®3.

415 We thus hypothesize that PA could be a relevant upstream region providing pup-related
416 sensory information to the MPOA during pup sensitization. To this end, we used fiber photometry
417 to record the calcium signal of PAEs™ cells projecting to the MPOA (PAEs">MPOA) by injecting a
418 retrograde herpes simplex virus (HSV) encoding a Cre-dependent GCaMP6f (HSV-hEF1a-
419 GCaMP&6f) into the MPOA of Esr1-2A-Cre (Esr1¢*) male mice and implanted optic fibers above
420 the PA (Fig. 6a, b). Ca?* activity increased when animals approached pups and rose significantly
421 during pup investigation (Fig. 6¢c, e, f). During pup attack, however, no consistent increase was
422 observed (Fig. 6g). When the males investigated pups placed in a wire-mesh ball, as is the case
423 during pup sensitization, PAEsr1>MPOA ce|| gctivity increased consistently (Fig. 6d, h). These results
424 indicate that PA is well-positioned to relay pup sensory cues to the MPOA during pup
425 sensitization. We next used PA input to investigate how pup-relevant inputs can affect the
426 physiology of the MPOA. First, we confirmed that PA provides direct excitatory inputs to the
427 MPQACaCRNVEAT cells. Four weeks after virally expressing Chronos® in the PA and oScarlet*? in
428 MPQACaICRNVEAT cells, we performed whole-cell voltage-clamp recordings of MPOACaCRIVEAT ce||g
429 on brain slices while optogenetically activating PA-MPOA terminals (Fig. 6i, j). We found that 1
430 ms light pulses evoked excitatory postsynaptic current (0EPSC) in 23/28 of recorded cells (Fig.
431 6j-1). The short latency of the oEPSC (2.82 + 1.3 ms) indicated the monosynaptic nature of the
432 connection (Fig. 6k).

433 We then asked whether CalcR-containing receptor activation can change MPOACalcRNVGAT
434 cell activity and responses to the PA input. We considered Amy1 the most likely receptor of
435 interest and bath applied 200 nM amylin or CGRP, two potential Amy1 ligands. Neither ligand
436 changed MPOQACaCRNVEAT cell RMP, spiking activity, or PA-stimulation evoked excitatory
437 postsynaptic potential (cEPSP) (Fig. 6n-r, Extended Data Fig. 16a-e). However, 200 nM CGRP,
438 but not Amylin, consistently increased the input resistance of the recorded cells (Fig. 6p,
439 Extended Data Fig. 16c). Additionally, a high concentration of amylin (800 nM) depolarized the
440 cells moderately, although no firing change was observed, consistent with the fact that Amy1 is
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441 coupled to an excitatory GPCR, but it also suggests low receptor sensitivity to amylin (Extended
442 Data Fig. 169, j).

443 Given the likely role of CalcR-containing receptor in facilitating the emergence of parental
444 behaviors and synaptic changes after pup sensitization (Fig. 5a-m), we further asked whether
445 Amy1 can promote the synaptic plasticity of the PA-MPOA inputs that could carry pup-related
446 cues. We activated PA inputs at a high frequency (5 ms, 20 Hz, 25 s each for 3 times) to mimic
447 the increased PA input during pup sensitization and probed (1ms, 0.1 Hz) the postsynaptic
448 responses of MPOACaCRNVEAT cells before and after the high-frequency light stimulation in the
449 absence or presence of amylin or CGRP (Fig. 6m-r, Extended Data Fig. 16a-j). We found that
450 in the absence of any ligand, oEPSPs increased transiently following the high-frequency PA
451 terminal stimulation but returned to baseline within a few minutes (Fig. 6n, q, Extended Data Fig.
452 16a, d, f, i, k, n, p, s). Strikingly, in the presence of CGRP, the high-frequency PA terminal
453 stimulation tripled the oEPSP slope, and the effect persisted throughout the recording after CGRP
454 washout (>10 min after washout onset) (Fig. 6n, q). The PA-evoked spiking probability also
455 increased significantly and was maintained after the washout (Fig. 6r). Interestingly, neither 200
456 nM nor 800 nM amylin application significantly potentiated the PA-stimulation-induced synaptic
457 plasticity of MPOQACaRWEAT cells, further suggesting amylin as a poor ligand for the
458 MPQACaCRNVEAT cells in male mice (Extended Data Fig. 16a-j). When CGRP was co-applied with
459 either the amylin receptor antagonist AC187 or the dual Amy1/CGRP receptor antagonist
460 CGRP8-37, CGRP-facilitated synaptic potentiation was completely blocked (Extended Data Fig.
461 16k-t). These results suggest that Amy1 activation, possibly by CGRP, can facilitate synaptic
462 potentiation during repeated pup exposure to increase MPOACaCRNVGAT || responses to pup cues
463 and ultimately promote parenting in male mice.

464 Lastly, to confirm that CGRP is the relevant ligand facilitating MPOA plasticity during pup
465 sensitization at the functional level, we implanted cannulas into the MPOA of wild-type male mice.
466 The cannulae were connected to osmotic pumps to continuously infuse either saline or CGRP as
467 the males underwent continuous pup sensitization (Fig. 6s). To avoid a floor effect, we selected
468 animals that showed spontaneous infanticidal behavior for this experiment. Compared to controls,
469 CGRP-treated animals stopped attacking pups more quickly (days to last infanticidal event,
470 CGRP: mean £ SEM: 1.5 + 0.9 days, saline: mean + SEM: 2.8 + 2.6 days) (Fig. 6t, v) and took
471 fewer days to start retrieving pups (days to first retrieval, CGRP: mean + SEM: 3.1 £ 1.4 days,
472 saline: mean + SEM: 5.3 £ 1.8 days) (Fig. 6u, w). However, once all males became parental after
473 7 days of pup sensitization, there was no significant difference in pup-directed behaviors between
474 CGRP- and saline-infused groups (Fig. 6x-dd). In a separate cohort of naive males, we injected
475 saline or CGRP acutely into the MPOA and observed no increase in parental behaviors: 3/6
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476 saline-injected males attacked and 3/6 ignored pups, 4/6 CGRP-injected males attacked and 2/6
477 ignored pups (Extended Data Fig. 17). Together, these results support that CGRP facilitates the
478 emergence of parental behaviors during pup sensitization, although its acute role in promoting
479 parental behaviors is limited.

480

481 Discussion

482 In this study, we demonstrated that male mice can become parental via repeated pup interaction.
483 This process depends on MPOACa<R cells; inhibition of this population impairs both the execution
484 and acquisition of parental behaviors in male mice. In contrast, optogenetic activation of
485 GABAergic but not glutamatergic MPOACa°R cells rapidly induced pup retrieval in virgin male mice.
486 As the virgin males became parental, MPOAC2a°R cells responded more robustly and selectively
487 to pups, whereas responses to adult social cues remained unchanged or decreased. Importantly,
488 CalcR-containing receptors are themselves functionally important for the emergence of parental
489 behaviors over pup sensitization, likely by facilitating the potentiation of synapses carrying pup
490 cues.

491

492 The function of MPOAC2R cells

493 MPOACaR cells are critical for both the expression and emergence of parental behaviors in virgin
494 males, similar to the critical role of these cells in the expression of maternal behaviors in females®’.
495 Acute chemogenetic inhibition of MPOACaR cells reduced all aspects of parental behaviors. Tonic
496 inhibition of the cells blocked the emergence of parental behaviors in all virgin males over 7 days
497 of pup sensitization. After lifting the inhibition post-pup-sensitization, parental behaviors remained
498 unexpressed, suggesting that MPOACaR cell activation during pup exposure is required for the
499 plasticity to occur, which leads to behavioral changes.

500 Strikingly, when MPQACaRNVEAT cells were optogenetically activated, naive male mice
501 began caring for the pups within seconds of stimulation. They quickly approached the pups,
502 brought them back to the nest, and repeatedly groomed them. These results suggest that the
503 circuit downstream of MPQOACaCRNVGAT cells is ready to drive the behavior in naive males,
504 highlighting the importance of MPOACalcRNVGAT pasticity in the emergence of parental behavior.
505 Notably, activating MPOACaR cells only promotes pup approach but not specific caring behaviors,
506 suggesting that non-GABAergic MPOACaR cells likely counteract the output of MPQOACacRNVGAT
507 cells. Indeed, GABAergic and glutamatergic MPOA cells have been reported to mediate distinct
508 behaviors and induce opposite valences*2. In particular, while GABAergic cells promote parental
509 behaviors, glutamatergic cells induce stress and suppress parental behaviors*2. Our results also
510 align with a previous study showing that MPOAEs""VGAT is more effective in driving male sexual
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511 behaviors than MPOAFs™ cells®2. Thus, the GABAergic MPOA population appears to be the social
512 behavior-relevant subset in general®.

513 Our imaging results suggest that MPOACa<R cells are heterogeneous: while the majority
514 of cells respond to at least one parental behavior, over one-third respond preferentially to adult
515 males or females. Nevertheless, at the functional level, activation of MPOACacRI\VGAT cal|s or
516 inactivation of MPOACa<R cells does not alter male sexual or aggressive behaviors, suggesting
517 that these cells are more important for driving parental care than for adult-directed behaviors.
518

519 Responses of MPOAC?<R cells

520 MPOACaR cell responses can be separated into action-related and sensory cue-driven. For
521 action-related responses, following pup sensitization, approximately two-thirds of MPOACaR cells
522 (clusters 1-3) are activated during at least one aspect of pup-directed behaviors. Among these,
523 ~15% (cluster 1) are most strongly activated during pup retrieval, whereas ~10% (cluster 2) are
524 strongly and selectively activated during pup grooming and crouching. The existence of distinct
525 pup-retrieval and grooming MPOACaR subpopulations suggests that these two pup-directed
526 behaviors may be independently modulated. Consistent with this possibility, previous studies
527 found that optogenetic activation of MPOA Gal-expressing cells induces pup grooming but not
528 retrieval3®, whereas activating MPOAEs™ cells induces pup retrieval but not grooming®°. Notably,
529 MPOACaR cells partially overlap with both Gal- and Esr1-expressing cells®® and can bi-
530 directionally modulate both pup retrieval and grooming. Thus, MPOACaR cells that co-express
531 Gal or Esr1 may preferentially drive pup grooming or pup retrieval, respectively.

532 MPOACaR cells also increase activity during pup and adult investigation, likely reflecting
533 sensory-driven responses. Several insights emerge from examining the relationship between
534 MPOACa R responses during parental actions and to social sensory cues. We consider responses
535 during parental actions to reflect the functional role of these neurons in parental behavior,
536 whereas responses to social cues indicate the sensory inputs they receive.

537 First, MPOA parental behavior neurons do not exclusively receive inputs conveying pup-
538 related information. In fact, cluster 1 and cluster 2 neurons, which show the strongest activation
539 during parental behaviors, respond more strongly to adult cues than pup cues prior to
540 sensitization. Thus, inputs carrying adult and pup cues both reach parental MPOA neurons in
541 naive animals. However, with repeated pup interactions, pup cues evoke stronger responses in
542 parental neurons, while responses to adult cues decrease. This shift likely reflects synaptic
543 potentiation of pup-cue—carrying inputs and depression of adult-cue—carrying inputs. Importantly,
544 neurons not associated with parental behavior (cluster 4) showed minimal responses during pup
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545 investigation both before and after sensitization, suggesting that pup-cue-carrying inputs largely
546 avoid these cells. Together, these observations suggest the following model: in naive animals,
547 pup-related inputs weakly target MPOA neurons that drive parental behavior while largely sparing
548 neurons unrelated to parental actions, whereas adult-related inputs reach both populations. With
549 repeated pup interactions, pup-related inputs strengthen their connections with parental
550 neurons—likely facilitated by activation of CalcR-containing receptors—while adult-related inputs
551 weaken their connections through currently unknown mechanisms. As a result, pup cues become
552 more effective at driving parental neurons, thereby enhancing discrimination between pup and
553 adult cues.

554 Second, after pup sensitization, we observed an expansion of pup-responsive population
555 and increased discriminability between pup and adult stimuli. Interestingly, in non-sensitized
556 males, although the number of pup-responsive neurons did not increase, we still observed a
557 modest increase in social stimulus discriminability during the second recording session. This
558 response divergence may arise from social interaction experience accumulated during the first
559 recording session (~1 hour total). Indeed, previous Ca?* imaging in the male ventrolateral part of
560 the ventromedial hypothalamus (VMHvI), a medial hypothalamic region interconnected with the
561 MPOA, showed that 30 minutes of free interaction with females can induce divergence of VMHvI
562 cell responses to males and females 24 hours later®®. These findings suggest that social
563 experience in general may enhance MPOA cell response selectivity, whereas pup sensitization
564 is specifically required to expand MPOACaR responses to pups.

565 Third, at the population level, we found that response patterns to adult male and adult
566 female cues are highly correlated, both before and after pup sensitization. We speculate that
567 these correlated responses reflect synaptic inputs commonly recruited by adult conspecifics of
568 both sexes. Adult males and females resemble each other in visual appearance and tactile
569 features, and although their chemosensory signals are distinguishable, they share many volatile
570 components®”. Consistent with this interpretation, our previous single-unit recordings in female
571 mice also revealed highly correlated MPOA neuronal responses to adult male and female cues®.
572 In contrast, MPOACaR cell responses to adult and pup cues are largely uncorrelated in naive
573 animals, suggesting that adult- and pup-related inputs target MPOA neurons through largely
574 independent pathways. After pup sensitization, as parental neurons show increased responses
575 to pups and decreased responses to adults, the responses evoked by pup and adult cues become
576 anti-correlated.

577 Fourth, MPOACaR responses exhibit a spatially biased organization that is independent
578 of social experience. Specifically, pup-responsive neurons are largely absent from the most
579 anterior MPOA, which is dominated by adult-responsive neurons. In contrast, the posterior MPOA
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580 contains both adult- and pup-responsive neurons, but with a higher proportion responding to pups.
581 These spatial patterns suggest that pup-related inputs preferentially target medial-to-posterior
582 MPOA regions, whereas adult-related inputs likely project broadly across the MPOA. This
583 organization may explain why pup cues fail to activate non-parental neurons concentrated in the
584 anterior MPOA, whereas parental neurons receive both adult- and pup-related sensory inputs.
585

586 CalcR role in the emergence of parental behaviors

587 CalcR knockdown in the MPOA delayed the emergence of all aspects of parental behavior, and
588 the extent of this delay positively correlated with the degree of knockdown. Pharmacological
589 antagonism of CalcR-containing receptors also impaired pup retrieval in sensitized males,
590 although the effect was weaker than that observed with CalcR knockdown. Neither manipulation
591 affected pup-directed behaviors in non-sensitized males. Together, these results indicate that
592 MPOA CalcR-containing receptors are primarily required for the emergence of parental behavior
593 and, to a lesser extent, for the expression of specific behavioral components, while playing little
594 to no role in non-parental males.

595 How do CalcR-containing receptors facilitate pup-sensitization—induced parental
596 behavior? Addressing this question requires identifying which CalcR-containing receptor is
597 involved. CalcR is complicated in that it participates in the formation of four receptors: the
598 calcitonin receptor and the amylin receptors Amy1-Amy3, which are heterodimers composed of
599 CalcR and RAMP1-3%. Several lines of evidence suggest that Amy1 is the most relevant receptor
600 in the MPOA. First, single-nucleus and bulk RNA sequencing show that Ramp1 and Ramp2 are
601 expressed in the MPOA?. Second, both AC187 and CGRP8-37 suppress parental behavior
602 when injected into the MPOA, and among CalcR-containing receptors, Amy1 is the only receptor
603 effectively antagonized by both drugs®®€8. Third, calcitonin is not present in the central nervous
604 system, making the calcitonin receptor an unlikely physiological target®°61,

605 If Amy1 is the relevant receptor, what is its endogenous ligand? Pharmacological studies
606 in cultured cells suggest that Amy1 responds similarly to amylin and CGRP>458.68, However, our
607 recordings revealed that male MPOAC2R neurons respond quite differently to these two peptides.
608 CGRP consistently increased input resistance without altering the resting membrane potential,
609 whereas amylin had little effect on input resistance and only depolarized the cell at an unnaturally
610 high concentration. It is worth noting that amylin expression is sexually dimorphic. Amylin level is
611 much lower in males than in females throughout the hypothalamus®. In fact, our immunostaining
612 failed to detect amylin in the male MPOA, while the signal is readily observed in females (Data
613 not shown). Thus, although amylin was previously suggested to be the ligand of Calcr-containing
614 receptors in the female MPOA?, we think this is unlikely the case in males. Even in females,
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615 knockout amylin induced no deficits in maternal behavior, suggesting that other ligands likely exist
616 to activate CalcR-containing receptors®”. Among the known Amy1 ligands®4%”, CGRP appears to
617 be the most likely one. Several MPOA-projecting brain regions contain CGRP-expressing cells,
618 including locus coeruleus, posterior thalamus, and parabrachial nucleus’®72. Supporting CGRP
619 as the relevant ligand, continuous CGRP infusion into the MPOA during pup sensitization
620 accelerated the emergence of parental care.

621 Notably, CGRP is also a ligand for the CGRP receptor, a heterodimer composed of
622 calcitonin receptor-like receptor (CALCRL) and Ramp1%4. However, CGRP is unlikely to act on
623 CalcR-expressing cells through CALCRL. Bulk RNA sequencing revealed negligible Calcrl
624 expression in the MPOA, and single-nucleus RNA sequencing indicates that MPOA®aR cells do
625 not express Calcr?5. Furthermore, the effect of CGRP on MPOAC?¢ cells can be blocked by AC
626 187, which does not antagonize the CGRP receptor®8.

627 How does CGRP facilitate parental behavior through CalcR-containing receptors? Our
628 data suggest that CGRP does not directly excite CalcR-expressing neurons but instead
629 profoundly influences synaptic plasticity. When PA terminal activation occurs in the presence of
630 CGRP, the PA—MPOA synapse undergoes strong potentiation, and this enhancement persists
631 even after CGRP washout. PA neurons are naturally activated when naive males interact with
632 pups during sensitization. We therefore speculate that CGRP is released during pup sensitization
633 and facilitates the potentiation of modestly activated PA—MPOA synapses carrying pup-related
634 signals.

635 Importantly, although we focused on PA inputs, any inputs to MPOACacRNVgat neyrons that
636 are activated during pup exposure could potentially be potentiated through a similar mechanism.
637 Indeed, during pup sensitization, animals experience a barrage of pup-related olfactory and
638 auditory cues, both of which have well-described roles in parental behaviors”. PA likely conveys
639 primarily pup-related olfactory information, given its strong inputs from major olfactory relays such
640 as the medial amygdala and posterolateral cortical amygdala®?. Beyond PA, olfactory cues may
641 also reach MPOA via the ventral premammillary nucleus, medial amygdala, and bed nucleus of
642 the stria terminalis, while auditory cues, such as pup vocalizations, may reach the MPOA through
643 the posterior intralaminar thalamic complex and the paraventricular nucleus of the
644 hypothalamus’-78. Beyond CalcR, perturbation of Prir343¢ and Esr17° in the MPOA also impaired
645 parental behaviors in both fathers and mothers. Notably, CalcR-positive neurons express Prlr,
646 progesterone receptor (PR), and Esr1, suggesting that multiple hormones and neuropeptides may
647 modulate parental behavior through the same neuronal population. Recently, Ammari et al.
648 showed that during pregnancy, progesterone and estrogen induce synaptic plasticity and
649 increased excitability of MPOAS? cells®3. Although not tested here, MPOAC?R cells likely undergo
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650 similar hormone-dependent modulation given their strong PR and Esr1 expression. Thus, parental
651 circuits may be strengthened through multiple signaling pathways, some hormone-dependent and
652 others independent. Such diverse modulatory mechanisms may enable parental neurons to be
653 activated “automatically” during parenthood while also allowing parental behavior to emerge
654 gradually through repeated interactions with offspring in virgin animals. This experience-
655 dependent plasticity may be particularly advantageous for species living in social groups’.

656 MPOACaR cells are likely not the only MPOA population involved in parental behaviors.
657 For example, the oxytocin system is an evolutionarily conserved regulator of parental care?38081,
658 Disruption of OXTR signaling in the MPOA impairs parental behaviors, particularly under stressful
659 conditions®283, Interestingly, OXTR-expressing MPOA neurons show little overlap with MPOACalcR
660 neurons®®. How these two populations interact to coordinate parental behavior remains an
661 important question for future studies.

662 It has been known since 1967 that pup sensitization can induce maternal behavior in virgin
663 females independently of sex hormones®. However, the neural mechanisms underlying this
664 phenomenon have remained unclear. Our study shows that virgin males, like females, can
665 develop parental behavior after repeated pup exposure in the absence of sex hormones, and
666 provides new insight into the neural mechanisms supporting sensitization-induced parental care.
667 More broadly, the MPOA has increasingly been implicated in adult prosocial behaviors®+8. In this
668 sense, the mechanisms described here may reflect a general principle by which familiarity breeds
669 fondness.

670

671 Methods

672 Mice

673 All animal procedures were approved by the Institutional Animal Care and Use Committee
674 (IACUC) of NYU Langone Health. Adult mice aged 8-36 weeks were used for all studies. Mice
675 were housed at 20-22°C with 30—70% humidity under a 12 hr light-dark cycle (10 a.m. to 10 p.m.
676 dark) with water and food available ad libitum. All animals were group-housed until adulthood and
677 single-housed after surgery. All experiments were performed during the dark phase of the daily
678 light/dark cycle. Calcr-Cre mice were originally provided by Dr. Martin Myers (now Jackson stock
679 no. 0307028) 4°. Esr1-2A-Cre mice were originally provided by Dr. David Anderson (now Jackson
680 stock no. 017911). Vgat-Flp and Vglut2-FIp mice were purchased from Jackson Laboratory (stock
681 no. 029591 and 030212). Calcr-Cre x Vgat-FIp and Calcr-Cre x Vglut2-Flp were acquired by
682 crossing Calcr-Cre mice with Vgat-Flp or Vglut2-Flp mice, respectively. Wild-type C57BL/6 mice
683 were purchased from Charles River or bred in-house and were used for behavior, shRNA, and
684 pharmacology experiments. P1-P6 C57BL/6 pups were used for behavioral experiments and were
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685 bred in-house. Castrated wild-type C57BL/6 male mice (8-10 weeks) were purchased from
686 Charles River. Adult (>8 weeks), wild-type Balb/c male and C57BL/6J female mice used as
687 stimulus animals were bred in-house.

688

689 Viruses and stereotaxic surgery

690 AAV1-hSyn-Flex-GCaMP6s (1.6 x 103 vg per ml), AAV8-hSyn-DIO-hM4Di-mCherry (1.8 x 103
691 vg per ml), AAV2-hSyn-DIO-mCherry (1.9 x 10" vg per ml), AAV8-nEF-ConFon-ChRmine-
692 oScarlet (1.9 x 103 vg per ml), AAV8-EF 1a-ConFon-oScarlet (2.2 x 103 vg per ml), and AAV5-
693 Syn-Chronos-GFP (5.3 x 10'? vg per ml) were purchased from Addgene. AAV2-EF1a-DIO-
694 hChR2-EYFP (4.0 x 10'2 vg per ml), AAV2-EF1a-DIO-hChR2-mCherry (3.1 x 10'2vg per ml), and
695 AAV5-hSyn-ConFon-eYFP (4.8 x 10'? vg per ml) were purchased from the University of North
696 Carolina vector core. HSV-hEF1a-LS1L-GCaMP6f (1.0 x 10° vg per ml) was purchased from the
697 Massachusetts General Hospital Neuroscience vector core. AAV8-hSyn-CalcR-shRNA-Clover3
698 (3.11 x 10"* vg per ml) and AAV8-hSyn-CalcR-scrambledmRNA-Clover3 (1.02 x 105 vg per ml)
699 were generated by Drs. Qian Wang and Xiaoke Chen. Viruses containing Calcr shRNA and
700 scrambled shRNA were diluted 1:10 in 0.9% saline prior to virus injection.

701 Mice (8-24 weeks old) were anesthetized with isoflurane (3.5% induction and 1-2%
702 maintenance vaporized in oxygen delivered at a rate of 2 L/min) and positioned on a stereotaxic
703 apparatus (Kopf Instruments Model 1900). Anesthesia was monitored by checking breathing rate
704 and foot-pinch reflex throughout the surgery. Viruses were injected into the brain using a glass
705 capillary attached to a nanoinjector (World Precision Instruments, Nanoliter 2000). In all cases,
706 viruses were injected at a rate of 30 nL per minute, and capillaries were left in place for a minimum
707 of 5 minutes after virus injection before being slowly retracted from the brain.

708 For two-photon imaging of MPOACaR cells, 200 nL AAV1-hSyn-DIO-GCaMP6s was
709 unilaterally injected into the MPOA (AP: 0.0 mm, ML: -0.31 mm, DV: -4.9 mm) of heterozygous
710 Calcr-Cre male mice. After virus injection, the tissue above the MPOA was aspirated using a
711 blunt-end 23-gauge needle. A 600-um GRIN lens (Inscopix, 1050-004597) attached to a 4mm
712 cover glass (Warner Instruments, CS-4R) using optic UV glue (Norland Products, NOA87) was
713 implanted 250 um above the virus injection site and secured to the skull using dental cement
714 (C&B Metabond, S380). After GRIN lens implantation, a custom 3D-printed head plate was
715 secured onto the skull using dental cement (C&B Metabond, S380). We began imaging
716 experiments 4-7 weeks after surgery when GCaMP-expressing cells were clearly visible.

717 We attempted to perform two-photon imaging of MPOACalcRNVEAT cgl|s by implanting a 600-
718 pum GRIN lens into the MPOA of Calcr-Cre x Vgat-Flp x Ai195 male mice. However, only 1 of 7
719 implanted mice exhibited stable GCaMP signals during recording. Testing multiple AAVs
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720 expressing ConFon-GCaMP likewise failed to yield sufficient, stable expression for two-photon
721 imaging.

722 For chemogenetic inhibition of MPOACaR cells, 100 nL of AAV8-EF1a-DIO-hM4Di-
723 mCherry or AAV8-hSyn-DIO-mCherry was bilaterally injected into the MPOA (AP: 0.0 mm, ML:
724 +0.31 mm, DV: -4.9 mm) of heterozygous Calcr-Cre male mice. Animals were allowed to recover
725 for at least 3 weeks prior to testing.

726 For optogenetic activation of MPOACaR subpopulations, 90 nL of AAV8-nEF-ConFon-
727 ChRmine-oScarlet was bilaterally injected into the MPOA of Calcr-Cre % Vgat-Flp or Calcr-Cre x
728 Vglut2-Flp male mice. For optogenetic activation of MPOACaR cells, AAV2-EF1a-DIO-hChR2-
729 EYFP/mCherry was bilaterally injected into the MPOA of Calcr-Cre male mice. For all
730 experiments, two 200-um optical fiber assemblies (RWD Life Science, R-FOC-L200C-0.39NA, L:
731 5mm) were implanted at 10° angles 200 um above the injection sites. Optical fibers were secured
732 on the skull using dental cement (C&B Metabond, S380), and a 3D-printed head fixation ring 8°
733 was cemented to the skull. Animals were allowed to recover for 3-5 weeks prior to testing.

734 To knock down Calcr expression, 90 nL of AAV8-hSyn-Calcr-shRNA-Clover3 or AAVS-
735 hSyn-Calcr-scrambledshRNA-Clover3 was bilaterally injected into the MPOA of wild-type C7BL/6
736 male mice. The target sequences for knockdown experiments were as follows: Calcr shRNA: 5'-
737 GATGAGGTTCCTTCTCGTGAA-3'; scrambled shRNA: 5-GGTTTCCATTGCGCTTAGAGA-3".
738 Animals were allowed to recover for 3-5 weeks after surgery.

739 To block CalcR signaling in MPOA, we implanted bilateral cannulae (Plastics One, center-
740 to-center distance: 0.7 mm) 400 um above the MPOA of wild-type C57BL/6 male mice. The
741 cannulae were secured to the skull using dental cement (C&B Metabond, S380), and a 3D-printed
742 head fixation ring®® was cemented to the skull. Animals were allowed to recover for 1-2 weeks
743 after surgery.

744 To record Ca?* activity from PAEs™ cells projecting to the MPOA, we injected 100 nL of
745 HSV-hEF1a-LS1L-GCaMP6f into one side of the MPOA. A 400-um fiber optic assembly (RWD
746 Life Science, R-FOC-L400C-0.5NA, L: 5.5 mm) was implanted 100 um above the ipsilateral PA
747 (AP: =2.3 mm; ML: -2.4 mm; DV: -4.7 mm). The optical fiber was secured using dental cement
748 (C&B Metabond, S380), and a 3D-printed head fixation ring was secured to the skull. All
749 experiments began 2-3 weeks after surgery.

750 For probing PA inputs to MPOA in acute brain slices, 100 nL of AAV5-Syn-Chronos was
751 bilaterally injected into the PA, and 200 nL of AAV8-nEF-ConFon-oScarlet was bilaterally injected
752 into the MPOA of Calcr-Cre x Vgat-FIp male mice.

753
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754 To record electrophysiological properties of MPOACaCRNWEAT ce|ls, 200 nL of AAV8-nEF-ConFon-
755 oScarlet was bilaterally injected into the MPOA of Calcr-Cre x Vgat-FIp mice.

756 To record electrophysiological properties of MPOACaCcRIWEAT after Caler knockdown, 200
757 nL of AAV8-nEF-ConFon-oScarlet mixed 1:1 with AAV8-Syn-Calcr-shRNA-Clover3 was injected
758 unilaterally. On the other side of the MPOA, 200 nl of AAV8-nEF-ConFon-oScarlet mixed 1:1 with
759 AAV8-Syn-Calcr-scrambledshRNA-Clover3 was injected. The brains were used for recording 3-
760 5 weeks later.

761 To continuously infuse CGRP into the MPOA, we implanted a unilateral cannula
762 connected to a 100 pL osmotic pump (Azlet, 1002) pre-filled with 0.9% saline or 200 yM CGRP
763 (Tocris, 1161). A small incision was made in the back to implant the pump subcutaneously. The
764 cannula and catheter tubing were secured using dental cement (C&B Metabond, S380).
765 Experiments began 4 days after surgery.

766 To trace the projections of MPOACaICRNVGAT cells, we injected 80 nL of AAV8-nEF-ConFon-
767 oScarlet or AAV5-hSyn-ConFon-EYFP into the MPOA. Animals were sacrificed 4 weeks later for
768 histological analysis.

769

770 Behavioral assays and analysis

771 All behaviors in all experiments were recorded from the side and top of the cage using two
772 synchronized cameras (Basler, acA640-120gc) using commercial video acquisition software
773 (StreamPix 8, Norpix, RRID: SCR_015774) in a semi-dark room with infrared illumination at a
774 frame rate of 25 frames per second. Behaviors were manually annotated on a frame-by-frame
775 basis using custom MATLAB software (https://github.com/pdollar/toolbox) .

776 During pup interaction tests, we manually annotated the following behaviors: approach,
777 attack, investigation, retrieve, groom pup, crouching, and nest building. Approach is defined as
778 the first step toward the pup from the farthest point away from the pup. Investigation is defined as
779 nose contact with the pup’s body. Retrieval starts from the moment the male picks up the pup
780 from the floor of the cage and ends when it drops the pup in or around the nest. Grooming the
781 pup is defined as direct mouth-to-body contact with the pup, associated with rhythmic up and
782 down head movements by the male and displacement of the pup. Crouching is characterized by
783 the male hovering above the pups without obvious movements. Nest building is defined as the
784 male collecting and repositioning the nesting material with his mouth to form a mass. The
785 expression of infanticide would override the classification of a mouse as ‘parental.” We found that
786 the expression of pup retrieval was almost mutually exclusive with the expression of infanticide
787 (attack). In one case (mouse 3, day 6 in Fig. 1c, d), a mouse showed infanticide and retrieval on
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788 the same day. In this case, this mouse was classified as infanticidal. No other mice in the course
789 of our study showed both infanticide and pup retrieval on the same day.

790 Pup interaction tests were performed by introducing pups one by one into the males’ home
791 cages. First, males were habituated to the removal of the cage top for at least 20 minutes. Then,
792 the first pup was introduced into its cage. As some animals attacked pups with a relatively long
793 latency (>5 minutes), we allowed animals to interact with the pup for 10 minutes on this first trial.
794 If an animal attacked the pup, we ended the experiment and quantified the attack latency. For
795 each subsequent trial, we introduced each pup one at a time at 2-minute intervals and continued
796 to record behavioral videos for 10-20 minutes after introducing the last pup. Up to 6 pups were
797 leftin the cage after being retrieved. The proportion of retrieval trials was calculated as the number
798 of trials during which the introduced pup was retrieved to the nest within 2 minutes among all
799 trials. For quantification of other behaviors, we scored the 10 minutes after the last pup
800 introduction.

801 This large number of retrieval trials permitted a scalable metric for pup retrieval, wherein
802 we could resolve quantitative differences in parenting performance across the sensitization
803 process and under different experimental manipulations. However, this repeated-trial design
804 constrained the ability to quantify other parental behaviors during the retrieval phase, as the cage
805 was repeatedly disturbed to introduce new pups. To address this, we recorded each animal
806 undisturbed for an additional 10 minutes at the end of the session to quantify parental behaviors
807 other than pup retrieval.

808 Pup sensitization was done by placing 2-3 pups (P1-6) in a wire mesh ball (2.1-inch tea
809 strainers, Amazon) and co-housing them with males in their home cages. Pups were removed
810 from the wire mesh ball, returned to their mothers to nurse, and immediately replaced with new
811 pups every 6-8 hours. Control animals were sensitized to pup-sized objects (4-40 stainless steel
812 cap screws, 3/8”, Thorlabs SH4S0384-40), housed in the same wire mesh balls.

813 For tests with adult male intruders, one group-housed BALB/c adult (>8 weeks) male was
814 introduced into the animals’ home cages. Investigation is defined as nose-to-nose, nose-to-trunk,
815 or nose-to-anogenital contact. Attack is classified by lunging and biting movements.

816 For tests with adult female intruders, one group-housed C57BL/6 adult (>8 weeks) female
817 was introduced into the animals’ home cages. Investigation is defined as nose-to-nose, nose-to-
818 trunk, or nose-to-anogenital contact. Mounting is defined as the male extending his forelimbs to
819 grasp the back of the female to position himself on top of her.

820

821 Immunohistochemistry
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822 Mice were anesthetized and transcardially perfused with 1 x PBS, followed by 20 ml of 4%
823 paraformaldehyde (PFA). Brains were fixed in 4% PFA for 24 hours at 4°C and dehydrated in
824 30% sucrose overnight. Brains were then embedded in O.C.T. compound (Sakura, 4583), flash
825 frozen, and cut into 50-um sections using a cryostat (Leica, CM1950). Every third section was
826 used for immunohistochemistry. Free-floating brain slices were rinsed three times with 1 x PBS
827 (10 min per wash) and once with PBST (0.1% Trition X-100 in PBS, 30 minutes) at room
828 temperature. Slices were then incubated in a blocking solution (10% normal donkey serum
829 (Jackson ImmunoResearch, 017-000-121) in PBS) at room temperature for 1 hour. Primary
830 antibodies (guinea pig anti-Fos, 1:1000 dilution, Synaptic Systems, 226005; rabbit anti-CalcR,
831 1:1000 dilution, Abcam ab11042) were diluted in PBST with 3% normal donkey serum and
832 incubated overnight at 4°C. We then washed the brain slices with PBST (10 minutes) three times
833 and incubated them with secondary antibodies (Cy3-goat anti-guinea pig, 1:500 dilution, Jackson
834 ImmunoResearch, 706-165-148 or 488-goat anti-guinea pig, 1:500 dilution, Jackson
835 ImmunoResearch, 706-545-148; Cy5-donkey anti-rabbit, 1:500 dilution, Jackson
836 ImmunoResearch, 7110175-152) for 2 hours at room temperature. Slices were then washed three
837 times with PBST (10 minutes) and once with 1 x PBS (10 min) and mounted onto slides (Thermo
838 Fisher Scientific, 12-550-15). Slides were coverslipped with 50% glycerol-containing DAPI
839 (Invitrogen, 00-4959-52). We imaged slides using a slide scanner microscope (Olympus, VS120).
840

841 Histological analysis

842 For c-Fos and CalcR quantification (Fig. 1p, g, and Fig. 5c), we identified the MPOA based on
843 the mouse brain atlas®' and counted cells manually using Imaged. We summed the number of
844 counted cells across three 50 ym sections of the MPOA (Bregma levels 0.14mm, -0.10 mm, and
845 -0.22 mm).

846 To quantify the projection density from MPQACaCRIWEAT cells, QuPath was used®2. We
847 selected a boxed area (200 x 200 ym?) in each region containing fibers and calculated the
848 average pixel intensity as Frav. On the same image, a boxed area of the same size but in a region
849 containing no fiber terminals was selected for calculating the background intensity (Fpackgrouna). We
850 calculated Fsignar @S Fraw-Fbackgrouna. Fsigna Was normalized by the maximum Fsigqar across all brain
851 regions within each animal. The normalized Fsignar is reported in Extended Data Fig. 6.

852

853 Immediate early gene mapping

854 All animals were wild-type C57BL/6 males, assigned randomly to experimental or control
855 conditions. Experimental animals were pup-sensitized for 7 days and tested for robust paternal
856 behavior (retrieval of at least 7 of 10 pups) the day before c-Fos induction. Control animals were
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857 single-housed and tested for behavior toward pups the day before c-Fos induction. We introduced
858 3 pups in wire mesh balls into the males’ home cages for 20 minutes and sacrificed animals 60
859 minutes after removal of the pups. Histology for pup-sensitized and single-housed animals was
860 performed side-by-side in 3 cohorts.

861

862 Two-photon imaging

863 To record Ca?* signals from individual MPOAC@°R neurons in freely-moving mice, we used a
864 miniature head-mounted two-photon microscope, as previously described*®% (Transcend
865 Vivoscope, FHIRM-TPM). GCaMP was imaged with an excitation wavelength of 920 nm from a
866 Mai Tai laser (Spectra-Physics, Mai Tai HP 1040s). The laser power was optimized for each
867 animal and ranged from ~30-50 mW, similar to previous studies®*.

868 Starting 4 weeks after surgery, mice were checked for GCaMP expression by being head-
869 fixed and placed on a running wheel under a widefield microscope (Thorlabs, SFMGFP2). Once
870 sufficient expression was reached (4-7 weeks after surgery), we attached the two-photon
871 miniscope to a baseplate using M1 screws to identify the optimal imaging field. We then secured
872 the baseplate to the mouse’s headplate using dental cement (C&B Metabond, S380). We let the
873 dental cement dry completely and then removed the two-photon microscope from the implanted
874 baseplate. We attached a screw to the baseplate (4-40 stainless steel cap screws, 3/8”, Thorlabs
875 Thorlabs SH4S0384-40) to habituate the mouse to the weight of the microscope and returned the
876 mouse to its home cage.

877 On the days of recording, we attached the two-photon miniscope to the baseplate and
878 acquired images at 4.8 frames per second. Behavior videos were simultaneously recorded from
879 the top and side at 25 frames per second. Animals were habituated to the miniscope in their home
880 cage for at least 15 minutes before image acquisition. On each recording day, we recorded 5-10
881 minutes of baseline activity when the animal was alone in its home cage. We then introduced
882 pups one by one into the mouse’s cage and continued to record neural activity and behavior for
883 approximately 20 minutes after introducing the last pup. For most sessions, we also introduced
884 adult male and female intruders after the pup presentation. When adult intruders were included
885 in the experiment, we included an inter-trial interval of at least 5 minutes between intruder types.
886 The stimulus presentation order was kept consistent across days.

887 TIF stacks from two-photon imaging experiments were pre-processed using Suite2p
888 (https://github.com/MouselLand/suite2p). We performed motion correction separately for each day
889 of imaging. We defined regions of interest corresponding to cell bodies semi-automatically using
890 an activity-based algorithm, along with manual curation, and extracted fluorescence traces for
891 each region of interest.
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892 We tracked cells across days by registering average projection images for each session
893 and computing the spatial overlap of cell masks using the MATLAB program ROIMatchPub
894 (https://github.com/ransona/ROIMatchPub). We semi-automatically classified neurons as
895 matches if 50% of the pixels in the cell masks overlapped, with additional manual curation to
896 inspect the cell shape and size and the local environment (e.g., neighboring cells and neurites)
897 surrounding the cells.

898

899 Two-photon imaging analysis

900 We performed all further analysis on the extracted fluorescence traces using custom-written
901 MATLAB scripts. The MATLAB function ‘msbackadj’ with a moving window of 1/8 of the total
902 recording duration was first applied to the fluorescence trace to obtain the moment-to-moment
903 baseline signal (Fpaseiine). The instantaneous AF/F was calculated as (Fraw — Foaseline) / Foaseline. The
904 z-score of the AF/F signal was obtained using the MATLAB function ‘zscore’ over the entire
905 duration of the recording. The average response during each behavior was calculated as the
906 average z-scored AF/F of all frames when the behavior occurred.

907 We performed principal components analysis on the matrix of averaged peri-event time
908 histograms (from -10 to +10 seconds surrounding behavior onset) in all cells using the MATLAB
909 function ‘pca’ (Fig. 3g, h, Extended Data Figure 8). We performed k-means clustering on the
910 first PCs that could explain over 90% of the variability in the data. We determined the number of
911 clusters using the point at which the within-cluster sum of squares slope changes sharply (elbow
912 method).

913 To determine significantly responsive cells during parental behaviors (Fig. 3e), we
914 bootstrapped the average behavior-evoked z-scored AF/F due to a low number of trials of some
915 behaviors (fewer than 6 events). We resampled the distributions 1,000 times and performed a
916 permutation test against the baseline (no interaction epochs). P-values were adjusted using the
917 false discovery rate (FDR) using the Benjamini & Hochberg method.

918 Pup, male, and female investigatory events all occurred more than 6 trials per session.
919 Thus, we performed a one-sample t-test on the averaged behavior-evoked responses to identify
920 cells that were significantly responsive during these behaviors (Fig. 4d, e, Extended Data Fig.
921 12b, c, Extended Data Fig. 13a-g). P-values were adjusted for multiple comparisons using the
922 false discovery rate (FDR) with the Benjamini—-Hochberg procedure. For all behaviors, cells with
923 corrected p-values (g-values) less than 0.01 and whose average z-scored AF/F response
924 exceeded 0.5 were classified as significantly responsive.

925 The preferred tuning of each cell was determined solely based on significant responses
926 (Fig. 4i, Extended Data Fig. 12g). For cells that were significantly responsive to only one
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927 stimulus, that stimulus is the preferred stimulus. For cells that were significantly responsive to
928 multiple stimuli, we considered the social stimulus that elicited the largest response as the
929 preferred stimulus.

930 To calculate the discriminability of MPOACaR cells to social stimuli, we constructed
931 histograms of z-scored AF/F distributions for each cell’s responses to each social stimulus and
932 then generated an ROC curve based on the histograms for each pair of stimuli (Extended Data
933 Fig. 11). We subtracted 0.5 from the area under the ROC curve (auROC) and took the absolute
934 value as the discriminability index (Extended Data Fig. 11c, f). A discriminability index close to
935 0 indicates chance levels, wherein a cell cannot discriminate between two stimuli. The selectivity
936 index was calculated as the auROC, reflecting a cell’s preference for one stimulus over another.
937 A selectivity index of 0 or 1 indicates sole preference for one stimulus, while a selectivity index of
938 0.5 indicates no selectivity (Extended Data Fig. 13h-j).

939 To determine if MPOAC@°R neuron activity could decode individual parental behaviors (Fig.
940 30), we trained a separate linear support vector machine (SVM) decoder for each behavior in
941 each animal to predict whether the behavior was occurring or not, using similar methods to those
942 published previously®. Manual annotations of each behavior bout were used as training labels
943 for each behavior. We took the mean z-scored AF/F from all neurons during each bout, yielding
944 one population activity vector per bout. We did not subtract any baseline period from the z-scored
945 AF/F. A random sample of bouts in which the animal was not interacting with pups was labeled
946 as negative training data. This negative training data was constrained to times when pups were
947 in the cage. We randomly downsampled the negative data to ensure equal numbers of positive
948 and negative data in our training and test datasets. A linear SVM was trained and evaluated using
949 leave-one-out cross-validation (LOO-CV), in which each bout was held out for testing, and the
950 remaining bouts were used for training. Across each of these validation folds, a prediction score
951 was generated. We compared all prediction scores to the ground truth labels using an ROC curve,
952 and the area under the ROC curve was taken as the metric of decoder performance. Decoding
953 was repeated 20 times for each behavior, and decoder performance was reported as the average
954 auROC. Shuffling was performed by randomly permuting the behavior and ‘no interaction’ labels.
955 Shuffling was repeated 1000 times. Shuffle iterations were averaged for each animal to calculate
956 a shuffled decoder accuracy.

957 To classify different pup-directed behaviors from MPOACaR neuron activity (Fig. 3p), a
958 multi-class SVM (MATLAB's fitcecoc function) was used. Similar to the binary decoder, we took
959 the mean z-scored AF/F from all neurons during each behavior bout to produce a population
960 activity vector per bout. Using LOO-CV, a single bout was held out as a test sample, and the
961 classifier was trained on the remaining bouts. To account for class imbalance across behaviors,
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962 we used a class weighting approach. Specifically, misclassification costs were weighted inversely
963 to class frequency in the training data. Class weights were proportional to the square root of the
964 inverse class frequency, normalized across classes, and capped at a maximum of 2x to prevent
965 extreme weighting. Weights were incorporated into a cost matrix that penalized misclassification
966 of underrepresented behaviors during training. We calculated the per-class F1 score as 2
967 (precision x recall)/(precision + recall), where precision is the fraction of predicted positives that
968 are true positives ((true positives)/(true positives + false positives)) and recall is the fraction of
969 true positives that are correctly predicted ((true positives)/(true positives + false negatives)) for
970 each behavior. Decoding was repeated 20 times, and the F1 scores were averaged across all
971 iterations. A confusion matrix was constructed and normalized by the number of true samples per
972 class. Shuffling was performed by randomly permuting the behavior labels. Shuffling was
973 repeated 100 times, and shuffle iterations were averaged for each animal and each behavior to
974 calculate a shuffled decoder accuracy.

975 To test if MPOACaR neuron activity could distinguish pairs of pup-directed behaviors (Fig.
976 3q), we trained separate linear SVMs for each behavior pair in each animal. The mean z-scored
977 AF/F from all neurons during each behavior bout was used to produce a population activity vector
978 per bout. We again used LOO-CV to train and assess decoder performance. We used the same
979 class weighting approach as the multi-class decoder to balance across behaviors. For each
980 validation fold, we generated a prediction score and compared all prediction scores to the ground
981 truth labels using an ROC curve. The area under the ROC curve was taken as the metric of
982 decoder performance. Decoding was repeated 20 times for each behavior and decoder
983 performance was reported as the average auROC.

984

985

986 Chemogenetic-mediated silencing

987 For chemogenetic inhibition experiments, naive male mice were used. After recovery from
988 surgery, animals were tested for spontaneous paternal behavior. If animals showed paternal
989 behavior (retrieval of 1 or more pups), they were excluded from the experiment.

990 For acute chemogenetic experiments, animals were sensitized to pups for a minimum of
991 5 days to robust paternal behavior (retrieval of at least 7 of 10 pups). Mice were injected with
992 saline or clozapine-n-oxide (CNO; Enzo Life Sciences BML-NS105-0025), 1mg/kg on sequential
993 days. Thirty minutes after the injection, behavior experiments began. We ran the pup interaction
994 test on each day. To probe the animals’ behavior toward adults, one adult male and one adult
995 female were introduced to the animals’ cage for 10 minutes, with 10 minutes in between each
996 intruder type. Females were not screened for estrous stage or sexual receptivity.
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997 For chronic chemogenetic experiments, animals were first tested in the pup interaction
998 test (day 0). Immediately following this test, we replaced the standard drinking water with water
999 containing CNO (Enzo Life Sciences BML-NS105-0025) at a concentration of 25 mg/L, as
1000 described previously?. We added sucrose to the water to an effective concentration of 1%. On
1001 average, we observed that the mice drank approximately 6 mL of water per day, leading to an
1002 effective CNO dose of 5 mg/kg/day. Approximately 6-8 hours after water replacement, we began
1003 pup sensitization. We continued pup sensitization and performed the next pup interaction test
1004 approximately 24 hours following the start of sensitization. We repeated the sensitization and pup
1005 interaction test daily for one week (days 1-7). We refreshed the CNO water daily. After the pup
1006 interaction test on day 7, we replaced the CNO water with standard drinking water and ceased
1007 pup sensitization. For 3 subsequent days (days 8-10), we performed the pup interaction test daily,
1008 with approximately 24 hours between tests.

1009

1010 Optogenetic stimulation

1011 For optogenetic stimulation experiments, naive male mice were used. After recovery from
1012 surgery, animals were tested for spontaneous paternal behavior. If animals showed paternal
1013 behavior (retrieval of 1 or more pups), they were excluded from the experiment.

1014 To stimulate ChRmine-expressing cells, we used a 589 nm laser (Shanghai Dream Laser)
1015 or 545 nm LED (Prizmatix). For ChR2-expressing cell activation, we used a 473 nm laser
1016 (Shanghai Dream Laser). In both cases, light pulses were delivered by TTL signals generated
1017 using an RP2 or RZ5 processor (Tucker Davis Technologies).

1018 On days of testing, mice were head-fixed, and optical fibers were attached to patch cords
1019 using a zirconia split sleeve (Thorlabs, ADAL1-5). To test the animals’ behavior towards pups, we
1020 introduced one pup (P1-6) at a time into the animals’ home cage. To account for the potential
1021 gradual or long-lasting change in behavior caused by stimulation, as we previously observed after
1022 activating MPOAEFs" cells in females 3°, we ran all sham trials prior to any light trials. We delivered
1023 5-10 sham stimulation trials (0 mW, 20 s) and then 7-13 light stimulation trials (1-3 mW, 20 ms,
1024 20 Hz, 20 s). In all cases, the sham and light onset were triggered when the animal was on the
1025 opposite side of the cage from the pup. The inter-trial interval was approximately 20 s, although
1026 it could be longer depending on the animals’ behavior and location in the cage. To test behavior
1027 toward adult males and females, one adult BALB/c male or one adult C57BL/6 female was
1028 introduced. Sham and light stimulation were interleaved, with an inter-trial interval of
1029 approximately 20 seconds. Stimulation began when the animal first contacted the intruder.

1030 For the real-time place preference test, animals were habituated to a custom two-chamber
1031 arena for 10 minutes and could explore each chamber freely. They then received sham
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1032 stimulation when they entered the predesignated stimulation chamber for a 10-minute test. In the
1033 subsequent 10 minutes, animals received light stimulation (2 mW, 20 ms, 20 Hz) when they
1034 entered the stimulation chamber; stimulation ceased when animals moved out of the stimulation
1035 chamber. Sham and stimulation chambers were counterbalanced across mice. Video was
1036 recorded using a top-view camera, and the location of the animal was tracked and analyzed using
1037 custom-written MATLAB code (https://qgithub.com/pdollar/toolbox)®°.

1038

1039 shRNA-mediated gene knockdown

1040 For gene knockdown experiments, naive male mice were used. Three to five weeks after surgery,
1041 animals were tested for spontaneous paternal behavior. If animals showed paternal behavior
1042 (retrieval of 1 or more pups), they were excluded from the experiment. Pup sensitization and pup
1043 interaction tests were performed as previously described. After testing, animals were sacrificed,
1044 and immunohistochemistry was performed to confirm Calcr knockdown.

1045

1046 Pharmacology

1047 For acute pharmacology experiments, all animals were allowed to recover for one to two weeks
1048 following surgery. In experiments in naive animals, we injected 300 nL per side into the MPOA
1049 with 600 yM AC187 (Tocris, 3419), 600 uM CGRP 8-37 (Tocris, 1169), 200 uM CGRP (Tocris,
1050 1161), or 0.9% sterile saline using a syringe (Hamilton, 65457-2) when animals were head-fixed
1051 on a running wheel. For studies of CalcR antagonism in sensitized males, we sensitized animals
1052 for at least 5 days until they showed robust paternal behavior (retrieval of at least 7 of 10 pups).
1053 To antagonize CalcR-associated receptors, we injected 300 nL per side into the MPOA with 600
1054 MM AC187 (Tocris, 3419) or 600 uM CGRP 8-37 (Tocris, 1169) or 0.9% sterile saline using a
1055 syringe (Hamilton, 65457-2) when animals were head-fixed on a running wheel. After drug
1056 infusion, animals were returned to their home cage for 20 minutes prior to starting the pup
1057 interaction test. The order of saline and antagonist injections was counterbalanced across
1058 animals.

1059 For continuous infusion of CGRP, naive male mice were used. Animals were pre-screened
1060 for infanticidal behavior. Experiments began 4 days after surgical implantation of the osmotic
1061 pump (Azlet, 1002). Pup sensitization and pup interaction tests were performed as previously
1062 described.

1063

1064 Fiber photometry

1065 Fiber photometry was performed as described previously30:46.62, Briefly, 390 Hz sinusoidal blue
1066 LED light (30 uW; LED light: M470F1; LED driver: LEDD1B; Thorlabs) was band-pass filtered
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1067 (passing band: 472 + 15 nm, FF02-472/30-25, Semrock) and delivered to the brain to excite
1068 GCaMP6f. The emission light traveled back through the same optic fiber and was band-pass
1069 filtered (passing bands: 535 + 25 nm, FF01-535/505, Semrock), passed through an adjustable
1070 zooming lens (Thorlabs, SM1NRO1 and Edmund optics, 62-561), detected by a Femtowatt Silicon
1071 Photoreceiver (Newport, 2151), and recorded using a real-time processor (RP5, Tucker Davis
1072 Technologies). The envelope of the 390 Hz signals reflected the intensity of the GCaMP and was
1073 extracted in real-time using a custom TDT program. The signal was low-pass filtered with a cut-
1074 off frequency of 10 Hz. The blue LED was adjusted so that the light intensity at the tip of the patch
1075 cord was 30 pW.

1076 For PAEs> MPOA ce|l fiber photometry, mice were not pre-screened for infanticidal or
1077 paternal behavior. Before recording, mice were head-fixed, and optic fibers were attached to a
1078 patch cord using a zirconia split sleeve (Thorlabs, ADAL1-5). Mice were recorded for 10 minutes
1079 alone in their home cage prior to pup introduction. Pups (P1-P6) were introduced one by one,
1080 each for approximately 2 minutes, for up to 10 trials. If the animal attacked a pup, we removed
1081 the pup and reintroduced a pup to start a new trial. After a 5-minute inter-trial interval, we
1082 introduced 3 pups housed in a wire mesh ball for 10 minutes. None of the mice showed paternal
1083 behavior during testing. Animals that showed correct fiber placement and GCaMP expression
1084 were used for final analysis.

1085 The MATLAB function ‘msbackadj’ with a moving window of 1/8 of the total recording
1086 duration was first applied to the fluorescence trace to obtain the moment-to-moment baseline
1087 signal (Fpaseine). The instantaneous AF/F was calculated as (Fraw — Foaseline) / Foaseline. The z-score
1088 of the AF/F signal was obtained using the MATLAB function ‘zscore’ over the entire duration of
1089 the recording. PETHs were constructed by aligning the AF/F signal for each trial to the onset of
1090 each behavior and z-scored. Behavior-evoked responses were calculated by subtracting the
1091 average pre-behavior activity (z-scored AF/F values -5 to -3 seconds before behavior onset) from
1092 the average post-behavior activity (z-scored AF/F values 0 to 2 seconds after behavior onset) of
1093 each animal.

1094

1095 Brain slice electrophysiology

1096 To prepare brain slices for whole-cell recording, mice were anesthetized with isoflurane, and
1097 brains were quickly removed and immersed in an ice-cold cutting solution for 1-2 min. The cutting
1098 solution composition consisted of the following in mM: 110 choline chloride, 25 NaHCOs3, 2.5 KCl,
1099 7 MgCly, 0.5 CaCly, 1.25 NaH,PO.4, 25 glucose, 11.6 ascorbic acid, and 3.1 pyruvic acid. Coronal
1100 sections of the MPOA region with a thickness of 275 um were prepared using a Leica VT1200s
1101 vibratome and then placed in oxygenated (95% O2 and 5% CO3) and pre-heated (32-34 °C) ACSF
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1102 solution containing 125NaCl, 2.5KCl, 1.25NaH2PO4, 25NaHCOs3, 1MgCl;, 2 CaCl;, and
1103 11 glucose for a 30-minute incubation period. Subsequently, the sections were transitioned to
1104 room temperature and continuously oxygenated until further use. The intracellular solution for the
1105 voltage clamp recording contained (in mM): 135 CsMeSO3, 10 HEPES, 1 EGTA, 3.3 QX-314
1106 (chloride salt), 4 Mg-ATP, 0.3 Na-GTP, and 8 sodium phosphocreatine (pH 7.3 adjusted with
1107 CsOH). The intracellular solution for the current clamp recordings was composed of the following
1108 in mM: 145 potassium gluconate, 2 MgCly, 2 Na,ATP, 10 HEPES, 0.2 EGTA (286 mOsm, pH 7.2).
1109 Signals were recorded using a MultiClamp 700B amplifier (Molecular Devices) and Clampex 11.0
1110 software (Axon Instruments) and digitized at 20 kHz using Digidata 1550B (Axon Instruments).
1111 Following data acquisition, analyses were performed using Clampfit software (Molecular
1112 Devices).

1113 Four weeks after surgery, brain slices were obtained for whole-cell recordings from
1114 MPQOACaCRNVEAT cells, identified by oScarlet expression. For experiments probing the synaptic
1115 connection from PA to MPOA, Chronos-GFP expression in the PA was assessed using an
1116 Olympus x40 water-immersion objective with a GFP filter. For experiments characterizing the
1117 effects of Calcr shRNA (or scrambled shRNA) on the physiological properties of MPQOACalcRNVGAT
1118 cells, we recorded from cells co-expressing oScarlet and GFP.

1119 We performed whole-cell current-clamp recordings to determine the intrinsic excitability of
1120 MPQACaRNVEAT cells, We recorded the voltage changes of the cells in response to a series of
1121 500ms current steps from 0 to 250 pA in 10 pA increments. In addition, the intrinsic properties of
1122 each cell, such as rheobase, resting membrane potential, and input resistance, were
1123 characterized. The rheobase was defined as the minimum current required to induce the first
1124 action potential. The resting membrane potential was measured directly after rupturing the cell
1125 membrane with 0 pA holding current. The input resistance was read from the membrane test
1126 window of the software after breaking into the membrane (Clampex 11.0 software). The maximum
1127 action potential number was the highest number of action potentials fired in response to any
1128 current injection.

1129 To record the synaptic properties of MPOACaCRIWVEAT cells, we performed whole-cell
1130 voltage-clamp recordings. The cell membrane potential was held at -70mV to record mEPSCs
1131 and OmV to record mIPSCs. For mEPSC and mIPSC recordings, we bath-applied 1 uM
1132 tetrodotoxin citrate (TTX, Tocris).

1133 To investigate the synaptic connectivity between PA and MPQACaRNVCAT cglls, we
1134 performed whole-cell voltage-clamp recordings of MPOACacRNVEGAT cells (oScarlet positive) and
1135 then delivered 1-ms pulses of 470-nm full-field illumination (pE-300white; CoolLED) at 30 s
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1136 intervals to activate Chronos-expressing PA terminals. oEPSCs were recorded while holding the
1137 membrane potential of recorded neurons at -70 mV.

1138 To measure excitatory synaptic responses of recorded MPOACACRIVEAT cells, we
1139 performed whole-cell current-clamp recordings. We injected a small positive or negative current
1140 to keep the cell membrane potential around =70 mV and delivered a 1 ms 470-nm full-field light
1141 pulse every 10s (0.1 Hz) (pE-300white; CoolLED). After 2-3 min of initial probing, we then
1142 delivered 3 trains of 20 Hz, 5 ms light pulses with 25 s per train and 5s in between. During light
1143 pulse train delivery, the cells were not injected with any positive or negative current. After light-
1144 train delivery, we again injected negative or positive current to maintain the membrane potential
1145 around -70 mV, probed light-evoked EPSPs for 5 min, and then bath-perfused CGRP (200 nM)
1146 or amylin (200 or 800 nM). After 10 min of CGRP or amylin perfusion, we probed optically-evoked
1147 EPSPs (0EPSPs) for 2-3 min. Then, we delivered a second set of light pulse trains and probed
1148 the oEPSPs for 5 min, and then CGRP or amylin was washed out with ACSF while the oEPSPs
1149 were continuously probed at 0.1 Hz for 10 min. In an alternative protocol, oEPSPs were probed
1150 before and after the co-perfusion of 200 nM CGRP and 600 nM antagonist (AC 187 or CGRP 8-
1151 37) for 10 minutes. Following the second stimulation with light, the light-evoked EPSPs were
1152 probed for 5 minutes, and then CGRP and the antagonist were washed out with ACSF, while
1153 continuous probing of oEPSPs was carried out for an additional 10 minutes.

1154

1155 Statistics

1156 We did not use statistical methods to predetermine sample sizes but used similar sample sizes
1157 to those reported in the literature3%4662, Each experiment was conducted using 2-5 cohorts of
1158 animals. We did not observe differences across cohorts, and all animals were combined for final
1159 analysis. All statistical analyses were performed using MATLAB (versions 2019b and 2023a) or
1160 GraphPad Prism (version 10) software. Statistical analyses were two-tailed. Parametric tests,
1161 including paired and unpaired t-tests and one- and two-way ANOVAs, were used if all samples
1162 passed the Kolmogorov-Smirnov test for normality. One-way and two-way ANOVA comparisons
1163 were corrected for multiple comparisons using Tukey'’s or Sidak’s multiple comparisons tests, as
1164 indicated in figure legends. For comparison of two non-normally distributed distributions, Wilcoxon
1165 matched-pairs signed-rank tests, permutation tests, or Mann-Whitney tests were used. When
1166 one-sample t-tests were performed to determine mean deviations from a specific value, p-values
1167 were adjusted using the false discovery rate method of the Benjamini-Hochberg process. For
1168 comparisons of discrete variables, we used chi-square (when more than two outcomes are
1169 possible), Fisher's exact test (when only two outcomes are compared), or Cochran’s Q-test (for
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1170 paired comparisons), followed by the false-discovery rate method of the Benjamini-Hochberg
1171 process. All p-values < 0.05 were indicated on the figure when space was allowed.

1172
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Fig. 1. Pup sensitization promotes parental behavior in male mice.
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(a) Pup sensitization and novel object sensitization paradigm.

(b) Representative raster plots showing pup-directed behaviors in the pup interaction test in pup- and object-
sensitized groups. Raster plots represent the 10 minutes after introducing the last pup during the pup interaction
test. (# indicates removal of the pup after being attacked)

(c, d) Quantification of the latency to attack (c) and proportion of pups retrieved (d) during the pup interaction test
across 7 days of pup and object sensitization. Day 0: before pup or object sensitization; days 1-7: during pup or
object sensitization. If no attack occurred, the latency was scored as 600 s.

(e, f) Percentage of animals attacking (e) or retrieving pups (f) during the pup interaction test across 7 days of pup
or object sensitization.

(g-1) The latency to retrieve pups (g), latency to contact pups (h), pup investigation duration (i), grooming pup
duration (j), crouching over pups duration (k), and nest building duration (I) during the pup interaction test across 7
days of pup or object sensitization. Day 0: before pup sensitization, days 1-7: during pup sensitization.

(m) Paradigm to induce c-Fos following pup sensitization or single housing.

(n) The number of mice that were infanticidal, non-infanticidal, and non-parental (ignore), or retrieving following
single housing (SH) or pup sensitization (PS).

(o) Representative histology images showing c-Fos (magenta) and calcitonin receptor (CalcR; cyan)
immunostaining in a single-housed (SH) and a pup sensitized (PS) mouse following 20-min pup interaction. (AC =
anterior commissure)

(p) The number of c-Fos-expressing cells in the MPOA in single-housed (SH) and pup sensitized (PS) mice.
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(q) The number of double-positive c-Fos and CalcR co-expressing cells normalized by the number of CalcR-
expressing cells in the MPOA in single-housed (SH) and pup sensitized (PS) mice.

Mouse cartoons in this and all other figures are adopted from scidraw.io. Numbers in parentheses or axis titles
indicate the subject animal number. Circles in p, g represent data of individual animals. (¢, d, g-I) Two-way ANOVA
with repeated measures followed by Tukey’s multiple comparisons test. (e, f) Log-rank test across groups and
Fisher's exact test followed by Benjamini Hochberg false-discovery rate correction for each day. (n) Fisher's exact
test. (p, q) Unpaired t-test. Lines and shaded error bars represent mean + SEM. Bars and error bars represent mean
+ SEM. All p < 0.05 are indicated.
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Fig. 2. MPOACzIR cells are necessary and MPOACalcRNVaat ce|ls are sufficient for paternal behavior.
(a) Virus injection schematic and representative histology image.
(b) Timeline to chemogenetically inhibit MPOACaIeR cells following pup sensitization.

(c) Representative raster plots showing pup-directed behaviors in the pup interaction test following saline or CNO
injection in an example mCherry- and hM4Di-injected animal. Raster plots represent the 10 minutes following the
introduction of the last pup. (# indicates removal of the pup after being attacked)

(d) The number of mice that were infanticidal, non-infanticidal, and non-parental (ignore), or retrieving after saline
or CNO injection in mCherry and hM4Di mice.

(e-k) The proportion of pups retrieved (e), cumulative probability of pup retrieval over the 120 s testing period (f),
latency to contact pups (g), pup investigation duration (h), grooming pup duration (i), crouching over pups duration
(j), and nest building duration (k) in mCherry and hM4Di mice after saline or CNO injection. Saline and CNO days
are averaged within mCherry and hM4Di groups.

() Virus injection schematic.
(m) Timeline to chemogenetically inhibit MPOACaIR cells during pup sensitization.

(n) The latency to attack pups across the duration of the experiment (day O: before pup sensitization, days 1-7:
during pup sensitization, days 8-10: after pup sensitization).

(o) The proportion of pups retrieved across the duration of the experiment (day 0: before pup sensitization, days 1-
7: during pup sensitization, days 8-10: after pup sensitization).

(p) Percentage of animals attacking pups in the pup interaction test across the duration of the experiment (day O:
before pup sensitization, days 1-7: during pup sensitization, days 8-10: after pup sensitization).

(q) Percentage of animals retrieving pups in the pup interaction test across the duration of the experiment (day O:
before pup sensitization, days 1-7: during pup sensitization, days 8-10: after pup sensitization).

(r) Representative raster plots showing pup-directed behaviors in the pup interaction test on day 10 of the
experiment in an mCherry- and an hM4Di-injected animal. Raster plots represent the 10 minutes following the
introduction of the last pup.

(s-y) The proportion of pups retrieved (s), cumulative probability of pup retrieval over the 120 s testing period (t),
latency to contact pups (u), pup investigation duration (v), grooming pup duration (w), crouching over pups
duration (x), and nest building duration (y) in mCherry and hM4Di mice during the pup interaction test on day 10 of
the experiment.

(z) Virus injection and optical fiber implantation schematic and representative histology image.
(aa) Timeline to optogenetically activate MPOACaICRNVEAT cel|s,
(bb) Representative raster plots aligned to the onset of sham or light stimulation in a ChRmine-injected animal.

(cc) The number of mice that were infanticidal, non-infanticidal and non-retrieving (ignore), and retrieving following
sham or light stimulation.

(dd) Proportion of sham or light trials with pup-directed attack.
(ee) Proportion of sham or light trials with pup approach.
(ff) The latency to contact pups following light or sham onset.

(gg) The time spent investigating pups during sham or light stimulation.
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(hh) Proportion of sham or light trials with pup retrieval.
(ii) The time spent grooming pups during sham or light stimulation.

The brain illustrations in this and all other figures were produced based on a reference atlas from https://atlas.brain-
map.org/. Numbers in parentheses or axis titles indicate the subject animal number. Circles and circle-line pairs
represent data of individual animals. (d) Cochran’s Q test followed by Benjamini Hochberg false-discovery rate
correction within hM4Di group, Fisher’s exact test between mCherry and hM4Di groups. (e, g-k) Two-way ANOVA
with repeated measures followed by Sidak’s multiple comparisons test. (f, t) Logrank (Mantel-Cox) test. (n, o) Two-
way ANOVA with repeated measures followed by Tukey’s multiple comparisons test. (p, q) Log-rank test across
groups, Fisher’s exact test followed by Benjamini Hochberg false-discovery rate correction on each day. (s, x, y)
Mann-Whitney U test. (u-w) Unpaired t-test. (cc) McNemar’s test (Outcome 1: retrieval; Outcome 2: no retrieval).
(dd, ff-ii) Wilcoxon test. (ee) Paired t-test. Bars and error bars represent mean + SEM. All p < 0.05 are indicated.
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Fig. 3. Activity of MPOACaIR cells during parenting.

(a) Virus injection, GRIN lens implant strategy, and example mouse with a head-mounted 2-photon microscope
(mini2p).

(b) Histology showing GRIN lens track (white dashed line) and GCaMP6s expression (green) in the MPOA (left)
and session-averaged imaging plane showing GCaMP6s-expressing cells (right).

(c) Experimental timeline to image MPOACaIR cell calcium activity during parenting.
y g g

(d) Left: Heatmap showing Z-scored AF/F of MPOACaR cells during parenting (top) in an example recording
session. Cells are arranged based on their membership in a k-means clustering analysis (n = 33 cells). Right:

Representative traces of cells belonging to different clusters during parenting. Colored triangles next to the
heatmap indicate representative cells to the right.

(e) Heatmap showing average Z-scored AF/F MPOACaR cells during pup-directed behaviors, arranged based on
their membership in a k-means clustering analysis (n = 213 cells from 6 mice). Green, blue, magenta, and gray
bars correspond to cluster identities (green: 1st cluster = 33 cells, magenta: 2" cluster = 24 cells, magenta: 3™

cluster = 80 cells, gray: 4t cluster = 76 cells). Numbers on the right indicate the number of significantly responsive
cells. Black circles indicate g values. ¢q<0.01; eeq<0.001.

(f) Correlation matrix of the average Z-scored AF/F MPOACaIR cells across parental behaviors.
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(g) Scree plot showing the variance explained by the principal components of the population activity matrix. Red
numbers indicate the variance explained by each component.

(h) Scatterplot of cells belonging to each cluster against the first 2 principal components.

(i-m) Average peri-event time histograms (PETHs) of Z-scored AF/F of the four MPOACaR cell clusters (as shown
in e and h) aligned to the onset of approaching (i), investigating (j), retrieving (k), grooming (l), and crouching over
(m) pups. Dashed lines indicate the onset and average offset of behavior.

(n) Average responses of the four MPOACaI°R cell clusters across pup-directed behaviors.

(o) Performance of bout-wise linear decoders trained to decode various pup-directed behaviors from the non-
interaction period using MPOACacR population activity.

(p) Confusion matrix (left) and F1 score of a multi-class linear decoder trained to classify various pup-directed
behaviors using MPOACa°R population activity.

(q) Matrix (left) and bar plot (right) of the performance of linear decoders trained to distinguish between pairs of
pup-directed behaviors using MPOACaIR population activity. Dashed red line indicates chance level.

Numbers in parentheses or axis titles indicate cell number (e, i-m) or subject animal number (0-q). Circles
represent data of individual cells (h, n) or individual animals (q). Circle-line pairs represent data of individual
animals (o, p). (e) Resampled distributions followed by permutation test against ‘no interaction’ period and
Benjamini Hochberg false-discovery rate correction. (f) Spearman correlation. (n, p) Two-way ANOVA with
repeated measures followed by Tukey’s multiple comparisons test (between-decoder test results not shown). (o)
Paired t-test. (q) Red values on bars: one-sample t-test against chance performance (0.5) followed Benjamini
Hochberg false-discovery rate correction. Between-decoder performance: Friedman test followed by Dunn’s
multiple comparisons test. Lines and shaded error bars represent mean + SEM. All p < 0.05 are indicated.
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Activity of MPOAC®aR cells across pup sensitization
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Fig. 4. Plasticity of MPOACaIcR activity across pup sensitization.

(a) Timeline to image MPOACaR cell activity during pup, male, and female interactions before and after pup
sensitization.

(b) Example session-averaged imaging plane showing GCaMP6s-expressing cells across two sessions (before and
after pup sensitization).

(c) Representative heatmaps showing Z-scored AF/F of longitudinally-imaged MPOACaR cells from the mouse
shown in b before (top) and after pup sensitization (bottom) when encountering pups (left), an adult male intruder

(middle), and an adult female intruder (right). Cells are arranged in the same order before and after pup
sensitization.
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(d) Heatmaps showing averaged Z-scored AF/F of MPOACaR cells during pup, male, and female investigation.
Cells are arranged in the same order before (top) and after pup sensitization (bottom) based on their membership in
k-means clustering analyses (n = 131 longitudinally-imaged cells from 7 mice). Numbers on the right indicate the
number of significantly responsive cells. Black circles indicate g values. ¢q<0.01; eeq<0.001.

(e) Venn diagrams showing cells significantly responsive to pup, male, and female investigation before and after
pup sensitization.

(f-h) Left: population-averaged PETHs during pup (f), male (g), and female (h) investigation. Dashed lines indicate
the onset of behavior. Right: Average Z-scored AF/F of each cell during pup (f), male (g), and female (h)
investigation. Red: before pup sensitization; Blue: after pup sensitization.

(i) Alluvial diagram showing pup-, male-, and female-preferring cells and non-responsive cells (total of 131 cells
from 7 mice) before and after pup sensitization.

(i, k) Correlations of cell responses (Z-scored AF/F) during pup and male investigation (left), pup and female
investigation (middle), and male and female investigation (right) before (j) and after (k) pup sensitization.

(1) Discriminability index of cell responses (Z-scored AF/F) across stimulus pairs.

(m) Virus injection, recording schematic, and experimental timeline for ex vivo whole-cell recordings of
MPQOACaICRNVEAT cel|s,

(n) Left: Representative current-clamp recording traces of MPOACalcRNVGAT cells after 100pA current injection. Right:
F-1 curve of MPOACaICRNVGAT cglls in non-sensitized, 24-hour-cohoused, and pup sensitized mice (non-sensitized: n
= 19 cells from 3 mice; 24-hr-co-housed: n = 20 cells from 3 mice; sensitized: n = 20 cells from 3 mice).

(o-t) Maximum action potential number across current steps (0), rheobase (p), resting membrane potential (q), and
input resistance (r) of MPOACacRNVEAT cells with various pup exposure experiences (non-sensitized: n = 19 cells
from 3 mice; 24-hr-co-housed: n = 20 cells from 3 mice; sensitized: n = 20 cells from 3 mice).

(s, v) Representative voltage-clamp recording traces of MPOACacRNVEAT cells in 1 uM TTX. Numbers indicate the
holding potential.

(t, u, w, x) The frequency (t, w) and amplitude (u, x) of mMEPSCs (t, u) and mIPSCs (w, x) of MPOACaICRNVGAT cel|s
in mice with various pup exposure experiences (non-sensitized: n = 13 cells from 3 mice; 24-hr-co-housed: n = 12,
11 cells from 3 mice; sensitized: n = 14, 15 cells from 3 mice).

Numbers in parentheses or axis titles indicate cell number. Circles represent data of individual cells. (d) One-
sample t-test followed by Benjamini Hochberg false-discovery rate correction. (e, i) Chi-square test. (f-h)
Permutation test. (j, k) Spearman correlation. (I) Two-way ANOVA with repeated measures followed by Tukey’s
multiple comparisons test. (n) Two-way ANOVA with repeated measures followed by Tukey’s multiple comparisons
test. (0, q, u, x) Ordinary one-way ANOVA. (p, r, t, w) Kruskal-Wallis test. Bars and error bars represent mean *
SEM. Lines and shaded error bars represent mean + SEM. Violin plots: white circles represent the median and
interquartile and 1.5x interquartile ranges are represented by thick and thin gray bars, respectively; shaded areas
represent the range of all values. All p < 0.05 are indicated.
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Knockdown of CalcR in the MPOA delays paternal behavior onset
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Fig. 5. MPOA CalcR signaling is necessary for parental behaviors.
(a) Virus injection schematic and timeline to test behaviors across pup sensitization.

(b) Representative histology images showing scrambled shRNA (left) or calcitonin receptor (CalcR) shRNA (right;
green) and CalcR immunoreactivity (IR; magenta) in the MPOA.

(c) Quantification of CalcR-expressing cells in scrambled shRNA- and CalcR shRNA-injected animals.

(d) The number of scrambled shRNA and CalcR shRNA animals that were infanticidal, non-infanticidal and non-
retrieving (ignore), and retrieving in the pup interaction test across days of pup sensitization (day 0: before pup
sensitization, days 1-7: during pup sensitization).

(e) Proportion of pups retrieved in the pup interaction test across days of pup sensitization (day 0: before pup
sensitization, days 1-7: during pup sensitization).
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(f) Representative raster plots showing pup-directed behaviors on day 7 of the pup interaction test from a
scrambled shRNA mouse and a CalcR shRNA mouse.

(g-1) The proportion of pups retrieved (g), cumulative probability of pup retrieval over the 120 s testing period (h),
latency to contact pups (i), pup investigation duration (j), grooming pup duration (k), crouching over pups duration
(I) in scrambled shRNA and CalcR shRNA mice during the pup interaction test on day 7 of the experiment.

(m) Correlation of the number of immunoreactive CalcR cells remaining in the MPOA and pup retrieval onset
across pup sensitization in CalcR shRNA-injected animals.

(n) Cannula implant schematic, representative histology image, and timeline to test behavior in pup-sensitized mice
following saline or drug infusion into the MPOA.

(o) Representative raster plots showing pup-directed behaviors following saline or AC187 infusion during the entire
pup interaction test.

(p-u) The proportion of pups retrieved (p), cumulative probability of pup retrieval (q), latency to contact pups (r),
pup investigation duration (s), grooming pup duration (t), and crouching over pups duration (u) in animals after
saline or AC187 infusion.

(v) Representative raster plot showing pup-directed behaviors following saline or CGRP 8-37 infusion.

(w-bb) The proportion of pups retrieved (w), cumulative probability of pup retrieval (x), latency to contact pups (y),
pup investigation duration (z), grooming pup duration (aa), crouching over pups duration (bb) in animals after saline
or CGRP 8-37 infusion.

Numbers in parentheses or axis titles indicate the subject animal number. Circles in g-m and circle-line pairs in p-u
and w-bb represent data of individual animals. (¢, g, i, k, I) Mann-Whitney U test. (d) Cochran’s Q test followed by
Benjamini Hochberg false-discovery rate correction. (e) Two-way ANOVA with repeated measures followed by
Tukey’s multiple comparisons test. (h, q, x) Logrank (Mantel-Cox) test. (j) Unpaired t-test. (m) Simple linear
correlation. (p, s, w, X, z-bb) Paired t-test. (r, t, u, y) Wilcoxon test. Bars and error bars represent mean + SEM.
Lines and shaded error bars represent mean + SEM. All p < 0.05 are indicated.
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Fig. 6. CalcR activation facilitates the potentiation of pup-relevant inputs to MPOA.

(a) Virus injection and optical fiber implant strategy and representative histology image. Dashed white lines indicate
optical fiber track and the posterior amygdala (PA) location.

(b) Timeline to record MPOA-projecting posterior amygdala Esr1 neurons (PAEsr1>MPOA) during pup interactions.
(c) Representative Ca?* trace showing Z-scored AF/F of PAEs">MPOA ce|ls during unrestrained pup interactions.

(d) Representative Ca2* trace showing Z-scored AF/F of PAEs">MPOA cg||s during interactions with pups placed in a
wire mesh ball.

(e-h) Left: average PETHSs of Z-scored AF/F of PAEs"1>MPOA cells during pup-directed approach (e), unrestrained
pup investigation (f), pup-directed attack (g), and investigation of pups in a wire mesh ball (h). Dashed lines
indicate the onset and average offset of behavior. Right: Average Z-scored AF/F of PAEs"1>MPOA cells during various
pup-directed behaviors.

(i) Virus injection and recording schematic and representative histology images from the PA and MPOA. Dashed
white lines indicate the locations of PA and MPOA.

(j) Left: Pie chart showing the number of MPOA cells connected (blue) and not connected (white) with PA. Right:
Example optically-evoked excitatory post-synaptic current (0EPSC) trace recorded from an MPQOACaICRIVGAT cgl|,
showing the oEPSC elicited by 1-ms light stimulation of PA axon terminals.

(k, 1) Latency (k) and amplitude of oEPSCs () of MPOACaIRIVEAT cells following 1-ms light stimulation of PA axon
terminals.

(m) Recording and light delivery protocols and illustration of oEPSP slope calculation to probe and induce synaptic
potentiation and its modulation by calcitonin gene-related peptide (CGRP).

(n) Slopes of oEPSP of an example MPOACalcRNVEAT cell during baseline (light gray), after light stimulation (dark
gray), after CGRP perfusion (teal), after light stimulation in the presence of CGRP (blue), and during washout
(black). Blue bar represents the period of CGRP perfusion. White bar with black outlines represents the washout
period. Open circles represent oEPSPs with action potentials (AP), and closed circles represent those without AP.

(o, p) Resting membrane potential (RMP) (0) and input resistance (p) before and after CGRP perfusion (n = 16
cells from 6 mice).

(9, r) Normalized oEPSP slope (q) and light stimulation-evoked firing probability (r) at baseline, after light
stimulation without CGRP, after CGRP perfusion, after light stimulation in the presence of CGRP, and during
washout (n = 15 cells from 6 mice).

(s) Cannula implant schematic, representative histology image, and timeline to test behavior across pup
sensitization during continuous saline or drug infusion into the MPOA.

(t) The latency to attack pups across the duration of the experiment (day 0: before pup sensitization, days 1-7:
during pup sensitization).

(u) The proportion of pups retrieved across the duration of the experiment (day 0: before pup sensitization, days 1-
7: during pup sensitization).

(v) Percentage of animals attacking pups in the pup interaction test across the duration of the experiment (day O:
before pup sensitization, days 1-7: during pup sensitization).

(w) Percentage of animals retrieving pups in the pup interaction test across the duration of the experiment (day O:
before pup sensitization, days 1-7: during pup sensitization).
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(x) Representative raster plots showing pup-directed behaviors in the pup interaction test on day 7 of the
experiment in a saline- and a CGRP-infused animal. Raster plots represent the 10 minutes following the
introduction of the last pup.

(y-dd) The proportion of pups retrieved (y), cumulative probability of pup retrieval (z), latency to contact pups (aa),
pup investigation duration (bb), grooming pup duration (cc), and crouching over pups duration (dd) in saline- and
CGRP-injected mice during the pup interaction test on day 7 of the experiment.

Numbers in parentheses or axis titles indicate the subject animal number (e-h, t-dd) or cell number (k, I, o-r).
Circles and circle-line pairs represent data of individual animals (e-h) or individual cells (k, I, o-r). (e, g, h, o, p)
Paired t-test. (f) Wilcoxon test. (q, r) Friedman test followed by Dunn’s multiple comparisons test. (t, u) Two-way
ANOVA with repeated measures followed by Tukey’s multiple comparisons test. (v, w, z) Log rank (Mantel-Cox)
test. (y, aa-dd) Mann-Whitney U test. Bars and error bars represent mean + SEM. All p < 0.05 are indicated.
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Extended Data Fig. 1. Pup sensitization promotes paternal behavior independent of sex hormones.
(a) Pup sensitization paradigm.

(b) Representative raster plots showing pup-directed behaviors in the pup interaction test. Raster plots represent
the 10 minutes after introducing the last pup during the pup interaction test.

(c, d) The latency to attack (¢) and proportion of pups retrieved (d) during the pup interaction test across 7 days of
pup sensitization. Day 0: before pup sensitization, days 1-7: during pup sensitization. If no attack occurred, the
latency was scored as 600 s.

(e) The number of mice that were infanticidal, non-infanticidal and non-parental (ignore), or retrieving during the
pup interaction test across 7 days of pup sensitization.

(f-k) The latency to retrieve pups (f), latency to contact pups (g), pup investigation duration (h), grooming pup
duration (i), crouching over pups duration (j), and nest building duration (k) during the pup interaction test across 7
days of pup sensitization. Day 0: before pup sensitization, days 1-7: during pup sensitization. If no retrieval
occurred, the latency was scored as 120 s.

Mouse cartoons in this and all other figures are adopted from scidraw.io. Lines and shaded error bars represent
mean = SEM. (c, d, f, g, i-k) Friedman test followed by Dunn’s multiple comparisons test (post-hoc test results not
shown). (e) Cochran’s Q test followed by Benjamini Hochberg false-discovery rate correction. (h) One-way
ANOVA with repeated measures followed by Tukey’s multiple comparisons test. Lines and shaded error bars
represent mean + SEM. All p < 0.05 are indicated.
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Inhibiting MPOACaR cells does not impair inter-male aggression
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Extended Data Fig. 2. Chemogenetic inhibition of MPOACaR cells does not affect behaviors toward adult
males or females.

(a) Representative raster plots showing male-directed behaviors following saline or CNO injection in an example
mCherry and hM4Di animal.

(b-d) Male investigation duration (b), latency to attack male (c), and attack male duration (d) in mCherry and hM4Di
mice after saline or CNO injection.

(e) Representative raster plots showing female-directed behaviors following saline or CNO injection in an example
mCherry and hM4Di animal.

(f-h) Female investigation duration (f), latency to mount female (g), and mount female duration (h) in mCherry and
hM4Di mice after saline or CNO injection.

Numbers in parentheses indicate the subject animal number. Circle-line pairs represent data of individual animals.

(b-d, f-h) Two-way ANOVA with repeated measures followed by Sidak’s multiple comparisons test. Bars and error
bars represent mean £ SEM. All p < 0.05 are indicated.
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Extended Data Fig. 3. Behaviors associated with optogenetic stimulation of MPOACaIcR cells.

(a) Virus injection and optical fiber implantation schematic and representative histology image.
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(b) Timeline to optogenetically activate MPOACaR cells.

(c) Representative raster plots showing pup-directed behaviors aligned to the onset of sham or light stimulation in a
ChR2 animal.

(d) The number of mice that were infanticidal, non-infanticidal and non-retrieving (ignore), and retrieving following
sham or light stimulation.

(e) Proportion of sham or light trials with pup-directed attack.

(f) Proportion of sham or light trials with pup approach.

(g) The latency to contact pups following light or sham onset.

(h) The time spent investigating pups during sham or light stimulation.
(i) Proportion of sham or light trials with pup retrieval.

(j) The time spent grooming pups during sham or light stimulation.

(k) Representative raster plots showing male-directed behaviors aligned to the onset of sham or light stimulation in
a ChR2-injected animal.

(I) The latency to contact the male intruder following light or sham onset.
(m) The time spent investigating the male during sham or light stimulation.
(n) Proportion of sham or light trials with attack toward the male intruder.

(o) Representative raster plots showing female-directed behaviors aligned to the onset of sham or light stimulation
in a ChR2 animal.

(p) The latency to contact the female intruder following light or sham onset.
(q) The time spent investigating the female during sham or light stimulation.
(r) Proportion of sham or light trials with mounting toward the female intruder

(s) Representative tracking results from the real-time place preference assay (10 minutes pre-stimulation and 10
minutes during stimulation).

(t) Proportion of time spent in the light-paired chamber before and during the light-pairing period (2mW, 20 ms,
20Hz).

The brain illustration was produced based on a reference atlas from https://atlas.brain-map.org/. Numbers in
parentheses indicate the subject animal numbers. Circle-line pairs represent data of individual animals. (d)
McNemar’s test. (e, j, n, q, r) Wilcoxon test. (f-h, I, m, p, t) Paired t-test. Bars and error bars represent mean *
SEM. All p < 0.05 are indicated.
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Extended Data Fig. 4. Behaviors associated with optogenetic stimulation of MPOACaIcRNVglui2 ce||s,

(a) Virus injection and optical fiber implantation schematic and representative histology image.
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(b) Timeline to optogenetically activate MPOACalcRNVau2 ce|ls. Mouse cartoons in this and all other figures are
adopted from scidraw.io.

(c) Representative raster plots showing pup-directed behaviors aligned to the onset of sham or light stimulation in a
ChRmine-injected animal.

(d) The number of mice that were infanticidal, non-infanticidal and non-retrieving (ignore), and retrieving following
sham or light stimulation.

(e) Proportion of sham or light trials with pup-directed attack

(f) Proportion of sham or light trials with with pup approach.

(g) The latency to contact pups following light or sham onset.

(h) The time spent investigating pups during sham or light stimulation.
(i) Proportion of sham or light trials with pup retrieval.

(j) The time spent grooming pups during sham or light stimulation.

(k) Representative raster plots showing male-directed behaviors aligned to the onset of sham or light stimulation in
a ChRmine-injected animal.

(I) The latency to contact the male intruder following light or sham onset.
(m) The time spent investigating the male during sham or light stimulation.
(n) Proportion of sham or light trials with attack toward the male intruder.

(o) Representative raster plots showing female-directed behaviors aligned to the onset of sham or light stimulation
in a ChRmine-injected animal.

(p) The latency to contact the female intruder following light or sham onset.
(g) The time spent investigating the female during sham or light stimulation.
(r) Proportion of sham or light trials with mounting toward the female intruder

(s) Representative tracking results from the real-time place preference assay (10 minutes pre-stimulation and 10
minutes during stimulation).

(t) Proportion of time spent in the light-paired chamber before and during the light-paring period (2mW, 20 ms,
20Hz).

Numbers in parentheses indicate the subject animal number. Circle-line pairs represent data of individual animals.
(d) McNemar'’s test. (e, r ) Wilcoxon test. (f-h, I, m, p, q, t) Paired t-test. Bars and error bars represent mean +
SEM. All p < 0.05 are indicated.


https://doi.org/10.64898/2026.10.21.760822
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.10.21.760822; this version posted October 22, 2026. The copyright holder for this preprint
Wi t certifie y peer view) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
Ex‘tendC d‘ Bata g available under a CC-BY 4.0 International license.

MPQACaRNVEAT stimulation does not affect adult-directed behaviors
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Extended Data Fig. 5. Additional behaviors associated with optogenetic stimulation of MPOACaIcRNVGAT ce||s,

(a) Representative raster plots showing male-directed behaviors aligned to the onset of sham or light stimulation in
a ChRmine-injected animal.

(b) The latency to contact the male intruder following light or sham onset.
(c) The time spent investigating the male during sham or light stimulation.
(d) Proportion of sham or light trials with attack toward the male intruder.

(e) Representative raster plots showing female-directed behaviors aligned to sham or light stimulation onset in a
ChRmine-injected animal.

(f) The latency to contact the female intruder following light or sham onset.
(g) The time spent investigating the female during sham or light stimulation.
(h) Proportion of sham or light trials with mounting toward the female intruder.

(i) Representative tracking results from the real-time place preference assay (10 minutes pre-stimulation and 10
minutes during stimulation).

(j) Proportion of time spent in the light-paired chamber before and during the light-paring period (2mW, 20 ms,
20Hz).
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Numbers in parentheses indicate the subject animal number. Circle-line pairs represent data of individual animals.
(b, c, f-h, j) Paired t-test. (d) Wilcoxon test. Bars and error bars represent mean = SEM. All p < 0.05 are indicated.
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Extended Data Fig. 6. Anterograde tracing of MPOACaIcRNVGAT cg||s,

(a) Virus injection schematic and timeline to trace the outputs of MPOACaICRNVGAT ce|s,

(b) Representative histology image showing the infected cells in a CalcRCeVGAT™P mouse. Black: EYFP expression.
(c) Representative histology images showing MPOACaICRNVEAT projections in various downstream regions.

(d) The normalized intensity of MPOACaCRNVGAT projections in downstream regions. Bars and error bars represent
mean + SEM.

Abbreviations: NAc: nucleus accumbens; AVPV: anteroventral periventricular nucleus; LSv: ventral lateral septum;
BNSTpr: principal nucleus of the bed nucleus of the stria terminalis; BNSTrh: rhomboid nucleus of the bed nucleus of
the stria terminalis; PVT: paraventricular thalamus; PVN: paraventricular nucleus of the hypothalamus; PeFA:
perifornical area; AHN: anterior hypothalamic nucleus; ZI: zona incerta; LHA: lateral hypothalamus; VMHuvI:
ventrolateral part of the ventromedial hypothalamus; TU: tuberal nucleus; ARH: arcuate nucleus of the hypothalamus;
MeApd: posterodorsal part of the medial amygdala; DMH: dorsomedial hypothalamus; PMv: ventral premammillary
nucleus; PA: posterior amygdala; SUBv: ventral subiculum; SUM: supramammillary nucleus; VTA: ventral tegmental
area; PAG: periaqueductal gray; LC: locus coeruleus.
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Extended Data Fig. 7. Correlations of MPOAC2IcR activity between pairs of parental behaviors.

Scatter plots showing the the average Z-scored AF/F during (a) approach pup vs. investigate pup, (b) approach
pup vs. retrieve pup, (¢) approach pup vs. groom pup, (d) approach pup vs. crouch over pup, (e) investigate pup
vs. retrieve pup, (f) investigate pup vs. groom pup, (g) investigate pup vs. crouch over pup, (h) retrieve pup vs.
groom pup, (i) retrieve pup vs. crouch over pup, and (j) groom pup vs. crouch over pup.

Circles represent individual cells. Circle colors correspond to individual animals. Dashed line indicates the
regression line. Spearman correlation rho and p-values indicated on the figure.
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Extended Data Fig. 8. Loading vectors of principal components from dimensionality reduction of 2-photon
imaging of MPOACalcR cells during various parental behaviors.

(a-e) Loading scores of principal components (PCs) aligned to behavior onset during pup-directed approach (a),
investigation (b), retrieval (c), pup grooming (d), and crouching (e). Top: PC1, Second row: PC2, Third row: PC3,
Bottom: PC4. Percentages in parentheses denote the percentage of variance explained by each principal
component. Dashed lines indicate behavior onset.
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Extended Data Fig. 9. GRIN lens locations and parental behavior-evoked activity of MPOACacR cells.

(a-f) Top: locations of GRIN lenses (colored lines) for each mouse showing robust parental behaviors, ordered by
anterior-posterior lens position. a and b: Bregma level 0.14 mm; c: Bregma level 0.02 mm; d and e: Bregma level -

0.10 mm; f: Bregma level -0.22 mm. Bottom: the average Z-scored AF/F of MPOACaIR cells during various parental
behaviors of each animal.

(g-k) The correlation between MPOACaR activity and GRIN lens location during pup-directed approach (f),

investigation (h), retrieval (i), pup grooming (j), and crouching (k). Each circle represents the average Z-scored
AF/F from all recorded cells in one mouse. Colors matched GRIN lens line color in a-f.

Numbers in parentheses indicate the cell number. Circles represent data of individual cells (a-f) or individual

animals (g-k). (g-k) Simple linear correlation. Bars and error bars represent mean

indicated.

+

SEM. All p < 0.05 are
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Extended Data Fig. 10. MPOAC2/cR cell responses to social stimuli before and after pup sensitization.

(a-d) PETHs of Z-scored AF/F aligned to pup investigation, male investigation, and female investigation from
example longitudinally tracked MPOACaR cells in 1st (a), 2" (b), 3 (c) and 4" (d) clusters. Cluster membership is
based on Fig. 3e, g, h. The cells were tracked from before (left) to after (right) pup sensitization.

(e-h) Averaged PETHs of Z-scored AF/F of all cells in each cluster before and after pup sensitization. (e) 1t
Cluster: n = 19 cells. (f) 2" Cluster: n = 16 cells. (g) 3" Cluster: n = 40 cells. (h) 4t Cluster: n = 39 cells.

(i-1) Average Z-scored AF/F during pup, male, and female investigation before and after pup sensitization of cells in
1t (i), 2™ (j), 3 (k) and 4™ (1) clusters. Red: before pup sensitization; Blue: after pup sensitization.

Numbers in parentheses or axis titles indicate the cell number. Circles represent data of individual cells. (i-l) Two-
way repeated measures ANOVA followed by Tukey’s multiple comparisons test. Lines and shaded error bars
represent mean + SEM. Violin plots: white circles represent the median and interquartile and 1.5x interquartile

ranges are represented by thick and thin gray bars, respectively; shaded areas represent the range of all values. All
p < 0.05 are indicated.
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Extended Data Fig. 11. Calculation of discriminability index of MPOAC2!°R responses.

False positive rate

(a, d) Traces of one representative pup-selective neuron (a) and one broadly-tuned neuron (d) during pup (top),
male (middle), and female (bottom) interactions.

(b, e) The distributions of z-scored AF/F activity during various behavior bouts of the pup-selective neuron
represented in a (b) and broadly-tuned neuron represented in d (e). Left: Distributions of pup and male
investigation-evoked activity. Middle: Distributions of pup and female investigation-evoked activity. Right:
Distributions of male and female investigation-evoked activity.

(c, f) The receiving operating characteristic (ROC) curve, area under the ROC curve (auROC), and discriminability
index between pairs of stimuli for the pup-selective cell represented in a (¢) and broadly-tuned neuron represented

ind (e).
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Extended Data Fig. 12. Comparing responses of MPOACaR cells to social stimuli across days without pup
sensitization.

(a) Timeline to image the activity of the same set of MPOACaR cells during pup, male, and female interactions
across two sessions without pup sensitization.

(b) Heatmaps showing averaged Z-scored AF/F of MPOACaR cells during pup, male, and female investigation.
Cells are arranged in the same order before (top) and after pup sensitization (bottom) based on their membership in
k-means clustering analyses (n = 145 longitudinally-imaged cells from 7 mice). Numbers on the right indicate the
number of significantly responsive cells. Black circles indicate g values. ¢q<0.01; eeq<0.001.

(¢) Venn diagrams showing cells significantly responsive to pup, male, and female investigation during the first and
second session.

(d-f) Left: population-averaged PETHs during pup (d), male (e), and female (f) investigation. Dashed lines indicate
the onset of behavior. Light red: first session, Dark red: second session. Right: Average Z-scored AF/F of each cell
during pup (d), male (e), and female (f) investigation. Light red: first session, Dark red: second session.

(g) Alluvial diagram showing pup-, male-, and female-preferred and non-responsive cells. (left: first session, right:
second session; n = 145 cells from 7 mice).

(h, i) Correlations of cell responses (Z-scored AF/F) during pup and male investigation (left), pup and female
investigation (middle), and male and female investigation (right) during the first (h) and second (i) session.

(j) Discriminability index of cell responses (Z-scored AF/F) across stimulus pairs.

Numbers in parentheses or axis titles indicate the cell number. (b) One-sample t-test followed by Benjamini
Hochberg false-discovery rate correction. (¢, g) Chi-square test. (d-f) Permutation test. (h, i) Spearman correlation.
(g) Two-way ANOVA with repeated measures followed by Tukey’s multiple comparisons test. Lines and shaded
error bars represent mean + SEM. Violin plots: each circle (light red and dark red) represents one cell; white circles
represent the median and interquartile, and 1.5x interquartile ranges are represented by thick and thin gray bars,
respectively; shaded areas represent the range of all values. All p < 0.05 are indicated.
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Extended Data Fig. 13. GRIN lens locations and relationship to social stimulus tuning.

(a-g) Left: Locations of GRIN lenses (colored lines) for each mouse, ordered by Bregma level. Middle: MPOACalcR
cell averaged Z-scored AF/F before pup sensitization during pup, male, and female investigation (n = 35 cellsin a, n
=42 cellsinb,n=27cellsinc,n=22cellsind, n =43 cellsin e, n =34 cells in f, n =35 cells in g). Right:
MPOACaR cell averaged Z-scored AF/F after pup sensitization during pup, male, and female investigation (n = 36
cellsina,n=33cellsinb,n=27cellsinc,n=26 cellsind, n=43 cellsin e, n =50 cells in f, n = 30 cells in g).
Black circles indicate q values. q<0.01; eeq<0.001. The brain illustrations were produced based on a reference
atlas from https://atlas.brain-map.org/

(h) Left: Selectivity index between pup and male for each cell in every mouse before (left) and after (right) pup
sensitization, ordered by Bregma level, and correlation between Bregma level and selectivity index. Selectivity index
is calculated as: auROC between the distributions of male- and pup-evoked z-scored AF/F. Before (left) and after
(left): each circle corresponds to one cell; each color corresponds to one mouse (colors matched GRIN lens line
color in a-g). Before (right) and after (right): Correlation showing the relationship between Bregma level and pup
selectivity. Each circle corresponds to the average selectivity from all cells in one mouse.

(i) Selectivity index between pup and female for all cells in every mouse (before, left and after, left) and the average
selectivity index of all cells in each mouse (before, right and after, right) before and after pup sensitization. Follows
the color convention in h.

(j) Selectivity index between male and female for all cells in every mouse (before, left and after, left) and the average
selectivity index of all cells in each mouse (before, right and after, right) before and pup sensitization. Follows the
color convention in h.

(a-g) One-sample t-test followed by Benjamini Hochberg false-discovery rate correction. (h-j before and after, left)
Kruskal-Wallis test followed by Dunn’s multiple comparisons test (post-hoc test results not shown). (h-j before and
after, right) Simple linear correlation. Lines and error bars represent mean £ SEM.
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Extended Data Fig. 14. Physiological characterization of MPOAC3aICRNVGAT cel|s after Calcr knockdown.

(@) Virus injection, recording schematic, and experimental timeline for in vitro whole-cell recordings of
MPQACaICRNVEGAT cgls,

(b) Left: Representative current-clamp recording traces of MPOACalcRNVGAT cells after 100pA current injection. Right:
F-I curve of MPOACalCRNVEGAT cells expressing scrambled shRNA or CalcR shRNA.

(d-e) Maximum action potential number across current steps (d), rheobase (e), resting membrane potential (f), and
input resistance (g) of MPOACaIcRNVEAT cells expressing scrambled shRNA or CalcR shRNA (scrambled shRNA: n =
19 cells from 4 mice; CalcR shRNA: n = 20 cells from 4 mice).

(h, k) Representative voltage-clamp recording traces of MPOACaICRIVEAT cells in 1 yM TTX. Numbers indicate the
holding potential.

(i, j, 1, m) The frequency (i, 1) and amplitude (j, m) of mMEPSCs (i, j) and mIPSCs (I, m) of MPOACaIRNVGAT cg|g
expressing scrambled shRNA or CalcR shRNA (scrambled shRNA: n = 15, 14 cells from 4 mice; CalcR shRNA: n =
16, 14 cells from 4 mice).

Numbers in parentheses or axis titles indicate cell number. Circles represent data of individual cells. (¢) Two-way
ANOVA with repeated measures followed by Tukey’s multiple comparisons test. (d, f, g, j, m) Unpaired t-test. (e, i,
1) Mann-Whitney test. Bars and error bars represent mean £ SEM. All p < 0.05 are indicated.
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Extended Data Fig. 15. MPOA CalcR antagonism does not affect infanticide.

(a) Cannula implant schematic and timeline to test behavior in non-pup sensitized mice following saline or drug
infusion into the MPOA.

(b) Representative raster plots showing pup-directed behaviors following saline, AC187, or CGRP 8-37 infusion.

(c) The number of mice that were infanticidal or non-infanticidal and non-parental (ignore) from animals injected with
saline, AC187, or CGRP 8-37.

(d-f) The latency to contact pups (d), percentage of time spent on investigating (e), and latency to attack pups (f)
following saline, AC187, or CGRP 8-37 infusion.

Numbers in parentheses indicate the subject animal number. (c) Fisher’s exact test. (d, f) Friedman test followed by
Dunn’s multiple comparisons test. () One-way ANOVA with repeated measures followed by Tukey’s multiple
comparisons test. Lines and error bars represent mean £ SEM. All p < 0.05 are indicated.
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Extended Data Fig. 16. CGRP facilitates PA-MPOACalcRNVGAT hathway potentiation through Amylin receptor.

(a) Slopes of oEPSPs of an example MPOACacROVGAT cell during baseline (light gray), after light stimulation (dark
gray), after 200 nM amylin perfusion (light green), after light stimulation in the presence of 200 nM amylin (green),
and during washout (black). Green bar represents the period of 200 nM amylin perfusion. White bar with black
outlines represents the washout period. Open circles represent oEPSPs with action potentials (AP) and closed
circles represent those without AP.

(b, ¢) Resting membrane potential (b) and input resistance (c¢) before and after 200 nM amylin perfusion (n = 8, 9
cells from 4 mice).

(d, e) Normalized oEPSP slope (d) and light stimulation-evoked firing probability (e) at baseline, after light
stimulation without 200 nM amylin, after 200 nM amylin perfusion, after light stimulation in the presence of 200 nM
amylin, and during washout (n = 9 cells from 4 mice).

(f-j) The PA terminal activation-evoked responses of MPOACaCRNVGAT cells after 800 nM Amylin and PA terminal
stimulation. Plots follow the convention of a-e. (n = 6 cells from 3 mice).

(k-0) The PA terminal activation-evoked responses of MPQOACaICRNVGAT cells after 200 nM CGRP and 600 nM
AC187, an amylin receptor antagonist. Plots follow the convention of a-e. (n = 6 cells from 3 mice).

(p-t) The PA terminal activation-evoked responses of MPOACaICRNVGAT cg||s after 200 nM CGRP and 600 nM CGRP
8-37, an Amy1 and CGRP receptor dual antagonist. Plots follow the convention of a-e. (n = 5 cells from 3 mice).

Numbers in parentheses indicate the number of cells. Circle-line pairs represent data of individual cells. (b, ¢, g, h,
I, q, r) Paired t-test. (m) Wilcoxon test. (d, e, i, j, n, o, s) Friedman test followed by Dunn’s multiple comparisons
test. Bars and error bars represent mean = SEM. All p < 0.05 are indicated.
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Extended Data Fig. 17. Acute CGRP infusion into the MPOA does not alter pup-directed behaviors in naive
males.

(a) Cannula implant schematic and timeline to test behavior in non-pup sensitized animals after saline or CGRP
infusion.

(b) Representative raster plots showing pup-directed behaviors following saline or CGRP infusion into the MPOA.

(c) The number of mice that were infanticidal or non-infanticidal and non-parental (ignore) during the pup interaction
test.

(d-f) The latency to contact pups (d), investigation duration (e), and latency to attack pups (f) following saline or
CGRP infusion. If no attack occurred, the latency was scored as 600 s.

Numbers in parentheses indicate the subject animal number. Circle-line pairs represent data of individual animals.
(c) Fisher’s exact test. (d, f) Paired t-test. (e) Wilcoxon test. Bars and error bars represent mean + SEM. All p < 0.05
are indicated.
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