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During lactation, mammalian pups rely on the dam for survival and associative learning related to 
maternal stimuli. This study investigates how maternal preference shifts during the late lactation 
period in mouse pups. Pups conditioned with odorized dams during this period exhibited distinct 
preferences: those exposed to 4-methylthiazole (4MT) preferred it, while controls avoided it, and 
eugenol (EG)-conditioned pups showed no response. Interestingly, dams painted with 4MT displayed 
reduced maternal care compared to EG- or oil-painted dams. To separate maternal presence from odor 
experience, pups were exposed to 4MT or EG without the dam. Odor-preference learning occurred 
only when pups remained with their siblings but failed when separated from both the dam and all of 
their siblings. These findings suggest that dam separation in the presence of siblings facilitates odor-
preference learning, indicating a developmental shift towards reduced dam reliance and preparation 
for independence.

In mammals, the transition from weaning to psychological independence represents a critical phase in 
developmental trajectories. This process is particularly prolonged and complex in humans, distinguishing it 
from patterns observed in many other animal species. These differences arise from a combination of biological, 
social, and cognitive factors that influence the pace and nature of development.

Human children experience an extended period of dependence following weaning, both emotionally and 
physically. In contrast, many non-human mammals undergo a rapid transition to independence after weaning, 
acquiring survival skills and dispersing from their parents relatively quickly. For instance, species such as 
ungulates and carnivores exhibit brief parental dependency followed by accelerated learning, enabling swift 
adaptation to environmental demand1,2.

In rodents, developmental transitions occur during lactation. During the early lactation period (postnatal 
days (P)0–9), pups exhibit an odor preference when paired with a neutral odor and electrical stimulation, 
facilitated by low stress sensitivity3,4. This associative learning changes in the mid-lactation period (P10–15), 
as stress sensitivity develops and disrupts odor preference learning unless the dam is present to reduce stress. 
By the late lactation period (P16–weaning), the dam’s stress-reducing effects diminish, and associative learning 
does not occur even in her presence. Although the physical transition from maternal milk to solid food begins at 
P17 and concludes around P285, the timing of psychological independence remains unclear. The early survival 
capacity of rodents complicates observation under standard captive conditions.

During this developmental period, sensory systems mature through both genetic programming and 
neuronal activity6–11. In the mouse olfactory system, odor-evoked neuronal activity during the neonatal critical 
period drives olfactory imprinting, which increases sensitivity to conditioned odors. Sema7A in olfactory 
sensory neurons interacts with PlxnC1 in mitral/tufted (M/T) cell dendrites, facilitating synapse formation 
and glomerular growth12. This odor imprinting requires the dam’s presence as a reward and oxytocin in pups 
for attractive odor memory and social bonding13. However, while neonatal imprinting mechanisms are well 
understood, little is known about odor-preference learning and the signaling systems involved during the late 
lactation period.

This study focuses on odor-preference learning during the late lactation period. Using specific odorants, 
4-methylthiazole (4MT, an aversive odorant) and eugenol (EG, a neutral odorant), we investigated the 
developmental shift in odor-associated learning and its relationship to changes in maternal and sibling 
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interactions. Our findings reveal a shift in the dam’s value from positive to negative in the presence of siblings. 
This raises the possibility that psychological weaning begins before the end of the physical weaning period, 
facilitating the transition to independence and the acquisition of social behaviors.

Results
Odor-preference shift by 4MT-nip conditioning during the lactation period
In previous studies, rat pups nursed by dams whose bellies and nipples were odorized with aversive odorants, 
such as peppermint or isoamyl acetate, exhibited an approach behavior towards the odors14,15. To investigate 
whether a similar odor preference could be conditioned in mouse pups, we odorized dams’ nipples with either 
sunflower seed oil (oil-nip conditioning group, serving as a control) or oil-diluted 4MT (4MT-nip conditioning 
group) twice daily from P12 to P18. This conditioning was performed outside the olfactory imprinting period12. 
We subsequently conducted an odor preference test on male pups at P19. During the preference test, filter 
paper pieces containing either oil or 4MT were placed on each short side of a test cage, and we calculated the 
preference index (PI) based on the average relative position of the pups within the test cage. Notably, oil-nip-
conditioned pups exhibited avoidance behavior towards 4MT (Fig. 1A). In contrast, 4MT-nip-conditioned pups 
displayed clear approach behavior for 4MT under the same conditions. The female siblings cohabitating with 
them also displayed approach behavior for 4MT (Supplementary Fig. S1A). To ensure that oil-nip-conditioned 
pups did not form a preference for the oil itself, we conducted a preference test using filter paper pieces soaked 
in oil or nothing. The results indicated that oil-nip-conditioned pups exhibited no preference for oil (Fig. 1A), 
confirming they did not develop a preference for the oil. These findings suggest that 4MT-nip conditioning 
effectively switched the pups’ behavior from avoidance to approach, highlighting the conditioning’s impact on 
odor preference.

Time limit of acquisition and maintenance of odor-preference memory
As mouse pups age, they exhibit a decrease in nipple suckling behavior and an increase in pellet-eating behavior16. 
This transition suggests that physical weaning may lead to the termination of an acquired odor preference. To 
explore whether an acquired odor preference can be maintained when the odorization period extends beyond 
P21, we continued 4MT nipple odorization until P28 and conducted odor preference tests for 4MT every other 
day from P15 to P29. Notably, while the oil-nip conditioning group continued to show avoidance behavior after 
P17, the 4MT-nip conditioning group demonstrated a gradual decline in the preference index for 4MT, with 
a significant shift towards avoidance observed at P29 (Fig. 1B). These findings suggest that an acquired 4MT 
preference gradually diminishes and transforms into avoidance as lactation becomes less essential, indicating a 
correlation between lactation period and odor-preference memory retention.

To determine whether the timing of 4MT-nip conditioning initiation is critical, we delayed the start of 
conditioning. When conditioning began at P12 (conditioning day 1, CD1), the conditioned pups displayed a 
preference for 4MT at P17 (CD6) and P19 (CD8) (Fig. 1C). In contrast, when conditioning commenced at P14 
(CD1), the conditioned pups no longer exhibited a preference at P19 (CD6) and P21 (CD8). These findings 
suggest that initiating 4MT-nip conditioning at P14 falls outside the critical period for 4MT-preference 
acquisition.

Suppression of stress responses and stress-related brain regions by 4MT-nip conditioning
Previous research has shown that aversive odorants, including 4MT, can induce stress responses17. To investigate 
the impact of 4MT exposure on stress response, we analyzed plasma corticosterone concentration. The results 
revealed a significant increase in corticosterone concentration in 4MT-exposed oil-nip-conditioned pups 
compared to oil-exposed oil-nip-conditioned pups (Fig.  2A). Next, we assessed whether 4MT conditioning 
during lactation could mitigate the stress response to 4MT. Our findings showed no significant difference 
in corticosterone concentration between oil-exposed 4MT-nip-conditioned and 4MT-exposed 4MT-nip-
conditioned pups, indicating that 4MT-nip conditioning during the lactation period effectively suppressed the 
stress response to 4MT.

Under stressful condition, corticotropin-releasing factor (CRF)-producing neurons in the paraventricular 
hypothalamic nucleus (PVN) secrete CRF. This CRF induces adrenocorticotropic hormone (ACTH) secretion 
in the pituitary gland, which in turn triggers corticosterone release from the adrenal cortex18. Corticosterone 
secretion was suppressed in 4MT-nip conditioned pup mice (Fig. 2A). Therefore, we examined neuronal firing in 
PVN by c-fos gene expression with in situ hybridization. The number of c-fos( +) cells was significantly increased 
in the 4MT-exposed oil-nip group, compared with that in oil-exposed oil-nip group (Fig. 2B). In contrast, the 
number of c-fos( +) cells in 4MT-exposed 4MT-nip group was significantly decreased, compared with that in 
4MT-exposed oil-nip group. These were consistent with the result of the corticosterone assay.

Activation of PVN neurons is regulated by many brain regions including the bed nucleus of the stria terminalis 
(BNST) and central amygdala (CeA)18,19. These regions were activated by 4MT exposure in oil-conditioned mice 
(Fig.  2B). However, activation of these regions was suppressed in 4MT-conditioned pup mice. These results 
suggest that 4MT conditioning suppresses the activation of the brain regions for stress and pain.

Irrelevance of oxytocin in odor-preference acquisition
Oxytocin, a neuropeptide, plays a significant role in dam-pup bonding20. Previous studies have demonstrated 
that intracerebral administration of an oxytocin antagonist, atosiban, to rat pups at P15 inhibits the acquisition 
of a maternally associated odor preference21. Therefore, we investigated whether oxytocin receptor (OTR) is 
required for 4MT-preference acquisition by conducting 4MT-nip conditioning on OTR knock-out (KO) pups. 
Surprisingly, OTR homozygous KO pups exhibited a normal 4MT preference (Fig. 3A), suggesting that OTR is 
not essential for the acquisition of the 4MT preference.
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Loss of maternal care in 4MT-nip conditioning
The above result in OTR KO pups raised the possibility that dams are not involved in 4MT-preference acquisition. 
Therefore, we examined dams’ behavior during 4MT-nip conditioning. During the first 30 min after the onset of 
4MT-nip conditioning, the frequency of breastfeeding in 4MT-nip conditioning was reduced, and the frequency 
of immobility without breastfeeding was increased, compared with that in oil-nip conditionings (Fig.  3B). 
During the second 30 min, there was no significant difference in the frequency of those behaviors in Kruskal–
Wallis tests. These results indicate that 4MT-nip conditioning reduces maternal care, raising the possibility that 
maternal care is not necessary for pups’ 4MT-preference acquisition.

Acquisition of 4MT preference by maternal separation
To explore the necessity of maternal presence during 4MT exposure, we isolated a group of sibling pups from 
their dams and exposed them to 4MT during a 30-min isolation period, following the same schedule as 4MT-

Fig. 1.  Odor preference acquisition in pups by nipple odorization of dams. (A) Locomotion of pups 
conditioned by oil-nip or 4MT-nip during P12-18 was traced in odor preference test at P19. Oil-nip- (n = 30) 
and 4MT-nip-conditioned pups (n = 23) displayed significant avoidance and approach for 4MT, respectively. 
Oil-nip-conditioned pups (n = 13) displayed no significant bias for oil. (B) The temporal observation of the 
preference index for 4MT during P15-29 in pups conditioned by oil-nip (n = 6) or 4MT-nip (n = 6) during P12-
28 displayed a gradual loss of acquired 4MT preference. (C) The effects of commencing time between regular 
(P12-18) and late-onset 4MT-nip conditioning (P14-21) were analyzed. Although the regularly conditioned 
pups showed significant preference at P17 (n = 15) and P19 (n = 8), the late-onset-conditioned pups showed 
no preference at P19, 21 (n = 13). Welch’s unpaired t-test (A–C): **, p < 0.01; ****, p < 0.0001. One sample t-test 
(OST), theoretical mean = 0 (A–C): $, p < 0.05; $$, p < 0.01; $$$, p < 0.001; $$$$, p < 0.0001.
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nip conditioning. This method, named 4MT-dam-unpaired (DUP) conditioning, was compared to oil-DUP 
conditioning, where 4MT in 4MT-DUP conditioning was replaced with oil as a negative control. Additionally, 
we included a 4MT-dam-paired (DP)-conditioned group, where pups were exposed to 4MT with their dam 
after a 30-min isolation period. The results revealed that oil-DUP-conditioned and 4MT-DP-conditioned pups 
exhibited avoidance and preference for 4MT, respectively (Fig. 3C). The female siblings cohabitating with them 
also exhibited similar behavioral changes (Supplementary Fig. S1B). Interestingly, 4MT-DUP-conditioned pups 
also displayed a preference for 4MT. This outcome suggests that the cohabitation of dams during 4MT exposure 
is not a prerequisite for 4MT-preference acquisition and that 4MT-DUP conditioning is an effective substitute 
for 4MT-nip conditioning.

Fig. 2.  Suppression of stress response and neuronal firing of stress-related brain regions in 4MT-nip-
conditioned pups for 4MT exposure. (A) The amount of plasma corticosterone was compared between oil- 
(n = 9) or 4MT-exposure groups (n = 9) in oil-nip conditioned pups and between oil- (n = 7) or 4MT-exposure 
groups (n = 7) in 4MT-nip conditioned pups. In the amount of plasma corticosterone, oil-nip-conditioned 
pups showed a significant increase in association with 4MT exposure, but 4MT-nip-conditioned pups 
showed no increase. Welch’s unpaired t-test: **, p < 0.01. (B) Expression of c-fos gene was analyzed by in situ 
hybridization in oil-exposed pups including oil-nip (n = 4) and 4MT-nip conditioned pups (n = 2), 4MT-
exposed oil-conditioned pups (n = 6), and 4MT-exposed 4MT-conditioned pups (n = 6) in brain regions: the 
paraventricular nucleus of the hypothalamus (PVN), the oval bed nucleus of the stria terminalis (BNSTov), 
capsular part, lateral division, and medial division of the central amygdaloid nucleus (CeC, CeL, CeM). 
In regions of interest, c-fos( +) cells were counted. Scale bar, 250 µm. Dunn’s multiple comparison tests: **, 
p < 0.01; ***, p < 0.001.
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To assess the temporal change of 4MT preference in 4MT-DUP conditioning, we conducted DUP 
conditioning on the same schedule as 4MT-nip conditioning (P12 to P18) and assessed the temporal change of 
4MT preference from P11 to P19. The findings revealed that oil-DUP-conditioned pups displayed no behavioral 
response for 4MT at P13 and P15 but began to exhibit avoidance at P17 (Fig.  3D). In contrast, 4MT-DUP-
conditioned pups displayed significant 4MT avoidance at P13, which shifted to significant 4MT preference at 
P17 and P19. These results indicate that the 4MT avoidance observed at P13 in 4MT-DUP conditioning is not 
an innate instinct but rather acquired through isolation from their dams. Furthermore, the 4MT avoidance 
observed at P13 diminishes by P15, transitioning into 4MT preference at P17 and P19. This shift suggests a 
noteworthy change in valence associated with dam isolation, evolving from negative to positive over the course 
of these early postnatal days.

Odor-preference learning induced by maternal separation in the presence of siblings
Next, we used eugenol (EG) as a neutral odorant for nipple odorization conditioning. EG-nip-conditioned pups 
showed no behavioral response for EG as the oil-nip conditioning group did (Fig. 4A). This result indicates that 
nipple odorization conditioning with EG is insufficient for odor preference acquisition.

An odor preference was observed in 4MT-nip conditioning, but not in EG-nip conditioning. Maternal care 
may be different between 4MT-nip and EG-nip conditioning. Therefore, we examined maternal behavior in EG-
nip conditioning. During 30 min after the onset of EUG-nip conditioning, the frequencies of breastfeeding and 
immobility without breastfeeding were normal (Fig. 3B). To examine whether maternal separation affects odor 
learning, we performed EG-DUP and EG-DP conditioning. Interestingly, pups in both conditioning groups 
showed a preference for EG (Fig. 4B). In EG-simple-exposure (SE) conditioning, pups exposed to EG for 30 min 
in their home cage with a dam displayed neutral behavior for EG. These results indicate that maternal separation 
is effective for odor-preference learning.

In EG-DUP conditioning, pups were exposed to EG in a sibling group and were able to interact with each other 
by huddling. Maternal deprivation, in which both a dam and all of their siblings are deprived, is more stressful for 
pups than maternal separation, in which only a dam is separated and their littermates are cohabitated22. Siblings 
may assist with EG-preference acquisition. We performed odor conditioning in solitude to know whether other 
siblings are required for EG-preference acquisition. Solitude conditioning inhibited EG-preference acquisition 
significantly (Fig. 4B). Solitude conditioning with 4MT also inhibited 4MT-preference acquisition (Fig. 3C). 
These results indicate that the presence of siblings is essential for odor-preference acquisition during maternal 
separation.

Discussion
In the present study, we demonstrated that 4MT-nip conditioning during P12-18 altered pups’ behavior towards 
4MT, shifting from avoidance to approach by P19 (Fig. 1A). Previous studies have shown that certain mildly 
aversive odorants (e.g., peppermint, isoamyl acetate) effectively induce odor-preference acquisition during 
lactation, whereas strongly aversive odorants (e.g., 2,4,5-trimethylthiazoline, TMT) are not effective14,15,23. 
Consistent with these findings, we found that 4MT, which is less aversive than TMT24, effectively induced odor-
preference acquisition. In 4MT-nip-conditioned pups, stress hormone release and neuronal activity in key 
stress-related regions, including the paraventricular nucleus (PVN), bed nucleus of the stria terminalis (BNST), 
and central amygdala (CeA), were suppressed during 4MT exposure (Fig. 2A,B). The PVN, a central hub of the 
stress response, receives input from the CeA and BNST19. The CeA is implicated in both innate and learned fear 
behaviors25,26, while BNST activity correlates with increased anxiety27,28, and its inhibition produces anxiolytic 
effects29. These results suggest that 4MT-nip conditioning effectively reduces fear and anxiety responses 
associated with 4MT exposure.

While oxytocin is known to play a crucial role in dam-pup bonding20, our results indicate that the knockout 
of the oxytocin receptor did not affect 4MT-preference acquisition (Fig. 3A). This suggests that the dam-pup 
bond may not be directly involved in odor-preference acquisition. Arginine vasopressin (AVP), a neuropeptide 
involved in pair-bonding behavior, may be related to the odor-preference acquisition. Behavioral analysis of 
dams during 4MT-nip conditioning revealed maternal neglect (Fig.  3B), and further experiments showed 
that exposure to 4MT during maternal separation (4MT-DUP conditioning), which mimics maternal neglect, 
was sufficient to induce odor-preference learning (Fig. 3C). Interestingly, while EG-nip conditioning failed to 
induce odor-preference acquisition, EG-DUP conditioning was effective (Fig. 4A,B), suggesting that maternal 
separation during late lactation has a positive valence. In addition, maternal separation may increase attentional 
levels, thereby enhancing memory formation.

Extended 4MT-nip conditioning revealed that the acquired 4MT preference gradually diminished between 
P17-19 and was completely lost by P29 (Fig.  1B). This decline may correspond to the end of the physical 
weaning period, which is completed by P27 in mice16. Furthermore, late-start 4MT-nip conditioning during 
P14 to P20 was ineffective for odor-preference acquisition (Fig.  1C), highlighting a sensitive period for this 
learning. Intriguingly, 4MT-DUP conditioning induced odor aversion at P13 but resulted in odor preference 
by P17 (Fig. 3D). This finding aligns with prior work showing that early postnatal rat pups (P0-9) form positive 
odor memories despite aversive stimuli, due to the stress-hyporesponsive nature of this period3,30. During 
the mid-lactation period (P10-15), maternal presence buffers pups’ stress responses, enabling positive odor-
memory formation despite mature stress systems. By late lactation (P16 onwards), this maternal buffering effect 
diminishes. Our findings extend this model, showing that maternal separation is initially aversive (P13) but 
becomes positively valued by P17, marking the emergence of psychological independence.

The onset of psychological independence in mice may be associated with behaviors observed during P17-
19, such as increased out-of-nest exploration and a preference for novel environments31–35. This transition 
likely facilitates the development of sociality and independence. Importantly, early weaning before P16, 
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when psychological independence has not yet emerged, has been linked to adverse psychological outcomes 
in adulthood36,37. Our study raises the possibility that the psychological independence period begins by P17, 
emphasizing the importance of aligning weaning timing with the onset of psychological independence to 
mitigate potential negative effects.

Recent findings indicate that somatostatin-positive neurons in the zona incerta integrate olfactory and 
somatosensory inputs to establish maternal bonding in pups38. These neurons lose their function in adulthood 
as their projections to other brain regions retract after weaning38–40. This developmental shift may underlie the 
change in the valence of maternal separation, transforming it into a positive experience during late lactation.

Our study showed that 4MT-nip conditioning induces both approach behavior and reduced stress responses 
toward 4MT. However, the causal relationship between these changes remains unclear. Additionally, EUG-DUP 
conditioning also induces approach behavior. The specific brain regions responsible for approach behavior 
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have not yet been identified. Once identified, causal relationships could be clarified through loss-of-function 
and gain-of-function experiments. Figure 1C shows that P14-start conditioning does not result in preference 
acquisition, whereas P12-start conditioning does. Furthermore, Fig.  3D indicates that oil-DUP conditioned 
pups at P11, P13, and P15 do not exhibit avoidance behavior toward 4MT. Based on these results, we speculate 
that 4MT is not inherently stressful for pups conditioned at either P12 or P14. Therefore, the differences in 
conditioning effects between P12 and P14 are likely not due to variations in stress levels. These developmental 
differences could be better understood by identifying and developmentally analyzing the specific brain regions 
responsible for approach behavior.

Finally, we found that odor-DSUP conditioning (odor exposure during separation from both the dam and 
all of their sibling) inhibited odor-preference acquisition, while odor-DUP conditioning (separation from only 
the dam) facilitated it (Figs. 3C, 4B). This suggests that siblings modulate the effects of maternal separation. 
Separation from both the dam and siblings likely induces a more stressful state, potentially mediated by stress 
hormones, which may suppress learning. Sibling interactions during maternal separation may play a crucial role 
in shaping the development of social behaviors after weaning.

In humans, psychological independence typically follows physical weaning. However, this period has not 
been analyzed in other animals. Our findings suggest that psychological independence begins to emerge during 
late lactation in mice, providing potential insights into the mechanisms underlying psychological development 
during human adolescence.

Methods
Mice
We obtained C57BL/6N mice from Japan SLC Inc., and oxytocin receptor knockout (OTR-KO) mice41 from 
Dr. Katsuhiko Nishimori (Fukushima Medical University). To obtain pups for odor conditioning experiments, 
female mice (6-week-old or older) were mated with male mice in the evening, and male mice were separated 
from female mice next morning after confirming the plugs. Mice were raised in the 7:00–19:00 light and 
19:00–7:00 dark cycles. While male pups were analyzed except for the Supplemental Fig. S1, female pups were 
not excluded from rearing. To euthanize mice, they were deeply anesthetized with isoflurane. All the animal 
experiments were approved by the Animal Experiment Committee at University of Fukui. All methods were 
performed in accordance with the Guide for the Care and Use of Laboratory Animals of the Science Council of 
Japan and the relevant guidelines and regulations. The study is reported in accordance with ARRIVE guidelines 
(https://arriveguidelines.org).

Odor conditioning
Odor conditioning was performed twice a day (8:00–9:00 and 17:00–18:00), using 200µL of 100% sunflower 
seed oil (no odor control, Sigma), 10% (v/v) 4-methylthiazole (4MT, Tokyo Chemical Industry)/oil, or 10% 
(v/v) eugenol (EG, Tokyo Chemical Industry)/oil. In the odor-nip conditioning, all dam nipples were spotted 
with 200µL of oil containing 10% (v/v) odorant, and then dams were put back to the home cage with pups. In 
the conditioning experiment, pieces of odor-spotted 3 × 4 cm filter paper (3MM Chr Whatman) with 50 µl of 
10%(v/v) odorant/oil or oil alone were used. In the odor-dam-unpaired (DUP) conditioning, all pups were 
separated from their dams and exposed to an odorant in a clean cage with their siblings for 30 min. They were 
then returned to the home cage. In the odor-dam-paired (DP) conditioning, pups were separated from their 
dams and moved to a clean cage with their siblings for 30 min. The pups were exposed to an odorant in their 
home cage with their dams for 30 min, and then the odorant was removed. In the dam-sibling-unpaired (DSUP) 
odor conditioning, the pups were separated from their dams and exposed to the odor-containing filter paper in 
solitude in a clean cage separated into four areas for 30 min, and then they were returned to the home cage. In 
the EG simple-exposure (SE) conditioning, the pups were exposed to EG in their home cage with the dam for 
30 min.

Fig. 3.  Requirements for 4MT-preference acquisition. (A) Preference index for 4MT was analyzed in oil-nip-
conditioned (n = 8) and 4MT-nip-conditioned pups (n = 7) in oxytocin receptor (OTR) heterozygous knockout 
(left), and in oil-nip- (n = 6) and 4MT-nip-conditioned pups (n = 9) in OTR homozygous knockout (right). 
OTR homozygous knockout mice showed normal 4MT-preference acquisition. (B) Frequencies of dams’ 
lactation for three or more pups (left) and immobility without lactation (right) during 1–30 min (upper) and 
31–60 min (lower) after oil (n = 21), 4MT (n = 21), or EG-nip painting (n = 18) during P13-15 were counted. 
During 1–30 min dams painted with 4MT displayed a significant decrease in the frequency of lactation and 
a significant increase in immobility. (C) Preference index for 4MT in oil-dam-unpaired (Oil-DUP, n = 19), 
4MT-dam-unpaired (4MT-DUP, n = 32), 4MT-dam-paired (4MT-DP, n = 17), and 4MT-dam/sibling-unpaired 
conditionings (4MT-DSUP, n = 16). Pups in 4MT-DUP and 4MT-DP conditionings showed a significant 
preference for 4MT while those in 4MT-DSUP conditioning showed no preference. (D) Preference index for 
4MT at P11–18 in oil-DUP- and 4MT-DUP-conditioned pups conditioned during P12-18. Pups in 4MT-DUP 
conditioning displayed significant aversion at P13 and significant preference at P17 and P19, while those in 
oil-DUP conditioning displayed significant aversion at P17 and P19. Welch’s unpaired t-test (A, D), Dunn’s 
multiple comparison test (B), Tukey’s multiple comparison test (C): *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, 
p < 0.0001. OST (A, C, D): $, p < 0.05; $$, p < 0.01; $$$, p < 0.001.

◂

Scientific Reports |         (2025) 15:6700 7| https://doi.org/10.1038/s41598-025-90821-7

www.nature.com/scientificreports/

https://arriveguidelines.org
http://www.nature.com/scientificreports


Fig. 4.  An odor preference is formed by odor experience with siblings during maternal separation. (A) 
Locomotion of oil-nip-conditioned (n = 13) and EG-nip-conditioned pups (n = 15) conditioned during P12-19 
was traced in an odor preference test for EG at P19 (left). EG-nip-conditioned pups showed no odor preference 
(right). Welch’s unpaired t-test. (B) Preference index for EG in oil-dam-unpaired (Oil-DUP, n = 12), EG-dam-
unpaired (EG-DUP, n = 14), EG-dam-paired conditionings (EG-DP, n = 8), EG-simple exposure-conditioned 
(EG-SE, n = 13) and EG-dam/sibling-unpairing-conditioned pups (4EG-DSUP, n = 14). Pups in EG-DUP and 
EG-DP conditionings displayed significant preference while those in EG-SE and EG-DSUP conditionings 
displayed no significant preference. Tukey’s multiple comparison test: **, p < 0.01; ***, p < 0.001. OST (A, B): $, 
p < 0.05; $$$$, p < 0.0001.
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Behavioral assay
Odor preference test: All behavior tests were conducted during 8:00–12:00. In experiments observing the 
temporal change of odor preference (Figs. 1B, 3D), odor preference tests were performed during 8:00–11:00 
before morning odor conditioning (11:00–12:00). In the odor preference test, autoclaved clean test cages 
(17 × 27 × 12.5 cm, CLEA), surrounded by transparent acrylic walls (30 cm height), were used. Four test cages 
were arranged under a digital video camera GZ-E700-A (JVC), and the locomotion of a maximum of 4 mice was 
simultaneously recorded from the top. Before the test, a pup was habituated in the test cages for 3 min, and two 
pieces of filter paper (3 × 4 cm) soaking 50 µl of oil or 10%(v/v) odorant/oil were put on both sides of the cage 
for 3 min. In the tests, the odorants or the conditioned mice were arranged so as not to be biased to one side. In 
the recorded movie, the pup body was extracted by binarization, and the centroid of the body was traced with 
Fiji Plugin Mtrack242. From the centroid data, horizontal movement distance was measured, and pups whose 
movement distance was less than 400 cm in the odor preference tests for 3 min were excluded from the analyses 
except for the Fig. 3D experiment. The relative position in the test cage was defined as follows: the edge of the 
odorant side, the center, and the edge of the oil side indicate + 50, 0, and -50, respectively. The centers of round 
bumps in four corners of the test cage bottom were defined as cage edges. The preference index was calculated 
from the average of the relative position in the test cage for 3 min. Dam behavior: In odor-nip conditioning, a 
home cage including a dam and her pups was surrounded by the transparent acrylic wall, and the dam behavior 
was recorded from the top with the digital video camera, and examined every minute during 1–30 and 30–
60 min just after nipple odorization when conditioned pups were at P13-15. The frequency of lactation behavior 
was counted when a dam breastfed 3 pups or more. The frequency of immobility without lactation was counted 
when a dam showed immobility without breastfeeding.

Plasma concentrations of corticosterone
Oil- and 4MT-nip conditioning was initiated at P12 and terminated at P18, as described above. At P19, the 
conditioned pups were exposed to 50µL of 10% 4MT/oil solution (or 100% oil as a control) applied to a piece 
of filter paper. Thirty minutes after exposure, the 4MT-conditioned (or oil-conditioned) mice were decapitated, 
and trunk blood was immediately collected into tubes containing 10µL of 0.05 M EDTA, pH 8.0. The tubes were 
centrifuged at 1,600 × g at 4℃ for 15 min, and the plasma corticosterone concentration of the supernatant was 
measured by Corticosterone Enzyme Immunoassay Kit (Arbor assays) and SpectraMax M5 Microplate Reader 
(Molecular Devices).

In situ hybridization
Pups were isolated from their dam and put in a clean cage for at least 4 h. A piece of filter paper immersed with 
50µL of oil or 10%(v/v) 4MT/oil was put on the cage lid. After 30 min, the pups were deeply anesthetized with 
isoflurane, and their brains were taken out, and frozen in O.C.T compound (Sakura Finetek). Brain Sects. (10 µm 
thick) were prepared with a cryostat (Leica CM3050 S), and thaw-mounted on MAS-coated glass slides 
(Matsunami). In the sections, c-fos expression was detected with a c-fos antisense probe by in situ hybridization. 
The probe was synthesized from the pGEM-T vector (Promega) including the c-fos gene (583-1207  bp, 
NM_010234.3). In situ hybridization was performed as described previously43. After in situ hybridization, 
the sections were counterstained with methyl green (H-3402, VECTOR), and mounted with Mount-Quick 
Mounting Media (Newcomer Supply) and coverslips (Matsunami). The brain sections were photographed with 
a digital microscope (Keyence, BZ-9000). Brain regions were identified with the mouse brain atlas44. In the 
bilateral brain regions of interest, c-fos positive cells were counted and divided by area size.

Data analysis
For statistical analyses and graph depiction, GraphPad Prism version 8.4.3 for macOS was used. In Figs. 1A–C, 
3A,C,D, 4A,B, and Supplementary Figs. S1A & S1B, one-sample t-tests were performed as the theoretical mean 
was 0. In Figs. 1A,B, 2A, 3A,D, 4A, and Supplementary Figs. S1A & S1B, Welch’s unpaired t-tests were performed. 
In Figs. 2B and 3B, Dunn’s multiple comparison test was performed after Kruskal–Wallis tests. In Figs. 3C and 
4B, Tukey’s multiple comparison test was performed after one-way ANOVA. Graphs in Figs. 2B and 3B indicate 
median ± 95% confidential interval (CI), and the other graphs indicates mean ± standard deviation (SD).

Data availability
All datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.  Further information and requests for resources and reagents are also available from the 
corresponding author.
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