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1DEHHO�6KDLNK�LV�D�IRXUWK�
\HDU�%LRORJ\�PDMRU��6WDUWLQJ�
6XPPHU�������KH�KDV�VWXGLHG�
WKH�ELRORJLFDO�PHFKDQLVPV�
XQGHUO\LQJ�PDPPDOLDQ�SDU�
HQWLQJ�LQ�'U��6DOW]PDQȸV�ODE��
1DEHHO�SUHVHQWHG�KLV�SURMHFWV�
DW�QXPHURXV�FRQIHUHQFHV��
LQFOXGLQJ�DW�+DUYDUG�8QLYHUVL�
W\�DQG�6WDQIRUG�8QLYHUVLW\��+H�
LV�D�8&�5LYHUVLGH�8QGHUJUDG�
XDWH�(GXFDWLRQ�0LQL�*UDQW�
UHFLSLHQW�DQG�67(0�6XFFHVV�
6FKRODUVKLS�UHFLSLHQW��1DEHHO�
KRSHV�WR�SXUVXH�D�0�'��3K�'��
DQG�DVSLUHV�WR�EH�D�SK\VL�
FLDQ�VFLHQWLVW�

In many biparental mammalian species, such as California mice (Peromyscus cali-
IRUQLFXV���QHZ�IDWKHUV�H[KLELW�DIÀOLDWLYH�EHKDYLRU�WRZDUG�XQIDPLOLDU�LQIDQWV��ZKHUHDV�
reproductively naïve males show highly variable behavioral responses to infants. 
The sources of  this variation are unknown. We investigated the effects of  acute 
stress on pup-directed behavior in reproductively naïve male California mice. 
Each mouse underwent three 10-minute tests with an unfamiliar pup at 48-hour 
intervals. Males in the stressed group (N=22) were stressed using subcutane-
ous oil injections, a common experimental stressor used in rodents, immediate-
O\�EHIRUH� HDFK�RI � WKH�ÀUVW� WZR� WHVWV��7KH�FRQWUROV� �1 ����ZHUH� OHIW�XQGLVWXUEHG�
to avoid any experimentally induced stress. Compared to controls, stressed 
PLFH� VSHQW� VLJQLÀFDQWO\� OHVV� WLPH� SHUIRUPLQJ� SDWHUQDO� EHKDYLRU� LQ� WHVWV� �� DQG�
��� ZKLOH� RQO\�PDUJLQDO� GLIIHUHQFHV�ZHUH� VHHQ� LQ� WHVW� ��� ,Q� WHVWV� �� DQG� ��� VLJQLÀ-
FDQWO\� IHZHU� VWUHVVHG�PLFH� LQWHUDFWHG�ZLWK� WKH�SXS� WKDQ� FRQWUROV��7KHVH�ÀQGLQJV�
suggest that acute stress experienced by reproductively naïve males might con-
tribute to both short-term and long-term differences in pup-directed behavior.

.H\�:RUGV��6WUHVV��UHSURGXFWLYHO\�QDwYH��&DOLIRUQLD�PRXVH��ELSDUHQWDO��SDWHUQDO�EHKDY-
ior; subcutaneous injections; behavioral tests; experimental pups.
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SODQV�WR�SXUVXH�D�FDUHHU�LQ�
(PHUJHQF\�0HGLFLQH�



106 | UNIVERSITY OF RIVERSIDE, CALIFORNIA

������������

Parental care encompasses behaviors that positively 
FRQWULEXWH�WR�WKH�HYROXWLRQDU\�ÀWQHVV�RI �WKH�RIIVSULQJ��.OXJ�
and Bonsall, 2014). Mothers in all mammalian species provide 
parental care. In contrast, only about 6% of  mammalian 
species exhibit biparental care, in which both fathers and 
mothers provide care for their offspring (Kleiman and 
Malcolm, 1981). In biparental mammals, fathers can provide 
comparable forms and amounts of  care as mothers, excluding 
lactation (Kleiman and Malcolm, 1981), and usually care for 
unrelated infants during experimental exposure (Gubernick 
et al., 1987). Paternal care can be important for offspring 
survival and development in these species (Bales and 
Saltzman, 2016).

In biparental mammals, the onset of  paternal behavior 
in new fathers is associated with changes in hormones, 
neuropeptides, and their receptors, which can be triggered 
by interactions with the pregnant or parturient mate and/
or the offspring (Horrell et al., 2021). Reproductively naïve 
males–i.e., males that have never been housed with an 
unrelated female and therefore have not copulated or been 
exposed to pups–however, lack the sexual and parental 
experience needed to trigger these neuroendocrine changes 
and the onset of  paternal care. Compared to fathers, adult 
reproductively naïve males exhibit more varied responses 
when exposed to an unfamiliar pup, performing nurturant, 
avoidant, or aggressive behavior (Elwood and Stolzenberg, 
2020). The sources of  this variation in initial responses to 
pups are not well understood, although reproductively naïve 
males that behave paternally toward pups may be less anxious 
than those that do not (Chauke et al., 2012; De Jong et al., 
2012). Moreover, repeated exposure to pups can facilitate the 
onset of  paternal care in reproductively naïve males (Horrell 
et al., 2017; Cai et al., 2020). 

Numerous studies in humans, as well as several studies 
in other biparental mammals, have found that stress can 

negatively affect parental care and, in humans, can increase 
the likelihood of  child abuse or neglect (Wolfner and Gelles, 
1993; Lee et al., 2008). In contrast, virtually nothing is known 
about the possible effects of  stress on responses to infants in 
reproductively naïve males. Our study aimed to characterize 
the impacts of  stress on the onset of  paternal behaviors 
VSHFLÀFDOO\�IRU�UHSURGXFWLYHO\�QDwYH�PDOHV�LQ�D�ELSDUHQWDO�
mammal, the California mouse (Peromyscus californicus). In this 
rodent, both parents provide intensive care for their offspring 
(Dudley, 1974; Gubernick and Alberts, 1987). Fathers spend 
as much time retrieving, grooming, and huddling their 
offspring as mothers, and care by fathers is important for the 
normal behavioral, neuroendocrine, and social development 
of  pups (Bales and Saltzman, 2016).

In the present study, we investigated the long- and short-
term effects of  stress on the onset of  paternal behavior in 
reproductively naive males. Previous work in our lab has 
found that in California mouse fathers, acute stress transiently 
reduces the amount of  time spent interacting with the pups 
and mate (Harris et al., 2013). However, the effects of  stress 
on responses to pups in reproductively naïve males have not 
been examined. We tested the hypothesis that stressors will 
inhibit the short-term expression of  paternal behavior in 
reproductively inexperienced males. In addition, we tested 
the hypothesis that concurrent exposure to a stressor and 
pups, which constitute an unfamiliar stimulus, will cause 
reproductively naïve males to form an association between 
pups and stress, leading to longer-term effects on males’ 
behavioral responses to pups. 

�������

�������
California mice were descended from mice purchased from 
the Peromyscus Genetic Stock Center (University of  South 
Carolina, Columbia, USA) and were bred and housed at the 
University of  California, Riverside (UCR). Polycarbonate 
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cages (44 x 24 x 20 cm) were used to house the mice. The 
animals were kept under standard laboratory conditions 
(Nguyen et al., 2020), with aspen shavings for bedding and 
cotton for nesting, and had ad libitum access to food (Purina 
5001 Rodent Chow) and water. Animals were removed from 
their parents’ cages at weaning age (27-31 days), before the 
birth of  their younger siblings, and housed in groups of  
3-4 same-sex, age-matched mice. At least 2 weeks before 
being used in the study, groups were split into pairs of  
reproductively naïve males. All procedures were reviewed 
and approved by the UCR Institutional Animal Care and Use 
Committee and were consistent with the recommendations 
of  the Guide for Care and Use of  Laboratory Animals.

��������������������
��������
We used 22 pairs of  adult 
reproductively naïve males 
(143-168 days of  age). 
Each mouse was tested 
with an unrelated pup 
three times at 48-hour 
intervals. Within each pair, 
one male was randomly 
assigned to the stressed 
group and the other to the control group (Table 1). The 
subjects in the stressed group received an injection of  sesame 
RLO�LPPHGLDWHO\�EHIRUH�WKH�ÀUVW�DQG�VHFRQG�WHVWV�EXW�QRW�WKH�
third test; whereas, the subjects in the control group did not 
undergo any experimental stressors prior to any of  the tests. 
We chose to use oil injection as a stressor because it elicits a 
stress response in this species (as determined by an increase 
in plasma concentrations of  the adrenocortical stress-
responsive hormone corticosterone) beginning within 10 
minutes and persisting for at least 40 minutes after injection 
(Harris et al., 2013) and therefore seemed likely to affect 
the mice’s behavior during the entire test. We considered 
the entire procedure of  injecting the stressed mice with oil 

(including handling, brief  pain from the injection, and more 
prolonged discomfort from the oil) to constitute the stressor. 
Therefore, we did not perform any of  these procedures on 
the control mice in order to avoid stressing them. 

At the beginning of  each test, the subject was placed alone 
in a clean cage identical to the home cage. After a 20-minute 
acclimation period, mice in the stressed group were injected 
with sterile sesame oil (0.2 ml, s.c.); control mice were left 
undisturbed. An unrelated pup, 2-5 days of  age, was then 
placed in the cage with the subject for 10 minutes. The pup 
was removed immediately if  it was attacked. Cage mates were 
tested 5 minutes apart and were reunited in their home cage 
after each test. We conducted tests during the inactive (light) 

phase of  the 24-hour light cycle ������������K).

���������������������
We video-recorded the mice throughout the 10-minute test 
period. Behaviors (Table 2, next page) were scored from the 
videos using Behavioral Observation Research Interactive 
Software (BORIS; Friard and Gamba, 2016). Inter-observer 
reliability was 91%, and observers were blind to animals’ 
treatment conditions. Because the precise amount of  time 
that pups were present varied slightly across tests, the time 
spent in each behavior was normalized by dividing the 
total time of  the activity by the duration of  the stimulus 
H[SRVXUH�DQG�PXOWLSO\LQJ�E\�����>Ɠ�EHKDYLRU��V����VWLPXOXV�
presentation (s)*100]. 

������͙Ǥ��������������������Ǥ��������������������γ͜͜Ǥ
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������͚Ǥ  Behaviors scored

Statistical Analysis
We analyzed data using non-parametric tests because 
measures did not meet the criteria for parametric analyses. 
Mann-Whitney U tests were used to compare behavior 
between stressed and control animals in each test, and 
Wilcoxon tests were used for within-subjects comparisons 
between tests 1 and 3 for each treatment group separately. 
For all analyses, we used a critical P value of  0.05 (2-tailed).

�������

������������������������������������������
The number of  reproductively naïve male California mice 
that exhibited parental (lick, groom, and/or huddle the pup), 
aggressive (attack the pup), or non-interactive behavior 
(neither parental nor aggressive) showed a marginally 
VLJQLÀFDQW�GLIIHUHQFH�EHWZHHQ�WKH�stressed and control mice 
LQ�WHVW����3 �������DQG�GLIIHUHG�VLJQLÀFDQWO\�EHWZHHQ�WKH�two 
groups in tests 2 (P=0.047) and 3 (P=0.004; Fig. 1). In each 
test, stressed mice were more likely to be non-interactive and 
less likely to exhibit parental behavior than controls. Few 
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	������͙Ǥ Numbers of stressed and control males that exhibited 
�����������������ǡ��������������������ǡ���������������������͙ǡ�͚ǡ�
����͛Ǥ�ȗ�ζ͘Ǥ͘͝����������������Ǥ�������������Ǥ��γ͚͚Ȁ�������������
�γ͚͙������������������������͛Ǥ

stressed or controlled males attacked the pup in any test.

Mice in the stressed FRQGLWLRQ�VSHQW�VLJQLÀFDQWO\�
less time engaging in parental behavior, compared 
to controls, in test 1 (P=0.044) and test 2 (P=0.037; 
Figure 2A). The same pattern was seen in test 3, but 
WKH�GLIIHUHQFH�ZDV�QRW�VWDWLVWLFDOO\�VLJQLÀFDQW��3 ������� 
Duration of  time spent in proximity to the pup did 
not differ between stressed and control mice in test 1 
�3 ��������+RZHYHU��VWUHVVHG�PLFH�VSHQW�VLJQLÀFDQWO\�
less time in proximity to the pup in test 2 (P=0.015) 
and tended to spend less time in proximity in test 3 
(P=0.060), compared to controls (Figure 2B). None of  
the remaining measures (see Table 2) differed between 
the stressed and control groups in any test.

A        

B 

	�������͚������͚�Ǥ������������������ȋ�����ΰ���Ȍ��������Ȍ�
performing parental behavior, and B) in proximity to the pup 
��������������������������������������͙ǡ�͚ǡ�����͛Ǥ�ȗ�ζ͘Ǥ͘͝�����
�����������Ǥ�������������Ǥ�ȗȗ�ζ͘Ǥ͘͝����������͙���Ǥ������͛Ǥ��γ͚͚Ȁ
��������������γ͚͙������������������������͛Ǥ
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To determine how responses to pups changed with 
repeated exposure in mice that were and were not 
exposed to stress, we compared behaviors between test 1 
(acute stress only) and test 3 (previous exposure to stress 
only) within each treatment group separately. We did not 
include test 2 in these analyses because, in this test, mice 
had both acute and previous exposure to stress.

&RQWURO�PLFH�VSHQW�VLJQLÀFDQWO\�PRUH�WLPH�HQJDJLQJ�LQ�
parental behavior (P=0.0014; Figure 2A) and more time in 
proximity to the pup (P=0.028; Figure 2B) in test 3 than in 
test 1, and were quicker to approach the pup (P=0.028; data 
not shown) and to initiate parental behavior (P=0.036; data 
not shown) in test 3 than in test 1. In contrast, stressed mice 
VKRZHG�D�VLJQLÀFDQW�FKDQJH�RQO\�LQ�WKH�GXUDWLRQ�RI �WLPH�
spent grooming themselves, which decreased from test 1 to 
test 3 (P=0.0088; data not shown).

����������

Fathers in biparental species, such as the California mouse, 
are strongly attracted to their offspring and actively engage 
in parental behavior, even toward unrelated infants (Elwood 
and Stolzenberg, 2020). Reproductively naive male California 
mice, on the other hand, show highly variable responses to 
experimentally presented pups, which can include nurturing, 
avoiding, or attacking the pups (Gubernick et al., 1994; De 
Jong et al., 2009; Horrell et al., 2017; Nguyen et al., 2020). 
The sources of  this variation are not well understood. In this 
study, we evaluated the possibility that acute stress can affect 
reproductively naïve males’ initial responses to unfamiliar 
pups and can have carryover effects on their subsequent 
behavior toward pups. 

�ơ�������������������������������������������������
,Q�WKHLU�ÀUVW�WHVW�ZLWK�D�SXS��PLFH�WKDW�ZHUH�LQMHFWHG�ZLWK�
RLO�LPPHGLDWHO\�SULRU�WR�SXS�H[SRVXUH�VSHQW�VLJQLÀFDQWO\�
less time engaging in parental behavior (licking, grooming, 

KXGGOLQJ��DQG�VLJQLÀFDQWO\�PRUH�WLPH�JURRPLQJ�WKHPVHOYHV��
compared to non-stressed controls. They also tended to be 
less likely to perform parental behavior and less likely to 
interact with the pup at all, but these differences were only 
PDUJLQDOO\�VLJQLÀFDQW��7KHVH�UHVXOWV�VXSSRUW�RXU�K\SRWKHVLV�
that stress can have short-term inhibitory effects on parental 
behavior in reproductively naïve male California mice.

,Q�WHVW����DV�LQ�WHVW����RLO�LQMHFWHG�PLFH�VSHQW�VLJQLÀFDQWO\�OHVV�
time performing parental behavior and more time grooming 
themselves, compared to controls. Additionally, in test 2, 
LQMHFWHG�PLFH�VSHQW�VLJQLÀFDQWO\�OHVV�WLPH�LQ�SUR[LPLW\�WR�
the pup and were slower to perform parental behavior than 
FRQWURO�PLFH��2LO�LQMHFWHG�PLFH�ZHUH�DOVR�VLJQLÀFDQWO\�OHVV�
likely to perform parental behavior, or to interact with the 
pup at all, than non-stressed males in test 2. In this test, 
however, mice in the stress condition had been exposed to 
stress both immediately before the presentation of  the pup 
and previously (i.e., in test 1); therefore, the results in test 2 
FDQQRW�EH�DWWULEXWHG�GHÀQLWLYHO\�WR�HLWKHU�DFXWH�RU�SUHYLRXV�
stress exposure.

�����������ơ������������������������������������������
����
We found mixed support for our hypothesis that stress 
can have carryover effects on reproductively naïve males’ 
responses to pups. In test 3, when neither group of  males was 
VWUHVVHG�DFXWHO\��WKH�WZR�JURXSV�GLG�QRW�GLIIHU�VLJQLÀFDQWO\�
in the durations or latencies of  any behavioral measures. 
2Q�WKH�RWKHU�KDQG��ZH�IRXQG�D�KLJKO\�VLJQLÀFDQW�GLIIHUHQFH�
between the stressed and control groups in the number of  
mice that engaged in parental, non-interactive, and aggressive 
behavior. As in test 2, stressed males were less likely than 
controls to engage in parental behavior and more likely to be 
non-interactive.

Because reproductively naïve male California mice exhibit 
increasing parental behavior upon repeated pup exposure 
(Horrell et al., 2017), we compared behavior in test 1 (acute 
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stress only) and test 3 (previous exposure to stress only) to 
determine if  repeated exposure in mice leads to behavioral 
responses under stressed and non-stressed conditions. 
We found that in control mice, repeated exposure to pups 
UHVXOWHG�LQ�VLJQLÀFDQWO\�PRUH�WLPH�VSHQW�HQJDJLQJ�LQ�SDUHQWDO�
behavior, as in our previous study (Horrell et al., 2017). 
Additionally, control mice spent more time in proximity 
to the pup in their third test with a pup compared to their 
ÀUVW�WHVW��+RZHYHU��WKH�RQO\�FKDQJH�VWUHVVHG�PLFH�VKRZHG�
ZDV�D�VLJQLÀFDQW�GHFUHDVH�LQ�DXWR�JURRPLQJ�IURP�WHVW���WR�
test 3. This could be due to the fact that stressed mice did 
not receive an injection in test 3 and therefore might have 
spent less time auto-grooming the region of  injection when 
compared to test 1. Thus, concurrent exposure to stress and 
a pup blocked the usual effects of  repeated pup exposure on 
parental behavior in reproductively naïve males.

Interestingly, very few mice attacked the pup in any of  the 
tests, and control mice were slightly more likely to attack 
WKDQ�VWUHVVHG�PLFH��7KHVH�ÀQGLQJV�VXJJHVW�WKDW�VWUHVV�GRHV�
not have either acute or carryover effects on pup-directed 
aggression in reproductively inexperienced male California 
mice. Moreover, the lack of  interest by the stressed 
reproductively naïve males towards the infants begs the 
TXHVWLRQ�RI �ZKHWKHU�WKH�HIIHFW�LV�SXS�VSHFLÀF�RU�UHÁHFWV�D�
general lack of  interest in stimuli caused by the oil injections. 
To test this question, we are currently replicating the study 
using virgin females as stimuli instead of  pups.

�����������

In conclusion, WKLV�VWXG\�LV�WKH�ÀUVW��WR�RXU�NQRZOHGJH��
to experimentally investigate the effects of  stress on 
reproductively naïve males’ responses to pups in a biparental 
mammal. We found that acute stress reduces paternal 
behavior and increases non-interactive behaviors in 
reproductively inexperienced adult males, in both the short 
DQG�ORQJHU�WHUPV��2XU�ÀQGLQJV�SURYLGH�QHZ�LQVLJKWV�LQWR�WKH�

possible sources of  variation in reproductively naïve males’ 
responses to pups and, potentially, into the onset of  parental 
care in new fathers.  
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