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The development of maternal care in mammals canflenced by the type and quality of
maternal care received. Using biparental stripezkfinabdomys pumilio, we investigated
whether development of maternal care is influengethé mother during early rearing and
by an adult female’s experience and that of heenatfspring were raised in one of three
treatments, by: both parents; mothers alone; arittien®separated from the father with a
barrier. Since female striped mice increase theaie avhen raising litters alone, which
influences expression of parental care of theirtastuls, we expected daughters to respond
like sons. However, there was no treatment effethé development of maternal care in
daughters. In subsequent experiments, experiemzkthaxperienced females decreased care
when raising their offspring with experienced bat mexperienced males. Therefore,
maternal care in striped mice is modulated in raspdo prevailing environmental and social

conditions.

Keywords: activational effects; early postnatal environmemdternal care; organizational

effects; paternal car&habdomys pumilio

* This isthe Accepted Version of a paper published in therjal Developmental Psychobiolo:

Rymer, T. L. & Pillay, N. 2013. Maternal care ineti\frican striped micéRhabdomys pumilio: a behaviorally
flexible phenotype that is modified by experieribevelopmental Psychobiology, 55, 265-274.

Note: First author is now at James Cook Universtgail Tasmin.Rymer@jcu.edu.au




The behavioral expression of maternal care in masozn be influenced by maternal
effects when young are in utero or during the epolstnatal period (organizational effects:
Liu et al., 1997; Meaney, 2001). Furthermore, fesaahay change their maternal care
behavior at a later stage, depending on prevadingronmental and social conditions
(activational effects: Numan & Insel, 2003).

Organizational effects create permanent, nonrdersihanges in neural substrates
underlying behavior during early critical periodg(, pre- or perinatal; Elekonich &
Robinson, 2000; Phoenix, Goy, Gerall, & Young, 1,9%8ung, Goy, & Phoenix, 1964),
while activational effects are usually reversilaed modify neural activity in pathways
previously laid down by organizational effectsatter the behavioral state in adulthood
(Elekonich & Robinson, 2000). Although activatiom@rmonal effects stimulate the onset of
maternal care in adult females (reviewed in Numansel, 2003), the maternal care
phenotype may also be organized by mothers bo#iettiir through hormonal transmission
during gestation, or indirectly, through provisioihmaternal care postweaning (Soares et al.,
2010). Direct alteration of offspring behavior ocxduring embryonic development, where,
for example, maternal hormones (reproductive hoesoa.g., estrogen: Goebelsmann,
Roberts, & Jaffe, 1972; stress hormones: e.g.isoiiriVan den Bergh, Mulder, Mennes, &
Glover, 2005) may be transferred across the placémereby influencing the offspring’s
hormonal profile (and hence behavioral phenotypl¢. drganizational effect of these
hormones affects the individual’'s phenotype (Soated., 2010) by creating permanent
changes in the neural substrates that underlievimeh{&lekonich & Robinson, 2000). These
organizational effects may even cause the developofédehavior to proceed along different
developmental trajectories between individuals inithe same litter (Elekonich & Robinson,

2000).



Indirect alteration of offspring behavior may atszcur during early postnatal
development. Many studies have investigated thedntte of the mother’s care on the
development and behavioral expression of matemiahvior in their daughters (Champagne,
Diorio, Sharma & Meaney, 2001; Curley, ChampagregeBon, & Keverne, 2008; Francis,
Diorio, Liu, & Meaney, 1999; Jia, Tai, An, & Zhang011). For example, Francis et al.
(1999) and Champagne et al. (2001) showed thatléerats that receive high levels of
maternal care during the early postnatal perioplaysgreater maternal care provisioning
themselves as adults, while female mandarin Mdliesotus mandarinus show lower levels
of maternal care if they received lower levels afgntal investment (Jia et al., 2011).

Most studies have investigated development of materare in experimental settings
where mothers raise young in the absence of a (@age Curley et al., 2008; Kikusui, Isaka,
& Mori, 2005). However, changes in social condiidne., the presence of a mate or family
group) can cause a shift in the behavioral phemobf@n individual, through activational
effects altering an individual's behavioral steféekonich & Robinson, 2000). Fewer studies
have investigated how maternal care is behavioedpyressed when both parents contribute
to offspring care.

Fathers of many biparental rodents play a cruoial in offspring development (e.g.,
California micePeromyscus californicus, Gubernick & Teferi, 2000; trumpet-tailed rats
Octodon degus, Outscharoff, Helmeke, & Braun, 2@0®) survival (Djungarian hamsters
Phodopus campbelli, Wynne-Edwards, 1995). For example, young Califomice that are
raised by their mothers only receive lower levélBaking and grooming, which
subsequently influences cognitive development (Bredg, Meaney, & Brown, 2004).
Fathers can also influence the development of palreate in their offspring. Prairie vole
Microtus ochrogaster mothers show greater levels of huddling and retigeif they received

high levels of these behaviors from their fathersrdy the early postnatal period (Stone &



Bales, 2010). Furthermore, males can influence dnenpal care behavior of their mates,
which then influences behavioral development inrtb#spring. For example, female red-
backed vole€lethrionomys gapperi decrease maternal care in the presence of a asate,
males reduce the maternal workload by providingcand offspring raised in the presence
of their fathers show a greater motivation to expl@wenture out the nest at an earlier age)
than young raised by mothers only (McGuire, 1997).

The striped mousBhabdomys pumilio is a small (x 40 g) diurnal murid rodent with a
widespread, although discontinuous, distributiomss southern Africa (Skinner &
Chimimba, 2005). Males from the semi-arid Succulétoo region of South Africa are
naturally paternal, displaying all parental behasighown by females (including huddling,
licking, grooming, and retrieving pups), apart fronrsing (Schradin & Pillay, 2003).
However, striped mice are facultatively bipareiatadl females will nest and raise their young
alone when vacant nest sites become availablegllawn population density (Schradin,
Kdéenig, & Pillay, 2010). In captivity, mothers frothis population almost fully compensate
for a lack of care provided by their mates whely ttase young alone (i.e., increase care by
1% times, to levels similar to total care providsdboth parents), which subsequently
influences the development of paternal care in 8@is: sons in litters raised by mothers
alone show higher levels of paternal care as athdis sons raised by both parents (Rymer &
Pillay, 2011).

Since maternal care in female rodents is knowretmftuenced by the level of maternal
care provided by their mothers, either positivélyaficis et al., 1999) or negatively (Curley et
al., 2008; Jia et al., 2011), the aim of this stu@g to investigate whether compensation of
maternal care by striped mouse mothers in the absgfifathers influences the development
of parental care in their daughters, as reportestins (Rymer & Pillay, 2011). We predicted

that the absence of the father and concomitant easgtion by the mother would result in



the expression of higher levels of maternal cartbeir adult daughters. If so, maternal care
behavior would be organized (indirectly) by the &abr of the mother during early
development. We had no a priori expectation thders@iped mice would influence the
maternal care behavior of their daughters (as digtyot influence paternal care behavior of

sons; Rymer & Pillay, 2011).

M ethods

Experiment 1: Development of mater nal care

The primary aim of this study was to investigatestier mothers influence the development
and later expression of maternal care in adult dearg, as they do in their sons. The
experimental design, following Rymer & Pillay (2Q1dnd described below, also allowed us
to investigate whether fathers influence the devetag and behavioral expression of
maternal care in their daughters, as reportedaimiprvoles (Stone & Bales, 2010). Male
striped mice positively influence offspring growtly (huddling pups; Schradin & Pillay,
2005) but we do not know whether the care theyipgminfluences the development of

maternal care in their daughters.

Subjects. Individuals used in this study were F1-F4 genenasitniped mice derived from
Goegap Nature Reserve (Succulent Karoo, Northepe ®aovince, South Africa; S 29
41.56, E 18 1.60), housed under partially contdblavironmental conditions (14 L:10 D
cycle, lights on at 0500 hours; 20-24°C; 30—60%tret humidity).

Breeding pairs (all treatments; age at pairing fme&E): males 8 + 0.49 months;

females 7 = 0.46 months; weight at pairing (me&8E&: males 78.24 + 2.22 g; females 70.65



*+ 2.19 g) were established and housed in glasstgtkcm x 30 cm x 32 cm). Tank floors
were covered with a layer of wood shavings for lreglénd a plastic nest box (13 cm x 9 cm
x 10 cm) was provided. A handful of dry grass, apgroximately 5 g of paper towel, was
provided twice weekly for nesting material. Onedterard roll/paper cup was provided
weekly per mouse for behavioral enrichment. Subjaetd access to water ad libitum and
were fed approximately 5 g of mixed seed (sprinkledughout the cage to stimulate

foraging behavior) and 10 g of fresh fruit/vegegshdlaily per mouse.

Experimental Design. We used the same animals and experimental pro&scdéscribed by
Rymer & Pillay (2011). Briefly, the experiment wasided into two phases. The intention
was to obtain three consecutive litters per bregdair f = 15) and randomly assign each
litter to one of three different treatments. Nirarp produced the required three litters, three
pairs each produced two litters and three pairh pa@duced one litter only. Data from an
additional seven pairs (two pairs produced twergteach and five pairs produced one litter
each) were distributed among all treatments toeaehihe required sample size of 15 per
treatment. In Phase 1, breeding pairs were subjeotthree treatments in random sequence:
(1) mother + father (M + F) — both parents raigezlrtyoung together until weaning (21 days
of age); (2) mother + father separated (M/F) -fiber was separated from the mother by
inserting a wire mesh barrier (30 cm x 32 cm, Ixcincm squares) into the tank and placing
the male and female on opposite sides. Motheredajisung alone but in visual, olfactory
and auditory contact with fathers; and (3) mothena (M - F) - the father was removed
from the mother and housed in a separate cagsepaate room. In the M - F and M/F
treatments, males and females were separated dafgs\prior to parturition. All mothers had
prior breeding experience, which we accounted titisgically in the data analyses. At

weaning, offspring were housed in same-sex silgaigs in holding cages (42 cm x 26 cm X



14 cm) until sexual maturity (approximately 90 daysge). In Phase 2, one adult daughter
(daughter = D) from each litter per treatment waaslomly selected and paired with an
unrelated mate of approximately the same age,tmeguh three treatments: DM + F, DM/F,
DM - F (daughter from M + F, M/F and M - F, respeely). All daughters were sexually
naive prior to pairing. Pairs were housed as desdrabove and all Phase 2 females raised
their own first litter together with their mates. Wideo taped all pairs (Phase 1 and Phase 2)
every second day (for a total recording of 6 dayg) scored parental care of mothers and
daughters (all treatments), and fathers (M + F, BM DM/F, DM - F). Parental care (for all
Phase 1 and Phase 2 pairs) was scored following&ioh& Pillay (2003): time spent in
close proximity (<2 cm) of pups (designated “neawhich facilitates the mother’s
interaction with pups, thereby promoting materrsakbdas seen in prairie voles, Olazdbal &
Young, 2005); huddling; grooming pups (includedfsrg and licking); and retrieving pups.
As we could not differentiate between nursing anddiing pups for maternal care, we
grouped the data and collectively classified itaddting (as described by Schubert, Pillay, &
Schradin, 2009). The results for retrieval behasi@ not included here as the incidence was
rare and did not vary among the treatmepts (.05).

We recorded the masses (nearest 0.1 g) of all amldemale pups in litters, produced in
both phases, every day after birth for the firsaysgand every 3 days thereafter until day 21.
These data were used to calculate growth ratesy tise formula: (LN mass day 21 - LN

mass day 1)/20 days.

Statistical Analysis. We used Statistica 7.1 (Statsoft, Inc., www.staisoif) for all analyses.
All parental care data met the assumptions of nhityn@&hapiro—Wilk’s test) and
homogeneity of variances (Levene’s test). We finstlyzed the data set for the three

behaviors (near, huddling, grooming) for maternabihers and daughters) and paternal



(fathers) care over the 6 days of video-recorddesignated “time”), as well as offspring
growth rates, with the variance components analysisg the restricted maximum
likelihood (REML) method to assess the effectsamidom factors (litter order, breeding pair
identity) on the behavioral variables. Both randawctors were not significant predictors of
parental care or growth rate ¥ 0.05) for all cases, indicating that neithergudial care nor
growth rate changed with maternal parity. Thereftrey were excluded in further analyses.

We then used a General Linear Model (GLM) with egpd measures, multivariate
design, to analyze the data. Treatment was thgaatal predictor, the three behaviors were
the dependent variables, time was the repeatedumesagariable and litter size was the
covariate. Specific differences in the main effestse identified using Fisher's HSiost
hoc tests. We used orthogonal polynomial decomposfbotinear and quadratic
components to assess whether or not changes inibebaer time were random for
treatment x time interactions (see Rymer & Pill2911). Parental care displayed by mothers
(Phase 1) and daughters (Phase 2) was also comysneda linear regression.

We arcsine transformed the growth rate data of muatefemale offspring and analyzed
growth rates for each sex separately using a GL¥ mipeated measures design, in which
treatment was the categorical predictor, growth (atale or female) was the repeated
measures variable and litter size and sex ratié-\Mere the covariates. All tests were two-

tailed and the model-level significance was deteeahiato, = 0.05.

Results. Treatment, time, and the interaction between treatrand time were all significant
predictors of maternal care (Table 1). Mothersimgigoung together with their mates (M +
F) spent the most time near pups, followed by dergl{DM - F, DM + F, DM/F), while
mothers raising young alone (M - F; M/F) spentlteest time near pups (Table 1; Fig. 1). In

contrast, compared to all other treatments, M -adFM/F mothers spent the most time



huddling pups, followed by daughters (DM - F, DMF#DM/F), while M + F mothers spent
the least time huddling pups (Table 1; Fig. 1).f€éh&as a graded response in grooming with
M - F and M/F mothers showing the highest levelgrobming and M + F mothers showing
the lowest levels of grooming (Table 1; Fig. 1)ubDhters (DM - F, DM/F, and DM + F)
occupied an intermediate position.

For both Phase 1 and Phase 2 mothers, huddlingyibeeas greatest during the early
postnatal period (Days 1 and 3) and lowest dutiegdte postnatal period (Days 9 and 11:
Table 1; Fig. 1). In contrast, time spent near puas lowest during the early postnatal
period and greatest in the late post-natal penmaticating an inverse relationship with
huddling behavior (Table 1; Fig. 1). Phase 1 matistiowed higher levels of grooming
during the midpostnatal period (Days 3-9), whila§th2 mothers showed higher levels of
grooming during the late postnatal period (Days@® &1: Table 1; Fig. 1).

For the treatment x time interaction, polynomiaingmnents were not significant for the
time spent near (quadratic= 1.34,p = 0.182), huddling (quadratit= 0.18,p = 0.240), and
grooming (lineart = 0.54,p = 0.593; quadratid:= 1.71,p = 0.091) pups. However, there
was a significant linear component for the time spear { = 2.50,p = 0.014) and huddling
(t = 3.88,p < 0.000) pups. Overall, the general pattern inrét@ionship between treatment
and time is random. Maternal care was not influefmelitter size (Table 1).

There was no significant relationship between theemal care provided by mothers
(Phase 1) and their daughters (Phase 2) for beiag(tinear regressiof® = 0.36;F; 106=
2.71,p = 0.102), huddlingf = 0.26;F1 126= 1.21,p = 0.273), or groomingRE = 0.16;F1 126
=0.767,p = 0.383) pups.

The growth rates of male and female offspring icheaf the two phases are presented in
Table 2. Growth rates were not significantly differen either phase, suggesting that neither

the presence/absence of the father (Phase 1 h@oearing history of daughters (Phase 2),

1C



influenced offspring growth. Furthermore, this sigigehat there is no differential
investment by mothers in either sons or daugh@ieablé 2). Litter size and sex ratio were

also not significant predictors of growth (Table 2).

Experiment 2: Effect of female experience on the behavioural expression of mater nal

care

The results obtained for the first experiment werexpected because daughters did not
respond to maternal compensation by increasinghpareare, as their brothers did. We
therefore conducted two further experimesfmosteriori to investigate possible explanations
for the results. Daughters had a different behaVipattern to their mothers, showing
consistently high levels of care, regardless dittrent (Fig. 1). All mothers in Phase 1 were
maternally experienced and decreased their levelidélling and grooming when raising
young with a mate, indicating that: (1) males hdlpereduce the maternal workload; and/or
(2) females alter care as they age and gain pageexiperience. Since daughters (Phase 2)
also raised their young with a mate, but did nduce care, it would appear that maternal
care might change as females become experiencdetraoA study on reinde&angifer
tarandus (Weladiji et al., 2006) has also suggested a changarental care with experience.
Therefore, we designed a second experiment toles$tatthether the level of maternal care
shown by female striped mice was fixed (i.e., theyl show the same amount of care to a
second litter as to the first litter) or changedhwitaternal parity (i.e., as they became more

experienced mothers).

Subjects and Experimental Design. We used 20 female striped mice (not used in Expertm

1) reared under the same breeding conditions &silded above for Phase 2 females, that is,

11



10 females originated from pairs raising young tbge(M + F) and 10 females originated
from mothers raising young alone (M - F), resultingwo conditions: DM + F and DM - F.
We excluded daughters from the M/F condition asesfor maternal care were intermediate
to those from M + F and M - F and the condition$/dF did not test for differences in
maternal care per se (i.e., the treatment was mlegditp assess the effect of the close
proximity of the father). At weaning, daughters (M- and DM - F) were housed in
holding cages in same sex sibling pairs. At matudaughters were paired with unrelated
same age reproductively naive males and raisedfitstilitter as described for Phase 2
females (Experiment 1). Behavioral observationsaweentical to those described in
Experiment 1. As we were mostly interested in digthimg whether there was a pattern
between first and second litter investment by math&e did not distinguish between
maternal care behaviors statistically (as for Expent 1), but rather summed the durations
of all care-giving behaviors (near, huddling, graog) into one category of maternal care.
Females remained with their mates and raised andditter after weaning of the first litter
(inter litter interval approx. 23 days) and behaai@mbservations for mothers were repeated

as described previously.

Statistical Analysis. We analyzed the data set for maternal care for aahover the 6 days
of video recording and between the first and seditteds (designated “litter number”) with a
repeated measures GLM. Treatment was the cateypreaxdictor, maternal care was the
dependent variable and litter number was the repeaeasures variable. Litter sizes (for
both litters) were covariates. Specific differenaese identified using Fisher's HSist hoc

tests. All tests were two-tailed and the modeldeignificance was determinedat 0.05.

12



Results. There was a significant effect of litter number. (fiest or second litter) on maternal
care Fs11=4.31,p=0.018; Fig. 2)Post hoc tests showed that, regardless of treatment,
mothers decreased the amount of care provided Wiegrreared their second litter, except
on the ninth day postpartum (Fig. 2). Treatm&gh( = 1.44,p = 0.282), litter size (first litter
1: Fe11=0.50,p = 0.793; second litteFg 1; = 0.64,p = 0.700) and the interaction between
litter number and treatmeritd 11 = 1.71,p = 0.209) were not significant predictors of

maternal care.

Experiment 3: Effect of mate experience on the behavioural expression of maternal care

Daughters decreased maternal care as they gainectipg experience, but this does not
provide an adequate explanation for why they illytiEExperiment 1 and first litter in
Experiment 2) showed a different behavioral respdogheir brothers (Rymer & Pillay,
2011), as all daughters, like sons, were matermalye when rearing their first litter. Since
females increase their levels of maternal care vihein mates are absent or housed
separately, but in close proximity (i.e., compeasahen mates are absent; Rymer & Pillay,
2011), we hypothesized that the level of materagd én striped mice may also be affected
by the motivation of their mates to provide patéoasae. Therefore, it is possible that females
reduce parental care when males show a high miatived provide care (i.e., they have cared
for a litter before), and males may reduce the matevorkload by providing care (e.g., red-
backed voles, McGuire, 1997). Therefore, we deslgnthird experiment to establish
whether the level of maternal care shown by naéweeie striped mice changes in response to
male motivation to provide care, and predicted tbatales would decrease their care when

raising young with paternally experienced males.
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Subjects and Experimental Design.

We used 20 inexperienced female striped mice (set in Experiment 1 or 2) reared under
the same breeding conditions as described abohfase 2 females. All females originated
from pairs raising young together (M + F), resgtin a DM + F condition. We excluded
daughters from the M - F condition as we did nobtita introduce the potential confounding
effects of social rearing condition on maternakc#t weaning, daughters were housed as
described in Experiment 2. At sexual maturity, A€xiperienced daughters were paired with
unrelated, same age inexperienced males and tthisiedirst litter as described for Phase 2
females in Experiment 1 (designated “inexperiengdeémales remained with their mates
and raised a second litter (after weaning of trs fiiter), to provide a comparison with
results obtained from Experiment 2 (designated éeigmced”). The other 10 inexperienced
daughters were paired with an unrelated older éspeed male (>120 days old) and raised
one litter as described for Phase 2 females in ixeat 1 (designated “older male”). These
males had raised at least 2 litters in captiviigmto the experiment. Behavioral observations
were identical to those described in Experimemslfor Experiment 2, we were mostly
interested in establishing whether there was dioakhip between male experience and
maternal care, and therefore we did not distingbetiveen the components of maternal care

behaviors.

Statistical Analysis.

We first analyzed the data set for maternal catheothree treatment groups (inexperienced,
experienced, older male) over the 6 days of vigeonding with the variance components
analysis, using the REML method to assess thetsftdéandividual identity (i.e., female
identity; random factor) on behavior. Individuaéidity was not a significant predictor of

parental carep(> 0.05) for all cases. Therefore, individual idgnivas excluded in further

14



analyses. We then analyzed the data set for mawarefor each treatment group over time
with a repeated measures GLM. Treatment was tegaoatal predictor, maternal care was
the dependent variable, time was the repeated me=agariable and litter size was the
covariate. Specific differences were identified ustrgier's HSDpost hoc tests. All tests

were two-tailed and the model-level significance determined at = 0.05.

Results. Treatment was a significant predictor of maternad ¢@able 3; Fig. 3)Post hoc
tests showed that inexperienced mothers raisirigftret litter with an older experienced
male showed a similar lower level of maternal ¢arexperienced mothers raising young
with experienced males (Fig. 3). In contrast, irexignced mothers raising their first litter
with inexperienced males showed the highest levefsaternal care (Fig. 3). Litter size and
the interaction between treatment and time werssigoificant predictors of maternal care

(Table 3).

Ethical Note

All animals received environmental enrichment (esatibed above) and the experimental
procedures had no obvious negative effects onestnpouse welfare. Individuals were
returned to the striped mouse colony after expertmfor use in other studies. This study
complied with the current laws and regulationsaut® Africa and was approved by the
Animal Ethics Screening Committee of the Universitthe Witwatersrand (clearance no.

2005/51/2A).
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Discussion

Contrary to expectations, daughters showed a dendig high level of care, regardless of
rearing environment, indicating firstly that matdrmampensation does not influence the
development of maternal care and secondly an abs#rarganizational effects. Our results
contrast with those of other studies in mandaries/gprairie voles, laboratory mice, and rats,
showing that variations in maternal care influeteedevelopment of maternal care in their
daughters (Curley et al., 2008; Francis et al. 919 et al., 2011, Kikusui et al., 2005; Stone
& Bales, 2010). In Experiment 1, although Phaseothers showed a reduction in their level
of care (huddling and grooming) when their matesevesent (M + F), daughters
maintained an exaggerated level of care that wbeldxpected if they responded like
mothers raising young in the absence of a mate M -

Organizational effects have traditionally been \8evas acting during early critical
periods to produce an irreversible, or fixed, betvaliphenotype (Elekonich & Robinson,
2000). Maternal care behavior has been shown todsnized by mothers both directly,
through hormonal transmission during gestation {f@tsmmann et al., 1972; Van den Bergh et
al., 2005) and indirectly, through provision of eraial care post-weaning (Soares et al.,
2010). While striped mice sons raised only by th&ithers increased their level of paternal
care as adults as a likely consequence of mateonapensation (Rymer & Pillay, 2011),
daughters were unaffected. Therefore, differentelse development and expression of
parental care between male and female striped miglt reflect sex differences in the
timing of organization of parental care behaviex&al differences in behavior due to
putative organizational effects have been usedptae behavioral development in other
rodents (see Galea, Kavaliers, & Ossenkopp, 1896j)le we cannot rule out that brothers

and sisters might vary in their response to lewélsare provided by their mothers, for
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example, through levels of grooming received (Ry&étillay, 2011), it appears that, in

sons, parental care behavior is indirectly orgahlzg stimuli from the mother during early
postnatal development. In contrast, maternal camavior in daughters is not influenced by
maternal care during early postnatal developmeniiay be organized by other means, (e.g.,
in utero) since daughters showed consistently high levietaue, regardless of rearing
conditions. However, if maternal care behavioramaéle striped mice were organized

utero, we would then expect all females, including Phiaseothers, to show consistently

high levels of maternal care. This was not the dageever, indicating that an organizational
effect cannot exclusively explain the behaviorgression of maternal care in female striped
mice.

Lactogenic (e.g., prolactin) and steroid hormormeg.( estrogen and progesterone) are
required to stimulate (i.e., activate) the onsanaternal care (reviewed in Numan & Insel,
2003). These hormones most likely mediate the mateesponse in females. However,
changes in hormone secretion may be driven by ¢chgrmvironmental and social
conditions, which can subsequently influence reprtde behavior. For example, Syrian
hamstersvlesocricetus auratus maintained under short (<12.5 hours) light perisidgw a
decrease in the concentration of circulating gotragins and sex steroids, resulting in the
cessation of reproductive behavior (reviewed imBeegast, Zucker, & Nelson, 2009). In
addition, estrogens act as neuromodulators (wlaghlate ongoing neural activity to
promote context-specific behaviors; Libersat & Pftii@e04), adjusting behavioral
expression in response to variations in socialednsuch as the presence of males in the
breeding season (Oliveira, 2009). Furthermore, gésin experience can also alter the
expression of estrogen receptor a ¢ERong et al., 2010) and oxytocin receptor levels
(Champagne et al., 2001), changing parental cdraviar. Our studies indicate that as

striped mice become experienced mothers, theinpareare behavior is altered, suggesting
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a change in either hormonal influence or changéseirestrogen-inducible central oxytocin
receptors. Reindeer become better mothers as #wnite more experienced (Weladji et al.,
2006) and female striped mice alter their mateguegfce behavior when they become
sexually experienced (Rymer & Pillay, 2010). In study, all Phase 2 daughters were naive
and inexperienced. As they became more experignaisihg a second litter, Experiment 2),
they decreased their level of care. This suggbatsmaternal care is differentially activated
in multiparous female striped mice. However, theesaf Phase 2 daughters were also
becoming more experienced, indicating that matezrpérience alone cannot fully explain a
decrease in care by mothers from their first tartbetond litters and that there may be a
complementary role by the mate.

Male striped mice show high levels of paternal ¢ganeature (Schradin & Pillay, 2004)
and captivity (Rymer & Pillay, 2011) in equal megesthuddling, licking, and time spent in
the nest: Schradin & Pillay, 2003; Schubert et26lQ9) to maternal care. While
organizational effects may influence the high leeélmaternal care initially, and females
can alter the level of care provided through exgrere, it is also likely that male caring
experience modulates the behavioral expressioraténmal care in females. McGuire (1997)
found that female red-backed voles reduce thegllef/maternal care in the presence of
experienced mates, as males help to reduce mateonidbad. Similarly, we found that
inexperienced female striped mice raising youndp witperienced males show lower levels
of maternal care than inexperienced females raisiay young with inexperienced males
(Experiment 3). This suggests that male experieaocealso alter the behavioral expression of
maternal care in female striped mice.

The Succulent Karoo is an unpredictable and higahable environment, with low
annual rainfall and high temperature fluctuatiorsh(&din & Pillay, 2004), resulting in

changes in resource availability (Schradin, 20@8)ding to changes in social organization
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(Schoepf & Schradin, 2012; Schradin et al., 200@nsequently, the environment that
females will encounter as adults is unlikely tathbe same as the one in which they were
reared, leaving them unable to predict whether thidlyraise young with or without a mate
(Schradin et al., 2010). Therefore, the abilityeshales to alter their behavior in response to
changing environmental and social conditions cdaldhighly beneficial for maximizing
reproductive success and offspring survival. Underpopulation density, females favor
solitary nesting to minimize the costs associatéd meproductive competition (e.g.,
increased female-female aggression: Schubert, &Q4l9; infanticide, Schradin et al., 2010).
Under these conditions, organization of maternatomes in inexperienced females could
cause a heightened maternal response to offspringakimize offspring survival. In contrast,
when population density increases, females are éfieed to nest in small groups because
of the limited availability of nesting sites (Sctina & Pillay, 2004; Schradin et al., 2010).
Males typically show a nearly threefold increas¢hm time spent in the nest when pups are
present (Schradin & Pillay, 2003) and offspringelepment in this population is better when
fathers are present (Schradin & Pillay, 2005). Unilese conditions, activational effects can
trigger females to reduce their workload in respaiasmales taking over much of the
parental care duties.

Our study demonstrates the complex nature of mateare expression in female striped
mice. Females modify their behavior in responsiédr own internal state (possibly by
hormonal regulation), their own experience of pdowy maternal care and their mate’s
motivation to provide paternal care (i.e., pategak experience), indicating that the
pathway for the behavioral expression of materaga i striped mice is activated in

response to prevailing social and environmentadlit@ms.
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Table 1. Predictors (treatment, time, treatment x timégdisize) of maternal care displayed

by female (mothers and daughters) striped mice.

Predictors Statistics Post hoc comparisons

Maternal care (Phase 1 vs. Phase 2)

Treatment Fis28474=7.71,p<0.001 Near:M+F>DM-F=DM+F=DM/F>M-F>M/F
Huddling: M—F>M/F=DM-F=DM+ F=DM/F>MF
Grooming: M—F=M/F>DM-F=DM/F=DM+F=MF

Time Fi5 01 = 2.56, p = 0.003 Near: (PND11) > (PND9) > (PND7, PND5, PND3, (PND1)
Huddling: (PND1, PND3) > (PND7, PND5) > (PND9) >NP11)
Phase 1 Grooming: (PND9, PND5, PND7) > ( PND3, PND4
(PND1)
Phase 2 Grooming: (PND9, PND11, PND5, PND1) > (PND3
PND?7)

Treatment X Time Fis 4000 = 2.12,p<0.001  See text

Litter size Fs 103=0.21,p=10.889

Statistics = GLM with a repeated measures de$tgst.hoc comparisons are provided for significant predistor
(indicated in bold) for the main effects: homogeamenonsignificant) subsets are given in parenthdder F =
mothers and fathers raised young together, M/F thems separated from fathers by a metal barrieraisdd
young alone, M - F = mothers raised young alone, DW= daughters from M + F treatment, DM/F =

daughters from M/F treatment, DM - F = daughteestiM - F treatment; PND = postnatal day.
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Table 2. Mean (= SE) growth rates for male and femalepoifgy during the first 21 days

after birth for treatments in two phases.

Phase/

Treatment

Male growth rate

Female growth rate

Statistics

Phase 1

M +F

M/F

M-F

Phase 2

DM +F

DM/F

DM - F

0.082 (0.002

0.086 (0.00¢

0.086 (0.003)

0.079 (0.001
0.077 (0.001)

0.083 (0.004)

0.082 (0.00z

0.088 (0.00¢

0.086 (0.003)

0.078(0.001
0.077 (0.002)

0.085 (0.003)

TreatmentF; 41=1.82,p=0.17¢
Male vs. femaleF; 4;=0.44,p=0.512
Litter size:F1, 41= 1.63,p=0.209

Sex ratioF; 41=0.21,p=0.652

TreatmentF; ;= 1.12,p = 0.34(
Male vs. femaleF; ,;,=1.11,p=0.301
Litter size:F1, ,7=1.23,p=0.278

Sex ratioF; ,7=0.02,p=0.840

Statistics = GLM with a repeated measures desigmelbf the predictors were significant. M + F = s

and fathers raised young together, M/F = mothgrarsgeed from fathers by a metal barrier and raysenhg

alone, M - F = mothers raised young alone, DM +daaghters from M + F treatment, DM/F = daughteosnf

M/F treatment, DM - F = daughters from M - F treatm
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Table 3. Predictors (treatment, time, treatment x timeetiize) of maternal care displayed

by female striped mice.

Predictors Statistics

Maternal care (inexperienced vs. experienced vs. older male)
Treatment F, 26 =13.50, p< 0.001

Time Fs 130= 0.45p=0.812
Treatment x Time F10,130=0.41,p=0.942

Litter size F126=0.97,p=0.334

Post hoc comparisons are provided for significant predist@ndicated in bold) in text and in Figure 3.
Inexperienced = both males and females parentatyperienced, Experienced = both males and females
parentally experienced, Older male = females matigrimexperienced but males paternally experienced

Statistics = GLM with a repeated measures design.
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Figure 1 Mean + SE time (seconds) spent on three pareatalliehaviours (near, huddling,
grooming) by female (mothers and adult daughterigesl mice for 6 taping days (Days 1 —
11). Significant differences (Fisher's Host hoc tests) are presented in Table 1. M + F =
mothers and fathers raised young together, M/F theme raised young alone and separated
from fathers by a metal barrier, M - F = mothelised young alone, DM + F = daughters
from M + F treatment, DM/F = daughters from M/Fatiraent, DM - F = daughters from M -

F treatment.
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Figure 2 Mean + SE time (seconds) spent in maternal caferbgle striped mouse

daughters for 6 taping days (Days 1 — 11) for temasecutive litters (Litter 1 and Litter 2).

Significant differences (Fisher's HSist hoc tests) are presented in text.
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Figure 3 Mean + SE time (seconds) spent in maternal caferbgle striped mouse
daughters for 6 taping days (Days 1 — 11) whermngigoung with inexperienced,
experienced or older males. Significant differen@asher's HSDpost hoc tests) are

presented in text.



