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Abstract Investment in reproduction is predicted to
accelerate ageing, but the link between reproductive
investment and lifespan can be sex- and context-specif-
ic. In mammals, female reproductive costs are linked to
pregnancy and lactation, but in males substantial repro-
ductive allocation is required for a range of pre- and
post-copulatory reproductive traits. Such traits include
male-specific increased body size, olfactory signalling
and territory defence—traits often expressed under
androgen-dependent control. In this experimental study,
we explored how reproduction influences lifespan in
male mice, contrasting this to the established lifespan
costs of reproduction in females. In a 2 x 2 factorial
design, we gave either castrated or intact males (factor
1) access to a female or a male cage-mate across their
entire life (factor 2). Neither castration nor access to
females influenced median lifespan in male mice, but
maximal lifespan was increased by either castration or
reproduction when compared to intact males housed in
male groups (standard male housing conditions). In
females, mating significantly reduced lifespan, and
while both sexes had similar lifespans in non-
reproductive environments, males had a much longer
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lifespan when allowed mating. This data highlights the
sex-specific nature of social environments and repro-
duction on lifespan, and the role of these conditions in
promoting sexual dimorphism in ageing.
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Introduction

Trade-offs between reproduction and longevity under-
pin some important evolutionary theories for the evolu-
tion of lifespan and the presence and variation of ageing
[1, 2]. Negative relationships between reproductive out-
put and lifespan are observable across species, with
long-lived species having later ages at sexual maturity,
and producing fewer offspring at a slower temporal rate
[3, 4].

Trade-offs between reproduction and lifespan are
also thought to occur on an intra-individual scale [2,
5]. In situations where an organism increases or de-
creases its level of reproductive allocation, this is ex-
pected to have consequences for investment in other
aspects of life history, including subsequent survival.
There are still unresolved issues surrounding the pres-
ence and causes of intra-individual trade-offs. In
particular, the physiological mechanisms that underlie
these trade-offs are poorly understood [6, 7].
Exactlywhich aspects of reproduction, or traits relating
to reproduction, contribute to these trade-offs is also
debated [8]. Work in wild animals has shown negative
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correlations between investment in early life reproduc-
tive traits (e.g. an early age at first reproduction, high
early life offspring production) and later life survival [9].
In laboratory animals, experimentally elevating repro-
duction can also lead to increased mortality [5]. In
mammals, manipulative experiments testing for trade-
offs between reproduction and survival have predomi-
nantly been conducted in females, where manipulating
the ability to mate has been found to shorten adult
lifespan in some instances [10, 11].

In male mammals, reproductive investment encom-
passes production of sperm and mating, but also alloca-
tion to sexually selected traits that increase a male’s
ability to access and/or attract mates. Many of these
traits are under androgen-dependent control, and include
the expression of aggressive behaviour, male-specific
increases in body size, production of olfactory signals
and territory defence [8]. The acts of mating and sperm
production, therefore, while predicted to have evolution-
arily relevant costs [12], are sometimes thought of as
trivial relative to the costs of traits and behaviours that
are required for access to mates. Recent work in Dro-
sophila melanogaster has suggested that being allowed
mating might be beneficial for male survival [13], the
opposite response to the well-established costs of mat-
ing that occur in females of the same species [5]. An
early study in rats also reported a 15% longer lifespan in
males allowed mating compared to controls [14], sug-
gesting that mating may also have benefits for male
mammals in some contexts.

Castration of companion and domestic animals is
linked to longer lifespans [15—17], and human castration
has been associated with enhanced survival in Korean
eunuchs [18] and institutionalised mentally ill men [19]
(although not castrato opera singers [20]). Controlled
studies in rodents were conducted prior to 1970: in rats,
castration was reported to extend mean lifespan in one
study [14], but not significantly in another, although
maximum lifespan appears improved [21]. These exper-
imental studies suggest that castration, in addition to
mating [14], could directly influence male survival,
although the median lifespan of control rats in each
study was less than 2 years of age, reflecting the subop-
timal housing conditions for rodent lifespan assessments
at the time period [10]. Studies of castration have also
been conducted in male only housing environments,
rather than making comparisons in an environment
where males are allowed to reproduce, and the costs
and benefits of female exposure would be expected to
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operate. Clearly, scope exists for studies of the effects of
castration, mating and reproduction on male longevity,
and how such effects differ from those observed in
females.

In this study, we tested whether castration influences
the longevity of C57BL/6J mice, the most commonly
used mouse model in ageing research. To further test the
effects of reproduction on male lifespan, we tested
whether giving males access to mates influences
lifespan, and whether any effects of castration on
lifespan were observable when males were housed in
environments containing a specific sex. We also com-
pared the relative effects of reproduction on lifespan in
females, to compare the strength of any effects of repro-
duction on ageing in the two sexes.

Methods
Animals

This research was approved by the University of New
South Wales (UNSW) Animal Care and Ethics Com-
mittee, approval 15/70B. Mice were of the C57BL/
6Jausb strain, which are maintained as a stock of
C57BL/6]J mice at the Australian BioResource Center
(ABR), with regular imports of the same strain of ani-
mals from the Jackson Laboratory (Bar Harbor, Maine,
USA). C57BL/6] is a strain in which the consequences
of castration on male mating behaviour and androgen-
dependent sexual signalling are well established, and
castration is known to rapidly reduce male mating be-
haviour [22, 23]. Experimental mice were purchased
from ABR (ABR, Moss Vale, NSW, Australia) and
shipped to UNSW. Before being shipped, 7-week-old
male mice were either castrated or sham castrated, with
the testes fully removed (castrated), or exposed and then
replaced (sham castrated, intact). For all surgeries, ani-
mals were anaesthetised with a ketamine and
medetomidine mix, then administered ketoprofen as
analgesia. An incision in the abdomen was made and
in castrated males both testes were also removed during
the procedure. Intact (sham) males underwent the same
surgical incision with the testes revealed but not re-
moved. Animals were then sent to UNSW and allowed
1 week to habituate. Mice were maintained at 22 +2 °C
on a 12:12-h light/dark cycle, with the dark period
starting at 9 am to allow manipulations to be conducted
in the dark period (under dim red light). Animals were
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housed in HD polyethylene cages (Mascot Wire Works
18 series, dimensions: 51.4 x21.3x13.0 cm) with a
raised wire lid. Cages contained corn cob substrate
(Bed-0’Cobs 1/8"), nesting material (shredded paper
and tissue), a cardboard shelter (toilet paper roll), a
climbing ring and sunflower seeds scattered throughout
the bedding. Animals were fed the mouse and rat main-
tenance pellets purchased from Gordon’s Speciality
Stock Feeds (Yanderra, New South Wales, Australia).
Animals were maintained in conventional housing con-
ditions with pathogen status not monitored.

Experimental procedures

At 8 weeks of age, male mice were allocated to
either a female housing (reproductive) environment
(housed with two females—three mice per cage) or a
male-male environment where males remained with
two siblings (three mice per cage) of the same sur-
gery type. Whether males were allocated to male or
female housing was randomly determined, but with
a bias to more males being housed in the male-male
environment. A total of 27 males per surgical status
were allocated to female housing, while 32 intact
and 36 castrated males were housed in a male-male
environment. A sample size of 30 per group, assum-
ing a mean lifespan of 912 + 143 SD days, provides
80% power to detect a 15% change in lifespan [24],
which is approximately the degree of lifespan exten-
sion observed with mating and castration in a previ-
ous study in rats [14]. Thus, our study was designed
to detect changes in lifespan of a similar magnitude
within one environment, in addition to providing
potential to detect smaller changes in lifespan if they
occur similarly in both environments. We note that
the power analysis and study design conducted here,
like most mouse lifespan studies, did not account for
any correction for multiple comparison in the statis-
tical procedures, and therefore, we do not apply any
such corrections in this study. Our results should be
considered in light of this, where post hoc group
comparisons were made.

Males in the reproductive environment were
housed with two 4-week-old females. Males were
allowed breeding with these females continuously,
with offspring removed from the cage at 21 days old.
When these female housing partners reached 300 days
of age, they were removed and two new 28-day-old
females were added. This second set of females

remained with males until any of the animals died or
were considered moribund. All males successfully
reproduced, with males siring a mean of 38.3 litters
across life (min: 16, max: 47), with a mean litter size of
4.7. The average age at which males stopped siring
litters was 696 days (min: 278, max: 867). For the
assessment of the effects of reproduction on female
lifespan, females were randomly housed in either re-
productive or non-reproductive environments. Fe-
males in the reproductive environment were housed
with one female sibling and one unrelated male
(8 weeks old at time of pairing) from 4 weeks of age.
At 300 days, males were removed and a new 8-week-
old male was added to eachsibling pair, and this male
remained with the females until death. All females
successfully reproduced, producing a mean of 11.5
litters (min: 5, max: 16), with a mean litter size of
4.8. The average age that females stopped reproducing
was 396 days (min: 237, max: 536). Females in the
non-reproductive environments were housed with one
sibling and one unrelated female from 4 weeks to
300 days of age, with the unrelated female removed
from the cage at 300 days of age.

Mice remained in the described conditions until
death, or until they were considered to be so severely
moribund that they were unlikely to survive an addi-
tional 48 h [25]. Severe moribundity was indicated by
one or more of the following clinical signs: rapid weight
loss; lack of responsiveness to manual stimulation;
trembling/hunched or immobile posture; laboured and
irregular breathing; severe abdominal enlargement (un-
related to pregnancy); a severely ulcerated tumour. The
age at which a moribund mouse was euthanised was
used as an estimate of its lifespan, and mice found dead
were also noted at each daily inspection. Mice were not
treated with any medication across the course of the
study.

Grip strength

When animals were between 675 and 800 days old, we
tested the grip strength of male mice using a hang wire
test [26]. The mice were placed on a wire cage lid that
was then inverted, and the latency to release the wire and
fall was recorded. Each mouse was tested three times
with a 20-min rest between each. If animals maintained
grip for 60 s, this was used as a maximum value. The
maximum value recorded in the three trials was used in
the analysis.
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Statistics

Overall differences in survival between factors were tested
using the Cox regression survival analysis (SPSS, version
25), including social environment and surgery status as
separate fixed factors. Follow-up survival analysis between
two specific groups was conducted using a log-rank test
(Prism, version 8). We planned to censor any animals that
died early in life due to fighting; however, these deaths
were not detected in males. One female died in the repro-
ductive group at 399 days of age because of a birthing
difficulty, this animal was censored in the lifespan analysis.
To assess differences in maximum lifespan, we first used a
3-dimensional contingency table analysis in R [27] to test
whether there was an overall effect of castration across
both environments, using 90% experiment-wide mortality
(e.g. from across mice of both surgery and social environ-
ments) as the cutoff for maximal survival. To follow up on
differences in maximal survival betweentwo specific
groups, we used Fisher’s exact test (OASIS: online appli-
cation [28]), using the 90% mortality from the two groups
being compared as the cutoff for maximal survival in each
separate analysis. Body mass data was analysed using
SPSS version 26, using a general linear mixed model for
repeated measures to assess changes in body weight be-
tween ages 3 and 24 months, in relation to treatment. We
fitted individual as a subject term, and the repeat measures
with a 1st-order autoregression covariance structure.

Differences in grip strength were tested using a nonpara-
metric aligned rank 2-way ANOVA [29], including surgery
and social environment as treatments, following up with a
Mann-Whitney U test to compare differences betweentwo
specific groups. The relationship between hang duration
and either body weight or age was determined with a
Spearman rank correlation. For the relationship between
hand duration and body weight, we also calculated the
unstandardised residuals from the relationship between
hand duration and body weight, using a linear regression,
and compared the differences in these residuals between the
two groups in question with a Mann-Whitney U test.

Results

Castration extends maximal but not median lifespan
in male mice

The median lifespan of sham surgery males housed in
male-male groups (e.g. standard housing conditions)
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was 952 days. We used the Cox regression survival
analysis to test whether either castration or sham surgery
(intact) status or social environment (male or female
housing) had a significant overall effect on survival as
factors in the two-by-two design. Neither castration
status (Wald =0.229, df=1, P =0.632) nor social envi-
ronment (Wald =0.022, df=1, P=0.883) had signifi-
cant effects on overall survival (and there was no inter-
action between the two factors (Wald=0.400, df=1,
P=0.527)).The overall survival distribution of mice
castrated at 8 weeks of age and housed in male-male
groups also did not differ significantly from that of sham
surgery males in the same social environment when
considering this specific two groups contrast (log-rank
test: P=0.17).

Analysis of maximal lifespan, defined as survival at
90% of total group mortality, showed a marginal overall
effect of castration across both environments (Cochran-
Mantel-Haenszel test x°[;) = 0.059). Examining the ef-
fects of castration in each social environment separately,
this marginal effect was due to a significant increase in
late life survival in castrated males compared to sham
surgery intact males when kept with other males (Fish-
er’s exact test: P =0.026; Fig. 1; Table 1), but there was
no change in maximal lifespan in castrated animalswhen
kept with females (Fisher’s exact test: P =0.351; Fig. 1;
Table 1). Indeed, intact males housed with females also
showed an increase in maximal survival when compar-
ing this group to intact males housed with other males in
a Fisher exact test (Fisher’s exact P =0.039; Fig. 1;
Table 1). Intact males housed with other males therefore
had the shortest maximal lifespan, and this was extended
by either castrating males or allowing them to mate
(Table 1).

Housing with females reduces body weight across life
and improves grip strength during ageing

There was a significant interaction between social hous-
ing condition and surgery treatment on weight (Table 2;
Fig. 2a), largely due to the fact that intact males housed
with other males were heavier than those of the other
three treatments earlier in life. For example, intact males
housed with males were significantly heavier than intact
males housed with females at the 3-, 4-, 6-, and 12-
month time points, but not at later time points (P < 0.05,
Student’s ¢ test). There was also a significant interaction
between age and surgery due to the fact that castrated
males were lighter at 6 months but after this point gained
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Fig.1 Consequences of mating and castration for survival of male

mice. Each dot represents a death of an individual. N =27 for intact

males with females and castrated males with females, N =36 for

castrated males with males, and N = 32 for intact males with males

more weight than intact males. In the light of these two
interactions, the significant main effect for castration in
the model outcomes (Table 2) should be interpreted with
caution. The significant linear and quadratic effects of
age are linked to the occurrence of weight peaking at
18 months (Fig. 2a).

To test whether an aspect of physical function was
influenced by castration or housing with females, we
also assessed the grip strength of males when they were
between 675 and 800 of age using the wire grip hang
strength test [26]. Castration (F g9 =2.07, P =0.154)
did not influence hang duration across both environ-
ments, nor did female housing (F; 99 =1.98, P =
0.162), but there was a significant interaction between
these two factors (/) 99 = 5.31, P =0.023). The interac-
tion between castration status and social environment
was mainly caused by intact males that were housed
with females showing improved hang duration when
compared to intact males housed with other males
(Fig. 2b). Castration had no significant effect on grip
strength in either social environment (P=0.59 in the
male environment, P=0.075 in the female environ-
ment). Age had no significant effect on hang duration
(m =103, R, =—0.12, P =0.025). Body weight was

Table 2 Model outcomes of a repeated measures GLMM of
treatment and age effects on male weight. “Social” represents a
factor of housed with male or female, and “surgery” represents
castrated or sham operated. Age® represents a quadratic function
where age is squared

Source df F Sig.

Intercept 1,447.1 2539.364 0.000
Social 1,447.1 0.025 0.875
Surgery 1,447.1 16.830 0.000
Social * surgery 1,447.1 6.919 0.009
Age 1,313.1 140915 0.000
Age? 1,306.1 91.766 0.000
Social * age 1,313.5 0.789 0.375
Social * age? 1,306.2 0.705 0.402
Surgery * age 1,313.5 4.955 0.027
Surgery * age” 1,306.2 0.380 0.538
Social * surgery * age 1,313.5 1.830 0.177
Social * surgery * age? 1,306.2 0.965 0.327

significantly albeit weakly negatively related to hang
duration (n =103, Ry, =—0.24, P =0.014; Fig. S1A),
but males housed with females had a greater hang
duration than non-reproductive intact males when the
relationship between body weight and grip strength is
accounted for (Fig. S1B).

Reproduction has sex-specific effects on lifespan
in mice

To understand whether the effects of reproduction on
lifespan are sex-specific in mice, we also assessed the
lifespan of females in either mating or non-mating en-
vironments. In contrast to the effects of reproduction in
males, females allowed mating across life had signifi-
cantly decreased survival as assessed by the log-rank
test (Fig. 3; P=0.034) when compared to non-
reproductive females, although showed no significant
change in maximal lifespan (P =0.21). Comparing the

Table 1 Median and maximum (90%) mortality parameters for males housed in different environments and of different surgical statuses

Group n Age at 50% mortality (median) 90% 95% median C.I.
Sham (with males) 32 952 1065 886.0~998.0
Sham (with females) 27 995 1149 924.0~1025.0
Castrated (with males) 36 960 1152 894.0~1033.0
Castrated (with females) 27 921 1166 813.0~1019.0
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Fig. 2 Effects of castration and reproduction on body weight and grip
strength in male mice. a Body weightat 2, 3,4, 6, 12, 18, and 24 months
in intact and castrated individuals in male (non-reproductive) and female
(reproductive environments). b Ability of mice to hang on an inverted
wire lid. Mice were recorded for their ability to hang on an inverted lid
three times, and each dot represents the mean value for a different
individual. Error bars represent standard error of the mean. P value
calculated from a Student test. In a, NV =36 for castrated males with
males at the start of the study, reduced to N =30 by the 24-month time
point. N =32 for intact males with other males at the start of the study,
reduced to 29 by the 24-month time point. N =27 for castrated males
with females, reduced to 22 by the 24-month time point. N =27 for
intact males with females, reduced to 24 by the 24-month time point. In
b, N =28 for intact and castrated males housed with males, N =24 for
intact males with females, and N =22 for castrated males with females
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Fig. 3 Reproduction has sex-specific effects on lifespan in mice.
Lifespan of male and female mice housed in either reproductive
(with 2 members of the opposite sex) or non-reproductive (with 2
members of the same sex) conditions. Each dot represents the time
point when an individual mouse died. N =27 for intact males with
females, N =32 for intact males with males, N =30 for females
with females, and N =24 for females with males (including one
censored)

effects of reproduction for the relative lifespans of males
and females, we observe that there is little difference in
lifespan between the sexes in non-reproductive environ-
ments, but when allowed mating, a robust difference in
lifespan between the sexes is observed (Fig. 3).

Discussion

In this study, we find no evidence that median lifespan is
affected by castration or access to females in male mice,
but maximal lifespan (90% survival) is significantly
increased by both treatments when compared to intact
males housed with other males. For the castration com-
parison in male-male housing conditions, approximately
20% of the castrated males were still alive when all of
the intact individuals had died, suggesting castration
may extend lifespan to late ages. The presence of male
testes and associated hormone production may therefore
constrain survival of males, consistent with evolutionary
theories of ageing and the predicted lifespan trade-offs
with reproduction. However, housing males with two
females and allowing reproduction across life also led to
a small increase in maximal lifespan, suggesting that
mating may also provide survival benefits for male
mice.

The lack of change in median survival with castration
differs to results from a previous study in rats, where
median and maximum lifespan was increased [21]. It is
notable that median lifespan of all groups of mice in our
study is approximately 1000 days, representing a rela-
tively long lifespan particularly compared to the previ-
ous studies that were conducted prior to the 1970s when
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housing conditions for laboratory rodents were consid-
ered suboptimal. One limitation of our work, like previ-
ous studies on this question, was that our colony did not
undergo quarterly stereological testing and so were not
housed in specific pathogen-free (SPF) conditions.
Thus, while the long lifespans of the mice in our study
would indicate that animals were not dying from spe-
cific infectious diseases early in life, and we detected no
obvious signs of infection or the atopic dermatitis that
can present on this mouse strain, we cannot exclude the
possibility of specific pathogens normally screened for
being present in our colony. There is increasing interest
in the role of gonadal hormones and social conditions in
control of lifespans, and future studies conducted in SPF
conditions should be of priority. Additionally, further
understanding of the robustness of these results would
be gained from additional replication in a different strain
of mouse, in particular a genetically heterogeneous
mouse model, since inbred laboratory strains of mice
can show lifespans that are disproportionally influenced
by one or a few specific causes of death (e.g. specific
cancers).

Effects of castration on lifespan have been document-
ed previously in different contexts, although results
from controlled laboratory studies have been limited
[8]. Most notably, a historical study of human eunuchs
suggested that castration in humans leads to an in-
creased proportion of individuals surviving to be cente-
narians [18]. Our data is consistent with the idea that
survival to very old ages could be increased with cas-
tration as a consequence of altered biology, rather than
being attributable to socio-demographic factors. Other
research conducted since the design of this study has
highlighted that sex chromosome complement can also
influence survival in mice [30]. In this study, mice with
XX chromosomes showed improved survival compared
to those with XY chromosomes when they had been
genetically manipulated to develop either testes or ova-
ries on both chromosome backgrounds. Understanding
the relative effects of sex hormones and sex chromo-
somes in control of the ageing process could therefore
provide an insight into the causes of sex-specific ageing
in mammals, which are seen widely across the mamma-
lian kingdom [31].

Previous research has shown that castration may also
provide additional health benefits in old rodents, in-
creasing balance capacity on a rotarod [32] and mainte-
nance of skeletal muscle mass and fibre size at old ages
[33]. We did not detect an effect of castration on grip

strength in this study, but we highlight that this one
assessment of physical function must be interpreted with
caution, and future studies warrant a detailed investiga-
tion of healthspan using a variety of different ap-
proaches, in a dedicated cohort of mice assessed at
differing ages. Such a longitudinal assessment may also
help to reduce the variability that we observed when
assessing animals at a single time point. Interestingly,
allowing males to reproduce increased their hanging
ability according to the hang wire test. From this single
measure, it is not possible to determine whether this
reflects an increase of strength during ageing, nor if it
reflects changes in hanging endurance or motivation.
However, this data highlights that future study of health
parameters is warranted to understand how reproduction
and mating could influence health, strength and frailty
during ageing. Similarly, dedicated pathological assess-
ment of causes of death would be beneficial, helping to
elucidate what causes death in different social environ-
ments, at different life periods.

The physiological mechanisms that lead to the
beneficial effects of castration on ageing are current-
ly unknown, but evidence of anti-ageing effects,
including in humans, warrants further research. Tes-
tosterone is an anabolic hormone, and reduced an-
drogenic signalling can dampen signalling through
additional growth pathways like the growth hor-
mone insulin-like growth factor 1 (GH-IGF1) axis
and mechanistic target of rapamycin complex
1(mTORC1) signalling [34]. Suppressed activity of
these pathways with castration may contribute to
altered lifespan, since both pathways directly influ-
ence ageing [35-38]. Further understanding of the
links between androgens, GH-IGF1 and mTOR sig-
nalling may also provide an insight into the physio-
logical causes for sexual dimorphism in ageing,
given the sex-specific nature of both androgen pro-
duction and effects of somatotrophic signalling on
ageing [35, 39].

Our results also show that allowing males to
reproduce can lead to a small but significant in-
crease in maximal lifespan, without a change in
median lifespan. The observation that lifespan is
not reduced with reproduction in male mice, and
instead maximal lifespan is slightly increased,
could appear at odds with evolutionary theories
for trade-offs between reproduction and lifespan.
Indeed, in female mice, we observe that reproduc-
tion significantly reduces lifespan, an effect
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reported previously in laboratory and wild-derived
rodents [10, 11]. In our study, males housed with
other females were lighter than males housed in
male-male environments, suggesting that there is a
metabolic response to mating in male mice. How-
ever, these metabolic costs of mating are
hypothesised to be minor in comparison to the
energetic investment that is required to produce
traits that aid males in attracting and accessing
females, particularly when competing against other
individuals of the same sex [40]. Thus, these
broader aspects of reproductive investment in
males, which are a consequence of sexual selec-
tion, may provide the constraint on male longevity.

It has recently been suggested that mating itself
may be beneficial for male survival if it relieves life
history costs that males experience as a consequence
of a lack of access to mating and its associated
reward responses, particularly if males perceive fe-
males in their environment but cannot access them
[13, 41]. This contrasts to the direct costs that fe-
males are expected to experience from the act of
mating, which leads to associated investment in
parental care [5]. Indeed, in our study, allowing
males and females to mate promoted a sexual di-
morphism in lifespan, with females showing a re-
duction in lifespan in response to mating. We note
that there are some minor methodological differ-
ences in the male and female housing conditions
that must be considered when contrasting the rela-
tive effects of reproductive conditions in each sex:
for example, in reproductive conditions, two females
were housed together with a male, so males were
exposed to two individuals of the opposite sex,
while females were exposed to one member of the
same sex and a male. These methods were designed
to maximise the chance of detecting an effect of
social treatment within each sex (e.g. provided
males with two females gave double the opportunity
to mate), while also being constrained by practical
considerations, such as the high possibility that
males would fight with each other if housed together
in the presence of a female. Nonetheless, our data
indicate that social conditions can strongly influence
the extent of sex differences in lifespan.

Our previous study in females has shown that
mating, even with sterilised males, is capable of
reducing female lifespan [42], suggesting that these
effects of social conditions may not be linked to
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reproduction itself, but interactions between individ-
uals of the opposite sex. In relation to this, similar
manipulative work would be required to understand
the causes of lifespan changes in males in different
social conditions. For example, it is possible that,
instead of mating increasing late life survival in
intact males, housing with other intact males may
reduce survival over this period. To distinguish
these effects would require manipulation of housing
partners, in addition to males themselves, such that
intact males are studied with other conspecific
males, but who have been manipulated so they do
not exert the same potential stressors on their hous-
ing partners (for example, through castration). Stud-
ies in invertebrates illustrate that a variety of factors
occurring with social interactions can influence
lifespan [43-45], leading to unique social stimuli
that differentially influence the lifespan of each sex.

Most work in laboratory rodents is conducted on
non-reproductive animals, typically housed with the
same sex. Thus, consequences of social conditions
could modify the extent or presence of additional
sex-specific physiology, health parameters or treat-
ment responses. This could include lifespan and
responses to anti-ageing interventions, which are
frequently sex-specific [46, 47], in addition to dis-
eases that show sexually dimorphic incidence or
severity. For example, susceptibility to obesity is
usually more severe in male mice compared to fe-
males, but this is typically assessed when mice are
housed in non-reproductive environments [48]. Giv-
en the spectrum of social environments that both
humans and wild animals reside in, understanding
and incorporating responses to social interactions
under controlled laboratory settings may help to
increase the relevance of laboratory work to a wider
variety of natural conditions.
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