animals
Article

All the Pups We Cannot See: Cannibalism Masks Perinatal
Death in Laboratory Mouse Breeding but Infanticide Is Rare
Sophie Brajon 1,2 , Gabriela Munhoz Morello 1 , Sara Capas-Peneda 1,3,4 , Jan Hultgren 5 , Colin Gilbert 2
and Anna Olsson 1, *
1

2
3

4
5

*



Citation: Brajon, S.; Morello, G.M.;
Capas-Peneda, S.; Hultgren, J.;
Gilbert, C.; Olsson, A. All the Pups
We Cannot See: Cannibalism Masks
Perinatal Death in Laboratory Mouse
Breeding but Infanticide Is Rare.
Animals 2021, 11, 2327. https://
doi.org/10.3390/ani11082327
Academic Editors: Lars Lewejohann,
Christa Thöne-Reineke, Paulin Jirkof
and Helene Richter
Received: 26 June 2021
Accepted: 3 August 2021
Published: 6 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and

Laboratory Animal Science, IBMC—Instituto de Biologia Molecular e Celular, and i3S—Instituto de
Investigação e Inovação em Saúde, Universidade do Porto, Rua Alfredo Allen, 4200-135 Porto, Portugal;
sophie.brajon.1@ulaval.ca (S.B.); gabriela.morello@commonhomeofhumanity.org (G.M.M.);
sara.capas@ibmc.up.pt (S.C.-P.)
Babraham Institute, Babraham, Cambridge CB22 3AT, UK; colin.gilbert@babraham.ac.uk
ICBAS School of Medicine and Biomedical Sciences, University of Porto, Rua Jorge de Viterbo Ferreira 228,
4050-313 Porto, Portugal
The Francis Crick Institute, 1 Midland Road, London NW1 1AT, UK
Department of Animal Environment and Health, Swedish University of Agricultural Sciences, 53223 Skara,
Sweden; jan.hultgren@slu.se
Correspondence: olsson@ibmc.up.pt

Simple Summary: Perinatal mortality is a large problem in laboratory mouse breeding. Dead pups
are often eaten by the adult mice. Pups cannibalised between birth and first husbandry check are
likely not to be accounted for, leading to an underestimation of the number of pups are born and
die. This study aimed at understanding to what extent perinatal mortality is underestimated in a
breeding facility. The roles of cannibalism and infanticide (killing of a live pup) in pup mortality
were also investigated. The results indicated that the standard pup-counting method by daily cage
checks led to an underestimation of the number of pups that are born by 35% and those that die
by 102% compared to data where daily checks were combined with video observations from which
cannibalistic events could be recorded. Cannibalism of dead pups before the first check explained
this inaccuracy in death counts, while infanticide was rare. Beyond considerations of animal welfare
and ethics, and a conflict with the 3Rs principle, high perinatal mortality means that larger colonies
of breeding animals are needed to supply animals in sufficient numbers for research. Paradoxically,
the common practice of not disturbing cages around parturition conceals the extent of perinatal
mortality but has also constrained the determination of causes of pup death.
Abstract: Perinatal mortality is a major issue in laboratory mouse breeding. We compared a counting
method using daily checks (DAILY_CHECK) with a method combining daily checks with detailed
video analyses to detect cannibalisms (VIDEO_TRACK) for estimating the number of C57BL/6 pups
that were born, that died and that were weaned in 193 litters from trios with (TRIO-OVERLAP)
or without (TRIO-NO_OVERLAP) the presence of another litter. Linear mixed models were used
at litter level. To understand whether cannibalism was associated with active killing (infanticide),
we analysed VIDEO_TRACK recordings of 109 litters from TRIO-OVERLAP, TRIO-NO_OVERLAP
or SOLO (single dams). We used Kaplan-Meier method and logistic regression at pup level. For
DAILY_CHECK, the mean litter size was 35% smaller than for VIDEO_TRACK (p < 0.0001) and
the number of dead pups was twice lower (p < 0.0001). The risk of pup loss was higher for TRIOOVERLAP than TRIO-NO_OVERLAP (p < 0.0001). A high number of pup losses occurred between
birth and the first cage check. Analyses of VIDEO_TRACK data indicated that pups were clearly
dead at the start of most of the cannibalism events and infanticide was rare. As most pups die and
disappear before the first cage check, many breeding facilities are likely to be unaware of their real
rates of mouse pup mortality.
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1. Introduction
The mouse is the most widely used laboratory species, with 6.20 million animals
reported as used in biomedical research or for the creation of new, genetically altered
animal lines in the European Union in 2017 [1]. The total number of mice bred is greater, as
these statistics do not include animals that die naturally or are culled before being used.
Of these, a substantial proportion will have died shortly after birth. Existing literature
indicates highly variable pup mortality rates from less than 5% [2] up to 60% or more [3,4] in
experimental studies with C57BL/6 mice, whereas our data from historical records analysed
in two different facilities in the United Kingdom revealed perinatal mortality rates of 14 and
39%, respectively [5]. Perinatal mortality often includes loss of the entire litter [6,7]. High
mortality rates are an animal health and welfare concern and the loss of large numbers
of pups violates the 3Rs principle (replacement, reduction, refinement; [8]). In addition,
breeding facilities must maintain larger breeding colonies in order to compensate for pup
loss, which is costly and adds pressure on limited building and personnel resources.
In recent years, some efforts have been made to evaluate the scale and to comprehend
the factors leading to pup and litter loss. Factors related to the genetic background [7,9,10],
management routines [2], physical environment [11–14] and social environment [15–17]
are known to affect pup survival. In a previous study, we demonstrated that in litters born
in a trio cage (one male plus two females) where there is already another litter (i.e., litter
overlap) the risk of pup loss is dramatically increased, by 1.8 times [6]. The phenomenon
of litter overlap, which is the result of reproductive asynchrony between the two females
of the trios, may be common in laboratory mouse breeding. In a retrospective analysis of
data records from 34,949 litters, an estimated 55% of these were born into a situation of
litter overlap [5].
Accurate estimation of perinatal mortality in practice is a challenge. Adults often
cannibalise dead pups, making them uncountable, and perinatal mortality typically occurs
within the first few days of life, the period in which many animal facilities avoid inspection
of breeding cages to prevent disturbing the animals. This means that cage inspections
even 12–24 h after birth may result in an underestimation of perinatal mortality, and cage
inspections three days after birth may be totally inadequate in this regard.
The common practice of not inspecting cages around parturition prevents us from
understanding and determining the causes of pup death. There is a common belief in
breeding facilities that infanticide (the act of killing a newborn) is a major cause of pup
mortality. This belief may be based on a conflation of cannibalistic behaviour (the act
of eating a dead body) and infanticidal behaviour. Even in the behavioural literature,
infanticide is often conflated with cannibalism; for example Garner et al. [18] defined
infanticide as “litters born and disappearing, finding dead pups, finding parts of pups, or
observing animals killing pups”. Nevertheless, infanticide in laboratory mouse is plausible
and could be motivated by increased litter size, reduced food supply or disturbance [19].
Studies from behavioural ecology have described various manipulative tactics in wildlife,
including infanticide [20,21], to improve the manipulator’s reproductive success and
survival. For instance, infanticide has been shown to be relatively common in species
practicing communal nesting where several females nurse their offspring together in a
single nest, such as wood and house mice [22,23]. In such wild species, a female may
reduce the litter size of another female through infanticide as an exploitation strategy to
bias the relative contribution to the communal litter in her own favour and thus increase
her fitness [24].
There is little evidence for infanticide in laboratory mice, possibly because females
bred together with a male are genetically related and kept in stable conditions [25].
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Schmidt et al., [24] reported infanticide in 67 litters from outbred mice derived from inbred
strains, but this was inferred from the disappearance of pups between cage inspection
without behaviour observations. This technique only allows that pups were cannibalised
to be detected, but does not establish whether they were previously killed by an adult.
Weber et al. [26] performed detailed video observations of five C57BL/6 females who
were housed alone and lost their entire litter before weaning, and they were not able to
detect infanticide.
In the present study, we used video recordings from parturition and onwards [6].
Through detailed analysis of these videos, with focus on detecting cannibalism events
(and thus dead pup disappearance), we were able to estimate actual litter size at birth.
The first objective was to compare these data to breeding colony data, where litter size
was estimated by daily cage checks without knowing if pups were lost between birth and
the first cage check. The next objective was to evaluate timing of pup mortality and the
risk of cannibalism, using detailed analyses of cannibalism events. The third objective
was to determine whether pups were already dead when cannibalised or were first killed
by an adult. Finally, we aimed to evaluate the impact of social housing on cannibalism
and infanticide.
2. Materials and Methods
2.1. Datasets
The data collection took place at the Biological Support Unit of the Babraham Institute
(Cambridge, UK) from March to June 2017 and included two subsamples from the breeding
colony of wild-type mice derived from inbred C57BL/6Babr parent stock.
Experimental data were collected by the first author of this paper from a total of
109 litters of mice previously housed in trios, including 31, 43, 26 and 9 litters from parities
2, 3, 4 and 5, respectively. For additional details about the litters and conditions, see Brajon
et al. [6]. Gestating females were allocated to a social housing configuration approximately
three days before parturition, either in single-housing (SOLO; 54 litters, 472 pups) or
group-housing in trios of two females and a male, further divided into trios with (TRIOOVERLAP; 20 litters, 170 pups) or without (TRIO-NO_OVERLAP; 35 litters, 308 pups)
the presence of a sibling litter. A newborn litter was considered as being born in TRIOOVERLAP cage when another litter was already present in the cage at the time of birth.
This sibling litter was thus older but could be born anytime from several minutes to 22
days before the newborn litter.
Breeding-facility data were extracted from the special breeding management software
(MCMS, Mouse Colony Management System, Wellcome Sanger Institute, Hinxton, UK)
and provided by the Babraham Institute’s breeding facility. Data extracted from the
management software were data recorded at the same time, from gestating mice of the
same parity range, located in the same room as the experimental data, but they included
mice from different litters. This resulted in a total of 138 litters of wild-type mice derived
from C57BL/6Babr parent stock, including 51, 45, 24 and 18 litters from parities 2, 3, 4
and 5, respectively. The standard social configuration in the colony was trio, and another
litter could be present (i.e., TRIO-OVERLAP; 70 litters) or not (i.e., TRIO-NO_OVERLAP;
68 litters) at the time of detection of the focus litter during the cage check (day 0). The
breeding facility dataset contained information on litter identity, adults identities, date of
birth, number of pups born, number of pups weaned, and the presence of another litter.
2.2. Housing
All mice were housed in individually ventilated cages of transparent polysulphone
(Tecniplast GM500 Filter©, Buguggiate, Italy; L × W × H, 391 mm × 199 mm × 160 mm),
mounted on digital ventilated holding units (DGM Sealsafe Plus Rack©, Tecniplast, Buguggiate, Italy). Cages were supplied with an average of 48 g of soft wood-flake bedding
(Eco-Pure Chips 6 Premium©, Datesand, Manchester, UK) and 7.5 g of white paper rolls
(Enrich-n’Nest©, Datesand, Manchester, UK) as nesting material. Room temperature was
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kept at 20–24 ◦ C and relative humidity at 45–65%. Lights were maintained at a 12:12 h
regime with lights switched on gradually from 07:00 and switched off gradually from 19:00,
leaving residual low level red light only. The animals were given standard 9.5 mm dry
food pellets (CRM (P) Vacuum Pack, Dietex International Ltd., Witham, UK) and sterilised
water in automatic drinking valves (Edstrom A160/QD2, Avidity Science LLC, Waterford,
WI, USA), both ad libitum. The cages of the breeding facility were furnished with a hanging
transparent plastic box (Tecniplast Mouse Dual Purpose Pouch Loft, Tecniplast, Buguggiate,
Italy) located in the front part of the cage. Because this would have interfered with video
recordings, the plastic boxes were replaced by a red polycarbonate tunnel (International
Product Supplies Ltd, London, UK; L × Ø, 98.55 mm × 50.80 mm) suspended from the
cage lid in the experimental study.
2.3. Management Routines
Figure 1 summarises how litter size was determined and cannibalism was detected
in the two datasets. The standard management practices of the breeding facility (i.e.,
DAILY_CHECK counting) involved the daily inspection of cages with periparturient
females to identify the day of birth of each litter (day 0), performed by technicians from
the breeding facility. This was carried out by removing cages from the rack and counting
living and dead pups directly through the cage transparent polysulphone. If the litter was
not clearly visible or if dead pups were seen, the cage was opened at the change station
under a fume hood for closer examination and dead pups were removed from the cage.
The technician disinfected his/her hands with 70% ethanol before opening a cage and
touching its inside. When a dam seemed not to have finished parturition or if few pups
were present, the pups were counted again the next day. On day 4, all cages were opened
and the pups re-counted at the change station under the fume hood. Except for cleaning
every two weeks (but not before four days post-birth), the cages were then left undisturbed
until weaning on day 21 ± 2 when weaned pups were counted. In the experimental study
(i.e., VIDEO_TRACK counting), the cages were inspected by the first author once a day to
identify day of birth (day 0), using the same precautions as in the breeding facility, except
that cages were systematically opened at the change station once pups born for a more
accurate visual inspection. Additionally, living and dead pups were then counted at daily
cage inspections until day 4. Pups were touched gently if needed to count them and dead
pups were removed. In addition, counting was followed by video analyses to validate
and/or rectify litter sizes according to cannibalism events (see Section 2.4). All mice were
transferred to a clean cage on day 4. Except for cleaning every two weeks, the cages were
then left undisturbed until weaning. The alive pups were weaned and counted on day
21 ± 2. A summary of the study design is provided in Table 1.
2.4. Behavioural Recordings
Eight cages were filmed simultaneously at 15 frames per second, through the use
of eight HD-TVI bullet Infrared cameras (TWE-22MR, Mazi Security Systems GmbH,
Tönisvorst, Germany) connected to a digital video recorder (HTVR-0820MT, Mazi Security
Systems GmbH, Tönisvorst, Germany). For identification, adult mice were identified by
shaving the fur on a 3 cm2 area on the left or right thigh in females and the back in males.
It was possible to distinguish colours with the lights on, but not with the lights off. Hence,
the females’ tail was also coloured using a blue or red sterile surgical grade marker to
make the identification more salient during light shifts. Behavioural analyses included
detecting the start of parturition, and cases of infanticide or cannibalism, using Microsoft
Excel software (v. 16.0, Microsoft Corp., Sacramento, CA, USA).
Video recordings were scanned backwards to determine the exact time when parturition began, i.e., when the first pup was delivered. Once detected, the whole sequence
between the start of parturition and next daily cage check was analysed thoroughly by
continuous focal sampling to detect pup births and cannibalisms. This method made
it possible to correct and validate the number of pups born and to provide an accurate
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estimate of litter size. The videos were scanned to detect cannibalism each time one or
several pups were missing between two daily cage inspections and each time a bitten or
partially eaten dead pup was removed. Once cannibalism was detected, the video sequence
was rewound to determine the exact start of the event and whether the pup was already
dead or actively killed before being cannibalised. The mouse that started the cannibalism
(the dam, other female or male) and that killed the pup (when applicable) was recorded,
as well as which mice were involved in the cannibalism. When infanticide was detected,
details about the context were recorded.

Figure 1. Flowchart describing the different steps of the pup-counting procedure used to determine the litter size in
standard management practice at the breeding facility (left) and the experimental study (right). Orange boxes concern the
procedure of video analysis used afterward to detect cannibalism events and adjust litter size post-hoc if needed in the
experimental study.
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Table 1. Summary of the study design.
Breeding Facility Data

Experimental Study Data

Selection criteria

C57BL/6Babr, Breeding room, Parities
2–5, March–June 2017

Social configuration

Trio-overlap (70)
Trio-no_overlap (68)

Data collection

Data extracted from the breeding facility
management software. Counting method
described in Figure 1

Litter size estimation

Number of pups born and dead counted
through the cage wall or at the change
station at day 0, if needed (first detection)

Name of the counting method

DAILY_CHECK

C57BL/6Babr, the same breeding room,
Parities 2–5, March–June 2017, different
litters
Trio-overlap (20)
Trio-no_overlap (35)
Solo (* originally housed in trio, 54)
Data collected by the first author of the
paper. Counting method described in
Figure 1
Number of pups born and dead counted
at the change station at day 0 (first
detection) + number of pups cannibalised
between birth and day 0
VIDEO_TRACK

Yes

Yes, but only litters from trios

No

Yes

No

Yes

Data used for obj. 1: Comparing litter
size and mortality estimates according to
counting method
Data used for obj. 2: Evaluating timing of
pup mortality and cannibalism
Data used for obj. 3: Determining
whether cannibalisms were preceded by
infanticide or not

Cannibalism concerned the consumption of the entire pup or only parts of it. When
watching videos, cannibalism was considered to take place when an adult performed
vigorous head movements while manipulating the pup. The recording was validated by
the observation of the partly eaten pup body during its consumption or in the following
sequence. Infanticide was defined as actively killing a pup with a series of bites to the head
and thorax [27,28]. Infanticide was considered to take place if an adult was seen biting
a live pup which was then seen dead. A pup was judged to be alive if it was moving,
and dead if it was immobile and stiff when manipulated. It was possible to distinguish
skin colour during lights on and this helped to identify whether pups were alive (pink
skin) or dead (greyish skin). In some cases, it appeared that the pup was actively killed
but the video was not clear enough to confirm this, typically when a newborn pup was
cannibalised before it was possible to confirm that it was alive. On one occasion, the pup
was seen alive several minutes before being cannibalised but not later. These events were
recorded as “probable infanticide”.
2.5. Statistical Analysis
Original data used for the analyses are provided as Supplementary Materials Tables
S1 and S2. Analyses were carried out using SAS software (v. 9.2, SAS Institute Inc., Cary,
NC, USA). For continuous data, the normality of model residuals was tested using the
Shapiro–Wilk test of normality.
To address the first objective, mixed models were used to estimate the effects of
inspection method (DAILY_MANUAL vs. VIDEO_TRACK) and litter overlap (TRIOOVERLAP vs. TRIO-NO_OVERLAP), included as fixed effects, on the number of pups
born, died and weaned as well as the risk for complete litter loss. The SOLO litters were
excluded since there was no SOLO litters in DAILY_MANUAL cages. Cage identity was
included as a random factor to account for clustering and the experimental unit was the
litter. For the analysis, the number of dead pups was calculated by subtracting the number
of pups at weaning from the number of pups born (estimated as described in detail in
Section 2.3. Management Routines). Five litters from TRIO-OVERLAP treatment were
born on the same day as the other litter in the cage and it was not possible to discriminate
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pups from the two litters. In these cases, the total number of newborns were counted and
divided by two in order to estimate the focus litter size. The effect of parity and interaction
between parity and other factors were tested but not kept in the models since not significant.
Data from the number of dead and weaned pups were skewed and Poisson distribution
was applied in the models using the Glimmix procedure on SAS. In addition, the effect of
counting method on litter loss (binary trait: all pups died; one pup or more survived until
weaning) was analysed using mixed logistic regression of the SAS Glimmix procedure.
Estimates from models in which transformations were applied were back-transformed to
the original scale for presentation in figures and text as predicted means with confidence
limits between square brackets. Other estimates were presented as least squares means
(± SEM).
The second objective was addressed by using data from the experimental study
(VIDEO_TRACK) for which data on date of death and cannibalism were available. The time
from birth to pup death detection (at cage check) was analysed using the Kaplan–Meier
method and the probability for a dead pup to be cannibalised using mixed logistic regression. Housing (SOLO, TRIO-OVERLAP vs. TRIO-NO_OVERLAP) was included as fixed
effects. In the logistic model, cage identity was included as a random factor to account for
clustering. The experimental unit was the pup.
To address the third objective, descriptive statistics were used on data from the
experimental study (VIDEO_TRACK) to describe whether or not cannibalised pups were
killed actively before being cannibalised. Raw data were used for illustration.
2.6. Ethical Issues
Although the study of mortality and infanticide raises ethical concerns [19], we studied historical datasets from the breeding management software and pre-recorded video
sequences of mouse cages in which pup mortality occurred naturally and unintentionally.
Pup mortality was not manipulated through experimental procedures, which were entirely
observational in nature. Animal manipulation in this study was limited to gentle handling
of females and pups in order to determine the number of alive pups. This is “belowthreshold” according to Directive 2010/63/EU Article 1(5f) which defines “practices not
likely to cause pain, suffering, distress or lasting harm equivalent to, or higher than, that
caused by the introduction of a needle according to good veterinary practice” as exempt
from the requirements of the Directive, and not requiring a Project License under United
Kingdom’s Animals (Scientific Procedures) Act 1986.
3. Results
3.1. Litter Size and Mortality Estimates According to the Counting Method (DAILY_CHECK vs.
VIDEO_TRACK)
There were no significant effects of the interaction between the counting method
and the social configuration, so the interactions were removed from the models and
only simple fixed effects were kept and shown. Figure 2a summarises the number of
pups estimated using DAILY_ CHECK and VIDEO_TRACK counting methods in the
experimental study. For litters where the daily routine counting method was used, the mean
litter size recorded was 35% smaller than for the litters where the daily routine counting
method was supplemented with video analyses (F1,43 = 24.94, p < 0.0001). Estimates of
total litter loss did not significantly differ between DAILY_ CHECK and VIDEO_TRACK
counting (F1,108 = 0.26, p = 0.613); nor did estimates of the number of weaned pups
(F1,108 = 0.29, p = 0.593). However, the estimation of total number of dead pups per litter
differed between counting methods and was more than twice as high in VIDEO_TRACK
than in DAILY_ CHECK counting (F1,108 = 52.45, p < 0.0001).
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Figure 2. Estimated number of pups per litter according to the counting method and the social
configuration. (a) Least squares mean (± SEM) number of pups born, predicted mean (CI) number of
pups died and predicted mean (CI) number of pups weaned per litter, counted using the daily check
counting method without (DAILY_ CHECK, light orange) or with the detailed video analysis of cages
between start of parturition and first cage check (VIDEO_TRACK, dark orange), independently of
the social configuration. (b) Least squares mean (± SEM) number of pups born, predicted mean
(CI) number of pups died and predicted mean (CI) number of pups weaned per litter in trio cages
without (TRIO-NO_OVERLAP, light green) or with (TRIO-OVERLAP, dark green) the presence of
another litter, independently of the counting method. *, ***; Means differ significantly (* p < 0.050,
*** p < 0.001), ns; Means do not differ significantly (p > 0.10).

The Figure 2b shows that the presence of an older litter in the cage at pup birth (i.e.,
TRIO-OVERLAP litters) affected pup counts by reducing the estimated number of pups
counted at birth (F1,46 = 3.88, p = 0.055), increasing pup loss (F1,108 = 30.21, p < 0.0001) and
reducing number of pups weaned (F1,108 = 39.00, p < 0.0001). Finally, the risk for complete
litter loss (100% of pup mortality) was 1.47% higher for litters from TRIO-OVERLAP than
for litters from TRIO-NO_OVERLAP (F1,108 = 12.54, p = 0.0006).
3.2. Timing of Mortality and Cannibalism (in VIDEO_TRACK)
Figure 3 shows the pup survival across days according to the social housing treatment.
Higher rates of pup loss were found in TRIO_OVERLAP litters (Kaplan–Meier, χ22 = 91.82;
p < 0.0001). Importantly, most of the pup losses happened within the first two days of life,
including between birth (i.e., start of parturition) and the first cage check the next morning
(i.e., day 0). Pup mortality accounted for pups that were found dead and removed by
the first author at the daily cage check, as well as pups that were cannibalised between
cage checks.
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Figure 3. Pup survival across days (d). Survival curve of pups’ survival across days post-birth
according to the social housing treatment (SOLO: cross symbol; TRIO-NO_OVERLAP: white square;
TRIO-OVERLAP: black circle) in the experimental study (VIDEO_TRACK).

The probability for a dead pup to be cannibalised by adults differed according to
treatment (F2,372.3 = 22.37, p < 0.0001). Indeed, cannibalism of dead pups was found to
be 2.0 and 1.5 times more frequent in TRIO-OVERLAP and TRIO-NO_OVERLAP than
in SOLO litters, respectively (predicted means: 61.5%, 46.1% and 21.6% of dead pups
cannibalised, respectively, t389 = 6.59, p < 0.0001 and t389 =−4.17, p = 0.0001) throughout the
4 days post-birth. In addition, cannibalism of dead pups was found to be 1.4 times more
frequent in TRIO-OVERLAP than in TRIO-NO_OVERLAP litters (t303.9 = 2.27, p = 0.061).
Specifically for the period between birth and the first cage check on day 0, there was
also an effect of treatment (F2,149.3 = 12.42, p < 0.0001). Figure 4 shows the total percentages
of pups that were alive, found dead and cannibalised at the time of the first cage check
on day 0 for each social housing treatment. Dead pups had 2.5 and 1.7 more risk of
being cannibalised when born in TRIO-OVERLAP or TRIO-NO_OVERLAP than in SOLO
litters (predicted means: 69.0%, 52.8% and 21.3% of dead pups cannibalised, respectively,
t152 = 4.94, p < 0.0001 and t149 = −3.07, p = 0.007). At this point in time, there was not
significant difference between TRIO-OVERLAP and TRIO-NO_OVERLAP litters. Pups
that were cannibalised before the first cage check on day 0 could obviously not be detected
by cage checking and were thus detected later using video analyses.
3.3. Cannibalism Preceded by Infanticide or Not (in VIDEO_TRACK)
Table 2 summarizes the information related to pup death, including cannibalisms
and infanticides. On most of the occasions, pups were visible before and/or at the start
of cannibalism (i.e., “Pup visible before and/or at the start of cannibalism”) and it was
thus possible to detect whether they were alive and actively killed by the cannibalistic mice
or not.
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Figure 4. Pup survival at first cage check on day 0. Total percentage of pups that were living, found
dead (but not cannibalised) and cannibalised at the first cage check on day 0, according to the social
housing treatment (SOLO, TRIO-NO_OVERLAP and TRIO-OVERLAP) in the experimental study
(VIDEO_TRACK).
Table 2. Summary information about pup mortality until day 4 in the experimental study (VIDEO_TRACK).
Number of Pups

SOLO

TRIO-NO_OVERLAP

TRIO-OVERLAP

Total born
Total died until day 4
Found dead
Day 0
Day 1
Day 2
Day 3
Day 4
Total
Cannibalised
Day 0
Day 1
Day 2
Day 3
Day 4
Total a

472
171

308
104

170
117

48
56
26
3
1
134

17
21
13
5
0
56

18
26
1
0
0
45

13
15
6
1
2
37
(21.6% of dead pups)

19
21
6
2
0
48
(46.1% of dead pups)

40
28
4
0
0
72
(61.5% of Dead pups)

5

1

4

4

14

18

28

33

50

28
0
0
0

24
3
6
3–9

39
4
7
4–11

Cannibalism events not
detected on video b
Pup invisible before and/or at
the start of cannibalism c
Pup visible before and/or at
the start of cannibalism d
Not infanticide
Infanticide
Probable infanticide
Infanticide range
a

The percentages of cannibalised pups between parentheses correspond to the ratio between the total number of pups cannibalised divided
by the total number of pups found dead until day 4. b Pup missing between two cage checks but cannibalism events not detected on
video analyses. c Cannibalism events detected but pup invisible before and at the start of the cannibalism event, preventing from seeing
whether the pup was alive or not at the start of the cannibalism event. d Pup visible before and/or at the start of cannibalism and it was
thus possible to detect whether it was dead at the start of cannibalism event (i.e., “Not infanticide”) or alive and actively killed by the
cannibalistic mice (i.e., “Infanticide”). On certain occasions, some cues suggested that the pup was actively killed but the video sequence
was not clear enough to confirm this (i.e., “Probable infanticide”). The infanticide range indicate the minimum (i.e., “Infanticide” only) and
the maximum (i.e., “Infanticide” + “Probable infanticide”) number of plausible infanticides.
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Pups were clearly dead at the start of most of the cannibalism events (i.e., “Not
infanticide”). Dams from SOLO litters were never observed actively killing their pups.
However, a total of three and four infanticides were clearly detected in TRIO-OVERLAP
and TRIO-NO_OVERLAP litters (i.e., “Infanticide”), respectively. In addition, some events
could possibly be infanticide (i.e., “Probable infanticide”) but video recordings were not
clear enough to confirm this. Details about the infanticides or probable infanticide events
are provided in Tables 3 and 4, and video clips of infanticides and cannibalisms can be
shared by the authors on request.
Table 3. Summary information about pup infanticide detected in litters born from trio cages without litter overlap (TRIONO_OVERLAP) in the experimental study (VIDEO_TRACK).
Nb of Pups
Born

Nb of Pups
Weaned

Parity

Infanticide

Infanticidal
Mouse

Time after
Pup Birth

LA

8

7

3

Yes

Female
cagemate

At birth

LB

8

0

5

Yes

Dam

<4 h after
birth

LC

9

7

3

Yes

Dam

<4 h after
birth

Probable

Dam

At birth

8

0

4
Probable

Dam

<4 h after
birth

Litter

LD

LE

12

10

4

Probable

Dam or
Female
cagemate

At birth

LF

8

7

4

Probable

Female
cagemate

At birth

LG

9

4

3

Probable

LH

5

0

3

Probable

Female
cagemate
Female
cagemate

At birth
At birth

Comments
Gives birth to her own litter 21 h
after the infanticide
Parturition issues (dystocia), the
dam was culled 48 h after the
start of the parturition
Pup seen moving but with a blue
colour skin before infanticide
Eaten as soon as born but not
seen moving, perhaps born dead
It seems that all pups were visible
and alive before the start of the
event, but does not seem to kill
(no vigorous head movements)
Eaten as soon as born but not
seen moving, perhaps born dead.
The two females handled and ate
the pup at the start of the event.
Eaten some minutes after birth
but not seen moving, perhaps
born dead
Eaten as soon as born but not
seen moving, perhaps born dead
Eaten as soon as born but not
seen moving, perhaps born dead

Table 4. Summary information about pup infanticide detected in litters born from trio cages with litter overlap (TRIOOVERLAP) in the experimental study (VIDEO_TRACK).
Litter

Nb of Pups
Born

Nb of Pups
Weaned

Parity

Infanticide

LI

8

6

3

Yes

LJ

Yes

9

0

Infanticidal
Mouse

Time after
Pup Birth

Female
cagemate
Female
cagemate

<4 h after
birth
At birth

Probable

Female
cagemate

At birth

Probable

Female
cagemate

At birth

4

Comments
Gives birth to her own litter 4 h
after the infanticide
Gives birth to her own litter 3 to 6
days later
Gives birth to her own litter 3 to 6
days later, eaten as soon as born
but not seen moving, perhaps
born dead
Gives birth to her own litter 3 to 6
days later, eaten as soon as born
but not seen moving, perhaps
born dead

Animals 2021, 11, 2327

12 of 18

Table 4. Cont.
Litter

LK

Nb of Pups
Born

11

Nb of Pups
Weaned

0

Parity

4

Infanticide

10

0

3

Time After
Pup Birth

Comments

Probable

Female
cagemate

<4 h after
birth

Gives birth to her own litter 3 to 6
days later, eaten after completing
previous cannibalisms. The pup
was alive the last time it was seen
but invisible at the start of the
event.

Yes

Dam

<24 h after
birth

No specific observation.

At birth

Eaten as soon as born but not
seen moving, perhaps born dead

At birth

No specific observation

Probable
LL

Infanticidal
Mouse

Yes
Probable

LM

10

6

2

Probable

LN

8

0

3

Probable

Dam or
Female
cagemate
Female
cagemate
Female
cagemate
Female
cagemate
Dam

At birth
At birth
At birth

Eaten as soon as born but not
seen moving, perhaps born dead
Eaten as soon as born but not
seen moving, perhaps born dead
Eaten as soon as born but not
seen moving, perhaps born dead

When excluding uncertain events (i.e., “Cannibalism event not detected on video” and
“Pup invisible before and/or at the start of cannibalism”), the percentage of pups’ deaths
caused by infanticide ranged between 3.4 and 10.1% in TRIO-NO_OVERLAP and between
4.2 and 11.6% in TRIO-OVERLAP litters (probable infanticides are included in the higher
number). The infanticides and probable infanticides were always initiated by the dam or the
female cagemate. Cannibalism events in trios were also almost always initiated by females
(50.4% and 51.2% of cannibalism events initiated by the dam and the female cagemate,
respectively) and only three cannibalism events were initiated by the males. Once started,
the other female often joined the first one, so that the dam and the female cagemate were
involved in 98.4% and 99.2% of the cannibalism events, respectively. In comparison, males
participated to a lower extent, and only in 48.8% of the cannibalism events.
4. Discussion
Perinatal mortality in laboratory mouse breeding has far-reaching ethical and practical
consequences, in that substantial numbers of animals die at a very early age and before they
can be used in experiments. We have recently demonstrated that there is large variation
in mortality records between facilities for the most commonly used strain, C57BL/6,
that mortality rates found in practice are substantially higher than reference data for the
strain [5] and that social conditions around birth affect mortality [6]. The present study
corroborates and expands on these findings through a detailed analysis of pup cannibalism
during the first four days after birth. Our results demonstrate that standard methods for
pup counting lead to a dramatic underestimation of perinatal mortality. We furthermore
found that infanticide was not a principal cause of death and that most of the cannibalised
pups were already dead at the start of the events.
4.1. Reliability of the Litter Size and Pup Mortality Estimation Using Daily Check
Counting Method
Breeding management practice includes different approaches to counting the number
of pups that are born and that die, varying in timing and level of detail in the inspection of
periparturient mouse cages. One such approach, chosen with the hope of being practical
and reliable, is to check cages once a day and to count pups born on the first day they
are detected. In this study, counting pups using this method led to an underestimation of
35% of pups born when compared to data where daily checks were combined with video
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observations. Continuous video analyses were performed from the start of parturition
to the first cage check in order to detect births and cannibalism events that resulted in
the disappearance of dead pups before cage checking. Just as litter sizes at birth were
underestimated, the total number of dead pups was also underestimated by using daily
check counting. More specifically, the estimation of the number of dead pups was twice
as low using daily check counting than after validation through video analyses. Taken
together, these results suggest that in practice, a considerable proportion of pups that die
and disappear are never registered as being born.
The underestimation of the number of pups born may be related to the method used
at the daily cage check. In the experimental study, the researcher counted pups once a
day, between day 0 and 4, after opening the cages systematically at the change station.
By contrast, lab technicians opened cages at day 0 only when dead pups were detected or
when the litter was not clearly visible through the translucent cage wall. Counting pups
through the cage wall could lead to an underestimation of the number of pups present in
the cage since individual pups hidden in the middle of the nest could be missed. However,
it is important to note that all technicians responsible for pup counting in this study were
highly skilled and trained and human counting errors are unlikely to be sufficient to
explain the large discrepancy between data from the two methods. It is also possible
that the more detailed method where cages were opened several times and pups touched
increased pup mortality by causing more nest disturbance. However, this would also be
expected to lead to fewer pups weaned. In this study, the number of pups weaned did not
differ between the two counting methods. Although the authors agree that unnecessary
disturbance should be avoided, this finding indicates that there was no decrease in breeding
performance with the more thorough counting method compared to the daily counting.
In line with this, Peters et al. [29] showed that conducting close daily inspections (i.e.,
involving removing the cage lid and, if necessary, nesting material) was unlikely to increase
inbred BALB/cOlaHsd pup mortality since breeding performance did not differ from that
of low-disturbance daily inspection (i.e., cage not opened). We therefore suggest that the
different results produced by the different pup-counting methods result primarily from the
occurrence of cannibalism between birth and the subsequent first cage check.
The observation that litters born in cages where another litter was already present at
the time of birth (i.e., TRIO-OVERLAP) were more likely to die than litters born in cages
without another litter at the time of birth (i.e., TRIO-NO_OVERLAP) had already been
reported in the first paper from this study, Brajon et al. [6]. This was independent of pupcounting method. In a large retrospective study of nearly 20,000 litters, Morello et al. [5]
demonstrated that the probability of pup death increased with the number and age of
older siblings. Because there is no reference age gap beyond which the risk to die suddenly
increases (this is a gradual effect that is intimately related to other factors such as the
number of sibling pups), for the present analysis we decided to include all litters born
while another litter was present in the cage for TRIO-OVERLAP modality, independently
of the age gap. However, based on our previous work [5], we acknowledge that the effect
size in the models may be higher if only litters with a larger age gap (e.g., more than 8 days
difference between focus and sibling litter) were considered in TRIO-OVERLAP litters. The
impact of the presence, age and number of sibling litters in the cage around newborn birth
is an inherent problem in breeding systems that permanently pair a male with two females,
but this can also occur in cages where a male is paired with a single female, especially
when sibling litters are weaned a little late, beyond 21 days.
4.2. Cannibalism as a Cause of Pup Mortality Underestimation
Results from the video observations in combination with cage checks indicate that
pup deaths occurred mainly within the first two days of life, and so before the second
cage check on day 1. The probability for a pup to die within the first 48 h post-birth was
about twice as high when another litter was already present in the cage at birth, as already
showed in Brajon et al. [6]. Pup mortality was also high within the first day of life, as
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found in previous studies [11,26]. Indeed, in trio cages with litter overlap, 34.1% of pups
died before the first cage check on day 0, whereas the same figures for trios without litter
overlap and solo were 11.7% and 13.0% pups, respectively.
Cannibalism is part of the mouse behavioural repertoire [30] and was frequent in this
study. Amongst dead pups, the proportion that were also cannibalised was evaluated.
Dead pups were more likely to be cannibalised in trio cages, where three adult mice were
present, compared to solo cages where the dam was the only adult. Detailed analyses
of cannibalism events in trios indicated that the cannibalism initiator was almost always
either the dam or the female cagemate, and the second female almost always joined the
initiator to consume the dead pup for most of the duration of the event. In comparison,
cannibalism was rarely initiated by males, and they joined the initiator to eat the dead pup
in less than 50% of the cannibalism events, and for a shorter duration. Among trios, dead
pups from trios with litter overlap were more likely to be cannibalised than dead pups
from trios without litter overlap, throughout the four days post-birth.
Such high rates of cannibalism make very difficult to reliably establish mortality rates
without the aid of video recordings. A total of 21.3% of dead pups on day 0 were already
cannibalised before the first cage check in litters born in SOLO cages with a single mother,
and this reached 52.8% and 69.0% of dead pups cannibalised in litters from trios without
and with litter overlap, respectively. This means that more than half of the pups that died
on day 0 had already disappeared at the time of the first cage check and could never be
detected by this method alone. As a proportion of all pup deaths up to day four, this
corresponds to a total of 18.3% (19/104 deaths) and 34.2% (40/117 deaths) of the dead pups
that were cannibalised before being counted in trios without or with litter overlap. We are
therefore confident that the differences in litter size at birth and in mortality between data
from the experimental study and data from the breeding colony during the same period
are largely the result of a high rate of previously undetected cannibalisms.
Both birth and mortality rates may also be generally underestimated in other breeding
facilities. In the present paper, we demonstrate the extent to which checking cages on a daily
basis and counting pups as soon as they are detected on day 0 under-reports the number of
pups that are born. While comprehensive data from across facilities are missing, results
of a preliminary survey of breeding facilities in Europe show that only 3/20 surveyed
facilities in Europe declared daily cage checking to detect and count pups on the day of
birth (unpublished data). A more common practice (13/20 breeding facilities) was simply
to count pups when discovered at cage cleaning during the first week post-birth. Three
other breeding facilities counted pups one week after birth or later, and a last breeding
facility reported not counting pups before weaning. The pups that we have observed
to die and be cannibalised within the first two days of life would be mostly undetected
using these methods. The authors believe that many mouse breeding facilities might be
unaware of their true perinatal mortality rate; this ethical issue is increasingly debated and
contested [31]. While pups found dead on daily checks were removed from the cage in
this study, future studies should explore the rates of cannibalism when dead pups are not
removed across multiple days to properly estimate the proportion of cannibalised (and
undetected) dead pups when checking cages for the first time two days after birth or later.
4.3. Infanticide or Cannibalism?
Detailed video analyses allowed us to detect whether pups were already dead at
the start of the cannibalism event (cannibalism only) or were actively killed by an adult
(infanticide followed by cannibalism). In our detailed video recordings from 109 litters
and 950 individual pup births, infanticide was clearly detected on only seven occasions,
with an additional 13 probable infanticides, including 12 events that happened within
a few minutes of the pup’s birth, meaning that it was not possible to know whether
the pup was born dead or actively killed at birth. All of these events happened in trios.
Infanticide is often put forward as a cause of pup death and has been extensively described
in experimental studies with wild house mice [23], although Perrigo et al. [32] reported
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that domesticated CF-1 dams were less likely to be infanticidal than wild stock house mice.
It is however problematic that the criteria for infanticide are often missing or are conflated
with cannibalism, including in several studies from the behavioural literature where
infanticide was inferred from the disappearance of pups between two cage checks [18,24].
Rather than infanticide, pup disappearance could be caused by cannibalism after death
for other reasons than infanticide. Hauschka [33] reported that detailed and frequent
inspections of laboratory mouse pups allowed him to separate death from congenital
causes from death caused by the parents. However, contemporary studies reporting
infanticide in laboratory mice have not used sufficiently clear criteria in combination with
detailed enough behavioural observation throughout the 24 h post-parturition to reliably
demonstrate that pups were actively killed.
Overall, our data suggest that pup infanticide is infrequent under normal conditions
for laboratory mouse breeding, but it still happens. In the first detailed behavioural study
of this topic in C57BL/6 mice, Weber et al. [26] found only cannibalism of pups that were
already dead, and failed to detect any infanticide. However, with only ten females and
video recordings encompassing only 15 min per h, this study may have failed to detect
active pup killing due to the small animal sample size and gaps in video sequence analysis.
In addition, mice were single-housed and our data show that infanticide is more probable
when a female cagemate is present. Communal nesting is frequent in rodents, including
in the laboratory mouse, and cooperation for breeding provides benefits such as shared
caring effort, enhanced thermoregulation and group defence against intruders [34–36],
but also creates opportunities for cheating and exploitation by female cagemates [37–39].
Infanticide of congeners’ pups in this context is an adaptive behaviour that allows a
female to manipulate the relative contribution to the communal litter in her own favour
and thus increase her reproductive success. One risk factor for infanticidal conflict is
asynchronous breeding [40], when a litter is born after the other one, such as in most of
the litter overlap cages in our data. In wild house mice (Mus domesticus), it is typically
the pregnant female who kills existing pups of the other female before she gives birth
herself [23,25,41]. This may explain infanticides or probable infanticides by gestating
female cagemates at pup birth in our study. However, some infanticides were caused by
the dam herself. In one occasion, a pup was actively killed through infanticide by the
dam with dystocia, characterised by difficulty to deliver pups [42]. This female was culled
48 h after the start of parturition on welfare grounds. Savaging toward own newborn is
well-known in pigs and has been found to be more frequent in gilts [43,44], suggesting
that maternal experience may mitigate infanticide behaviours. Maternal infanticide has
also been suggested as a behavioural strategy in response to unusually large or small litter
size, reduced food supply or disturbance [19,45]. However, the underlying causes of pup
infanticide are not always understood since both physiological state and environmental
factors may interfere and motivate mice to actively kill newborns [25,30,46]. No male was
seen killing a pup. Well-established males in a group are not infanticidal toward offspring
produced by female partners [27,28,47] and thus, this conflict mainly concerns females.
Our study is the first to video track and directly detect infanticidal behaviours in females
under standard laboratory breeding conditions.
5. Conclusions
The results presented in this paper show that once-daily cage inspections may result
in a substantial underestimation of the number of pups born, as a result of high numbers
of pups that die and are cannibalised by adults before the first cage inspections. If these
findings are representative of breeding practices, many breeding facilities are likely to be
unaware of their true mouse pup mortality. There is no support for the popular belief
that infanticide by the females is an important cause of perinatal mortality. Paradoxically,
the common practice of not inspecting cages around parturition, not only conceals the
problem of perinatal mortality but also inhibits a better understanding of the causes of
pup death. As an important first step towards addressing the problem of mortality, we
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recommend that breeding facilities inspect breeding cages daily after parturition, including
on the first day. Based on our current knowledge of risk factors, a research priority should
be to develop strategies minimising the occurrence of litter overlap.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11082327/s1, Table S1. Dataset of the DAILY_CHECK and VIDEO_TRACK litters used for
the objective 1; Table S2. Dataset of the VIDEO_TRACK pups used for the objectives 2 and 3.
Author Contributions: Conceptualization, S.B., J.H., C.G. and A.O.; methodology, S.B., J.H., C.G. and
A.O.; validation, S.B., J.H., C.G. and A.O.; supervision, S.B., C.G. and A.O.; project administration,
S.B. and A.O.; investigation, S.B.; data curation, S.B. and G.M.M.; formal analysis, S.B.; visualization,
S.B.; resources, C.G. and A.O.; funding acquisition, J.H., C.G. and A.O.; writing—original draft
preparation, S.B. and A.O.; writing—review and editing, S.B., G.M.M., S.C.-P., J.H., C.G. and A.O. All
authors have read and agreed to the published version of the manuscript.
Funding: This work was financed by FEDER—Fundo Europeu de Desenvolvimento Regional funds
through the COMPETE 2020—Operacional Programme for Competitiveness and Internationalisation (POCI), Portugal 2020, and by Portuguese funds through FCT—Fundação para a Ciência e a
Tecnologia/Ministério da Ciência, Tecnologia e Ensino Superior in the framework of the project
PTDC/CVT-WEL/1202/2014 (POCI-01-0145-FEDER-016591).
Institutional Review Board Statement: Pup mortality was not manipulated through experimental
procedures, which were entirely observational in nature. Animal manipulation in this study was
limited to gentle handling of females and pups in order to determine the number of alive pups. This
is “below-threshold” according to Di-rective 2010/63/EU Article 1(5f) which defines “practices not
likely to cause pain, suffering, distress or lasting harm equivalent to, or higher than, that caused by
the introduction of a needle according to good veterinary practice” as exempt from the requirements
of the Directive, and not requiring a Project License under United Kingdom’s Animals (Scientific
Procedures) Act 1986.
Data Availability Statement: Datasets are available at the supplementary materials, Table S1. Dataset
of the DAILY_CHECK and VIDEO_TRACK litters used for the objective 1; Table S2. Dataset of the
VIDEO_TRACK pups used for the objectives 2 and 3.
Acknowledgments: The authors would like to thank the staff at the Biological Support Unit of the
Babraham Institute, and more particularly Marc Wiltshire, Mike Regan, Paul Symonds and Urszula
Karpinska, for their interest and support in the project and the care of the animals.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1.

2.
3.
4.
5.

6.
7.
8.

European Commission. Report from the Commission to the European Parliament and the Council: 2019 Report on the Statistics
on the Use of Animals for Scientific Purposes in the Member States of the European Union in 2015–2017; Brussels, Belgium. 2020.
Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0016 (accessed on 10 June 2021).
Reeb-Whitaker, C.K.; Paigen, B.; Beamer, W.G.; Bronson, R.T.; Churchill, G.A.; Schweitzer, I.B.; Myers, D.D. The impact of reduced
frequency of cage changes on the health of mice housed in ventilated cages. Lab. Anim. 2001, 35, 58–73. [CrossRef] [PubMed]
Whitaker, J.; Moy, S.S.; Godfrey, V.; Nielsen, J.; Bellinger, D.; Bradfield, J. Effects of cage size and enrichment on reproductive
performance and behavior in C57BL/6Tac mice. Lab Anim. 2009, 38, 24–34. [CrossRef]
Inglis, C.A.; Campbell, E.R.; Auciello, S.L.; Sarawar, S.R. Effects of enrichment devices on stress-related problems in mouse
breeding. Johns Hopkins Cent. Altern. Anim. Test Final. Rep. Anim. Welf. Enhanc. Award 2004, 1, 1–9.
Morello, G.M.; Hultgren, J.; Capas-Peneda, S.; Wiltshire, M.; Thomas, A.; Wardle-Jones, H.; Brajon, S.; Gilbert, C.; Olsson,
I.A.S. High laboratory mouse pre-weaning mortality associated with litter overlap, advanced dam age, small and large litters.
PLoS ONE 2020, 15, e0236290. [CrossRef] [PubMed]
Brajon, S.; Morello, G.M.; Teixeira, M.S.; Hultgren, J.; Gilbert, C.; Olsson, I.A.S. Social environment as a cause of litter loss in
laboratory mouse: A behavioural study. Appl. Anim. Behav. Sci. 2019, 218. [CrossRef]
Weber, E.M.; Algers, B.; Würbel, H.; Hultgren, J.; Olsson, I.A.S. Influence of strain and parity on the risk of litter loss in laboratory
mice. Reprod. Domest. Anim. 2013, 48, 292–296. [CrossRef]
Russel, W.M.S.; Burch, R.L. The Principles of Humane Experimental Technique; Universities Federation for Animal Welfare:
Wheathampstead, UK, 1959.

Animals 2021, 11, 2327

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.
35.
36.
37.
38.

17 of 18

Bond, T.L.Y.; Neumann, P.E.; Mathieson, W.B.; Brown, R.E. Nest building in nulligravid, primigravid and primiparous C57BL/6J
and DBA/2J mice (Mus musculus). Physiol. Behav. 2002, 75, 551–555. [CrossRef]
Gaskill, B.N.; Pritchett-Corning, K.R.; Gordon, C.J.; Pajor, E.A.; Lucas, J.R.; Davis, J.K.; Garner, J.P. Energy reallocation to breeding
performance through improved nest building in laboratory mice. PLoS ONE 2013, 8, e74153. [CrossRef]
Leidinger, C.S.; Thöne-Reineke, C.; Baumgart, N.; Baumgart, J. Environmental enrichment prevents pup mortality in laboratory
mice. Lab. Anim. 2019, 53, 53–62. [CrossRef]
Weaver, S.R.; Cronick, C.M.; Prichard, A.P.; Laporta, J.; Benevenga, N.J.; Hernandez, L.L. Use of the RatLoft decreases pup
mortality in lactating mice. Lab. Anim. 2016, 50, 370–378. [CrossRef]
Whitaker, J.W.; Moy, S.S.; Pritchett-Corning, K.R.; Fletcher, C.A. Effects of enrichment and litter parity on reproductive performance and behavior in BALB/c and 129/Sv mice. J. Am. Assoc. Lab. Anim. Sci. 2016, 55, 387–399.
Gaskill, B.N.; Rohr, S.A.; Pajor, E.A.; Lucas, J.R.; Garner, J.P. Some like it hot: Mouse temperature preferences in laboratory
housing. Appl. Anim. Behav. Sci. 2009, 116, 279–285. [CrossRef]
Gaskill, B.N.; Pritchett-Corning, K.R. The effect of cage space on behavior and reproduction in Crl:CD1(Icr) and C57BL/6NCrl
laboratory mice. PLoS ONE 2015, 10, e0127875. [CrossRef]
Weber, E.M.; Hultgren, J.; Algers, B.; Olsson, I.A.S. Do Laboratory Mouse Females that Lose Their Litters Behave Differently
around Parturition? PLoS ONE 2016, 11, e0161238. [CrossRef] [PubMed]
Wasson, K. Retrospective analysis of reproductive performance of pair-bred compared with trio-bred mice. J. Am. Assoc. Lab.
Anim. Sci. 2017, 56, 190–193. [PubMed]
Garner, J.P.; Gaskill, B.N.; Pritchett-corning, K.R. Two of a Kind or a Full House? Reproductive Suppression and Alloparenting in
Laboratory Mice. PLoS ONE 2016, 11, e0154966. [CrossRef]
Elwood, R.W. Ethical implications of studies on infanticide and maternal aggression in rodents. Anim. Behav. 1991, 42, 841–849.
[CrossRef]
Lukas, D.; Huchard, E. The evolution of infanticide by females in mammals. Philos. Trans. R. Soc. B Biol. Sci. 2019, 374, 20180075.
[CrossRef]
Cram, D.L.; Jungwirth, A.; Spence-Jones, H.; Clutton-Brock, T. Reproductive conflict resolution in cooperative breeders. Behav.
Ecol. 2019, 30, 1743–1750. [CrossRef]
Gerlach, G.; Bartmann, S. Reproductive skew, costs, and benefits of cooperative breeding in female wood mice (Apodemus
sylvaticus). Behav. Ecol. 2002, 13, 408–418. [CrossRef]
König, B. Components of lifetime reproductive success in communally and solitarily nursing house mice—A laboratory study.
Behav. Ecol. Sociobiol. 1994, 34, 275–283. [CrossRef]
Schmidt, J.; Kosztolányi, A.; Tökölyi, J.; Hugyecz, B.; Illés, I.; Király, R.; Barta, Z. Reproductive asynchrony and infanticide in
house mice breeding communally. Anim. Behav. 2015, 101, 201–211. [CrossRef]
Palanza, P.; Della Seta, D.; Ferrari, P.F.; Parmigiani, S. Female competition in wild house mice depends upon timing of female/male
settlement and kinship between females. Anim. Behav. 2005, 69, 1259–1271. [CrossRef]
Weber, E.M.; Algers, B.; Hultgren, J.; Olsson, I.A.S. Pup mortality in laboratory mice–infanticide or not? Acta Vet. Scand. 2013, 55,
83. [CrossRef] [PubMed]
Elwood, R.W. Inhibition of Infanticide and Onset of Paternal Care in Male Mice (Mus musculus). J. Comp. Psychol. 1985, 99,
457–467. [CrossRef]
Huck, U.W.; Soltis, R.L.; Coopersmith, C.B. Infanticide in male laboratory mice: Effects of social status, prior sexual experience,
and basis for discrimination between related and unrelated young. Anim. Behav. 1982, 30, 1158–1165. [CrossRef]
Peters, A.G.; Bywater, P.M.; Festing, M.F.W. The effect of daily disturbance on the breeding performance of mice. Lab. Anim. 2002,
36, 188–192. [CrossRef]
Weber, E.M.; Olsson, I.A.S. Maternal behaviour in Mus musculus sp.: An ethological review. Appl. Anim. Behav. Sci. 2008, 114,
1–22. [CrossRef]
Silverman, J. Should you count your mice before they’re weaned? Lab Anim. 2006, 35, 15. [CrossRef]
Perrigo, G.; Belvin, L.; Quindry, P.; Kadir, T.; Becker, J.; van Look, C.; Niewoehner, J.; vom Saal, F.S. Genetic mediation of
infanticide and parental behavior in male and female domestic and wild stock house mice. Behav. Genet. 1993, 23, 525–531.
[CrossRef]
Hauschka, T.S. Mutilation patterns and hereditary (?) cannibalism. J. Hered. 1952, 43, 117–124. [CrossRef]
Auclair, Y.; König, B.; Ferrari, M.; Perony, N.; Lindholm, A.K. Nest attendance of lactating females in a wild house mouse
population: Benefits associated with communal nesting. Anim. Behav. 2014, 92, 143–149. [CrossRef]
Manning, C.J.; Dewsbury, D.A.; Wakeland, E.K.; Potts, W.K. Communal nesting and communal nursing in house mice, Mus
musculus domesticus. Anim. Behav. 1995, 50, 741–751. [CrossRef]
König, B. Maternal investment of communally nursing female house mice (Mus musculus domesticus). Behav. Processes 1993, 30,
61–74. [CrossRef]
Ferrari, M.; Lindholm, A.K.; König, B. The risk of exploitation during communal nursing in house mice, Mus musculus domesticus.
Anim. Behav. 2015, 110, 133–143. [CrossRef]
Ferrari, M.; Lindholm, A.K.; König, B. Fitness Consequences of Female Alternative Reproductive Tactics in House Mice (Mus
musculus domesticus). Am. Nat. 2019, 193, 106–124. [CrossRef]

Animals 2021, 11, 2327

39.
40.
41.
42.
43.

44.
45.
46.
47.

18 of 18

Ferrari, M.; Lindholm, A.K.; König, B. A reduced propensity to cooperate under enhanced exploitation risk in a social mammal.
Proc. R. Soc. B Biol. Sci. 2016, 283, 20160068. [CrossRef] [PubMed]
Poikonen, T.; Koskela, E.; Mappes, T.; Mills, S.C. Infanticide in the evolution of reproductive synchrony: Effects on reproductive
success. Evolution 2008, 62, 612–621. [CrossRef]
McCarthy, M.; Vom Saal, F.S. The influence of reproductive state on infanticide by wild female house mice (Mus musculus). Physiol.
Behav. 1985, 35, 843–849. [CrossRef]
Burkholder, T.; Foltz, C.J.; Karlsson, E.; Linton, G.C.; Smith, J.M. Health evaluation of experimental laboratory mice. Curr. Protoc.
Mouse Biol. 2012, 2, 145–165. [CrossRef] [PubMed]
Chen, C.; Gilbert, C.L.; Yang, G.; Guo, Y.; Segonds-Pichon, A.; Ma, J.; Evans, G.; Brenig, B.; Sargent, C.; Affara, N.; et al. Maternal
infanticide in sows: Incidence and behavioural comparisons between savaging and non-savaging sows at parturition. Appl. Anim.
Behav. Sci. 2008, 109, 238–248. [CrossRef]
Gilbert, C.L. Endocrine regulation of periparturient behaviour in pigs. Reprod. Suppl. 2001, 58, 263–276. [PubMed]
Mendl, M. How should parents respond to a reduction in litter size: Abandonment or extra care? Behav. Processes 1994, 31,
285–291. [CrossRef]
Been, L.E.; Gibbons, A.B.; Meisel, R.L. Towards a neurobiology of female aggression. Neuropharmacology 2019, 156, 107451.
[CrossRef] [PubMed]
Elwood, R.W.; Stolzenberg, D.S. Flipping the parental switch: From killing to caring in male mammals. Anim. Behav. 2020, 165,
133–142. [CrossRef]

