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Effects of Housing Density on Reproductive
Performance, Intracage Ammonia, and Welfare
of Mice Continuously Housed as Breeders in
Standard Mouse and Rat Caging

Ellen Cho,* Courtney A Walsh,! Nicole M D’Angelo-Gavrish, Steven R Wilson, Patricia A Cirillo, and Peter C Smith*

Maintaining compliance with cage density recommendations in The Guide for the Care and Use of Laboratory Animals
precludes continuous trio breeding in standard-sized mouse cages. This study evaluated and compared several parameters
of reproductive performance, intracage ammonia concentration, and fecal corticosterone levels in 2 strains of mice, C57BL/6]
(B6) and B6.129S(Cg)-Stat1!™P!*[] (STAT1~-), housed as continuous breeding pairs or trios in standard-sized mouse cages,
and continuous breeding trios in standard-sized rat cages. Reproductive performance data indicated that STAT1~/~ trios
raised in rat cages weaned significantly more pups per litter than did STAT1~- trios raised in mouse cages, and B6 mice had
higher pup survival rates at weaning than did STAT1~~ mice in mouse cages housing continuous breeding trios. In addition,
the Production Index was significantly higher for B6 breeding trios in rat cages than for B6 trios in mouse cages. Intracage
ammonia concentration increased with cage density, with significantly higher ammonia concentrations in mouse cages hous-
ing trios compared with rat cages housing trios. However, fecal corticosterone levels did not differ significantly regardless
of genotype, breeding configuration, or cage size, and daily health checks revealed no clinical abnormalities under any of
the conditions evaluated. These results suggest that, although continuous trio breeding in standard-sized mouse cages does
not seem to compromise mouse welfare, it offers no advantage in reproductive performance compared with pair breeding,
and in some cases, it might be disadvantageous in this regard. Further, high intracage ammonia in mouse cages containing
breeding trios might necessitate more frequent cage changes.

Abbreviations and Acronyms: B6, C57BL/6]; STAT1~/~, B6.129S(Cg)—5tat1”“ID’”/I, signal transducer and activator of
transcription 1; ILI, Interlitter Interval; MP, mouse cage paired breeders; MT, mouse cage trio breeders; PI, Production Index;
RT, rat cage trio breeders
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floor space of 51 in? (330 cm?) for each female and litter, and
an additional 15 in? (97 cm?) for each mouse weighing 25g or
more.? Standard mouse cages used at the authors’ institution
provide 77.66 in? (501 cm?) of floor space, which is adequate for
housing a breeding pair and a single litter according to these
recommendations. Pair breeding typically involves continu-
ously housing one male and one female together. The continued

Introduction
For several reasons, including lack of commercial availability
of certain genetically engineered mice (GEM), production of
littermate controls for experiments using GEM, and cost sav-
ings, many of the mice used in research are generated from
inhouse breeding colonies. These colonies are often managed
by investigators and their staff. Despite the advantages of

inhouse breeding, the generation and maintenance of research
mouse colonies from a set of founder mice can be time consum-
ing, expensive, and require a large amount of housing space.
Therefore, both investigators and animal resource managers
strive to optimize colony production and reduce costs while
using vivarium space efficiently. To this end, breeding schemes
that use a single male and multiple females in a single cage
are sometimes implemented. However, the number of animals
that can be housed in a mouse cage is limited by regulatory
standards for cage density, specifically, the recommendations set
by the eighth edition of The Guide for the Care and Use of Labora-
tory Animals (The Guide). The Guide recommends a minimum
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presence of the male allows for breeding during the postpartum
estrus, which occurs 14 to 24h after the female gives birth,*
thereby maximizing production from the female and reducing
the interlitter interval (ILI). However, this approach requires a
larger number of male mice than does the use of a single male
to service multiple females.

Harem breeding involves housing one male with 2 or more
females, thus limiting the number of males required in the
colony, reducing the cost to investigators by increasing cage-
level production, and using housing space more efficiently.
However, in most cases the harem breeding strategy is more
labor intensive because compliance with Guide cage density
recommendations for standard sized mouse cages requires
the removal of pregnant females prior to parturition and the
reestablishment of the harems after litters are weaned.? In ad-
dition, production might be limited if males are not present for
copulation with the isolated females at the postpartum estrus.!®
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In recent years the Institutional Animal Care and Use Com-
mittee (IACUC) at the authors’ institution has seen more
requests for departures from cage density requirements to al-
low trio breeding in which one male and 2 females are housed
continuously in a standard-sized mouse cage (77.66 in? (501
cm?)), which, according to The Guide recommendations, would
require a minimum of 117 in.2 (523.4 cm?).2 These requests have
been justified based on anecdotal reports of better reproductive
performance under these conditions due to communal rearing
of pups and a desire to standardize the gut microbiome of co-
horts of mice that have been reared in the same cage through
weaning. This trio breeding strategy combines the advantages
of harem breeding (fewer males needed and higher cage-level
production) with the advantage of having a male present for the
females at the postpartum estrus, reducing the ILIL This strat-
egy also provides greater cage-level production while making
more efficient use of housing space, which is often limited in
contemporary animal facilities, and reduces per diem costs to
the investigator. Furthermore, the occurrence of alloparenting
is common in communal breeding cages of research mice,'” and
may result in pups that are more robust than those raised by
paired breeders or a single dam.#322

Such requests for departures from our cage density policy
have undergone intense scrutiny by the IACUC due to potential
animal welfare concerns, in addition to a general reluctance to
depart from regulatory guidelines without compelling justifica-
tion. Exposure to higher ammonia levels and stress associated
with higher stocking densities can compromise animal welfare,
and litter overlap in traditional caging during continuous trio
breeding has been associated with greater pup mortality.?

Previous studies comparing trio or pair breeding schema
have been inconsistent in their findings and recommenda-
tions. These studies have largely compared 2 or more breeding
configurations by measuring reproductive parameters to as-
sess productivity and clinical and physiologic changes in mice
maintained at a greater housing density. Commonly used pa-
rameters for reproductive performance include litter survival
rates, pup weight at weaning, Production Index (PL; number of
pups weaned per dam per week), and ILL#81° Multiple studies
found that continuous trio breeding in traditional mouse cag-
ing had few or no deleterious effects on pup growth and pup
survival; and that The Guide’s recommendations for housing
density deserve reconsideration regarding welfare concerns
in continuous trio breeding in traditional caging.?32530324143
Conversely, one study compared reproductive performance
for continuous trio and pair breeding, and found that trios, as
compared with pairs, had a prolonged ILI, a smaller litter size at
birth, and a lower ratio of pups surviving to weaning.8 Studies
that compared weights of weanlings from pair- and trio-bred
systems reported that pups raised in trio cages, which allowed
alloparenting, had higher weights at weaning as compared with
those raised by paired breeders.#8223242

Intracage ammonia concentration and corticosterone metabo-
lite levels are commonly assessed when studying the effects
of increased housing density that results from continuous trio
breeding. Due to the increased housing density, ammonia lev-
els accumulate at a faster rate in cages that house continuous
trio breeders, possibly to levels high enough to require weekly
cage changes.” However, frequent cage disturbances can be
stressful to mice,” perhaps countering any production benefits
derived from continuous trio breeding. High intracage am-
monia concentration is a mucosal irritant and can lead to nasal
pathology.”112740 Corticosterone levels and adrenal gland
size!#7172024 have also been assessed as indicators of compromised

Effects of breeding configuration on mouse production and welfare

animal welfare in the context of increased housing density, with
both parameters increasing with increasing cage density.!%2629

The current study compares continuous pair and trio breeding
with respect to reproductive performance, microenvironmental
quality, and animal welfare in C57BL/6] (B6) and a GEM strain
purported to demonstrate higher production under continu-
ous trio conditions at our institution. We hypothesized that
continuously housing breeding trios in standard mouse cages
would not result in a significant improvement in reproductive
performance, despite anecdotal reports to the contrary. We
further hypothesized that increased housing densities would
result in higher intracage ammonia levels, possibly resulting in
a need for more frequent cage changes.

Materials and Methods

Humane care and use of animals. This study was performed
in an AAALAC-accredited facility and approved by the Yale
University IACUC. With the exception of higher housing density
in groups housing breeding trios continuously in mouse cages,
all aspects of this study were compliant with The Guide.?

Animals. Age-matched, 6- to 8-wk-old, nulliparous C57BL /6]
(JAX stock #000664) and B6.129(Cg)-Stat1"P¥ /] mice (STAT1~/~;
JAX stock #012606) were obtained from Jackson Laboratories
(Farmington, CT). All mice were free of Ectromelia virus, Theiler
virus, Hantaan virus, K virus, LDH elevated virus, lymphocytic
choriomeningitis virus, mouse adenovirus, mouse cytomeg-
alovirus, mouse hepatitis virus, mouse chapparovirus, mouse
minute virus, mouse norovirus, mouse parvovirus, mouse
thymic virus, pneumonia virus of mice, polyoma virus, reo-
virus 3, rotavirus, and Sendai virus, Bordetella spp., Citrobacter
rodentium, Clostridium piliforme, Corynebacterium bovis, Corynebac-
terium kutscheri, Filbacterium rodentium, Mycoplasma pulmonis,
Mycoplasma spp., Salmonella spp., Streptobacillus moniliformis,
Encephalitozoon cuniculi, ectoparasites, tapeworms, pinworms,
and other helminths, follicle mites, and protozoa (Giardia spp.,
Spironucleus spp., and Toxoplasma gondii).

Housing and husbandry. Mice were housed in individually
ventilated cages (75 air changes per hour). GM500 mouse
caging (77.66 in%) on DGMB80 racks or GR900 rat caging
(140.12 in®) on 2GR35 racks, (Tecniplast, West Chester, PA) were
used. Cages contained 1/8in. (3.175mm) of corncob bedding
(Envigo, Somerset, NJ), ad libitum rodent chow (Global Rodent
Diet 2018S, Envigo Teklad, Somerset, NJ), and nesting material
(Cotton squares, Ancare, Bellmore, NY). Cages and components
(wire tops, feed, bedding, and filter tops) were preassembled
and autoclaved prior to use. Mice had ad libitum access to hy-
perchlorinated (4 to 6 ppm) water delivered via an automated
watering system (Avidity, Waterford, WI). Room temperature
and relative humidity were maintained at 72 +2°F (22°C) and
50% + 10% respectively, with 10 to 15 air changes hourly and a
12:12-h light:dark cycle. At each cage change, a portion of the
nesting material from the soiled cage was transferred into the
new cage, as is standard practice at our institution to mitigate
stress associated with the clean cage.

Experimental design. All breeding configurations were
maintained continuously. Mice were evaluated daily for the
duration of the study. Cages were changed every 2 wk, with
no exception for cages containing pups (< 7 d). Mice and cages
were not handled or otherwise disturbed between cage changes,
other than for replenishing chow and weaning 21-d old litters.
Mice were evaluated daily using a cage-side approach to assess
general health and appearance. More thorough examinations
were performed during cage changes and weaning, including
identifying and counting fetal remnants. New litters that were
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born between cage changes were noted, and pups were counted
without opening the cage to avoid causing additional stress.

Mice were grouped by strain and breeding configuration,
and cages were evenly distributed across the rows of IVC racks
to ensure equal distribution of differential light levels and
mechanical noise from rack blowers between groups. Upon ar-
rival, mice were randomly assigned within each strain to one of
3 experimental groups defined by breeding configuration and
cage size: pairs (1F, 1M) in mouse cages, trios (2F, 1M) in mouse
cages, or trios (2F, 1M) in rat cages, with breeding females
(n=12) assigned to each group. Therefore, female (1 = 36) and
male (1 = 24) mice of each strain were assigned to 12 breed-
ing pairs (n = 12 females, n = 12 males) in mouse cages (MP),
6 breeding trios (n = 12 females, n = 6 males) in mouse cages
(MT), and 6 breeding trios (1 = 12 females, n = 6 males) in rat
cages (RT), for a total of 72 females and 48 males. We initiated
the study with 3 B6 MP cages, 2 B6 MT cages, and 1 B6 RT
cage, created from an initial shipment of mice. Upon arrival,
the STAT1~/~ mice were allocated into the following housing
conditions:3 STAT1~/~ MP, 2 STAT1~/~ MT, and 2 STAT1~/~ RT.
Offspring from these cages were randomly assigned across
groups to reach our target of 12 MP, 6 MT, and 6 RT cages of
STAT1~/~. To achieve the same target number of cages, addi-
tional B6 mice were purchased and allocated into cages. Data
were collected over a period of one to 5mo for each cage. Over
the course of the experiment, 15 male STAT1~/~ mice were
replaced due to penile injuries sustained from female breed-
ing partners, and 2 female B6 breeders were replaced after
euthanasia due to dystocia. When losses occurred, new mice
of equivalent age and parity were assigned to the affected cage
to maintain statistical integrity.

Reproductive Parameters. Pups were counted through the
cage at birth. At postnatal day 21, pups were counted, and each
litter was weighed collectively. Litter weight was divided by the
number of weaned pups in each litter to calculate the average
pup weight at weaning. The total number of pups weaned was
divided by the total number of pups born to calculate the ratio
of pups weaned:born (that is, pup survival) for each strain and
breeding configuration. The Production Index (number of pups
weaned /female/week) was calculated for each breeding cage,
then averaged across strain and breeding configuration. The
ILI (time in days between the birth of each litter) was calcu-
lated for every litter, then averaged across strain and breeding
configuration.

Cage ammonia quantification. Ammonia samples were col-
lected before opening cages at the time of cage change (2-wk
interval) as follows: the full length of the exposed portion of
the ammonia detector tubes (105SE 1 to 200 ppm gas detector
tube, Sensidyne, St. Petersburg, FL), connected to a sampling
pump (Sensidyne Gas Sampling Pump Kit Model AP-20S,
St. Petersburg, FL), were inserted through the cage automatic
watering system grommets and samples of cage air were taken
at a height of approximately 1in. (2.54cm) from the cage bottom,
which approximates the height of the mouse breathing zone.
These readings were recorded and used to calculate the average
ammonia levels by strain and breeding configuration.

Fecal corticosterone metabolites. During cage changes, fresh
fecal pellets were obtained directly from manually-restrained
adult mice from each cage. At the time of pellet collection, the
number of individuals per cage varied from 2 adults with no
litter to up to 3 adults and 21 pups from 2 litters. The feces were
stored at —20°C and pooled by caging configuration pending
submission for fecal corticosterone analysis (Arbor Assays,
Ann Arbor, MI).

Statistical Analysis. A-priori sample size estimates calculated
using G*Power!® were used for each condition to detect sig-
nificant differences across all dependent variables: ILL, PI, cage
ammonia concentration, fecal corticosterone, number of pups
weaned:pups born, and pup weights at weaning) at a 95% con-
fidence level with 0.8 power. Outliers were maintained within
the analysis except for the PI value for one female from a B6 trio
mouse cage. Data were analyzed by using commercially avail-
able SPSS software (SPSS 26, IBM, Armonk, NY). Nonparametric
Kruskal-Wallis H tests were conducted for all analyses with the
exception of PIL If the distributions of the dependent variable
were dissimilar across the 6 groups, mean-ranks were used
to conduct the analysis. Posthoc pairwise comparisons with
Bonferroni correction for multiple tests were employed when
results were significant. Welch’s ANOVA with post hoc Games-
Howell tests were conducted to determine where the differences
in production index lies across the 6 groups. A P value of 0.05
is considered statistically significant unless otherwise stated.

Results

Ratio of pups weaned:pups born. All data regarding the
number of pups born and weaned are presented in Table 1.
The ratio of the number of pups weaned:pups born (that is,
pup survival) was statistically significantly different between
the 6 groups, ¥*(5) = 14.280, P = 0.014. Subsequently, pairwise
comparisons were performed using Dunn’s procedure.!? A
Bonferroni correction for multiple comparisons was made with
the corrected statistical significance accepted at the p < 0.003
level. Adjusted P values and medians are presented. This post
hoc analysis revealed a statistically significant difference in
pups weaned:pups born between the STAT1~/~/MT (0.339) and
B6/MT (1.000; P = 0.001) groups. The total number of pups
weaned was compared with the total number of pups born
into each breeding cage configuration. B6 cages had higher
pup survival rates compared with those of STAT1~/~ cohorts.
Among the STAT1~/~ configurations MT cages weaned 43% of
pups born, compared with 66% for MP and 61% for RT cages;
however, these differences were not statistically significant.

Average number of pups weaned per litter. All data regard-
ing the average number of pups weaned among each of the
different housing configurations are presented in Table 2. To
calculate the average number of pups weaned per litter for
each breeding configuration, the total number of pups weaned
was divided by the total number of litters born throughout
this study, including partial and lost litters On average, mice

Table 1. Number of pups born, pups weaned, and pups weaned:born
ratio by genotype and breeding configuration

Total # Total # Ratio of
Breeding pups pups weaned to
Genotype strategy born weaned born pups
B6 MP 231 169 0.73
MT 494 347 0.70*
RT 412 287 0.70
STAT1-/- MP 161 106 0.66
MT 191 82 0.43*
RT 167 102 0.61

An analysis of the pup weaned to born ratios found statistically
significant differences in all categories. A posthoc analysis revealed
a statistically significant difference in pups weaned:pups born
between the STAT1/~/MT (0.339) and B6/MT (1.000) (P = 0.001)
groups (denoted with asterisks).
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Table 2. Average number of pups weaned per litter by genotype
and breeding strategy

Breeding # pups weaned per litter

Genotype strategy (mean + SD)
B6 MP 2.6 £ 0.4

MT 33 + 04

RT 41 £ 05
STAT1~/- MP 40 £ 0.8

MT 2.0 =05

RT 40 1.1
All Groups 3.4+ 20

Table 3. Weaning weights (grams) by genotype and breeding
strategy (n = # of cages)

Breeding Pup weaning
Genotype strategy N weight (g)
B6 MP 12 82 + 1.6
MT 12 8.1+ 09
RT 12 9.2 £ 09
STAT1-/~ MP 10 794 = 1.3
MT 5 8112
RT 5 84 + 15
All Groups 56 82 + 1.3

A Kruskal-Wallis H test was run to determine differences in pup
weights between 6 groups of breeding, cage, and strain categories.
Distributions of pup weights were not similar for all groups as
assessed by visual inspection of a boxplot. The distribution of
pup weights was not statistically significantly different between
groups; x*(5) = 5.39, P = 0.37.

belonging to the RT group weaned more pups than did any
other group, but the difference was not statistically significant
F(4,20.782) =2.231; P=0.101).

Body weight of pups at weaning. All weanling body weight
data are presented in Table 3. However, differences between
groups were not significantly different.

Production Index. The PI for each genotype and breeding
configuration is presented in Table 4. There was a statistically
significant difference between B6/RT and B6/MT group PIs
[Welch's F(5, 39.156) = 2.785, P < 0.05]. The average PI ranged
from the B6/MT (0.53£0.48) to STAT1~/~/MT (0.73+0.29),
STAT1~/~/MP (0.78 £0.53), B6/MP (0.78 +£0.34), STAT1~/~/RT
(0.82+0.21), and B6/RT (1.00+0.45), groups, in that order from
lowest to highest. Games-Howell post hoc analysis revealed that
the difference in P between 0.52 +0.47 in the B6/MT group and
1.00+0.45 in the B6/RT group, an increase of 0.476 (95% CI, 0.1
to 0.85), was statistically significant (p = 0.005).

Interlitter interval. ILI were calculated for individual dams
and averaged across genotype/breeding configuration as
presented in Table 4. Pairwise comparisons with a Bonferroni
correction for multiple comparisons revealed no statistically
significant differences in ILI between the groups.

Intracage ammonia. Intracage ammonia data for each breed-
ing configuration, combining both genotypes, are shown
in Table 5. Median cage ammonia levels were statistically
different between the MP, MT, and RT groups [*(2) = 9.446,
P =0.009]. Therefore, pairwise comparisons were performed us-
ing the Dunn procedure.'? A Bonferroni correction for multiple
comparisons was made with statistical significance accepted
at the P < 0.016 level. Adjusted P values are presented. This
posthoc analysis revealed statistically significant differences in
cage ammonia between the RT (30) and MT (72.5) (P = 0.007)

Effects of breeding configuration on mouse production and welfare

Table 4. Production index (pups weaned/female/week) for each
genotype and . Mean Interlitter Interval (N, = days between
litters per dam) breeding configuration with standard deviation

Breeding
Genotype strategy PI N,
B6 MP 0.78 = 0.34 26.4
MT 0.53 + 0.48* 26.7
RT 1.00 = 0.45* 41.1
STAT1~/- MP 0.78 = 0.53 39.1
MT 0.73 = 0.29 28.4
RT 0.82 = 0.21 40.3

Production index was statistically significantly different between
B6RT and B6MT groups Welch’s F(5, 39.156) = 2.785, P < 0.05.
Asterisk (*) denotes statistical significance. No statistically signifi-
cant differences in Interlitter Interval between the groups.

Table 5. Median intracage ammonia concentration and median fecal
corticosterone (pg/mg) by breeding configuration. n = number of
cages sampled

Breeding Median Median fecal
strategy N [NH.] (ppm)  corticosterone (pg/mg)
MP 52 51 31.3

MT 55 72% 41.0

RT 41 30% 29.8

Post hoc analysis with Bonferroni correction revealed statistically
significant differences in in median cage ammonia between the RT
(30) and MT (72.5) (P = 0.007) groups, but not between the MP
(51) or any other group combination.

Asterisk denotes statistical significance.

groups, but not between the MP (51) and RT or MT. No other
group combinations were statistically different.

Fecal Corticosterone. Fecal corticosterone data for each breed-
ing configuration, combining both genotypes, are shown in
Table 5. Median fecal corticosterone did not differ statistically
among the different types of housing: MP (n = 10, median = 31),
MT (n = 10, median = 41), and RT (n = 10, median = 30)
[x*(2) = 3.783, P = 0.151].

Discussion

Our study compared reproductive, microenvironmental,
and welfare parameters between 2 mouse strains maintained
as continuous trio breeders and breeding pairs in 2 sizes of
IVC caging. Based on data from 160 weaned litters from 65
breeding cages, B6 dams weaned a higher percentage of pups
born (that is higher pup survival at weaning) compared with
STAT1-/~ dams. STAT1~/~ mice housed in standard mouse
cages as continuous breeding trios had the lowest pup survival
rate at weaning of all groups (43%), while B6 in all 3 breeding
configurations had the highest (70% to 73%). More specifically,
the pup survival rate at weaning was significantly higher for
B6 mice housed in mouse cages as continuous trios than for
STAT1~/~ mice under the same conditions. Under no condition
(genotype or breeding configuration) did we find significantly
greater pup survival for continuous breeding trios compared
with breeding pairs, even with the provision of additional
housing space. Other studies comparing trio and pair breeding
had similar findings, with paired breeders having lower rates
of mortality.>® We speculate that perhaps fewer STAT1~/~ MT
pups survived to weaning age as compared with wild type B6
mice under the same conditions because although homozygous
STAT1~/~ mice are viable and fertile according to the Jackson
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Laboratories website, the higher stocking density and ammo-
nia concentrations that resulted from continuous trio housing
could have resulted in higher pup mortality for this strain.?”

Pup survival in MP configuration was not significantly
different from that of the 2 trio-breeding configurations. Lit-
ter overlap has been associated with pup mortality.?® Litter
overlap occurred in our trio cages, but not in our MP cages,
which always had plentiful resources for the pair and their
litter. Conversely, during this study, we had 11 instances of
MT cages requiring food replenishment at times other than
cage change days, as we had anticipated due to the presence of
multiple litters in MT breeding cages. Although our goal was
to minimally handle all cages, our trio cages were disturbed
more frequently than pair cages for litter weaning and food
replenishment. This was done with the understanding that
changes in behavior and levels of corticosterone metabolites
could be affected by frequency of cage change/disturbance 313
Higher frequency of cage changes and /or handling of breeding
cages has been associated with increased pup mortality, and
may represent a disadvantage of continuous trio breeding, at
least in mouse standard cages.>*

Pup and/or litter losses are common events in mouse breed-
ing colonies. Both young!® and primiparous dams® have lower
rates of pup survival than do dams that were bred at a later age.
Litter loss did occur during our study. Some litters were totally
lost while others had partial loss of pups. All litters born were
included when calculating our data

Weanling body weights did not differ significantly among
groups regardless of genotype or housing configuration. In
addition, STAT1~/- MT cages were not significantly different
from STAT1~/-MP cages, and, despite the benefit of communal
nesting and alloparenting. This result contrasts with anecdotal
reports mentioned above paragraph regarding better repro-
ductive performance of continuous STAT1~/~ trio breeders in
standard mouse ventilated caging. One could speculate that
higher cage densities and ammonia concentrations observed
under MT conditions may negate benefits of alloparenting and
communal nesting. As such, RT raised pups likely prospered
due to the benefits of a lower housing density, alloparenting,
and a healthier cage microenvironment.

Plis a calculation of the number of pups weaned per dam (or
cage) per week.® We calculated PI for each dam and averaged
those values for each breeding configuration and genotype in
order to quantify overall reproductive efficiency despite differ-
ences in experimental durations of time for each active cage in
the study. Overall, the PI of B6 mice (0.53 to 1.0) were similar
to those reported by others (0.5 to 0.8 £0.2).2181934 If the dams
had been continuously bred for their entire reproductive life
spans (from 6 wk of age to approximately 8 mo'®), the values
might be closer, given that reproductive efficiency declines with
increasing age depending on strain, health, and other factors. In
addition, PI values calculated under different breeding condi-
tions and facility environments are likely to vary. Prolonged ILIs,
which indicate fewer conceptions per dam, can be interpreted as
a sign of reproductive suppression. A previous study® compar-
ing MP and MT breeding in shoebox caging reported higher PI
for MP, and shorter ILI for MT cages.

We also measured intracage ammonia concentration as a
gauge of microenvironmental quality of the 3 breeding con-
figurations. Within our 3 breeding configurations we found
a statistically significant difference when comparing ammo-
nia levels from MT and RT caging only. Behavioral changes
have been observed in mice exposed to high ammonia
concentrations.!#2136 Changes in nasal pathology were also

reported, ranging from mild inflammation of respiratory
epithelia to thickened and deformed nasal turbinates’ 112732
proportional to the duration of time exposed to excessive
intracage ammonia. A 2011 study reported that exposure to
an ammonia concentration of 52 ppm for 13 d resulted in epi-
thelial degeneration in IVC housed mice.*® We did not observe
clinical signs indicative of nasal irritation in any of our groups,
and ammonia levels in MP and RT cages remained below the
above mentioned thresholds. However, because we only meas-
ured intracage ammonia on the day of cage change, we do not
know how long these mice were exposed to high concentra-
tions. Other studies investigating ammonia concentration at
higher population densities of mice reported that mouse cages
containing trio breeders developed higher ammonia concentra-
tions between cage changes.”32 Several MT cages in our study
exceeded 100 ppm, which approaches or surpasses the intracage
ammonia levels associated with changes in nasal pathology in
other studies, 40 suggesting a potential welfare issue under
these conditions and the potential need to introduce measures
to limit exposure to high concentrations (for example, more
frequent cage changes, separating litters, etc.).

Finally, we also measured fecal corticosterone levels as a
general indicator of welfare or chronic stress in mice living ata
higher housing density. However, significant differences were
not noted among groups.

As a strategy for breeding colony expansion and mainte-
nance, the use of continuous trio breeding saves mouse housing
space in the vivarium and is more cost efficient than pair
breeding if performed in standard mouse cages. However, this
strategy may require more frequent cage changing to maintain
intracage ammonia concentrations within acceptable limits.??
More frequent cage changing could also result in higher per
diem rates, thus offsetting cost savings associated with the use
of fewer cages for trios. In addition, the overlap of litters in trio
breeding cages might be associated with higher rates of pup
mortality due to physical trauma from older pups, younger
pups losing access to resources due to competition from older
pups, and diminished cage microenvironmental quality.2 On
the other hand, balancing the frequency of cage changes with
minimal cage disturbances (for example, timely weaning of
pups and consideration of animal welfare and cage microen-
vironment), continuous trio breeding in standard mouse IVC
can be a practical and efficient means of colony expansion.
Furthermore, the use of this breeding strategy requires the
purchase of fewer male mice, reduces cage per-diems by using
fewer cages, and requires less space for housing. However, trio
breeding seems to offer no significant advantage with respect
to the productivity of individual dams or pup survival. In
fact, housing trios in standard sized mouse cages might be
a disadvantage in the context of both parameters. That said,
our data does indicate that continuous trio breeding at a
lower cage density (for example, in standard sized rat cages)
might be useful because in our study, it resulted in statistically
significant higher PI and in some cases greater pup survival,
while improving the quality of the cage microenvironment as
compared with trio breeding in standard sized mouse cages.
The obvious downside of continuous RT breeding is the need
for more vivarium housing space, as it requires approximately
the same space per rack to house less than half the number of
cages compared with mouse IVC racks. However, under cer-
tain circumstances, such as the foundation of a new breeding
colony with strains known to be poor breeders, trio breeding
in rat caging could be used to maximize breeding production.

120

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-27



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

References

. Atanasov NA, Sargent JL, Parmigiani JP, Palme R, Diggs HE.

2015. Characterization of train-induced vibration and its effect on
fecal corticosterone metabolites in mice. ] Am Assoc Lab Anim Sci
54:737-744.

. Ayadi A, Ferrand G, Cruz IG, Warot X. 2011. Mouse breeding and

colony management. Curr Protoc Mouse Biol 1:239-264. https://
doi.org/10.1002/9780470942390.m0100214.

. Belzung C, El Hage W, Moindrot N, Griebel G. 2001. Behavioral

and neurochemical changes following predatory stress in mice.
Neuropharmacology 41:400—-408. https:/ /doi.org/10.1016/50028-
3908(01)00072-7.

. Braden GC, Rasmussen S, Monette S, Tolwani RJ. 2017. Effects

of breeding configuration on maternal and weanling behavior in
laboratory mice. ] Am Assoc Lab Anim Sci 56:369-376.

. Brajon S, Munhoz Morello G, Teixeira MS, Hultgren J, Gilbert

C, Olsson IAS. 2019. Social environment as a cause of litter loss
in laboratory mouse: A behavioural study. Appl Anim Behav Sci
218:104827. https:/ /doi.org/10.1016 /j.applanim.2019.06.008.

. Brown RE, Mathieson WB, Stapleton J, Neumann PE. 1999.

Maternal behavior in female C57BL/6] and DBA /2] inbred
mice. Physiol Behav 67:599-605. https://doi.org/10.1016/50031-
9384(99)00109-2.

. Carpenter KC, Thurston SE, Hoenerhoff MJ, Lofgren JL. 2020.

Effects of trio and pair breeding of mice on environmental param-
eters and nasal pathology and their implications for cage change
frequency. ] Am Assoc Lab Anim Sci 59:288-297. https:/ /doi.
org/10.30802/ AALAS-JAALAS-19-000074.

. Chatkupt TT, Libal NL, Mader SL, Murphy SJ, Saunders KE.

2018. Effect of continuous trio breeding compared with continuous
pair breeding in ‘shoebox’ caging on measures of reproductive
performance in estrogen receptor knockout mice. ] Am Assoc
Lab Anim Sci 57:328-334. https://doi.org/10.30802/ AALAS-
JAALAS-17-000125.

. Del Pup J, Palmes ED. 1971. Effect of housing conditions on corti-

costerone levels in mice. Arch Environ Health 22:493-495. https:/ /
doi.org/10.1080/00039896.1971.10665884.

Delaroque C, Chervy M, Gewirtz AT, Chassaing B. 2021. Social
overcrowding impacts gut microbiota, promoting stress, inflam-
mation, and dysglycemia. Gut Microbes 13:2000275. https:/ /doi.
org/10.1080/19490976.2021.2000275.

DiVincenti L, Moorman-White D, Bavlov N, Garner M, Wyatt
J. 2012. Effects of housing density on nasal pathology of breeding
mice housed in individually ventilated cages. Lab Anim (NY)
41:68-76. https:/ /doi.org/10.1038/laban0312-68.

Dunn OJ. 1964. Multiple comparisons using rank sums. Techno-
metrics 6:241-252. https:/ /doi.org/10.1080/00401706.1964.10490181.
Eisen EJ. 1980. Influence of early pregnancy on reproductive rate in
lines of mice selected for litter size. Theor Appl Genet 57:209-220.
https:/ /doi.org/10.1007 /BF00264673.

Eveleigh JR. 1991. Cage ammonia levels during murine reproduc-
tion. ] Exp Anim Sci 34:236-238.

Faul E, Erdfelder E, Lang A-G, Buchner A. 2007. G*Power 3: A
flexible statistical power analysis program for the social, behavior,
and biomedical sciences. Behav Res Methods 39:175-191. https://
doi.org/10.3758 /BF03193146.

Finch CE, Felicio LS, Mobbs CV, Nelson JF. 1984. Ovarian and
steroidal influences on neuroendocrine aging processes in female
rodents. Endocr Rev 5:467—497. https:/ /doi.org/10.1210/edrv-5-
4-467.

Fink G. 2000. Encyclopedia of stress. San Diego (CA): Academic
Press.

Fox JG. 2007. The mouse in biomedical research, 2" ed. Boston
(MA): Elsevier/Academic Press.

Garner JP, Gaskill BN, Pritchett-Corning KR. 2016. Two of a kind
or a full house? Reproductive suppression and alloparenting in
laboratory mice. PLoS One 11:€0154966. https:/ /doi.org/10.1371/
journal.pone.0154966.

Gong S, Miao Y-L, Jiao G-Z, Sun M-], Li H, Lin J, Luo M-]J, Tan
J-H. 2015. Dynamics and correlation of serum cortisol and corti-
costerone under different physiological or stressful conditions in

Effects of breeding configuration on mouse production and welfare

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

mice. PLoS One 10:e0117503. https://doi.org/10.1371/journal.
pone.0117503.

. Green AR, Wathes CM, Demmers TG, MacArthur Clark J, Xin

H. 2008. Development and application of a novel environmental
preference chamber for assessing responses of laboratory mice to
atmospheric ammonia. ] Am Assoc Lab Anim Sci 47:49-56.
Heiderstadt KM, Blizard DA. 2011. Increased juvenile and adult
body weights in BALB/cBy] mice reared in a communal nest.
J Am Assoc Lab Anim Sci 50:484-487.

Institute for Laboratory Animal Science. 2011. Guide for the care
and use of laboratory animals, 8" ed. Washington (DC): National
Academies Press.

Jacobsen KR, Jorgensen P, Pipper CB, Steffensen AM, Hau J,
Abelson KS. 2013. The utility of fecal corticosterone metabolites
and animal welfare assessment protocols as predictive parameters
of tumor development and animal welfare in a murine xenograft
model. In Vivo 27:189-196.

Kedl RM, Wysocki L], Janssen W], Born WK, Rosenbaum MD,
Granowski J, Kench JA, Fong DL, Switzer LA, Cruse M, Huang
H, Jakubzick CV, Kosmider B, Takeda K, Stranova TJ, Klumm
RC, Delgado C, Tummala S, De Langhe S, Cambier J, Haskins K,
Lenz LL, Curran-Everett D. 2014. General parity between trio and
pairwise breeding of laboratory mice in static caging. ] Immunol
193:4757-4760. https:/ /doi.org/10.4049 /jimmunol.1402306
Laber K, Veatch LM, Lopez ME Mulligan JK, Lathers DM. 2008.
Effects of housing density on weight gain, immune function, be-
havior, and plasma corticosterone concentrations in BALB/c and
C57BL/6 mice. ] Am Assoc Lab Anim Sci 47:16-23.

Mexas AM, Brice AK, Caro AC, Hillanbrand TS, Gaertner D]J.
2015. Nasal histopathology and intracage ammonia levels in female
groups and breeding mice housed in static isolation cages. ] Am
Assoc Lab Anim Sci 54:478-486.

Morello GM, Hultgren J, Capas-Peneda S, Wiltshire M, Thomas
A, Wardle-Jones H, Brajon S, Gilbert C, Olsson IAS. 2020. High
laboratory mouse pre-weaning mortality associated with litter
overlap, advanced dam age, small and large litters. PLoS One
15:0236290. https:/ /doi.org/10.1371/journal.pone.0236290.
Nicholson A, Malcolm RD, Russ PL, Cough K, Touma C, Palme
R, Wiles MV. 2009. The response of C57BL/6] and BALB/c]
mice to increased housing density. ] Am Assoc Lab Anim Sci
48:740-753.

O’Malley J, Dambrosia JM, Davis JA. 2008. Effect of housing
density on reproductive parameters and corticosterone levels in
nursing mice. ] Am Assoc Lab Anim Sci 47:9-15.

Rasmussen S, Miller M, Filipski S, Tolwani R. 2011. Cage change
influences serum corticosterone and anxiety-like behaviors in the
mouse. ] Am Assoc Lab Anim Sci 50:479-483.

Reeb-Whitaker CK, Paigen B, Beamer WG, Bronson RT,
Churchill GA, Schweitzer IB, Myers DD. 2001. The impact
of reduced frequency of cage changes on the health of mice
housed in ventilated cages. Lab Anim 35:58-73. https://doi.
org/10.1258/0023677011911381.

Reed B, Hawkins P, Latham N, Westwood K, van Driel K, Battram
C, Golledge H, Farmer AM, Osborne N, Jennings M, Hubrecht
R. 2008. Report of the 2006 RSPCA /UFAW Rodent Welfare Group
meeting. Lab Anim (NY) 37:216-222. https://doi.org/10.1038/
laban0508-216.

Sanderson AE, Multari HM, Lohmiller JJ, Boutin SR. 2010. Effect
of cage-change frequency on rodent breeding performance. Lab
Anim (NY) 39:177-182. https:/ /doi.org/10.1038 /laban0610-177.
Silver LM. 2001. [Internet]. Mouse genetics: Concepts and ap-
plications. [Cited DD Month YYYY]. Available at: https://www.
informatics.jax.org/silver/.

Tepper JS, Weiss B, Wood RW. 1985. Alterations in behavior
produced by inhaled ozone or ammonia. Fundam Appl Toxicol
5:1110-1118. https:/ /doi.org/10.1016/0272-0590(85)90147-2.

The Jackson Laboratory. [Internet]. B6.1295(Cg)-Statl tm1Dlv/].
[Cited 02 May 2021]. Available at: https://www.jax.org/
strain/012606.

The Jackson Laboratory. [Internet]. Body weight information for
C57BL/6] (000664). [Cited 04 May 2021]. Available at: https://

http://prime-pdf-watermark.prime-prod.pubfactory.coﬂﬂ 2025-02-27



Vol 62, No 2
Journal of the American Association for Laboratory Animal Science
March 2023

39.

40.

41.

www.jax.org/jax-mice-and-services/strain-data-sheet-pages/
body-weight-chart-000664.

The Jackson Laboratory. [Internet]. 2009. Breeding strategies for
maintaining colonies of laboratory mice. [Cited 11 November 2022].
Available at: https:/ /www.research.uci.edu/forms/docs/iacuc/
JAX-breeding-strategies.pdf.

Vogelweid CM, Zapien KA, Honigford MJ, Li L, Li H, Marshall
H. 2011. Effects of a 28-day cage-change interval on intracage am-
monia levels, nasal histology, and perceived welfare of CD1 mice.
J Am Assoc Lab Anim Sci 50:868-878.

Wasson K. 2017. Retrospective analysis of reproductive perfor-
mance of pair-bred compared with trio-bred mice. ] Am Assoc
Lab Anim Sci 56:190-193.

42.

43.

44.

Whary MT, Baumgarth N, Fox JG, Barthold SW. 2015. Chapter
3 - Biology and diseases of mice, p 43-149, In: Fox JG, Anderson
LC, Otto GM, Pritchett-Corning KR, Whary MT, editors. Labora-
tory animal medicine, 3rd edition. Cambridge (MA): Academic
Press.

Whitaker J, Moy SS, Saville BR, Godfrey V, Nielsen J, Bellinger
D, Bradfield J. 2007. The effect of cage size on reproductive perfor-
mance and behavior of C57BL/6 mice. Lab Anim (NY) 36:32-39.
https://doi.org/10.1038 /laban1107-32.

Whittaker AL, Howarth GS, Hickman DL. 2012. Effects of space
allocation and housing density on measures of wellbeing in labora-
tory mice: a review. Lab Anim 46:3-13. https:/ /doi.org/10.1258/
1a.2011.011049.

122

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-27



