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Abstract

Peak lactation occurs when milk production is at its highest. The factors limiting peak lactation performance have been
subject of intense debate. Milk production at peak lactation appears limited by the capacity of lactating females to dissipate
body heat generated as a by-product of processing food and producing milk. As a result, manipulations that enhance capac-
ity to dissipate body heat (such as fur removal) increase peak milk production. We investigated the potential correlates of
shaving-induced increases in peak milk production in laboratory mice. By transcriptomic profiling of the mammary gland, we
searched for the mechanisms underlying experimentally increased milk production and its consequences for mother—young
conflict over weaning, manifested by advanced or delayed involution of mammary gland. We demonstrated that shaving-
induced increases in milk production were paradoxically linked to reduced expression of some milk synthesis-related genes.
Moreover, the mammary glands of shaved mice had a gene expression profile indicative of earlier involution relative to
unshaved mice. Once provided with enhanced capacity to dissipate body heat, shaved mice were likely to rear their young
to independence faster than unshaved mothers.

Keywords Heat dissipation limit - Milk production - Milk synthesis-related genes - Involution-related genes - Mammary
gland involution - Mother-young conflict

Introduction

Provisioning young with milk is highly demanding (Clut-

ton-Brock et al. 1989; Speakman 2008). At the tissue level,
lactation requires extensive expansion and differentiation
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females to cooler or hotter ambient temperatures (Kurta
et al. 1989; Tarnaud 2006; Rogers et al. 2021). Together, the
high physiological, behavioural, and ecological costs of lac-
tation are at the core of trade-offs between current and future
reproduction and contribute to limits on lifetime reproduc-
tive success (Gittleman and Thompson 1988; Stearns 1992;
Hamel et al. 2010; Festa-Bianchet et al. 2019).

The conflict between the mother and the young over
maternal investment during pregnancy and lactation cul-
minates at the time of weaning (Trivers 1974; Rehling
and Trillmich 2007; Haig 2010). While weaning allows
the mother to exit lactational amenorrhea and prepare for
another breeding event (or to focus on concurrent preg-
nancy), it withdraws resources from the currently reared
young, forcing them to become nutritionally independent
(Mandalaywala et al. 2014; Hayssen and Orr 2017). Further
complication to the process of weaning may be added by
within-litter variation in suckling abilities and weight gain
in polytocous mammals, likely to spread the weaning over a
longer period of time (Paul and Bhadra 2017). Importantly,
the cessation of suckling initiates the regression of mam-
mary tissue to the pre-pregnant state necessary for the next
breeding event, in a complex process called the post-lacta-
tional involution of mammary gland (Strange et al. 1992;
Lund et al. 1996; Watson 2006; Macias and Hinck 2012;
Watson and Khaled 2020). To experimentally induce and
synchronise mammary involution in laboratory mice (Mus
musculus), all suckling pups need to be removed from non-
concurrently pregnant mothers at the same time, typically
at peak of lactation (Stein et al. 2004, 2007; Clarkson et al.
2004; Blanchard et al. 2007). Involution is then triggered
by the accumulation of milk in the alveolar lumens (milk
stasis) and occurs in two distinct phases. The first phase
is reversible, lasts ~48 h and is characterised by rapid pro-
grammed death of mammary secretory epithelial cells with
limited alveolar collapse (Green and Streuli 2004; Baxter
et al. 2007). If pups are returned to the mother within 48 h
of removal, the involution can be reversed and lactation
resumes. If pups are not returned, the circulating levels of
prolactin decline and involution enters the second phase,
which is irreversible, lasts ~2 weeks and is marked by exten-
sive mammary tissue remodelling and repopulation by adi-
pocytes (Li et al. 2017; Wang et al. 2018; Zwick et al. 2018).
It has been demonstrated that mammary involution may be
delayed but not prevented by concurrent pregnancy (Capuco
et al. 2002). Any delay not related to concurrent pregnancy
or defect in the process of mammary gland involution are
likely to perturb the reproductive cycle of the female, poten-
tially affecting her lifetime reproductive success and fitness
(Akhtar et al. 2016; Hughes and Watson 2018a; Jena et al.
2019).

Peak lactation is a time during which a female mam-
mal’s milk production is at its highest and is unresponsive
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to elevated demands from the young (Hammond et al. 1994,
1996; Johnson et al. 2001; Krdl and Speakman 2003a). The
factors limiting the lactation performance have been subject
of intense debate due to their implications for understanding
many aspects of mammalian evolution (Speakman and Kro6l
2010a, b), human neonatal nutrition (Victora et al. 2016;
Huang et al. 2021), and productivity of dairy livestock (Clay
et al. 2020). To focus on physiological rather than ecological
or behavioural limits to lactation, most studies have been
performed in laboratory conditions, with ad libitum food
supply, no predation risk and minimal costs of locomotion
and thermoregulation. The physiological nature of the limits
to lactation during a single breeding event has been recently
demonstrated in laboratory mice (Zhao et al. 2020a). Over-
all, the limit-to-lactation studies aimed to remove the cap
on maternal investment at peak lactation by a wide range
of manipulations, including changes in (1) total metabolic
demand during lactation (adding extra pups, prolonging
lactation, making lactating females simultaneously preg-
nant, and requiring lactating females to run for food), (2)
diet quality and composition, (3) environmental conditions
(exposure of lactating females to different ambient tempera-
tures), and (4) heat exchange between lactating females and
the environment at a fixed ambient temperature (for review
and references see Speakman and Krél 2005a, 2011; Krél
and Speakman 2019). Views about the constraints on lacta-
tion performance have changed over time. Initially, lacta-
tion performance was thought to be limited by the capacity
of digestive tract to process the ingested food (Drent and
Daan 1980; Peterson et al. 1990; Weiner 1992; Koteja 1996;
Sadowska et al. 2019). This was followed by consideration
that lactation performance was limited by capacity of the
mammary gland to produce milk (Hammond et al. 1994,
1996; Yang et al. 2013; Zhao et al. 2013; Wen et al. 2017).
Finally, the concept of a heat dissipation limit (HDL) associ-
ated with the capacity of lactating females to get rid of body
heat generated as a by-product of processing food and pro-
ducing milk was developed (Krdl and Speakman 2003a, b;
Krdél et al. 2003, 2007, 2011; Speakman and Kr6l 2010a, b;
Sadowska et al. 2016; Deng et al. 2020; Huang et al. 2020a;
Ohrnberger et al. 2020; Zhao et al. 2020b). Lactogenic heat
production in laboratory mice is sufficiently high to double
their daily energy expenditure at peak lactation (Krél and
Speakman 2019), leading to the sustainably elevated mater-
nal body temperature (Gamo et al. 2013), a phenomenon
reported in several species of lactating rodents and in large
domestic animals (Speakman 2008; Hansen 2009). Further
increases in heat production that are not balanced by heat
loss may put lactating females at risk of developing poten-
tially fatal hyperthermia (Speakman and Krél 2010a).

An experimental manipulation instrumental for formu-
lating the HDL hypothesis was fur removal to reduce the
external insulation of lactating females and thereby elevate
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their capacity to dissipate body heat (Fig. 1). Shaving off
dorsal fur increases the thermal conductance of lactating
mice by 10-16% (Zhao and Cao 2009; Sadowska et al.
2019). In MF1 mice that were shaved before peak lactation,

.‘

Fig. 1 Lactating MF1 mouse with dorsal fur shaved off to increase

heat dissipation capacity (photo by John R. Speakman)

food intake increased by on average 12.0% and assimilated
energy increased by on average 30.9 kJ day~' compared with
unshaved females (Krél et al. 2007). With nearly identical
mean litter sizes (11.4 pups for shaved and 11.3 pups for
unshaved mice), shaved mothers exported on average 15.2%
(22.0 kJ day™") more energy as milk than control individu-
als. The elevated milk production of shaved mice enabled
them to wean litters that were on average 15.4% (12.2 g)
heavier than young produced by unshaved mice. Since then,
shaving-induced increases in milk production have been
demonstrated in lactating female bank voles (Myodes glareo-
lus) and golden hamsters (Mesocricetus auratus) but not in
Swiss mice or common voles (Microtus arvalis) (Table 1).
These contrasting results are consistent with the idea that
different species and strains may be constrained by different
mechanisms and that the nature of these constraints may
depend on the ambient temperature at which the experimen-
tal manipulation was performed (Speakman and Krél 2011;
Huang et al. 2020b).

In the current study, we shaved lactating MF1 mice
to establish how shaving-induced increases in milk pro-
duction are mediated at the level of mammary gland

Table 1 Effects of fur removal on lactation performance (maternal food intake, milk production and mass of young) in laboratory and captive

rodents

Species/Strain T,*(°C) Shaving® Food intake® Milk production! Mass of young Source
Laboratory mouse (Mus musculus, MF1) 21 Days 6, 10, 14 1 12.0% 115.2% 1 15.4%° 1
Laboratory mouse (Mus musculus, Swiss) 23 Day 7 16.9% Na > 2
Laboratory mouse (Mus musculus, Swiss) 23 Day 7 1 8.8% > > 3
Common vole (Microtus arvalis) 30 Day 2 > > 1~ 5% 4
Bank vole (Myodes glareolus) 20 Days 5,9 113.2% 111.8% 122.1%* 5
Yunnan red-backed vole (Eothenomys miletus) 25 Day 7 19.0% Na > 6

Lab mouse (M. musculus, Swiss Webster, high BMR)" 23 Day 8 > Na > 7

Lab mouse (M. musculus, Swiss Webster, low BMR)" 23 Day 8 A Na | ~40%t 7
Golden hamster (Mesocricetus auratus) 22 Day 6 19.9% 123.4% 123.7% 8
Laboratory mouse (Mus musculus, MF1) 21 Days 6, 10, 14 1 18.7% 119.5% 119.5%° This study

The difference between shaved (S) and unshaved (U) females is expressed as % of significant increase (1), % of significant decrease (|) or no sig-
nificant change (<) relative to unshaved animals, calculated as (S —U)/U x 100. Data not available are indicated by ‘Na’

Source: 1, Krdl et al. 2007; 2, Zhao and Cao 2009; 3, Zhao et al. 2010; 4, Simons et al. 2011; 5, Sadowska et al. 2016; 6, Zhu et al. 2016; 7, Sad-

owska et al. 2019; 8, Ohrnberger et al. 2020
Superscripts and symbols

#Ambient temperature during lactation

"Day of lactation when shaving was performed (relative to parturition on day 0)

“Measured at peak lactation in g/day

9Measured at peak lactation in kJ/day

CLitter mass at weaning

TPup growth rate

ELitter growth rate

"Mice selected for high or low basal metabolic rate (BMR)
iPup mass at weaning

~ Data retrieved from figures
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transcriptome. We were particularly interested in whether
shaving mice to relax the HDL and reduce the risk of
maternal hyperthermia affected the time of weaning
manifested by involution of mammary gland (mother—off-
spring conflict). Two aspects of the increases in milk
production at peak lactation were also investigated—the
milk synthesis machinery at the transcriptomic level, and
the mammary gland gene expression correlated with milk
production. By RNA-seq profiling of the mammary gland
in shaved and unshaved lactating mice, we identified dif-
ferentially expressed genes (DEGs) associated with shav-
ing and then compared them with sets of genes compiled
from the mouse mammary gland literature, containing
milk synthesis-related genes and involution-related genes.

Materials and methods
Animals and experimental protocol

We used 10 virgin female mice (Mus musculus L., out-
bred MF1) kept on a 12 h:12 h light:dark cycle (lights on
07:00-h) at 21 °C (range 20-22 °C) and a relative humid-
ity of 59% (range 54-64%). Food (CRM, Pelleted Rat and
Mouse Breeder and Grower Diet, Special Diets Services,
BP Nutrition, Witham, Essex, UK) and water were avail-
able ad libitum. At 9—11 weeks of age, mice were accli-
mated to the single housing environment for 1 week, after
which they were paired with MF1 males for 11 days. All
females became pregnant and gave birth to young. Fol-
lowing previous convention, the day of birth was counted
as day O of lactation.

Female body mass and food intake together with lit-
ter size and litter mass were recorded every other day
from day 4 of lactation to the end of the experiment (day
18). On day 6 of lactation, half of the lactating females
(n=15) were shaved, while the other half (n=15) served as
an unshaved control group (details below). Milk produc-
tion was evaluated within the peak of lactation (approxi-
mately days 10—18 post-partum, Johnson et al. 2001) from
measurements of metabolizable energy intake (MEI) and
daily energy expenditure (DEE) by doubly labelled water
(DLW) technique (details below). On day 18 of lactation,
all mothers were sacrificed by CO, overdose. The right
inguinal mammary gland was removed, frozen immedi-
ately in liquid N, and stored at— 80 °C prior to RNA
extraction. All procedures were authorized by the College
of Life Sciences and Medicine Ethics Review Board at the
University of Aberdeen and carried out under UK Home
Office project licence PPL 60/2881.

@ Springer

Fur removal

Once the phenotype measurements on day 6 of lactation
were completed, all 10 lactating females were anaesthetized
with gaseous isoflurane for ~ 10 min. While under anaesthe-
sia, 5 females were shaved dorsally (using a Wella Contura
Hair Clipper, Basingstoke, Hants, UK) to remove ~72% of
fur (Krdl et al. 2007), as depicted in Fig. 1. Hair regrowth
was prevented by repeating the shaving protocol on days 10
and 14 of lactation. The remaining mice were handled and
anaesthetised similarly but not shaved.

Metabolizable energy intake (MEI)

Measurements of MEI were performed on days 12-14 of
lactation. Females and their litters were placed in cages with
fresh sawdust on day 12 of lactation, and a weighed portion
of food was added to the hopper. Samples of the food were
taken to determine dry mass content, and the food remain-
ing in the hopper was reweighed on day 14 of lactation.
Any uneaten food and faeces were removed from the cage,
dried to a constant mass, and weighed. The gross energy
content of food and faeces were measured with a Parr 6200
calorimeter using an 1109A semi-micro oxygen bomb (Parr
Instrument Company, Moline, IL, USA). MEI was estimated
as the difference between energy consumed and defecated,
assuming that urinary energy loss was 3% of the digestible
energy intake (for details see Krdl et al. 2007).

Daily energy expenditure (DEE)

DEE was measured on days 15-17 of lactation, using the
DLW technique (Speakman 1997). Lactating females were
injected intraperitoneally with~0.25 g of water enriched
with 180 (28 atom%) and ?H (16 atom%). Initial blood
samples were taken from the tail tip after 1 h of isotope
equilibration to estimate initial isotope enrichments (Krél
and Speakman 1999); final blood samples were taken 48 h
later to estimate isotope elimination rates (Speakman and
Racey 1988). Blood samples were immediately heat sealed
into glass capillaries and stored at room temperature prior
to vacuum distillation. Water from the resulting distillate
was used to produce CO, (Speakman et al. 1990) and H,
(Speakman and Krél 2005b), and the isotope ratios '80:!°0
and “H:'H were analysed using gas source isotope ratio mass
spectrometry (ISOCHROM pGAS system and IsoPrime
IRMS, Micromass, Manchester, UK).

We used the intercept method (Coward and Prentice
1985) to calculate the initial dilution space and the single-
pool model (Eq. 7.17 in Speakman 1997) to calculate the
rate of CO, production (for details see Krdl et al. 2007).
Energy equivalents of the rate of CO, production were cal-
culated using a conversion factor of 24.026 J mL™! CO,,
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derived from the Weir equation (Weir 1949) for a respiratory
quotient of 0.85 (Speakman 1997).

Milk energy output (MEO)

MEO was calculated as the difference between MEI (days
12-14 post-partum) and DEE (15-17 post-partum) (Kroél
and Speakman 2003b), with MEI being the main determi-
nant of milk production in lactating mice (Speakman 2008).
Both MEI and DEE were measured within the peak of lacta-
tion (approximately days 10—18 post-partum, Johnson et al.
2001) but on different days to avoid possible changes in
behaviour and feeding patterns caused by DLW injection
and blood sampling (Speakman and Kré6l 2005b). To reduce
possible effects of blood sampling on gene expression, tissue
harvest was done on day 18 of lactation (~24 h after comple-
tion of DLW experiment).

RNA extraction

Total RNA from the inguinal mammary gland was isolated
by homogenization of ~ 100 mg of tissue in TRIzol® Reagent
(Ambion by Life Technologies, Carlsbad, CA, USA), using
3 mm tungsten carbide beads and a TissueLyser II Disrup-
tion System (Qiagen GmbH, Hilden, Germany). Following
isolation, the RNA was quantified by spectrophotometry
(NanoDrop Technologies, Wilmington, DE, USA) and its
integrity was confirmed by electrophoresis (Agilent Tech-
nologies, Santa Clara, CA, USA). All RNA samples had a
RIN number > 7.8, meeting the criteria for RNA-seq.

RNA-seq library preparation and sequencing

RNA-seq library preparation and sequencing were carried
at the Beijing Genomics Institute (BGI, Shenzhen, China).
The libraries for each of the 10 samples were constructed
using the TruSeq Stranded mRNA Sample Preparation Kit
(Illumina, San Diego, CA), according to the manufacturer’s
instructions. The 50 bp paired-end sequencing was per-
formed on the HiSeq 2000 Sequencing System (Illumina,
San Diego, CA) at a sequencing depth of ~ 50 million reads
per library. The raw reads were trimmed and converted from
BCL to FastQ format with bcl2fastq2 Conversion Software
v2.19.1 (Illumina, San Diego, CA). All raw sequences
have been deposited in the ArrayExpress repository (http://
www.ebi.ac.uk/arrayexpress/) under accession number
E-MTAB-11654.

Read mapping
To assess the quality of the sequencing data, reads were ana-

lysed with FastQC v0.11.8 (Andrews 2010). All reads passed
the quality control checks and were mapped to the mouse

reference genome (GRCm38 release 81) using HISAT2
v2.1.0. (Kim et al. 2015) with the pre-built genome index
and default settings for paired-end reads. Alignment rates
were above 90%. Aligned reads were counted at gene loca-
tions using featureCounts v1.6.4 (Liao et al. 2014).

Differential analysis of gene expression

Gene expression levels in the mammary glands of shaved
and unshaved mice were summarized using principal com-
ponent analysis (PCA), as implemented by the Bioconductor
package PCAtools (Blighe et al. 2018). Differential gene
expression analysis was performed using the Bioconductor
package edgeR v3.22.5 (Robinson et al. 2010). Both analy-
ses were executed in R v3.5.1 (R Core Team 2018).

To filter out lowly expressed genes, the analyses were
performed only on the transcripts with at least 2 counts
per million (CPM) in a minimum of 5 samples, amount-
ing to 10,901 such genes in total. Filtered counts were sub-
sequently normalized using a trimmed mean of M values
(TMM) between each pair of samples. The PCA analysis
was performed on the normalized CPM values that have
added a prior count=1 to avoid zeros during calculation
of log-values. Scores for individual mice were calculated
using the eigenvectors from the first (PC1) and second (PC2)
principal components.

The gene expression data (normalized CPM values) were
then fitted with a negative binomial generalized log-linear
model (glmFit), with the contrast set up to compare shaved
vs unshaved lactating mice (n =35 females per group). Dif-
ferentially expressed genes (DEGs) were identified at false
discovery rate (FDR) < 0.05 and absolute Log, FC> 0.5,
yielding 752 DEGs in total.

Overlaps with gene sets from literature

Based on a literature search, we generated 2 sets of genes
associated with the transcriptomic changes in the mouse
mammary gland during and post lactation, including milk
synthesis-related genes, and involution-related genes. The
milk synthesis-related gene set was based on the research
by Rudolph et al. (2007), Maningat et al. (2009), Moham-
mad and Haymond (2013), Lemay et al. (2013), Manjarin
et al. (2014), Qian and Zhao (2014), Kobayashi et al. (2016),
Osorio et al. (2016), Han et al. (2019), Patel et al. (2019),
Cayre et al. (2020) and Martin Carli et al. (2020).

The mammary gland involution-related genes were
identified by 3 independent microarray experiments
(Stein et al. 2004; Clarkson et al. 2004; Blanchard et al.
2007), which were then combined or re-analysed by oth-
ers (Stein et al. 2007; Bambhroliya et al. 2018). In all 3
studies, the involution of mammary glands was induced
by pup removal (Table 2). Because each experiment and
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Table 2 Details of the mammary gland involution experiments used to generate involution-related gene sets

Mouse strain ~ Manipulation Tissue harvest Method = Comparison/sample size Number of Source
involution-related
genes
Balb/C Pup removal (day 7 of Days 0, 1, 2, 3, 4, 20 of MA Days 1, 2, 3, 4, 20 vs day 112 1
lactation) involution 0(n=3)
C57/Bl/6 Pup removal (day 10 of Days 0,0.5, 1, 2, 3, 4 of MA Days 0.5, 1,2,3,4vsday 130 2
lactation) involution 0(n=3)
Reanalysis Reanalysis of studies 1 Reanalysis of studies 1 MA Days 0.5, 1,2, 3,4 vs 93 3
of studies 1 and 2 and 2 day O
and 2
CDl1 Pup removal (day 12 of Days 0, 1 of involution MA Day 1 vsday 0 (n=5) 101 4
lactation)
MF1 Fur removal (days 6, 10, 14 Day 18 of lactation RNA-seq Shaved vs unshaved (n=5) - This study

of lactation)

The expression of these genes was studied by microarray analysis and refer to the involution of mammary gland induced by pup removal. Details

of the shaving experiment (this study) are shown for comparison

Source: 1, Stein et al. 2004; 2, Clarkson et al. 2004; 3, Stein et al. 2007; 4, Blanchard et al. 2007

MA microarray gene expression analysis, RNA-seq RNA-seq gene expression analysis

reassembly of data had a slightly different protocol and
focus of investigation, we generated 4 lists of involution-
related genes, according to the outputs from Stein et al.
2004, Clarkson et al. 2004, Stein et al. 2007 and Blanchard
et al. 2007.

Overlaps between DEGs induced by shaving and gene
sets from the literature were evaluated using a one-sided
Fisher’s exact test. The test was performed on the gene
set numbers arranged in 2 X 2 contingency tables, using a
function fisher.test in R v3.5.1 (R Core Team 2018), with
the parameter ‘alternative’ set to ‘greater’. The p values
generated by the Fisher’s exact test were subjected to Bon-
ferroni correction for multiple comparisons.

Functional analysis of gene expression

DEGs in the mammary glands of shaved vs unshaved mice
were analysed using Ingenuity Pathway Analysis (IPA,
QIAGEN Redwood City, www.giagen.com/ingenuity). We
submitted the whole RNA-seq output (n=10,901 genes,
along with their Log, FC and FDR values) to IPA and
used this dataset as a reference set for functional analy-
sis of DEGs (n =752, at FDR <0.05 and absolute Log,
FC>0.5). We used the default analysis settings, apart
from species (we selected mice and excluded humans and
rats). The focus of the functional analysis of DEGs were
(1) canonical pathways, (2) upstream regulators, and (3)
downstream effects associated with these genes. The sig-
nificance of the IPA outputs was based on the Benjamini-
Hochberg (B-H) multiple testing correction p value, with
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the overall activation/inhibition states predicted by the IPA
z-score algorithm.

Correlation analysis of gene expression

Counts from mammary gland samples were normalized
using the trimmed mean of M values (TMM) method with
edgeR’s calcNormFactors function. To filter out lowly
expressed genes, the correlation analysis was performed
only on the genes with at least 5 CPM in at least 2 mice
from the shaved group (9279 genes), 2 mice from the control
group (9209 genes) and 4 mice from the pooled shaved and
control groups (9164 genes). Correlation analysis between
mammary gland gene expression (normalized Log, CPM
values) and milk production (kJ/day) was performed sepa-
rately for 5 shaved mice, 5 unshaved mice, and both shaved
and unshaved mice (n=10). All analyses were done in R
v3.5.1 (R Core Team 2018), using functions cor.test (for 5
mice) and pcor.test (for 10 mice), based on the Pearson’s
product moment correlation coefficient. The function pcor.
test was used to identify partial correlations between milk
production, shaved status, and gene expression. By doing
this, the potentially confounding effects of the shaved sta-
tus were removed (blocked). Correlations between gene
expression and milk production were considered significant
at FDR <0.05.

Statistical analysis of non-transcriptomic data
All non-transcriptomic data were assessed for normality and

homogeneity of variance and are presented as mean + stand-
ard deviation (n=35). The whole-body phenotype (body
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mass, food intake and metabolism) and reproductive per-
formance of shaved vs unshaved mice were compared using
Welch two-sample ¢ tests. The differences between shaved
and unshaved mice in their peak lactation food intake, MEI,
DEE, MEO and litter mass were then compared with 95%
confidence intervals for the same parameters detected as sig-
nificant in our original shaving experiment performed on a
larger sample size (Krél et al. 2007). Measurements repeated
on the same individuals (maternal body mass, food intake
and litter mass) were analysed using two-way repeated
measures ANOVA, with group (shaved and unshaved mice)
and day of lactation as factors, and interaction group X day.
When the effect of group or interaction was significant, the
Holm multiple comparison procedure was applied to deter-
mine differences between the groups within each day. Fur-
thermore, the peak lactation performance traits (i.e., food
intake, MEI, DEE, MEO and litter mass) were tested for
correlation with PC1 and PC2 scores from the PCA analysis
of the mammary gene expression. All tests were performed
in R v3.6.3 (R Core Team 2018), using default functions (¢
test, anova_test and cor.test).

Results

Whole-body phenotype and reproductive
performance

Both phenotypic and performance responses to fur removal
closely resembled the patterns found in our original

shaving study, performed on 20 shaved and 20 unshaved
mice (Krél et al. 2007). Before shaving, lactating mice
that were assigned to shaved and unshaved groups (n=35
females per group) did not differ in their mean body mass or
food intake (Table 3, Supplementary Table 1). On average,
shaved and unshaved mothers raised a similar number of
pups (11.0+1.0 and 11.4+0.5, respectively), with all litter
sizes remaining constant from birth to weaning. Likewise,
mothers assigned to shaved and unshaved groups did not
differ in their litter mass prior to shaving, averaging on day
4 of lactation 34.8 +2.3 and 32.2+2.7 g, respectively.

Once shaved, lactating mice increased their peak lacta-
tion food intake and MEI (days 12—-14 post-partum) along
with DEE (days 15-17 post-partum) by on average 18.7,
15.6 and 10.8%, respectively, compared with unshaved
mothers. As expected, shaved mothers produced on aver-
age more milk (by 19.5%) and weaned heavier litters (by
19.5%) than control mice. Despite the same direction and
similar magnitude of change as in our original study (Krél
et al. 2007) (Table 1), the shaving effects in the current
study did not reach significance, apart from the litter mass,
a proxy for milk production (for details see Supplementary
Table 1). Importantly, the differences between 5 shaved and
5 unshaved mice fell within the 95% confidence intervals for
the same parameters detected as significant in our previous
study with n=20 mice per group.

Two-way repeated measures ANOVA demonstrated that
the effects of shaving on litter mass depended on the day
of lactation (group, Fig= 6.0, p=0.040; day, Fis56= 120.3,
p <0.001; interaction group X day, F;56= 2.9, p=0.012).

Table 3 Phenotypic
characteristics and lactation
performance of shaved vs

unshaved mice (n=>5 females
per group) before and after fur
removal

Parameter Mean+SD Difference
Shaved Unshaved

Before fur removal (first week of lactation)
Body mass (day 4, g) 45.7+3.0 45.7+3.2 0.0 (0.0%)
Food intake (days 4-6, g/day) 22.0+3.4 20.7+1.6 1.4 (6.6%)
Litter size (day 4) 11.0+£1.0 11.4+0.5 —-04 (-3.5%)
Litter mass (day 4, g) 34.8+2.3 322427 2.5(7.8%)

After fur removal (peak of lactation)
Body mass (day 12, g) 49.2+34 48.0+2.2 1.3 (2.6%)
Food intake (days 12-14, g/day) 26.0+4.5 21.9+39 4.1 (18.7%)
MEI (days 12-14, kJ/day) 289.5+42.8 250.3+37.2 39.1 (15.6%)
DEE (days 15-17, kJ/day) 123.4+16.1 111.3+11.3 12.0 (10.8%)
MEO (days 12-17, kJ/day) 166.1+41.9 139.0+36.3 27.1 (19.5%)
Litter size (day 16) 11.0+1.0 11.4+0.5 —-0.4(-3.5%)
Litter mass (day 16, g) 75.7+7.1 63.3+£114 12.3 (19.5%)

All parameters were measured during lactation, on days counted from parturition (day 0). The difference
between shaved (S) and unshaved (U) mice is calculated as S — U (first value) and then expressed as % of U
((S—=U)/U x 100) in the bracket. For statistical details, see Supplementary Table 1

DEE daily energy expenditure, MEI metabolizable energy intake, MEO milk energy output, SD standard

deviation
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For days 4 and 6 (before fur removal) along with day 18 of
lactation, there was no significant difference between the lit-
ter mass of shaved and unshaved mice (p > 0.05). On days 8,
10, 12, 14 and 16, litters of shaved mothers were heavier than
litters of unshaved mothers, by on average 7.4 g (p =0.024),
11.3 g (»=0.027), 12.3 g (p=0.020), 12.5 g (»p =0.027) and
12.3 g (p=0.043), respectively (Supplementary Fig. 1). The
effects of shaving on maternal body mass (group, F'; g=0.5,
p=0.496; day, Fq7,=9.1, p<0.001; interaction group X
day, Fy7,=1.9, p=0.064) and food intake (group, F'; g=2.6,
p=0.149; day, F¢ 43=6.0, p<0.001; interaction group X
day, F¢ 43=1.6, p=0.161) were not significant.

Mammary gland gene expression

PCA results for the mammary transcriptomes of shaved
and unshaved lactating mice (n=35 females per group) are
summarized in Fig. 2A. The first and second principal com-
ponents (PC1 and PC2) accounted for 63.0 and 12.8% of
the variability in the RNA-seq dataset (matrix of 10,901
transcripts X 10 samples). Both groups of mice showed sub-
stantial variability along the PC1 axis, with no clear sepa-
ration of shaved mice from unshaved controls. In contrast,
there was a clear separation between shaved and unshaved
mice along the PC2 axis. Neither PC1 nor PC2 scores were
significantly correlated with the peak lactation performance
traits (Supplementary Table 2).

Differential analysis of gene expression performed on the
mammary glands of shaved vs unshaved lactating mice iden-
tified 752 DEGs at FDR < 0.05 and absolute Log, FC> 0.5
(Fig. 2B, Table 4, Supplementary Table 3). Among them
were 721 protein-coding genes, 19 long noncoding RNA
genes and 8 pseudogenes, with other gene types represented
by single genes. Out of the 752 DEGs induced by shaving,
425 were upregulated and 327 were downregulated. The
Log, FC values associated with these DEGs varied from
5.5 (Cyp24al) to—3.8 (Des), reflecting a 46.1-fold upregu-
lation and a 13.7-fold downregulation of gene expression,
respectively.

Overlaps between DEGs induced by shaving
and gene sets from literature

The literature search for transcriptomic changes in the
mouse mammary gland identified 100 milk synthesis-
related genes (Supplementary Table 4) and 345 involu-
tion-related genes (Supplementary Table 5). The milk
synthesis-related genes included prolactin and insulin
receptor genes, numerous transcription factors and regu-
lators, as well as transcripts related to the synthesis of the
main components of milk such as protein, fat, and lactose
(Rudolph et al. 2007; Maningat et al. 2009; Mohammad
and Haymond 2013; Lemay et al. 2013; Manjarin et al.
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Fig.2 Visualisation of principal component analysis (PCA) and dif-
ferential gene expression analysis performed on the mammary gland
transcriptomes of shaved vs unshaved lactating mice (n=>5 females
per group). A Biplot of the first (PC1) and the second (PC2) princi-
pal components, with numbers 1-10 representing the animal ID, and
percentage referring to the variance captured by PC1 and PC2 scores.
B Volcano plot showing 752 DEGs (at FDR <0.05 and absolute Log,
FC>0.5) that were either upregulated (425 genes in red) or down-
regulated (327 genes in green) in the mammary glands of shaved
mice relative to control mice. The expression of remaining 10,149
genes (in grey) was not significantly different. Gene symbols refer to
the most upregulated (Cyp24al, Angptl4 and Pdk4), downregulated
(Des, AA914427 and Rspol) and significantly altered (Ccng2 and
Slc25a45) DEGs (for details see Supplementary Table 3)

2014; Qian and Zhao 2014; Kobayashi et al. 2016; Osorio
et al. 2016; Han et al. 2019; Patel et al. 2019; Cayre et al.
2020; Martin Carli et al. 2020). The involution-related
gene set is a compilation of 112 (Stein et al. 2004), 130
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Table 4 Results of the
differential gene expression
analysis performed on the

mammary gland transcriptomes
in shaved vs unshaved lactating
mice (n=5 females per group)

Gene type Number of differentially expressed genes (DEGs)
Upregulated Downregulated Total

Protein-coding genes 408 313 721
Long noncoding RNA genes 12 7 19
Pseudogenes 3 5 8
Immunoglobulin gene segments 1 0 1
Antisense long noncoding RNA genes 1 0 1
Unclassified genes 0 1 1
Unmapped genes 0 1 1
All genes (total) 425 327 752

Genes were considered differentially expressed at FDR <0.05 and absolute Log, FC > 0.5 (for visualisation
and details see Fig. 2B and Supplementary Table 3)

Milk
synthesis

Involution-
related

DEGs

Fig.3 Venn diagram showing the number of common (at intersec-
tions) and unique (outside intersections) genes between DEGs in the
mammary gland of shaved lactating mice (this study, n=752) and
gene sets from literature with milk synthesis-related genes (n=100)
and involution-related genes (n=345) (for details see Supplementary
Tables 4 and 5)

(Clarkson et al. 2004), 93 (Stein et al. 2007) and 101
(Blanchard et al. 2007) study-specific genes (Table 2),
which amounted to 345 unique involution-related genes.
Comparison of DEGs induced by shaving with the gene
sets from the literature revealed 8 and 59 common genes
for the milk synthesis-related and involution-related gene
sets, respectively (Fig. 3, Table 5, Supplementary Tables 4
and 5). The 8 common milk synthesis-related genes were

all downregulated in the mammary glands of shaved mice,
but the enrichment of the DEGs with milk synthesis-related
genes was not significant (p =0.385) (Supplementary
Table 6). In contrast, the overlap between DEGs and the
involution-related gene set (59 common genes) was highly
significant (p =5.00E — 11), indicating substantial enrich-
ment of DEGs with involution-related transcripts. The
majority of the common involution-related genes (52 of 59)
were upregulated in the mammary glands of shaved mice,
which is consistent with the changes of these genes during
involution induced by pup removal, with the magnitude of
change (Log, FC values) ranging from 0.5 to 5.5 (Supple-
mentary Table 5). The remaining 7 of 59 common invo-
lution-related genes were downregulated in the mammary
glands of shaved mice (Log, FC values from—0.6 to —2.2).

The overlap between DEGs induced by shaving and the
involution-related genes was also investigated at the level
of study-specific gene lists (Table 2). Comparison of DEGs
with the 4 involution-related gene lists revealed 33, 11, 19
and 21 common transcripts for the outputs from Stein et al.
2004, Clarkson et al. 2004, Stein et al. 2007 and Blanchard
et al. 2007, respectively (Supplementary Table 5). These
overlaps were significant for the gene lists from Stein et al.
2004 (p=3.29E —13), Stein et al. 2007 (p=1.54E —05) and
Blanchard et al. 2007 (p =4.13E — 06) but not for Clarkson
et al. 2004 (p =0.285) (Supplementary Table 7).

Functional analysis of DEGs induced by shaving

IPA identified 3 canonical pathways that that were signifi-
cantly altered in the mammary gland of shaved mice at B-H
p value <0.05, including p53 Signalling, Docosahexaenoic
Acid (DHA) Signalling and IL-23 Signalling (Table 6).
These pathways contained 18, 9 and 8 DEGs induced by
shaving, which constituted 23.1, 30.0 and 32.0% of all genes
that make up p53 Signalling, DHA Signalling and IL-23
Signalling pathways, respectively. Because some DEGs
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Table 5 Overlaps between gene
sets generated in this study and
from literature

Gene set (this study) Milk synthesis- Involution-related ~ Shaving-
related genes genes (n=345) induced DEGs
(n=100) (n=1752)

Shaving-induced DEGs (n=752) 8 591 -

Milk-correlated genes in all 10 mice (n=2) O 0 0

All gene sets represent mouse mammary gland. The gene sets from this study include DEGs for shaved vs
unshaved mice and genes correlated with milk production in both shaved and unshaved mice (n=10) with
the fur effect blocked (Supplementary Tables 3 and 10). The literature gene sets include milk synthesis-
related and involution-related genes (Supplementary Tables 4 and 5). The overlap is represented by the
number of common genes, with the significance evaluated by a one-sided Fisher’s exact test (Supplemen-
tary Table 6). An asterisk (*) refers to a significant overlap after applying Bonferroni correction for multi-
ple comparisons (p value <0.05/2)

!Significant at p value=5.00E-11

Table 6 Details of canonical pathways altered in the mammary gland of shaved vs unshaved lactating mice (n=>5 females per group), identified

by Ingenuity Pathway Analysis (IPA)

Canonical pathway B-H p value Ratio Z-score Contributing genes®
p53 Signalling 0.002 18/78 (0.231) 0.3 Aktl, Akt3, Apafl, Bax, Bbc3, Cendl, Fas, Gadd45a, Gnl3,
Hipk?2, Pidd1, Pik3c2a, Pik3cb Pik3rl, Sirtl, Thbsl1, Tigar,
Trp53inpl
Docosahexaenoic Acid  0.032 9/30 (0.300) - Aktl, Akt3, Apafl, Bax, Bik, Cycs, Pik3c2a, Pik3cb, Pik3rl
(DHA) Signalling
1L-23 Signalling 0.032 8/25 (0.320) 1.4 Aktl, Akt3, Jak2, Pik3c2a, Pik3cb, Pik3rl, Runx1, Socs3

The analysis was performed on 752 DEGs (for details see Supplementary Table 3). Pathways were considered significantly altered at Benjamini-
Hochberg (B-H) multiple testing correction p value < 0.05. The ratio is calculated as the number of genes in each pathway that are present in our
experimental dataset (contributing genes), divided by the total number of genes that make up that pathway and are present in the reference set.
The overall activation/inhibition states of canonical pathways are predicted based on a z-score algorithm; z-score >2 predicts an increase in the
pathway activity while z-score < —2 predicts a decrease in the pathway activity. No information on the pathway activity is indicated by a hyphen

©)

4Gene symbols (in bold) and gene names, followed by Log, FC (in bold)

AKktl, thymoma viral proto-oncogene 1,—0.7

Akt3, thymoma viral proto-oncogene 3, 0.8

Apafl, apoptotic peptidase activating factor 1, 0.6

Bax, BCL2-associated X protein, 1.2

Bbc3, BCL2 binding component 3, 1.3

Bik, BCL2-interacting killer, 1.2
Cendl, cyclin D1,—1.4

Cycs, cytochrome ¢, somatic, — 0.6

Fas, Fas (TNF receptor superfamily member 6), 0.8
Gadd45a, growth arrest and DNA-damage-inducible 45 alpha, 2.2

Gnl3, guanine nucleotide binding protein-like 3 (nucleolar), — 0.7

Hipk2, homeodomain interacting protein kinase 2, 0.6

Jak2, Janus kinase 2, 0.6

Pidd1, p53 induced death domain protein 1,—0.9
Pik3c2a, phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 alpha, 0.8

Pik3cb, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta, 0.6

Pik3r1, phosphoinositide-3-kinase regulatory subunit 1, 0.8

Runxl, runt related transcription factor 1, 1.7

Sirtl1, sirtuin 1, 0.9

Socs3, suppressor of cytokine signalling 3, 1.8

Thbs1, thrombospondin 1, 1.9

Tigar, Trp53 induced glycolysis regulatory phosphatase, — 0.7

Trp53inpl, transformation related protein 53 inducible nuclear protein 1, 2.2
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contributed to more than one pathway, the number of unique
DEGs present in all three pathways was 23 (17 upregulated
and 6 downregulated). None of the pathways were signifi-
cantly activated or inhibited, with IL-23 Signalling being the
closest to the activation state (z-score 1.4).

The IPA software predicted 11 upstream regulators
responsible for differential gene expression in the mam-
mary glands of shaved mice, at B-H p value < 0.05 and
absolute z-score >2 (Table 7, Supplementary Table 8).
Among them were 4 transcription factors (Trp53,
Cdkn2a, Id3 and Zbtb33) 3 kinases (Jakl, Mapk8 and
Egfr), a cytokine (Ifng), an actin-related protein (Actl6a),
a peptidase (Zmpste24) and a cytoskeletal linker protein
(Gas213). Out of the 11 upstream regulators, 7 were acti-
vated (z-score >2) and 4 were inhibited (z-score < —2).
The number of DEGs regulated by each upstream regulator

varied from 4 (Zbtb33) to 83 (Trp53). Because some DEGs
induced by shaving appeared to be regulated by more than
1 upstream regulator, the number of unique DEGs regu-
lated by all 11 upstream regulators was 144.

The consequences of transcriptomic changes in the
mammary glands of shaved mice were predicted by IPA as
4 downstream effects at B-H p value < 0.05 and the num-
ber of contributing genes > 100, including Apoptosis, Cell
Movement, Solid Tumour and Migration of Cells (Table 8,
Supplementary Table 9). The prediction of the activation
state was available only for Solid Tumour, with the z-score
of — 2.9 indicating a decreased activation state. The num-
ber of DEGs contributing to each downstream effect varied
from 113 (Migration of Cells) to 150 (Apoptosis), with
the total number of unique DEGs associated with all 4
downstream effects being 247.

Table 7 Upstream regulators of gene expression changes in the mammary gland of shaved vs unshaved lactating mice (n=>5 females per group),

predicted by Ingenuity Pathway Analysis (IPA)

Upstream regulator (gene symbol and name) Gene type B-H p value Z-score Target genes®
Predicted state of activation (z-score >2)

Trp53, transformation related protein 53 Transcription regulator 0.0180 34 83
Ifng, interferon gamma Cytokine 0.0166 2.9 38
Cdkn2a, cyclin dependent kinase inhibitor 2A Transcription regulator 0.0139 2.2 13
Jak1, Janus kinase 1 Kinase 0.0180 2.2 8
Mapk8, mitogen-activated protein kinase 8 Kinase 0.0044 2.2 13
1d3, inhibitor of DNA binding 3 Transcription regulator 0.0418 2.1 17
Zbtb33, zinc finger and BTB domain containing 33 Transcription regulator 0.0418 2.0 4
Predicted state of inhibition (z-score < —2)

Actl6a, actin-like 6A Actin-related protein 0.0044 -2.1

Zmpste24, zinc metallopeptidase, STE24 Peptidase 0.0431 -22

Gas213, growth arrest-specific 2 like 3 Cytoskeletal linker protein 0.0316 -24

Egfr, epidermal growth factor receptor Kinase 0.0211 -25 16

The analysis was performed on 752 DEGs (for details see Supplementary Table 3). Upstream regulators were considered significant at Benja-
mini-Hochberg (B-H) multiple testing correction p value <0.05 and absolute z-score >?2. The z-score > 2 predicts an activation of upstream regu-

lators, while z-score < —2 predicts their inhibition

“Number of differentially expressed genes (DEGs) regulated by each upstream regulator (for details see Supplementary Table 8)

Table 8 Downstream effects

- : Downstream effect Functional category B-H p value Activation state  z-score  Contrib-
predicted from gene expression (biological process or uting
changes in the mammary gland disease) genes®
of shaved vs unshaved lactating
mice (n=5 fema}lles per grc;up) Apoptosis Cell death and survival ~0.012 - 0.0 150
l(oﬁ)IAn)genmty Pathway Analysis Cell Movement Cellular movement 0.012 - 1.1 125

Solid Tumour Cancer 0.012 Decreased -29 122
Migration of Cells Cellular movement 0.012 - 0.9 113

The analysis was performed on 752 DEGs (for details see Supplementary Table 3). Downstream effects
were considered significant at Benjamini-Hochberg (B-H) multiple testing correction p value <0.05 and
the number of contributing genes>100. The z-score>2 predicts increased downstream effects, while
z-score < —2 predicts decreased downstream effects; the lack of prediction is indicated by a hyphen (-)

“Number of differentially expressed genes (DEGs) that are associated with each downstream effect (for

details see Supplementary Table 9)
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Correlation of gene expression and milk production

Correlation analysis identified no genes in the mammary
gland of shaved (n=15) or unshaved (n=5) mice that were
correlated with milk production at FDR < 0.05 (Supple-
mentary Table 10). When analysis was performed on both
shaved and unshaved mice (n=10) with the fur effect
blocked, only two genes (Cd276 and Daglb) reached bor-
derline significance at FDR =0.049. Both these genes were
negatively correlated with milk production at correlation
coefficients of —0.976 (Cd276) and — 0.973 (Daglb), and
they were not part of milk synthesis-related, involution-
related or DEG gene sets (Table 5).

Discussion

Both humans and other animals are limited in their maxi-
mum performance by intrinsic constraints, whether it is
growth, reproduction, physical activity or thermoregula-
tion (Drent and Daan 1980; Peterson et al. 1990; Ham-
mond and Diamond 1997; Thurber et al. 2019). Because
the physiological limits to performance may also depend
on environmental conditions, identifying the mechanisms
constraining performance has important ramifications for
understanding animal distribution and migration or human
athleticism, especially under climate change (Humphries
et al. 2002; El Helou et al. 2012; Haida et al. 2013; Rogers
et al. 2021). While many studies were designed to exper-
imentally remove the cap on the performance and then
measure the immediate gain in performance (reviewed
in Speakman and Kré6l 2005a, 2011; Krél and Speakman
2019), the wider context and implications of such gains
have not often been investigated. In our previous work,
we focussed on the peak lactation performance in MF1
laboratory mice and proposed that lactating females are
limited by their capacity to dissipate body heat generated
as a by-product of processing food and producing milk (the
HDL hypothesis) (Krél and Speakman 2003a, b; Krél et al.
2003; Speakman and Kré6l 2010a). To remove the perfor-
mance limit, we shaved off the dorsal fur of the lactating
females to enhance their capacity to dissipate body heat
and then measured the gain in performance as the shaving-
induced increases in food intake, milk production and litter
mass (Krol et al. 2007). In the current study, we used the
same model system to explore the effects of fur removal on
the mammary gland, the site of milk production and secre-
tion. By performing RNA-seq profiling of the mammary
glands of shaved and unshaved lactating mice, we aimed
to understand how the extra milk production is regulated
at the level of gene expression.

@ Springer

Phenotypic responses to shaving

The effects of fur removal on the whole-body phenotype
and reproductive performance reported for MF1 mice in the
current study were consistent with the results of our origi-
nal shaving experiment (Krdl et al. 2007). Furthermore, the
shaving-induced increases in food intake, milk production
and litter mass in the current study were consistent with
the results of shaving experiments performed in lactating
bank voles (food intake, milk production and litter mass by
13.2, 11.8 and 22.1%, respectively) and golden hamsters
(food intake, milk production and litter mass by 9.9, 23.4
and 23.7%, respectively) (Table 1). Overall, the phenotypic
outcome of our shaving experiment was as expected from
the previous work (Krél et al. 2007; Sadowska et al. 2016;
Ohrnberger et al. 2020).

Transcriptomic responses to shaving

Transcriptome profiling of mammary glands has become a
powerful tool for identifying genes and molecular pathways
involved in tissue development and function, especially dur-
ing the cycles of proliferation (pregnancy), functional differ-
entiation (lactation), and death of alveolar epithelium (invo-
lution) that occur with each breeding event (Hennighausen
and Robinson 2001; Stein et al. 2004, 2007; Clarkson et al.
2004; Blanchard et al. 2007; Cristea and Polyak 2018; Li
et al. 2020). Our study demonstrates a link between fur
removal and mammary gene expression in lactating mice.
Consistent with the other RNA-seq experiments using a
small number of biological replicates (Schurch et al. 2016),
our study had sufficient power to detect DEGs with larger
fold changes (absolute Log, FC>0.5) but not with smaller
fold changes (absolute Log, FC <0.5) (Fig. 2B). While the
majority of RNA-seq analytical tools successfully control
their FDR at < 5% for all numbers of replicates, we specifi-
cally used edgeR recommended for a lower number of repli-
cates, based on its superior combination of true positive and
false positive performances (Robinson et al. 2010; Schurch
et al. 2016). As a result, we demonstrated that shaving off
dorsal fur in lactating mice significantly altered the mam-
mary expression of 752 genes (Table 4, Supplementary
Table 3). For comparison, an exposure of lactating mice to
a daily 2 h heat treatment (36 °C) for 14 days was associated
with the changes in the mammary expression of 409 genes
(n=28 females per group, FDR <0.01 and absolute Log,
FC>0.6) (Han et al. 2019). In another study, feeding lactat-
ing mice with a high-fat diet altered the mammary expres-
sion of 628 genes (n =06 females per group, FDR <0.1 and
absolute Log, FC> 1) (Cheng et al. 2018). Using the number
of DEGs as a proxy for the magnitude of transcriptomic
changes, we conclude that the mammary gland responses
to shaving were of similar size to those induced by other
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whole-animal manipulations, including ambient temperature
and diet treatments (Cheng et al. 2018; Han et al. 2019).

Overlap with milk synthesis-related gene set

The milk synthesis machinery was represented in our study
by the milk synthesis-related gene set compiled from the
mouse mammary gland literature, containing 4 hormone
receptors, 12 transcription factors and regulators, 25 milk
protein synthesis-related, 46 milk fat synthesis-related and
13 lactose synthesis-related transcripts (Supplementary
Table 4). The 19.5% increase in milk production of shaved
mice did not appear to be associated with any substantial
changes in the milk synthesis machinery at the level of tran-
scriptome (Table 5, Supplementary Table 6). The lack of
significant overlap between mammary DEGs induced by
shaving and milk synthesis-related genes may have several
explanations. Firstly, there may be other groups of genes
involved in the regulation of milk synthesis and its secretion
into the alveolar lumen (Ramanathan et al. 2008; Wei et al.
2013). Secondly, a substantial part of such regulation may
be post-transcriptional rather than transcriptional (Lemay
et al. 2007; Osorio et al. 2016; Mu et al. 2021). Thirdly,
milk production of shaved mice may have a different tra-
jectory of changes during lactation than that of unshaved
mice. If the latter is the case, then the separation of meas-
urements of milk production and mammary gene expression
by a few days may contribute to the data being temporarily
mismatched and thus unlinked to each other. In our study,
the main determinant of milk production (MEI) was meas-
ured on days 12—14 of lactation, while the mammary gene
expression was evaluated on day 18 of lactation, assuming
no changes in these parameters between approximately days
10-18 post-partum (Johnson et al. 2001).

Of the 100 milk synthesis-related genes, only 8 genes
were differently expressed in the mammary gland of shaved
mothers, including 1 transcription factor (Srebfl), 5 milk
fat synthesis-related genes (Scdl, Fads1, Fads2, Gpdl and
Dher7) and 2 lactose synthesis-related genes (Gale and
Slc35a2) (Supplementary Table 4). The transcription factor
encoded by Srebf1 has been proposed to regulate the expres-
sion of genes involved in lipolysis, lipogenesis de novo, fatty
acid activation, and triglyceride and cholesterol biosynthesis
in the mammary gland during lactation in mice (Rudolph
et al. 2010), humans (Mohammad and Haymond 2013) and
cows (Ma and Corl 2012), with the confirmed regulation of
3 desaturase genes altered in our dataset (Scdl, Fads1 and
Fads2) (Nakamura and Nara 2002). The other milk fat syn-
thesis-related genes with altered expression were involved
in glycerol activation (Gpdl) and cholesterol synthesis
(Dhcr7), while the changes in the lactose synthesis pathway
were associated with the gene regulation of UDP-galactose
synthesis (Gale) and transport (Slc35a2).

All these 8 milk synthesis-related genes were paradoxi-
cally downregulated in the mammary gland of shaved mice,
rather than upregulated as we would have expected in mice
producing more milk because of shaving (with Log, FC
values from — 0.5 to — 1.2, Supplementary Table 4). Such a
decline may indicate a gradual loss of replenishment of the
secretory machinery at the mRNA level (Lemay et al. 2007),
leading potentially to earlier cessation of milk production
and thus earlier completion of the lactation cycle in shaved
mice. Our results suggest potentially different trajectories of
changes in milk production for shaved and unshaved mice.

Overlap with involution-related gene set

Using microarray technology, transcriptional profiles of the
mouse mammary gland during involution have been studied
by numerous research groups (Table 2), providing a basis for
the involution-related gene set with 345 transcripts in total
(Supplementary Table 5). Comparison of DEGs induced by
shaving and the involution-related gene set from the litera-
ture revealed a highly significant overlap of 59 protein-cod-
ing genes (Fig. 3, Table 5), with the direction of change (52
upregulated and 7 downregulated) closely resembling the
expression patterns of these genes in the mice undergoing
forced involution following pup removal (Stein et al. 2004,
2007; Clarkson et al. 2004; Blanchard et al. 2007).

At the onset of involution, milk stasis causes distension
of the alveolar lumen, which in turn changes the shape of
the mammary epithelial cells and increases the local produc-
tion of leukaemia inhibitory factor (LIF) (Schere-Levy et al.
2003). In shaved mice, LIF gene expression was 6.9-fold
higher than in unshaved controls. LIF acts to phosphorylate
signal transducer and activator of transcription 3 (STAT3), a
master regulator of mammary gland involution coordinating
both programmed cell death and removal of dead cells by
the immune system (Chapman et al. 1999). Once activated,
STAT?3 regulates the expression of genes involved in the
uptake of milk lipids from the lumen back to the mammary
epithelial cells for their degradation in lysosomes, which has
been linked to the increased permeability of the lysosomal
membranes (Sargeant et al. 2014). This then results in the
leakage of cathepsin proteases into the cytosol, activating
the lysosomal-mediated programmed cell death (Kreuzaler
et al. 2011). Both lysosome-related genes (Scarb2 and Dna-
se2a) and cathepsin genes (Ctsa and Ctsl) were significantly
upregulated in shaved mice. Furthermore, phosphorylation
of STAT3 by LIF shifts the balance between pro- and anti-
apoptotic signals in favour of programmed cell death, by
activation of pro-apoptotic BCL-2 family members and
downregulation of PI3K-AKT survival signalling (Hughes
and Watson 2018b; Jena et al. 2019). The presence of such
shift in the mammary gland of shaved mice was supported
by upregulated expression of two pro-apoptotic genes from
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the BCL-2 family (Bax and Bik) and downregulation of
the gene encoding AKT]1, a serine/threonine protein kinase
involved in regulation of cell survival and proliferation.

The wave of cell death that occurs during the first phase
of involution is marked by the increased expression of cell
death receptors and ligands (Clarkson et al. 2004; Stein et al.
2007), represented in the mammary gland of shaved mice
by a number of significantly upregulated genes, including
Fas, Cebpd, Igfbp5, Pik3rl and Pik3c2a. The gene with
the highest upregulation induced by shaving (a fold change
of 46.1) was Cyp24al, associated with the cell death pro-
grammes mediated by vitamin D (Lopes et al. 2012). The
removal of dead cells from the mammary gland requires
the STAT3-mediated switch of mammary epithelial cells
from a secretory to a phagocytic phenotype to perform so
called non-professional phagocytosis, with the involvement
of professional phagocytes such as macrophages (Monks
et al. 2008; Akhtar et al. 2016). The presence of phagocytic
phenotype of mammary epithelial cells in shaved mice was
inferred from the significantly increased expression of genes
encoding C/EBPS (a fold change of 2.2) and CD14 (a fold
change of 5.4). In addition, upregulation of Ccl8, Chill and
Thbs1 genes in the mammary gland of shaved mice was con-
sistent with activation of macrophages (Marion et al. 2016;
Urao et al. 2016; Farmaki et al. 2020). The involvement
of macrophages in the vasculature remodelling during the
regression of mammary gland (Elder et al. 2020) in shaved
mothers was also supported by the increased expression of
angiopoietin-4 (a fold change of 11.9).

Finally, the permeability of the mammary alveolar tight
junctions probably differs between shaved and unshaved
mice, as indicated by changes in the gene expression of
claudin-1 and claudin-4. Similarly to the involuting mam-
mary gland following pup removal (Stein et al. 2004, 2007;
Blanchard et al. 2007), the expression levels of these genes
were upregulated in shaved mice. In contrast, we did not
detect any shaving-induced changes in the gene expres-
sion of matrix metalloproteinases, carboxypeptidases or
eosinophils/neutrophil markers, which are part of the tran-
scriptomic signature associated with the second, irrevers-
ible phase of mammary gland involution (Clarkson et al.
2004; Stein et al. 2007). Together, our gene expression data
strongly suggest that the mammary gland of shaved mothers
was already in the process of regressing from secretory to
non-secretory phenotype, pointing towards the first (revers-
ible) phase of involution.

Shaving vs pup removal experiments
Our results raise the question of why the overlap between
mammary DEGs induced by shaving (n=752) and the

involution-related gene set from the literature (n =345) was
not larger than 59 genes, if the mammary gland of shaved
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mice was indeed involuting. The reasons for such outcome
are probably not related to the differences in the statistical
power of the contributing experiments as all studies were
performed either on 3 mice per time point or 5 mice per
group in the single-point experiments (Table 2). Instead, the
natural involution accelerated in our study by fur removal
and investigated on day 18 of lactation may have a slightly
different transcriptomic signature than the forced involution
induced by pup removal on days 7-12 of lactation (Stein
et al. 2004; Clarkson et al. 2004; Blanchard et al. 2007).
The differences between natural and forced involution of
mammary gland have been discussed elsewhere (Silanik-
ove 2014). Secondly, even if the transcriptomic profiles of
natural and forced involution are similar, forced involution
was typically synchronised across the experimental mice
(by removing their litters simultaneously), which makes the
rapid and dramatic changes in the mammary gene expression
easier to detect (Lemay et al. 2007). In contrast, the onset
of natural involution is likely to differ in time and intensity
between mothers, generating the nonsynchronous expres-
sion of the involution-related genes, which in turn increases
their inter-individual variability at single time point and
thus decreases the chance of detection of these genes as sig-
nificantly altered. Thirdly, gene expression patterns associ-
ated with mammary involution may differ between differ-
ent strains of mice, as indicated by the significant overlaps
between shaving-induced DEGs and the involution-related
gene lists from the experiments on Balb/C mice (Stein et al.
2004) and CD1 mice (Blanchard et al. 2007), but not C57/
B1/6 mice (Clarkson et al. 2004) (Supplementary Table 7).
Finally, the involution-related gene set from the literature
represent the complete process of mammary regression from
secretory to non-secretory phenotype (including revers-
ible and irreversible stages of involution), while the DEGs
induced by shaving contain only transcripts associated with
the early (reversible) involution, which reduces the number
of potential genes being in common. Insights into the poten-
tial role of shaving-induced DEGs not overlapping with the
involution-related gene set (n="752-59) were gained from
the functional analysis of gene expression performed on all
DEGs.

Functional analysis of DEGs

Functional analysis of DEGs induced by fur removal iden-
tified 3 canonical pathways, 11 upstream regulators and 4
downstream effects that were significantly altered in the
mammary gland of shaved mice (Tables 6, 7, 8, Supple-
mentary Tables 8 and 9). The most striking features of our
analysis were changes in the pS3 tumour suppressor protein
in the mammary gland of shaved mice, predicted both at the
level of upstream regulators (that drive the observed changes
in gene expression) and canonical pathways (that reflect the
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enrichment of DEGs). Specifically, p53 (encoded in mice
by Trp53) was identified as the most activated upstream
regulator of DEGs, while p53 Signalling was the most sig-
nificantly altered pathway. The p53 protein is a master tran-
scription factor that responds to a variety of cellular stresses
and regulates key cellular processes such as DNA repair,
cell-cycle progression, angiogenesis and apoptosis, with the
p53-dependent pathways typically eliminating damaged cells
either through apoptosis or cell-cycle arrest (reviewed in
Sullivan et al. 2018). The pro-apoptotic role of p53 in mam-
mary gland involution has been demonstrated in a series
of mammary-specific knockout studies. The involution pro-
gramme was delayed in mice with Trp53 null mammary
gland by a few days and hyper-delayed (by a few weeks) in
mice with Stat3-Trp53 doubly null gland, but successfully
executed by p53 in mice with Stat3 null gland, (Jerry et al.
1998, 2002; Chapman et al. 1999; Matthews and Clarke
2005). These studies clearly demonstrate that STAT3 and
P53 act together in synergistic manner to assure the regres-
sion of the mammary gland and underscore the importance
of redundant apoptotic pathways in the involution pro-
gramme (Allen-Petersen et al. 2010; Yallowitz et al. 2014).

Furthermore, the potential shift from a pro-survival to
pro-apoptotic environment in the mammary gland of shaved
mice was supported by the predicted activation of upstream
regulators such as Ifng (involved in caspase-8-JAK1/2-
STAT1-dependent cell death, Woznicki et al. 2021), Cdkn2a
(inhibits cell proliferation through LDHA-mediated AKT/
mTOR pathway, Luan et al. 2021), Jakl (phosphorylates
STAT proteins in mammary epithelium, Sakamoto et al.
2016), Mapk8 (promotes expression of involution-related
genes, Girnius et al. 2018), Id3 (inhibits cell proliferation
and induces apoptosis in vitro, Chen et al. 2016) and Zbtb33
(enhances apoptosis in a p53-dependent manner, Koh et al.
2015). At the same time, the predicted inhibition of upstream
regulators such Actl6a (an oncogenic driver in many human
cancers, Jian et al. 2021) and Egfr (a major regulator of
proliferation and differentiation in epithelial cells, Ramirez
Moreno and Bulgakova 2022) points towards reduced cell
survival and proliferation in the mammary gland of shaved
mice.

Apart from p53 Signalling, the other pathways altered
in the mammary gland of shaved mice included IL-23 Sig-
nalling and Docosahexaenoic Acid (DHA) Signalling, both
potentially linked to the increased presence of immune
cells in the tissue. IL-23 is a key pro-inflammatory cytokine
expressed by activated monocytes, macrophages, dendritic
cells and other antigen presenting cells, which signals to
activate STAT proteins, predominantly STAT3 (Kortylewski
et al. 2009). DHA is suggested to attenuate macrophage
death and potentiate efferocytosis, with the net effect of
reducing accumulation of cell corpses in the tissue (Rajas-
inghe et al. 2020).

Finally, Apoptosis, Cell Movement, Solid Tumour and
Migration of Cells were identified by IPA as the top down-
stream effects predicted to be present in the mammary gland
of shaved mice. These effects (especially Apoptosis, Cell
Movement and Migration of Cells) may reflect processes
such as programmed cell death, acute phase response as
well as removal of dead cells by professional and non-pro-
fessional macrophages in the involuting gland (Stein et al.
2004; Pensa et al. 2009). The predicted Solid Tumour down-
stream effect agrees with the upregulation and activation
of tumour-promotional factors in the mammary epithelium
and surrounding stroma once lactation ceases (Wallace et al.
2019; Borges et al. 2020). Together, the results of functional
analysis performed on gene expression patterns associated
with fur removal are consistent with the ongoing involution
of the mammary gland in shaved mice.

Mother-young conflict over weaning

Weaning from lactation is a time when the interests of the
mother and the young are likely to differ, with the young
expected to benefit from prolonged lactation and larger size
while the mother is expected to maximise her fitness by ini-
tiating another breeding event (Trivers 1974).

The mechanisms by which prolonged lactation benefits
offspring metabolism have been recently uncovered in rats
(Félix-Soriano and Stanford 2022; Pena-Leon et al. 2022). In
contrast, lactating female rodents typically benefit from hav-
ing more litters in a short breeding season by being simul-
taneously pregnant, which sets the duration of lactation to
the sufficient minimum rather than to the extended period
of time (Roy and Wynne-Edwards 1995). These contrasting
interests trigger mother—young conflict because the optimal
time for weaning is likely to be later for the young than for
the mother, leading to the evolution of complex behaviours
such as solicitation displays in the young and the avoidance
of offspring by the mother (Ko&lliker and Richner 2001;
Fouts et al. 2005; Cox and Hager 2016). Typically, it is the
mother who drives the onset of weaning. In house mice (Mus
domesticus), this starts around day 17 post-partum when
the mother starts to rest alone and remains away from the
litter (Konig and Markl 1987). Cross-fostering experiments
(with natural litters replaced by younger or older pups)
demonstrated that the time of weaning may be either fixed
relative to the day of parturition (as in guinea pigs, Cavia
aperea f. porcellus, Rehling and Trillmich 2007) or flexible
in response to variation in offspring development (as in rats,
Rattus norvegicus, Nicoll and Meites 1959). However, no
experimental studies have investigated the effects of extra
milk production on the time of weaning in the mothers with
natural litters. Would the mothers with the extra milk pro-
duction wean the litters earlier than normal to benefit from
a shorter interbirth interval or would they rather wean the
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litters at normal time to benefit from the bigger young? Both
the length of interbirth interval and the size of young at
weaning are important life history traits that contribute to
the mother’s lifetime reproductive success (Clutton-Brock
et al. 1989; West and Capellini 2016).

By experimentally increasing milk production in labora-
tory mice, we demonstrated that on day 18 of lactation, the
mammary gland of shaved mice was already involuting, pro-
viding strong evidence for shorter lactation and weaning the
young earlier than normal, a strategy that could potentially
lead to more frequent breeding events in these mice. Based
on the chronology of transcriptomic events in the mammary
gland following pup removal (Clarkson et al. 2004; Stein
et al. 2007), the mammary gland of shaved mice was at the
first (reversible) phase of involution that probably started
within ~48 h prior to tissue sampling. Because the individual
pups of shaved mice were on average substantially heavier
than the pups of unshaved mice (75.7 g/11.0 pups=6.9 g and
63.3 g/11.4 pups=5.6 g, respectively, Table 3), our data are
consistent with the idea that the females adjust their repro-
ductive investment according to the size of young (a proxy
for quality) by advancing or delaying the time of weaning
to reach the minimum size necessary for the young to sur-
vive and breed (K6nig and Markl 1987; West and Capellini
2016). More work is needed to couple our transcriptomic
data with the behavioural manifestations of the weaning,
and to establish whether earlier involution of the mammary
gland in shaved mice leads to a shorter interbirth interval.

Study limitations

The results of our study are drawn from a relatively small
number of shaved and unshaved mice, with 5 lactating
females per group. In consequence, some phenotypic effects
associated with fur removal did not reach significance (Sup-
plementary Table 1). The proper interpretation of these
results was possible because of the full characterisation of
the shaving effects performed in our earlier study, using
the four times larger sample size (Krdl et al. 2007). The
transcriptomic results were probably also affected by n=35,
mainly by limited statistical power to detect DEGs with
relatively small fold changes (Fig. 2B). Yet the pup removal
studies with the sample size of 3 mice per time point (Stein
et al. 2004; Clarkson et al. 2004) or 5 mice per group in the
single-point experiment (Blanchard et al. 2007) were suf-
ficient to characterise the unique transcriptomic signature
of the involuting mammary gland. Similarly, our study had
sufficient power to recognise that signature, despite different
mechanisms behind triggering the regression of mammary
gland.

Our experimental design to have a single snapshot of
mammary transcriptome to cover both milk production and
involution processes did not work as expected. That design
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was based on our earlier study indicating no changes in MEI
and thus milk production between approximately days 10-18
post-partum in MF1 mice (Johnson et al. 2001). In contrast,
our current study indicated potentially different trajectories
of changes in milk production for shaved and unshaved mice.
On day 18 of lactation, the mammary gland of shaved mice
was already in the process of regressing from secretory to
non-secretory phenotype. As such, changes in the mammary
transcriptome on day 18 post-partum no longer represented
greater milk production of shaved mice measured on days
12—14 of lactation (Table 5, Supplementary Table 6). A sim-
ilar mismatch (no correlation) between milk production and
mammary gene expression was also observed in unshaved
mice as well all mice with the fur effect blocked (Supple-
mentary Table 10), highlighting the need for simultaneous
measurements of these parameters in future studies linking
transcriptome to function.

Conclusions

We shaved lactating MF1 mice to increase their milk pro-
duction (Krdl et al. 2007) and investigated their mammary
gene expression profiles relative to unshaved mice. The
focus of the study was to search for transcriptomic clues
on the mechanisms underlying the increased milk produc-
tion and for consequences of the extra milk production
for the mother—young conflict over weaning, manifested
by advanced or delayed involution of mammary gland.
We demonstrated that the mammary glands of shaved and
unshaved mice were at different stages of the lactation cycle
when sampled. The extensive transcriptomic analysis indi-
cated that the mammary gland of shaved mice had a gene
expression profile indicative of earlier involution relative
to unshaved mice. Our interpretation of these results is
that once provided with the enhanced capacity to dissipate
body heat, shaved mice were likely to rear their young to
independence faster than unshaved mothers, thereby poten-
tially benefiting from shorter lactation and shorter interbirth
interval to maximise their lifetime reproductive success
(Clutton-Brock et al. 1989; West and Capellini 2016). Fur-
ther research is needed to establish the link between earlier
regression of the mammary gland and the timing of the next
breeding event. We argue that the association between HDL
and female fecundity is understudied and should be consid-
ered when investigating lactation performance in laboratory
and natural conditions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00360-023-01474-9.

Acknowledgements We greatly benefited from discussing our work
with Drs Torsten Stein, Wendy Woodward (who shared her raw data


https://doi.org/10.1007/s00360-023-01474-9

Journal of Comparative Physiology B

with us), and Sally Ward. We thank Catherine Hambly and Peter Thom-
son for assistance with isotope analyses.

Author contributions JRS secured funding and designed the study with
EK and AD. EK performed all animal work and wrote the manuscript.
SEM extracted RNA and shipped samples to China for sequencing.
FT, AD and DD were responsible for different parts of bioinformat-
ics and functional analysis of gene expression. SAMM facilitated [PA
analysis and interpreted results. All authors read and approved the final
manuscript.

Funding The study was funded by Biotechnology and Biological
Sciences Research Council (BBSRC) grants BB/G009953/1, BB/
P009875/1 and BB/J020029/1, awarded to JRS. EK was supported by
BBSRC grants BB/C504794/1 and BB/R018812/1.

Data availability The RNA-seq data generated for this study are avail-
able in the ArrayExpress repository (http://www.ebi.ac.uk/arrayexpre
ss/) under accession number E-MTAB-11654. The R script is available
from FT on request.

Declarations

Conflict of interest The authors declare no conflicts or competing in-
terests.

Ethical approval All animal work was authorized by the College of
Life Sciences and Medicine Ethics Review Board at the University
of Aberdeen and carried out under UK Home Office project licence
PPL 60/2881.

Consent for publication All authors consent to publication of this
manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Akhtar N, Li WP, Mironov A, Streuli CH (2016) Rac1 controls both
the secretory function of the mammary gland and its remodeling
for successive gestations. Dev Cell 38:522-535. https://doi.org/
10.1016/j.devcel.2016.08.005

Allen-Petersen BL, Miller MR, Neville MC, Anderson SM, Nakayama
KI, Reyland ME (2010) Loss of protein kinase C delta alters
mammary gland development and apoptosis. Cell Death Dis.
https://doi.org/10.1038/cddis.2009.20

Andreas NJ, Kampmann B, Le-Doare KM (2015) Human breast milk:
a review on its composition and bioactivity. Early Hum Dev
91:629-635. https://doi.org/10.1016/j.earlhumdev.2015.08.013

Andrews S (2010) FastQC: a quality control tool for high throughput
sequence data. Available online at: http://www.bioinformatics.
babraham.ac.uk/projects/fastqc. Accessed 16 March 2021

Bambhroliya A, Van Wyhe RD, Kumar S, Debeb BG, Reddy JP, Van
Laere S, El-Zein R, Rao A, Woodward WA (2018) Gene set
analysis of post-lactational mammary gland involution gene
signatures in inflammatory and triple-negative breast cancer.
PLoS ONE. https://doi.org/10.1371/journal.pone.0192689

Baxter FO, Neoh K, Tevendale MC (2007) The beginning of the end:
death signaling in early involution. ] Mammary Gland Biol
Neoplasia 12:3-13. https://doi.org/10.1007/s10911-007-9033-9

Blanchard A, Shiu R, Booth S, Sorensen G, DeCorby N, Nistor A,
Wong P, Leygue E, Myal Y (2007) Gene expression profiling
of early involuting mammary gland reveals novel genes poten-
tially relevant to human breast cancer. Front Biosci 12:2221—
2232. https://doi.org/10.2741/2225

Blighe K, Lewis M, Lun A (2018) “PCAtools: everything Principal
Components Analysis”. https://github.com/kevinblighe/PCAto
ols. Accessed 10 June 2022

Borges VF, Lyons TR, Germain D, Schedin P (2020) Postpartum
involution and cancer: an opportunity for targeted breast cancer
prevention and treatments? Cancer Res 80:1790-1798. https://
doi.org/10.1158/0008-5472.CAN-19-3448

Butte NF, King JC (2005) Energy requirements during pregnancy
and lactation. Publ Health Nutr 8:1010-1027. https://doi.org/
10.1079/phn2005793

Capuco AV, Li ML, Long EH, Ren SX, Hruska KS, Schorr K, Furth
PA (2002) Concurrent pregnancy retards mammary involution:
effects on apoptosis and proliferation of the mammary epithe-
lium after forced weaning of mice. Biol Reprod 66:1471-1476.
https://doi.org/10.1095/biolreprod66.5.1471

Cayre S, Faraldo MM, Bardin S, Miserey-Lenkei S, Deugnier MA,
Goud B (2020) RAB6 GTPase regulates mammary secretory
function by controlling the activation of STAT5. Development.
https://doi.org/10.1242/dev.190744

Chapman RS, Lourenco PC, Tonner E, Elint DJ, Selbert S, Takeda K,
Akira S, Clarke AR, Watson CJ (1999) Suppression of epithe-
lial apoptosis and delayed mammary gland involution in mice
with a conditional knockout of Stat3. Genes Dev 13:2604—
2616. https://doi.org/10.1101/gad.13.19.2604

Chen FF, Zhao QF, Wang SX, Wang HY, Li XJ (2016) Upregula-
tion of 1d3 inhibits cell proliferation and induces apoptosis in
A549/DDP human lung cancer cells in vitro. Mol Med Rep
14:313-318

Cheng AA, Li W, Hernandez LL (2018) Effect of high-fat diet feeding
and associated transcriptome changes in the peak lactation mam-
mary gland in C57BL/6 dams. Physiol Genomics 50:1059-1070.
https://doi.org/10.1152/physiolgenomics.00052.2018

Clarkson RW, Wayland MT, Lee J, Freeman T, Watson CJ (2004) Gene
expression profiling of mammary gland development reveals
putative roles for death receptors and immune mediators in post-
lactational regression. Breast Cancer Res 6:R92-109. https://doi.
org/10.1186/ber754

Clay N, Garnett T, Lorimer J (2020) Dairy intensification: drivers,
impacts and alternatives. Ambio 49:35-48. https://doi.org/10.
1007/s13280-019-01177-y

Clutton-Brock TH, Albon SD, Guinness FE (1989) Fitness costs of
gestation and lactation in wild mammals. Nature 337:260-262.
https://doi.org/10.1038/337260a0

Coward WA, Prentice AM (1985) Isotope method for the measure-
ment of carbon dioxide production rate in man. Am J Clin Nutr
41:659-661

Cox C, Hager R (2016) Mothers do not show increased offspring avoid-
ance and elevated corticosterone levels during weaning conflict
in rats. PLoS ONE. https://doi.org/10.1371/journal.pone.01631
95

Cristea S, Polyak K (2018) Dissecting the mammary gland one
cell at a time. Nat Commun 9:2473. https://doi.org/10.1038/
s41467-018-04905-2

@ Springer


http://www.ebi.ac.uk/arrayexpress/
http://www.ebi.ac.uk/arrayexpress/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.devcel.2016.08.005
https://doi.org/10.1016/j.devcel.2016.08.005
https://doi.org/10.1038/cddis.2009.20
https://doi.org/10.1016/j.earlhumdev.2015.08.013
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1371/journal.pone.0192689
https://doi.org/10.1007/s10911-007-9033-9
https://doi.org/10.2741/2225
https://github.com/kevinblighe/PCAtools
https://github.com/kevinblighe/PCAtools
https://doi.org/10.1158/0008-5472.CAN-19-3448
https://doi.org/10.1158/0008-5472.CAN-19-3448
https://doi.org/10.1079/phn2005793
https://doi.org/10.1079/phn2005793
https://doi.org/10.1095/biolreprod66.5.1471
https://doi.org/10.1242/dev.190744
https://doi.org/10.1101/gad.13.19.2604
https://doi.org/10.1152/physiolgenomics.00052.2018
https://doi.org/10.1186/bcr754
https://doi.org/10.1186/bcr754
https://doi.org/10.1007/s13280-019-01177-y
https://doi.org/10.1007/s13280-019-01177-y
https://doi.org/10.1038/337260a0
https://doi.org/10.1371/journal.pone.0163195
https://doi.org/10.1371/journal.pone.0163195
https://doi.org/10.1038/s41467-018-04905-2
https://doi.org/10.1038/s41467-018-04905-2

Journal of Comparative Physiology B

Deng GM, Yu JX, Xu JQ, Bao YF, Chen Q, Cao J, Zhao ZJ (2020)
Exposure to artificial wind increases energy intake and repro-
ductive performance of female Swiss mice (Mus musculus) in
hot temperatures. J Exp Biol. https://doi.org/10.1242/jeb.231415

Drent RH, Daan S (1980) The prudent parent: energetic adjustments
in avian breeding. Ardea 68:225-252

El Helou N, Tafflet M, Berthelot G, Tolaini J, Marc A, Guillaume
M, Hausswirth C, Toussaint JF (2012) Impact of environmen-
tal parameters on marathon running performance. PLoS ONE.
https://doi.org/10.1371/journal.pone.0037407

Elder AM, Stoller AR, Black SA, Lyons TR (2020) Macphatics and
PoEMs in postpartum mammary development and tumor pro-
gression. ] Mammary Gland Biol Neoplasia 25:103-113. https://
doi.org/10.1007/s10911-020-09451-6

Farmaki E, Kaza V, Chatzistamou I, Kiaris H (2020) CCL8 promotes
postpartum breast cancer by recruiting M2 macrophages. iSci-
ence 23:101217. https://doi.org/10.1016/}.is¢i.2020.101217

Félix-Soriano E, Stanford KI (2022) Prolonged lactation benefits oft-
spring metabolism. Nat Metab 4:798-799. https://doi.org/10.
1038/542255-022-00604-x

Festa-Bianchet M, Co6té SD, Hamel S, Pelletier F (2019) Long-term
studies of bighorn sheep and mountain goats reveal fitness costs
of reproduction. J Anim Ecol 88:1118-1133. https://doi.org/10.
1111/1365-2656.13002

Fouts HN, Hewlett BS, Lamb ME (2005) Parent-offspring weaning
conflicts among the Bofi farmers and foragers of Central Africa.
Curr Anthropol 46:29-50. https://doi.org/10.1086/425659

Gamo Y, Troup C, Mitchell SE, Hambly C, Vaanholt LM, Speakman
JR (2013) Limits to sustained energy intake. XX. Body tem-
peratures and physical activity of female mice during lactation.
J Exp Biol 216:3751-3761. https://doi.org/10.1242/jeb.090308

Girnius N, Edwards YJK, Davis RJ (2018) The cJUN NH,-terminal
kinase (JNK) pathway contributes to mouse mammary gland
remodeling during involution. Cell Death Differ 25:1702-1715.
https://doi.org/10.1038/s41418-018-0081-z

Gittleman JL, Thompson SD (1988) Energy allocation in mammalian
reproduction. Am Zool 28:863—875. https://doi.org/10.1093/icb/
28.3.863

Green KA, Streuli CH (2004) Apoptosis regulation in the mammary
gland. CMLS Cell Mol Life Sci 61:1867-1883. https://doi.org/
10.1007/s00018-004-3366-y

Haida A, Dor F, Guillaume M, Quinquis L, Marc A, Marquet LA,
Antero-Jacquemin J, Tourny-Chollet C, Desgorces F, Berthelot
G, Toussaint JF (2013) Environment and scheduling effects on
sprint and middle distance running performances. PLoS ONE.
https://doi.org/10.1371/journal.pone.0079548

Haig D (2010) Transfers and transitions: parent—offspring conflict,
genomic imprinting, and the evolution of human life history.
PNAS 107:1731-1735. https://doi.org/10.1073/pnas.0904111106

Hamel S, Gaillard JM, Yoccoz NG, Loison A, Bonenfant C, Descamps
S (2010) Fitness costs of reproduction depend on life speed:
empirical evidence from mammalian populations. Ecol Lett
13:915-935. https://doi.org/10.1111/j.1461-0248.2010.01478.x

Hammond KA, Diamond J (1997) Maximum sustained energy budgets
in humans and animals. Nature 386:457-462

Hammond KA, Konarzewski M, Torres RM, Diamond J (1994) Meta-
bolic ceilings under a combination of peak energy demands.
Physiol Zool 67:1479-1506

Hammond KA, Lloyd KCK, Diamond J (1996) Is mammary output
capacity limiting to lactational performance in mice? J Exp Biol
199:337-349

Han J, Shao J, Chen Q, Sun H, Guan L, Li Y, Liu J, Liu H (2019) Tran-
scriptional changes in the hypothalamus, pituitary, and mammary
gland underlying decreased lactation performance in mice under
heat stress. FASEB J 33:12588-12601

@ Springer

Hansen PJ (2009) Effects of heat stress on mammalian reproduction.
Phil Trans Roy Soc Lond B 364:3341-3350. https://doi.org/10.
1098/rstb.2009.0131

Hayssen V, Orr TJ (2017) Reproduction in mammals: the female per-
spective. Johns Hopkins University Press, Baltimore

Hennighausen L, Robinson GW (2001) Signaling pathways in mam-
mary gland development. Dev Cell 1:467-475. https://doi.org/
10.1016/S1534-5807(01)00064-8

Holmes WG (1991) Predator risk affects foraging behaviour of
pikas: observational and experimental evidence. Anim Behav
42:111-119

Huang YX, Li HH, Wang L, Min HX, Xu JQ, Wu SL, Cao J, Zhao
ZJ (2020a) The ability to dissipate heat is likely to be a more
important limitation on lactation in striped hamsters with greater
reproductive efforts under warmer conditions. Physiol Biochem
Zool 93:282-295. https://doi.org/10.1086/709538

Huang Y, Mendoza JO, Hambly C, Li BG, Ji ZG, Li L, Madizi M, Hu
SM, Speakman JR (2020b) Limits to sustained energy intake.
XXXI. Effect of graded levels of dietary fat on lactation perfor-
mance in Swiss mice. J Exp Biol. https://doi.org/10.1242/jeb.
221911

Huang Y, Mendoza JO, Li M, Jin ZG, Li BG, Wu YG, Togo J, Speak-
man JR (2021) Impact of graded maternal dietary fat content on
offspring susceptibility to high-fat diet in mice. Obesity 29:2055—
2067. https://doi.org/10.1002/0by.23270

Hughes K, Watson CJ (2018a) The mammary microenvironment
in mastitis in humans, dairy ruminants, rabbits and rodents: a
one health focus. ] Mammary Gland Biol Neoplasia 23:27-41.
https://doi.org/10.1007/s10911-018-9395-1

Hughes K, Watson CJ (2018b) The multifaceted role of STAT3 in
mammary gland involution and breast cancer. Int J Mol Sci
19:1695. https://doi.org/10.3390/ijms 19061695

Humphries MM, Thomas DW, Speakman JR (2002) Climate-mediated
energetic constraints on the distribution of hibernating mammals.
Nature 418:313-316

Jena MK, Jaswal S, Kumar S, Mohanty AK (2019) Molecular mech-
anism of mammary gland involution: an update. Dev Biol
445:145-155. https://doi.org/10.1016/j.ydbio.2018.11.002

Jerry DJ, Kuperwasser C, Downing SR, Pinkas J, He C, Dickinson E,
Marconi S, Naber SP (1998) Delayed involution of the mammary
epithelium in BALB/c-p53™! mice. Oncogene 17:2305-2312.
https://doi.org/10.1038/sj.onc.1202157

Jerry DJ, Dickinson ES, Roberts AL, Said TK (2002) Regulation of
apoptosis during mammary involution by the pS3 tumor suppres-
sor gene. J Dairy Sci 85:1103-1110

Jian YT, Huang XJ, Fang LS, Wang M, Liu QH, Xu HY, Kong LZ,
Chen XF, Ouyang Y, Wang X, Wei WD, Song LB (2021) Actin-
like protein 6A/MYC/CDK?2 axis confers high proliferative activ-
ity in triple-negative breast cancer. J Exp Clin Cancer Res 40:56.
https://doi.org/10.1186/s13046-021-01856-3

Johnson MS, Thomson SC, Speakman JR (2001) Limits to sustained
energy intake. I. Lactation in the laboratory mouse Mus muscu-
lus. J Exp Biol 204:1925-1935

Kim D, Langmead B, Salzberg SL (2015) HISAT: a fast spliced aligner
with low memory requirements. Nat Methods 12:357-360

Kobayashi K, Kuki C, Oyama S, Kumura H (2016) Pro-inflammatory
cytokine TNF-a is a key inhibitory factor for lactose synthesis
pathway in lactating mammary epithelial cells. Exp Cell Res
340:295-304

Koh DI, An H, Kim MY, Jeon BN, Choi SH, Hur SS, Hur MW (2015)
Transcriptional activation of APAF1 by KAISO (ZBTB33)
and p53 is attenuated by RelA/p65. Biochim Biophys Acta
1849:1170-1178. https://doi.org/10.1016/j.bbagrm.2015.07.008

Kortylewski M, Xin H, Kujawski M, Lee H, Liu Y, Harris T, Drake
C, Pardoll D, Yu H (2009) Regulation of the IL-23 and IL-12


https://doi.org/10.1242/jeb.231415
https://doi.org/10.1371/journal.pone.0037407
https://doi.org/10.1007/s10911-020-09451-6
https://doi.org/10.1007/s10911-020-09451-6
https://doi.org/10.1016/j.isci.2020.101217
https://doi.org/10.1038/s42255-022-00604-x
https://doi.org/10.1038/s42255-022-00604-x
https://doi.org/10.1111/1365-2656.13002
https://doi.org/10.1111/1365-2656.13002
https://doi.org/10.1086/425659
https://doi.org/10.1242/jeb.090308
https://doi.org/10.1038/s41418-018-0081-z
https://doi.org/10.1093/icb/28.3.863
https://doi.org/10.1093/icb/28.3.863
https://doi.org/10.1007/s00018-004-3366-y
https://doi.org/10.1007/s00018-004-3366-y
https://doi.org/10.1371/journal.pone.0079548
https://doi.org/10.1073/pnas.0904111106
https://doi.org/10.1111/j.1461-0248.2010.01478.x
https://doi.org/10.1098/rstb.2009.0131
https://doi.org/10.1098/rstb.2009.0131
https://doi.org/10.1016/S1534-5807(01)00064-8
https://doi.org/10.1016/S1534-5807(01)00064-8
https://doi.org/10.1086/709538
https://doi.org/10.1242/jeb.221911
https://doi.org/10.1242/jeb.221911
https://doi.org/10.1002/oby.23270
https://doi.org/10.1007/s10911-018-9395-1
https://doi.org/10.3390/ijms19061695
https://doi.org/10.1016/j.ydbio.2018.11.002
https://doi.org/10.1038/sj.onc.1202157
https://doi.org/10.1186/s13046-021-01856-3
https://doi.org/10.1016/j.bbagrm.2015.07.008

Journal of Comparative Physiology B

balance by Stat3 signaling in the tumor microenvironment. Can-
cer Cell 15:114-123. https://doi.org/10.1016/j.ccr.2008.12.018

Koteja P (1996) Limits to the energy budget in a rodent, Peromys-
cus maniculatus: the central limitation hypothesis. Physiol Zool
69:981-993

Kreuzaler PA, Staniszewska AD, Li WJ, Omidvar N, Kedjouar B, Turk-
son J, Poli V, Flavell RA, Clarkson RWE, Watson CJ (2011)
Stat3 controls lysosomal-mediated cell death in vivo. Nat Cell
Biol 13:303-309. https://doi.org/10.1038/ncb2171

Krél E, Speakman JR (1999) Isotope dilution spaces of mice injected
simultaneously with deuterium, tritium and oxygen-18. J Exp
Biol 202:2839-2849

Krdél E, Speakman JR (2003a) Limits to sustained energy intake. VI.
Energetics of lactation in laboratory mice at thermoneutrality. J
Exp Biol 206:4255-4266

Krd6l E, Speakman JR (2003b) Limits to sustained energy intake. VII.
Milk energy output in laboratory mice at thermoneutrality. J Exp
Biol 206:4267-4281

Krél E, Speakman JR (2019) Switching off the furnace: brown adipose
tissue and lactation. Mol Aspects Med 68:18—41. https://doi.org/
10.1016/j.mam.2019.06.003

Krd6l E, Johnson MS, Speakman JR (2003) Limits to sustained energy
intake. VIII. Resting metabolic rate and organ morphology
of laboratory mice lactating at thermoneutrality. J Exp Biol
206:4283-4291

Krdl E, Murphy M, Speakman JR (2007) Limits to sustained energy
intake. X. Effects of fur removal on reproductive performance in
laboratory mice. J Exp Biol 210:4233-4243

Krél E, Martin SA, Huhtaniemi IT, Douglas A, Speakman JR (2011)
Negative correlation between milk production and brown adipose
tissue gene expression in lactating mice. J Exp Biol 214:4160—
4170. https://doi.org/10.1242/jeb.061382

Kurta A, Bell GP, Nagy KA, Kunz TH (1989) Energetics of pregnancy
and lactation in free ranging little brown bats (Myotis lucifugus).
Physiol Zool 62:804-818. https://doi.org/10.1086/physz00l.62.3.
30157928

Kolliker M, Richner H (2001) Parent—offspring conflict and the genet-
ics of offspring solicitation and parental response. Anim Behav
62:395-407. https://doi.org/10.1006/anbe.2001.1792

Konig B, Markl H (1987) Maternal care in house mice I. The weaning
strategy as a means for parental manipulation of offspring quality.
Behav Ecol Sociobiol 20:1-9

Larimer SC, Fritzsche P, Song Z, Johnston J, Neumann K, Gattermann
R, McPhee ME, Johnston RE (2011) Foraging behavior of golden
hamsters (Mesocricetus auratus) in the wild. J Ethol 29:275-283.
https://doi.org/10.1007/s10164-010-0255-8

Lee S, Kelleher SL (2016) Biological underpinnings of breastfeeding
challenges: the role of genetics, diet, and environment on lac-
tation physiology. Am J Physiol Endocrinol Metab 311:E405—
E422. https://doi.org/10.1152/ajpendo.00495.2015

Lemay DG, Neville MC, Rudolph MC, Pollard KS, German JB (2007)
Gene regulatory networks in lactation: identification of global
principles using bioinformatics. BMC Syst Biol 1:56. https://
doi.org/10.1186/1752-0509-1-56

Lemay DG, Hovey RC, Hartono SR, Hinde K, Smilowitz JT, Ven-
timiglia F, Schmidt KA, Lee JW, Islas-Trejo A, Silva PI, Korf
I, Medrano JF, Barry PA, German JB (2013) Sequencing the
transcriptome of milk production: milk trumps mammary tissue.
BMC Genomics 14:872

Li L, Li BG, Li M, Niu CQ, Wang GL, Li T, Krél E, Jin WZ, Speak-
man JR (2017) Brown adipocytes can display a mammary basal
myoepithelial cell phenotype in vivo. Mol Metab 6:1198—-1211.
https://doi.org/10.1016/j.molmet.2017.07.015

Li CMC, Shapiro H, Tsiobikas C, Selfors LM, Chen HD, Rosenbluth
J, Moore K, Gupta KP, Gray GK, Oren Y, Steinbaugh MJ, Guer-
riero JL, Pinello L, Regev A, Brugge JS (2020) Aging-associated

alterations in mammary epithelia and stroma revealed by single-
cell RNA sequencing. Cell Rep 33:108566. https://doi.org/10.
1016/j.celrep.2020.108566

Liao Y, Smyth GK, Shi W (2014) featureCounts: an efficient general
purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics 30:923-930. https://doi.org/10.1093/bioin
formatics/btt656

Lopes N, Paredes J, Costa JL, Ylstra B, Schmitt F (2012) Vitamin D
and the mammary gland: a review on its role in normal develop-
ment and breast cancer. Breast Cancer Res 14:211. https://doi.
org/10.1186/bcr3178

Luan Y, Zhang W, Xie J, Mao J (2021) CDKN2A inhibits cell prolif-
eration and invasion in cervical cancer through LDHA-mediated
AKT/mTOR pathway. Clin Transl Oncol 23:222-228. https://doi.
org/10.1007/s12094-020-02409-4

Lund LR, Rgmer J, Thomasset N, Solberg H, Pyke C, Bissell MJ, Dang
K, Werb Z (1996) Two distinct phases of apoptosis in mammary
gland involution: proteinase-independent and -dependent path-
ways. Development 122:181-193

Ma L, Corl BA (2012) Transcriptional regulation of lipid synthesis in
bovine mammary epithelial cells by sterol regulatory element
binding protein-1.J Dairy Sci 95:3743-3755. https://doi.org/10.
3168/jds.2011-5083

Macias H, Hinck L (2012) Mammary gland development. WIREs. Dev
Biol 1:533-557. https://doi.org/10.1002/wdev.35

Mandalaywala TM, Higham JP, Heistermann M, Parker KJ, Maes-
tripieri D (2014) Physiological and behavioural responses to
weaning conflict in free-ranging primate infants. Anim Behav
97:241-247. https://doi.org/10.1016/j.anbehav.2014.09.016

Maningat PD, Sen P, Rijnkels M, Sunehag AL, Hadsell DL, Bray M,
Haymond MW (2009) Gene expression in the human mammary
epithelium during lactation: the milk fat globule transcriptome.
Physiol Genomics 37:12-22

Manjarin R, Bequette BJ, Wu G, Trottier NL (2014) Linking our under-
standing of mammary gland metabolism to amino acid nutrition.
Amino Acids 46:2447-2462

Marion CR, Wang JM, Sharma L, Losier A, Lui W, Andrews N, Elias
JA, Kazmierczak BI, Roy CR, Dela Cruz CS (2016) Chitinase
3-like 1 (Chill) regulates survival and macrophage-mediated
interleukin-1p and tumor necrosis factor alpha during Pseu-
domonas aeruginosa pneumonia. Infect Immun 84:2094-2104.
https://doi.org/10.1128/IA1.00055-16

Martin Carli JF, Trahan GD, Jones KL, Hirsch N, Rolloff KP, Dunn
EZ, Friedman JE, Barbour LA, Hernandez TL, MacLean PS,
Monks J, McManaman JL, Rudolph MC (2020) Single cell
RNA sequencing of human milk-derived cells reveals sub-pop-
ulations of mammary epithelial cells with molecular signatures
of progenitor and mature states: a novel, non-invasive frame-
work for investigating human lactation physiology. J] Mammary
Gland Biol Neoplasia 25:367-387. https://doi.org/10.1007/
s10911-020-09466-z

Matthews JR, Clarke AR (2005) p53 mediates a default programme of
mammary gland involution in the absence of STAT3. Oncogene
24:3083-3090

McClellan HL, Miller SJ, Hartmann PE (2008) Evolution of lactation:
nutrition v. protection with special reference to five mammalian
species. Nutr Res Rev 21:97-116. https://doi.org/10.1017/S0954
422408100749

Mohammad MA, Haymond MW (2013) Regulation of lipid synthesis
genes and milk fat production in human mammary epithelial
cells during secretory activation. Am J Physiol Endocrinol Metab
305:E700-E716

Monks J, Smith-Steinhart C, Kruk ER, Fadok VA, Henson PM (2008)
Epithelial cells remove apoptotic epithelial cells during post-
lactation involution of the mouse mammary gland. Biol Reprod
78:586-594. https://doi.org/10.1095/biolreprod.107.065045

@ Springer


https://doi.org/10.1016/j.ccr.2008.12.018
https://doi.org/10.1038/ncb2171
https://doi.org/10.1016/j.mam.2019.06.003
https://doi.org/10.1016/j.mam.2019.06.003
https://doi.org/10.1242/jeb.061382
https://doi.org/10.1086/physzool.62.3.30157928
https://doi.org/10.1086/physzool.62.3.30157928
https://doi.org/10.1006/anbe.2001.1792
https://doi.org/10.1007/s10164-010-0255-8
https://doi.org/10.1152/ajpendo.00495.2015
https://doi.org/10.1186/1752-0509-1-56
https://doi.org/10.1186/1752-0509-1-56
https://doi.org/10.1016/j.molmet.2017.07.015
https://doi.org/10.1016/j.celrep.2020.108566
https://doi.org/10.1016/j.celrep.2020.108566
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/bcr3178
https://doi.org/10.1186/bcr3178
https://doi.org/10.1007/s12094-020-02409-4
https://doi.org/10.1007/s12094-020-02409-4
https://doi.org/10.3168/jds.2011-5083
https://doi.org/10.3168/jds.2011-5083
https://doi.org/10.1002/wdev.35
https://doi.org/10.1016/j.anbehav.2014.09.016
https://doi.org/10.1128/IAI.00055-16
https://doi.org/10.1007/s10911-020-09466-z
https://doi.org/10.1007/s10911-020-09466-z
https://doi.org/10.1017/S0954422408100749
https://doi.org/10.1017/S0954422408100749
https://doi.org/10.1095/biolreprod.107.065045

Journal of Comparative Physiology B

Mu T, Hu HH, Ma YF, Feng XF, Zhang J, Gu YL (2021) Regula-
tion of key genes for milk fat synthesis in ruminants. Front Nutr
8:765147. https://doi.org/10.3389/fnut.2021.765147

Nakamura MT, Nara TY (2002) Gene regulation of mammalian desat-
urases. Biochem Soc Trans 30:1076-1079. https://doi.org/10.
1042/bst0301076

Nicoll CS, Meites J (1959) Prolongation of lactation in the rat by litter
replacement. Proc Soc Exp Biol Med 101:81-82

Nunes S (2014) Maternal experience and territorial behavior in ground
squirrels. J] Mammal 95:491-502. https://doi.org/10.1644/
13-MAMM-A-284

Ohrnberger SA, Hambly C, Speakman JR, Valencak TG (2020) Lim-
its to sustained energy intake. XXXII. Hot again: dorsal shav-
ing increases energy intake and milk output in golden hamsters
(Mesocricetus auratus). J Exp Biol. https://doi.org/10.1242/jeb.
230383

Osorio JS, Lohakare J, Bionaz M (2016) Biosynthesis of milk fat, pro-
tein, and lactose: roles of transcriptional and posttranscriptional
regulation. Physiol Genomics 48:231-256

Patel OV, Casey T, Plaut K (2019) Profiling solute-carrier transport-
ers in key metabolic tissues during the postpartum evolution of
mammary epithelial cells from nonsecretory to secretory. Physiol
Genomics 51:539-552

Paul M, Bhadra A (2017) Selfish pups: weaning conflict and milk theft
in free-ranging dogs. PLoS ONE. https://doi.org/10.1371/journ
al.pone.0170590

Pena-Leon V, Folgueira C, Barja-Fernandez S et al (2022) Prolonged
breastfeeding protects from obesity by hypothalamic action of
hepatic FGF21. Nat Metab 4:901-917. https://doi.org/10.1038/
$42255-022-00602-z

Pensa S, Watson CJ, Poli V (2009) Stat3 and the inflammation/acute
phase response in involution and breast cancer. ] Mammary
Gland Biol Neoplasia 14:121-129. https://doi.org/10.1007/
s10911-009-9124-x

Peterson CC, Nagy KA, Diamond J (1990) Sustained metabolic scope.
PNAS 87:2324-2328

Qian X, Zhao FQ (2014) Current major advances in the regulation
of milk protein gene expression. Crit Rev Eukaryot Gene Expr
24:357-378

R Core Team (2018) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna

Rajasinghe LD, Chauhan PS, Wierenga KA, Evered AO, Harris SN,
Bates MA, Gavrilin MA, Pestka JJ (2020) Omega-3 docosahex-
aenoic acid (DHA) impedes silica-induced macrophage corpse
accumulation by attenuating cell death and potentiating effero-
cytosis. Front Immunol 11:2179. https://doi.org/10.3389/fimmu.
2020.02179

Ramanathan P, Martin IC, Gardiner-Garden M, Thomson PC, Taylor
RM, Ormandy CJ, Moran C, Williamson P (2008) Transcriptome
analysis identifies pathways associated with enhanced maternal
performance in QSi5 mice. BMC Genomics 9:197. https://doi.
org/10.1186/1471-2164-9-197

Ramirez Moreno M, Bulgakova NA (2022) The cross-talk between
EGFR and E-cadherin. Front Cell Dev Biol 9:828673. https://
doi.org/10.3389/fcell.2021.828673

Rehling A, Trillmich F (2007) Weaning in the guinea pig (Cavia
aperea f. porcellus): who decides and by what measure?
Behav Ecol Sociobiol 62:149-157. https://doi.org/10.1007/
$00265-007-0449-4

Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a Bioconduc-
tor package for differential expression analysis of digital gene
expression data. Bioinformatics 26:139-140. https://doi.org/10.
1093/bioinformatics/btp616

Rogers SA, Robbins CT, Mathewson PD, Carnahan AM, van Manen
FT, Haroldson MA, Porter WP, Rogers TR, Soule T, Long RA
(2021) Thermal constraints on energy balance, behaviour and

@ Springer

spatial distribution of grizzly bears. Funct Ecol 35:398-410.
https://doi.org/10.1111/1365-2435.13727

Roy BN, Wynne-Edwards KE (1995) Progesterone, oestradiol, and
prolactin involvement in lactation, including lactation follow-
ing a postpartum mating, in the Djungarian hamster (Phodopus
campbelli). Biol Reprod 52:855-863. https://doi.org/10.1095/
biolreprod52.4.855

Rudolph MC, McManaman JL, Phang T, Russell T, Kominsky DJ,
Serkova NJ, Stein T, Anderson SM, Neville MC (2007) Meta-
bolic regulation in the lactating mammary gland: a lipid syn-
thesizing machine. Physiol Genomics 28:323-336

Rudolph MC, Monks J, Burns V, Phistry M, Marians R, Foote MR,
Bauman DE, Anderson SM, Neville MC (2010) Sterol regula-
tory element binding protein and dietary lipid regulation of
fatty acid synthesis in the mammary epithelium. Am J Physiol
Endocrinol Metab 299:E918-E927. https://doi.org/10.1152/
ajpendo.00376.2010

Rodel HG, Starkloff A, Bautista A, Friedrich A-C, von Holst D
(2008) Infanticide and maternal offspring defence in European
rabbits under natural breeding conditions. Ethology 114:22—
31. https://doi.org/10.1111/.1439-0310.2007.01447 .x

Sadowska ET, Krél E, Chrzascik KM, Rudolf AM, Speakman JR,
Koteja P (2016) Limits to sustained energy intake. XXIII. Does
heat dissipation capacity limit the energy budget of lactating
bank voles? J Exp Biol 219:805-815. https://doi.org/10.1242/
jeb.134437

Sadowska J, Ggbczynski AK, Lewoc M, Konarzewski M (2019) Not
that hot after all: no limits to heat dissipation in lactating mice
selected for high or low BMR. J Exp Biol. https://doi.org/10.
1242/jeb.204669

Sakamoto K, Wehde BL, Radler PD, Triplett AA, Wagner KU (2016)
Generation of Janus kinase 1 (JAK1) conditional knockout
mice. Genesis 54:582-588. https://doi.org/10.1002/dvg.22982

Sargeant TJ, Lloyd-Lewis B, Resemann HK, Ramos-Montoya A,
Skepper J, Watson CJ (2014) Stat3 controls cell death during
mammary gland involution by regulating uptake of milk fat
globules and lysosomal membrane permeabilization. Nat Cell
Biol 16:1057-1068. https://doi.org/10.1038/ncb3043

Schere-Levy C, Buggiano V, Quaglino A, Gattelli A, Cirio MC,
Piazzon I, Vanzulli S, Kordon EC (2003) Leukemia inhibitory
factor induces apoptosis of the mammary epithelial cells and
participates in mouse mammary gland involution. Exp Cell Res
282:35-47. https://doi.org/10.1006/excr.2002.5666

Schurch NJ, Schofield P, Gierliriski M, Cole C, Sherstnev A, Singh
V, Wrobel N, Gharbi K, Simpson GG, Owen-Hughes T, Blax-
ter M, Barton GJ (2016) How many biological replicates are
needed in an RNA-seq experiment and which differential
expression tool should you use? RNA 22:839-851. https://doi.
org/10.1261/rna.053959.115

Silanikove N (2014) Natural and abrupt involution of the mammary
gland affects differently the metabolic and health consequences
of weaning. Life Sci 102:10-15. https://doi.org/10.1016/].1fs.
2014.02.034

Simons MJ, Reimert I, van der Vinne V, Hambly C, Vaanholt LM,
Speakman JR, Gerkema MP (2011) Ambient temperature
shapes reproductive output during pregnancy and lactation in
the common vole (Microtus arvalis): a test of the heat dissi-
pation limit theory. J Exp Biol 214:38-49. https://doi.org/10.
1242/jeb.044230

Speakman JR (1997) Doubly labelled water: theory and practice.
Chapman and Hall, London

Speakman JR (2008) The physiological costs of reproduction in
small mammals. Phil Trans R Soc B 363:375-398

Speakman JR, Krél E (2005a) Limits to sustained energy intake IX:
a review of hypotheses. J Comp Physiol B 175:375-394


https://doi.org/10.3389/fnut.2021.765147
https://doi.org/10.1042/bst0301076
https://doi.org/10.1042/bst0301076
https://doi.org/10.1644/13-MAMM-A-284
https://doi.org/10.1644/13-MAMM-A-284
https://doi.org/10.1242/jeb.230383
https://doi.org/10.1242/jeb.230383
https://doi.org/10.1371/journal.pone.0170590
https://doi.org/10.1371/journal.pone.0170590
https://doi.org/10.1038/s42255-022-00602-z
https://doi.org/10.1038/s42255-022-00602-z
https://doi.org/10.1007/s10911-009-9124-x
https://doi.org/10.1007/s10911-009-9124-x
https://doi.org/10.3389/fimmu.2020.02179
https://doi.org/10.3389/fimmu.2020.02179
https://doi.org/10.1186/1471-2164-9-197
https://doi.org/10.1186/1471-2164-9-197
https://doi.org/10.3389/fcell.2021.828673
https://doi.org/10.3389/fcell.2021.828673
https://doi.org/10.1007/s00265-007-0449-4
https://doi.org/10.1007/s00265-007-0449-4
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1111/1365-2435.13727
https://doi.org/10.1095/biolreprod52.4.855
https://doi.org/10.1095/biolreprod52.4.855
https://doi.org/10.1152/ajpendo.00376.2010
https://doi.org/10.1152/ajpendo.00376.2010
https://doi.org/10.1111/j.1439-0310.2007.01447.x
https://doi.org/10.1242/jeb.134437
https://doi.org/10.1242/jeb.134437
https://doi.org/10.1242/jeb.204669
https://doi.org/10.1242/jeb.204669
https://doi.org/10.1002/dvg.22982
https://doi.org/10.1038/ncb3043
https://doi.org/10.1006/excr.2002.5666
https://doi.org/10.1261/rna.053959.115
https://doi.org/10.1261/rna.053959.115
https://doi.org/10.1016/j.lfs.2014.02.034
https://doi.org/10.1016/j.lfs.2014.02.034
https://doi.org/10.1242/jeb.044230
https://doi.org/10.1242/jeb.044230

Journal of Comparative Physiology B

Speakman JR, Krol E (2005b) Comparison of different approaches for
the calculation of energy expenditure using doubly labeled water
in a small mammal. Physiol Biochem Zool 78:650-667

Speakman JR, Krol E (2010a) Maximal heat dissipation capacity and
hyperthermia risk: neglected key factors in the ecology of endo-
therms. J Anim Ecol 79:726-746. https://doi.org/10.1111/j.1365-
2656.2010.01689.x

Speakman JR, Krél E (2010b) The heat dissipation limit theory and
evolution of life histories in endotherms—time to dispose of the
disposable soma theory? Integr Comp Biol 50:793-807. https://
doi.org/10.1093/icb/icq049

Speakman JR, Krél E (2011) Limits to sustained energy intake. XIII.
Recent progress and future perspectives. J Exp Biol 214:230—
241. https://doi.org/10.1242/jeb.048603

Speakman JR, Racey PA (1988) Consequences of non steady-state CO,
production for accuracy of the doubly labeled water technique—
the importance of recapture interval. Comp Biochem Physiol
90A:337-340

Speakman JR, Nagy KA, Masman D, Mook WG, Poppitt SD, Strat-
hearn GE, Racey PA (1990) Interlaboratory comparison of dif-
ferent analytical techniques for the determination of O-18 abun-
dance. Anal Chem 62:703-708

Stearns SC (1992) The evolution of life histories. Oxford University
Press, Oxford

Stein T, Morris JS, Davies CR, Weber-Hall SJ, Duffy MA, Heath VJ,
Bell AK, Ferrier RK, Sandilands GP, Gusterson BA (2004)
Involution of the mouse mammary gland is associated with an
immune cascade and an acute-phase response, involving LBP,
CD14 and STATS3. Breast Cancer Res 6:R75-91. https://doi.org/
10.1186/bcr753

Stein T, Salomonis N, Gusterson BA (2007) Mammary gland involu-
tion as a multi-step process. ] Mammary Gland Biol Neoplasia
12:25-35. https://doi.org/10.1007/s10911-007-9035-7

Strange R, Li F, Saurer S, Burkhardt A, Friis RR (1992) Apoptotic
cell death and tissue remodelling during mouse mammary gland
involution. Development 115:49-58

Sullivan KD, Galbraith MD, Andrysik Z, Espinosa JM (2018) Mecha-
nisms of transcriptional regulation by p53. Cell Death Differ
25:133-143. https://doi.org/10.1038/cdd.2017.174

Tarnaud L (2006) Feeding behavior of lactating brown lemur females
(Eulemur fulvus) in Mayotte: influence of infant age and plant
phenology. Am J Primatol 68:966-977. https://doi.org/10.1002/
ajp.20288

Thurber C, Dugas LR, Ocobock C, Carlson B, Speakman JR, Pontzer
H (2019) Extreme events reveal an alimentary limit on sustained
maximal human energy expenditure. Sci Adv. https://doi.org/10.
1126/sciadv.aaw0341

Trivers RL (1974) Parent-offspring conflict. Amer Zool 14:249-264

Urao N, Mirza RE, Heydemann A, Garcia J, Koh TJ (2016) Thrombos-
pondin-1 levels correlate with macrophage activity and disease
progression in dysferlin deficient mice. Neuromuscul Disord
26:240-251. https://doi.org/10.1016/j.nmd.2016.01.002

Victora CG, Bahl R, Barros AJD, Franca GVA, Horton S, Krasevec J,
Murch S, Sankar MJ, Walker N, Rollins NC (2016) Breastfeed-
ing in the 21st century: epidemiology, mechanisms, and lifelong
effect. Lancet 387:475-490. https://doi.org/10.1016/S0140-
6736(15)01024-7

Wallace TR, Tarullo SE, Crump LS, Lyons TR (2019) Studies of post-
partum mammary gland involution reveal novel pro-metastatic
mechanisms. J Cancer Metastasis Treat. https://doi.org/10.20517/
2394-4722.2019.01

Wang QA, Song AY, Chen WZ, Schwalie PC, Zhang F, Vishvanath
L, Jiang L, Ye RS, Shao ML, Tao C, Gupta RK, Deplancke B,
Scherer PE (2018) Reversible de-differentiation of mature white
adipocytes into preadipocyte-like precursors during lactation.

Cell Metab 28:282-288.e3. https://doi.org/10.1016/j.cmet.2018.
05.022

Watson CJ (2006) Key stages in mammary gland development—invo-
lution: apoptosis and tissue remodelling that convert the mam-
mary gland from milk factory to a quiescent organ. Breast Cancer
Res 8:203. https://doi.org/10.1186/bcr1401

Watson CJ, Khaled WT (2020) Mammary development in the embryo
and adult: new insights into the journey of morphogenesis and
commitment. Development. https://doi.org/10.1242/dev.169862

Wei J, Ramanathan P, Martin IC, Moran C, Taylor RM, Williamson P
(2013) Identification of gene sets and pathways associated with
lactation performance in mice. Physiol Genomics 45:171-181.
https://doi.org/10.1152/physiolgenomics.00139.2011

Weiner J (1992) Physiological limits to sustainable energy budgets in
birds and mammals: ecological implications. Trends Ecol Evol
7:384-388

Weir JBAV (1949) New methods for calculating metabolic rate with
special reference to protein metabolism. J Physiol 109:1-9

WenJ, Tan S, Qiao QG, Fan WJ, Huang YX, Cao J, Liu JS, Wang ZX,
Zhao ZJ (2017) Sustained energy intake in lactating Swiss mice:
a dual modulation process. J Exp Biol 220:2277-2286. https://
doi.org/10.1242/jeb.157107

West HER, Capellini I (2016) Male care and life history traits in mam-
mals. Nat Commun 7:11854. https://doi.org/10.1038/ncomm
s11854

Woznicki JA, Saini N, Flood P, Rajaram S, Lee CM, Stamou P,
Skowyra A, Bustamante-Garrido M, Regazzoni K, Crawford N,
McDade SS, Longley DB, Aza-Blanc P, Shanahan F, Zulquer-
nain SA, McCarthy J, Melgar S, McRae BL, Nally K (2021)
TNF-a synergises with IFN-y to induce caspase-8-JAK1/2-
STAT1-dependent death of intestinal epithelial cells. Cell Death
Dis 12:864. https://doi.org/10.1038/s41419-021-04151-3

Yallowitz AR, Alexandrova EM, Talos F, Xu S, Marchenko ND, Moll
UM (2014) p63 is a prosurvival factor in the adult mammary
gland during post-lactational involution, affecting PI-MECs and
ErbB2 tumorigenesis. Cell Death Differ 21:645-654

Yang DB, Li L, Wang LP, Chi QS, Hambly C, Wang DH, Speakman JR
(2013) Limits to sustained energy intake. XIX. A test of the heat
dissipation limitation hypothesis in Mongolian gerbils (Meri-
ones unguiculatus). J Exp Biol 216:3358-3368. https://doi.org/
10.1242/jeb.085233

Zhao ZJ, Cao J (2009) Effect of fur removal on the thermal conduct-
ance and energy budget in lactating Swiss mice. J Exp Biol
212:2541-2549. https://doi.org/10.1242/jeb.029603

Zhao ZJ, Chi QS, Cao J (2010) Milk energy output during peak lacta-
tion in shaved Swiss mice. Physiol Behav 101:59-66. https://doi.
org/10.1016/j.physbeh.2010.04.017

Zhao ZJ, Song DG, Su ZC, Wei WB, Liu XB, Speakman JR (2013)
Limits to sustained energy intake. XVIII. Energy intake and
reproductive output during lactation in Swiss mice raising small
litters. J Exp Biol 216:2349-2358. https://doi.org/10.1242/jeb.
078436

Zhao ZJ, Derous D, Gerrard A, Wen J, Liu X, Tan S, Hambly C, Speak-
man JR (2020a) Limits to sustained energy intake. XXX. Con-
straint or restraint? Manipulations of food supply show peak food
intake in lactation is constrained. J Exp Biol. https://doi.org/10.
1242/jeb.208314

Zhao ZJ, Hambly C, Shi LL, Bi ZQ, Cao J, Speakman JR (2020b)
Late lactation in small mammals is a critically sensitive win-
dow of vulnerability to elevated ambient temperature. PNAS
117:24352-24358. https://doi.org/10.1073/pnas.2008974117

Zhu WL, Zhang H, Cheng JL, Cai JH, Meng LH (2016) Limits to sus-
tainable energy intake during lactation in Eothenomys miletus:
effects of fur-shaving and litter size. Mammal Study 41:215-222.
https://doi.org/10.3106/041.041.0406

@ Springer


https://doi.org/10.1111/j.1365-2656.2010.01689.x
https://doi.org/10.1111/j.1365-2656.2010.01689.x
https://doi.org/10.1093/icb/icq049
https://doi.org/10.1093/icb/icq049
https://doi.org/10.1242/jeb.048603
https://doi.org/10.1186/bcr753
https://doi.org/10.1186/bcr753
https://doi.org/10.1007/s10911-007-9035-7
https://doi.org/10.1038/cdd.2017.174
https://doi.org/10.1002/ajp.20288
https://doi.org/10.1002/ajp.20288
https://doi.org/10.1126/sciadv.aaw0341
https://doi.org/10.1126/sciadv.aaw0341
https://doi.org/10.1016/j.nmd.2016.01.002
https://doi.org/10.1016/S0140-6736(15)01024-7
https://doi.org/10.1016/S0140-6736(15)01024-7
https://doi.org/10.20517/2394-4722.2019.01
https://doi.org/10.20517/2394-4722.2019.01
https://doi.org/10.1016/j.cmet.2018.05.022
https://doi.org/10.1016/j.cmet.2018.05.022
https://doi.org/10.1186/bcr1401
https://doi.org/10.1242/dev.169862
https://doi.org/10.1152/physiolgenomics.00139.2011
https://doi.org/10.1242/jeb.157107
https://doi.org/10.1242/jeb.157107
https://doi.org/10.1038/ncomms11854
https://doi.org/10.1038/ncomms11854
https://doi.org/10.1038/s41419-021-04151-3
https://doi.org/10.1242/jeb.085233
https://doi.org/10.1242/jeb.085233
https://doi.org/10.1242/jeb.029603
https://doi.org/10.1016/j.physbeh.2010.04.017
https://doi.org/10.1016/j.physbeh.2010.04.017
https://doi.org/10.1242/jeb.078436
https://doi.org/10.1242/jeb.078436
https://doi.org/10.1242/jeb.208314
https://doi.org/10.1242/jeb.208314
https://doi.org/10.1073/pnas.2008974117
https://doi.org/10.3106/041.041.0406

Journal of Comparative Physiology B

Zwick RK, Rudolph MC, Shook BA, Holtrup B, Roth E, Lei V, Van Publisher's Note Springer Nature remains neutral with regard to
Keymeulen A, Seewaldt V, Kwei S, Wysolmerski J, Rodeheffer jurisdictional claims in published maps and institutional affiliations.
MS, Horsley V (2018) Adipocyte hypertrophy and lipid dynam-
ics underlie mammary gland remodeling after lactation. Nat
Commun 9:3592. https://doi.org/10.1038/s41467-018-05911-0

@ Springer


https://doi.org/10.1038/s41467-018-05911-0

	Fur removal promotes an earlier expression of involution-related genes in mammary gland of lactating mice
	Abstract
	Introduction
	Materials and methods
	Animals and experimental protocol
	Fur removal
	Metabolizable energy intake (MEI)
	Daily energy expenditure (DEE)
	Milk energy output (MEO)
	RNA extraction
	RNA-seq library preparation and sequencing
	Read mapping
	Differential analysis of gene expression
	Overlaps with gene sets from literature
	Functional analysis of gene expression
	Correlation analysis of gene expression
	Statistical analysis of non-transcriptomic data

	Results
	Whole-body phenotype and reproductive performance
	Mammary gland gene expression
	Overlaps between DEGs induced by shaving and gene sets from literature
	Functional analysis of DEGs induced by shaving
	Correlation of gene expression and milk production

	Discussion
	Phenotypic responses to shaving
	Transcriptomic responses to shaving
	Overlap with milk synthesis-related gene set
	Overlap with involution-related gene set
	Shaving vs pup removal experiments
	Functional analysis of DEGs
	Mother-young conflict over weaning
	Study limitations

	Conclusions
	Acknowledgements 
	References


