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KEY POINTS

e In utero heat stress reduces the birth weight of calves.
In utero heat stress compromises passive transfer.
Methylation patterns differ in hepatic and mammary tissues after in utero heat stress.

Compared with calves born to cooled dams, calves from heat stressed dams have lower
milk yields.

INTRODUCTION: EFFECTS OF LATE GESTATION HEAT STRESS ON THE DAM

It is well-recognized that heat stress, characterized by high ambient temperature
and relative humidity, is a major factor adversely affecting cattle throughout the
world, even in temperate regions.’ Heat stressed dairy cows are more vulnerable
to disease, have reduced fertility, and drastically lower milk production.? In fact,
milk yield decreases of up to 40% have been reported,’>* which is partially attrib-
uted to the reduced feed intake of heat stressed cows, with the remaining decline
caused by physiologic adjustments in an effort to dissipate metabolic heat.>® It is
estimated that, in the United States alone, environmental heat stress on lactating
cows costs the dairy industry more than $1.5 billion in losses annually owing to
decreased milk yield and increased morbidity and mortality.”” For that reason,
many farms in the United States have adopted heat abatement systems, such as
fans and water sprayers, to actively cool lactating cows.® However, this estimation
only accounts for lactating cows. Our recent study estimated that heat stress
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occurring only during the dry period translates into an additional $810 million in milk
losses annually.® Dairy industries in hot states such as Florida, Texas, and California
suffer the greatest economic impact, but even states such as Michigan and Wiscon-
sin experience hundreds of kilograms of milk losses in a typical lactation owing to
dry period heat stress.

Although cows are highly susceptible to heat stress during lactation, heat stress
during the dry period, the nonlactating period between successive lactations, also
negatively impacts milk production in the subsequent lactation.’®'2 For example,
housing late gestation dry cows (from approximately 230 days pregnant to calving)
in shaded barns without access to active cooling devices, such as water soakers
and fans, induces heat stress that cause systemic and tissue-specific changes that
culminate in milk loss (approximately 5 kg per cow per day) in the subsequent lacta-
tion.0:12-14 Moreover, when cows are heat stressed during the dry period, they exhibit
altered mammary gland microstructure during early subsequent lactation, featuring
fewer alveoli compared with cooled cows.'® Also, nonlactating, heat-stressed cows
have aberrant patterns of hepatic protein expression consistent with oxidative stress,
mitochondrial dysfunction, and liver-specific changes in lipid and glucose metabolism
early postpartum.’®

Heat stress, therefore, negatively impacts mature cows during established lactation
and during the dry period, wherein it causes recoverable effects on mammary output
and metabolic accommodations to reduce heat load. In dry cows, heat stress pro-
grams mammary growth and reduces yield in the subsequent lactation. The reduction
in yield is associated with decreased autophagy'’ and apoptosis'' during involution
shortly after cessation of milk removal, followed by a delay in epithelial cell proliferation
later in the dry period.”” These programming effects, however, seem to be transient
and restricted to that lactation, whereas the impacts of in utero heat stress on the
developing fetus are permanent and transgenerational. Those effects are the focus
of the remainder of this article.

DEVELOPMENTAL PROGRAMMING AND THE MAMMARY GLAND

During specific developmental windows, conditions experienced in early life can affect
gene expression, cells, tissues, and organs with consequences for future physiologic
function, health, and disease outcomes later in life,'®'® a concept known as develop-
mental programming.?® The dry period of a dairy cow coincides with the last trimester
of gestation, a time of maximal fetal development.?! As a cow is stressed in late gesta-
tion, so too is the fetus, which shapes their future performance. It is evident from nutri-
tional studies in ruminants that conditions experienced early in life can program future
mammary function. Fetuses of ewes fed a maintenance diet throughout gestation
have heavier mammary glands compared with fetuses carried by ewes on an ad libi-
tum diet. Independent of diet, ewe size during pregnancy also influences fetal mam-
mary development. Fetuses of heavier ewes have a larger mammary ductal area.??
Further, lambs of heavier ewes and those fed a maintenance diet also produce
more milk during their first lactation, indicative of in utero programming of mammary
function through changes in early gland development.

Early life nutritional manipulation can also impact mammary development. Calves
fed a higher plane of nutrition during the preweaning period produce more milk during
the first lactation.?®2# This may occur through an increase in parenchymal and mam-
mary fat pad weight, and parenchymal DNA content (an indicator of cell number).?*
Geiger and colleagues?® also reported greater mammary epithelial cell (MEC) prolifer-
ation after weaning among calves fed a greater energy milk replacer before weaning,



In Utero Heat Stress Programs

although others have found no effect of nutrition on mammary cell proliferation.?%-2”
Postweaning, prepubertal mammary development is also affected by diet and impacts
milk production in the subsequent lactation, although in an opposite direction to the
effects of preweaning nutrition.?® For example, dietary manipulation to enhance pre-
pubertal weight gain in dairy heifers impairs mammogenesis and decreases subse-
quent milk yield,?® which is at least partially attributed to changes in mammogenic
hormone secretion.® In addition, greater average daily gains result in heifers attaining
puberty at a younger age, which truncates the allometric growth phase of mammo-
genesis.?” Together these studies suggest mammary ductal and fat pad development,
before the first pregnancy, are critical for secretory tissue development during preg-
nancy and mammary function postpartum.®'=33 But, how these developmental pro-
cesses might be influenced by environmental factors such as heat stress remains
unknown.

HEAT STRESS AND MAMMARY DEVELOPMENT AND FUNCTION

Factors experienced early in life, such as disease, nutrition, and management inter-
ventions, can influence the lactation performance of heifers.®* Of particular concern
is environmental heat stress. Adverse effects of high temperatures on mammary
development and function have been demonstrated both in vitro and in vivo. Bovine
MEC growth, as estimated by DNA content, branching morphogenesis, and ductal
branch extension is completely halted over a 24-hour period of exposure to high tem-
perature in vitro.®® Subjecting bovine MEC to a high incubation temperature for just
1 hour induces changes in cell ultrastructure characteristic of apoptosis, including
chromatin condensation, formation of apoptotic bodies, and the presence of second-
ary lysosomes.*® Moreover, increases in the proportion of MEC undergoing apoptosis
and necrosis and decreases in cell viability and proliferation are detected after acute
heat stress of both bovine and buffalo MEC in vitro.®6=8 In dairy cattle in vivo, dry
pregnant cows exposed to heat stress have lower mammary cell proliferation relative
to cows provided with active cooling.'" The capacity of the lactating mammary gland
to synthesize milk is a product of the number and metabolic activity of the secretory
epithelial cells.*® Thus, the inhibition of proliferation and increased cell death via
apoptosis and necrosis likely contribute to reduced milk yield among heat-stressed
COows.

Changes in molecular events in response to heat exposure have also been reported.
Bovine MEC incubated briefly at high temperature upregulate expression of genes in
the heat shock protein family.®>” Collier and colleagues®® found that heat shock
protein-70 gene expression increases up to approximately 4 hours after heat stress
initiation followed by a sharp decrease to basal expression level concurrent with an
increase in expression of proapoptotic genes. This decreases suggests thermotoler-
ance loss as the duration of heat exposure increases. Similarly, the exposure of
cultured buffalo MEC to high temperature induces changes in the expression of genes
involved in apoptosis.®® BAX, a proapoptotic gene, was upregulated, whereas, BCL-2,
an antiapoptotic gene, and IGFBP-5 were downregulated. IGFBP-5 is involved in tis-
sue turnover by reducing the availability of IGF-1 and by its involvement in apoptosis
via promotion of extracellular matrix degradation.® Also, IGFBP-5 increases in
response to prolactin, which is higher in systemic circulation of heat-stressed, dry
cows in vivo.'%4! Shortly after heat stress initiation, bovine MEC increase expression
of genes and proteins involved in the stress response and DNA and protein repair, with
a downregulation of genes associated with the cell cycle, differentiation, the cytoskel-
eton, and milk synthesis.®>*’ Likewise, bovine MEC exposed to acute thermal stress
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have a lower expression of fatty acid synthase and several casein proteins, as well as
lower concentrations of fatty acid synthase and beta casein in the culture media, indic-
ative of milk synthesis impediment.“?> However, these results were not replicated in an
in vivo study of heat-stressed dry cows, which did not detect differences in the expres-
sion of several genes involved in milk synthesis.' These empirical studies have
contributed to our understanding of the cellular and molecular events occurring in
mammary tissue after heat stress exposure.

Our recent transcriptomics analysis of mammary glands harvested from heat
stressed or cooled dry cows, further support an effect of heat stress on mammary
gland development and function.*® Enrichment analysis of differentially expressed
genes revealed that genes impacted by heat stress play a role in key processes in
mammary gland development and health, such as ductal branching morphogenesis,
extracellular matrix remodeling, cell death and proliferation, immune function, inflam-
mation, and protection from cellular stress. The involvement of epithelial cell cilia in
ductal branching morphogenesis is mediated by signaling pathways, such as Wnt
and Sonic Hedgehog. Several genes in these pathways, including WIF1, LCA5, and
MYOS3B, were downregulated in the mammary gland of heat-stressed cows during
the initial 14 days of the dry period. Moreover, we found upstream regulators and
target genes involved in branching morphogenesis were negatively impacted by
heat stress. This study is the first to directly link these genes and physiologic functions
to an in vivo heat-stressed bovine model. Several genes associated with extracellular
matrix degradation, such as MMP7 and MMP16, apoptosis, and lysosomal activity
were downregulated, whereas Hsp40 was upregulated. The latter is congruent with re-
ports of enhanced expression of genes and proteins in the heat shock family in bovine
MEC in vitro when exposed to a thermal insult.

IN UTERO HEAT STRESS EFFECTS ON MAMMARY DEVELOPMENT AND FUNCTION

Heat stress also exerts transgenerational effects on the subsequent generation of
heifers born to cows that experience heat stress in late gestation. The fetus can be
affected by maternal heat stress through the intrauterine environment. Across 5 years
of studies by our group, heifers born to dams that were heat stressed during late
gestation were smaller through 1 year of age and produced significantly less milk
(ie, 5 kg/d) in their first lactation relative to heifers born to dams that were cooled dur-
ing late gestation, despite their similar age and weight at calving.** A more recent
metaanalysis of 9 years of heat stress studies using the same experimental design
(late gestation cows that experienced cooling or heat stress) confirmed that heat-
stressed late gestation cows produce less milk during the subsequent lactation
(Fig. 1A) and revealed in utero heat-stressed heifers produce significantly less milk
during their first and second lactations, approximately 3.5 kg/d less, relative to in utero
cooled heifers (Fig. 1B, C).*® Through a preliminary study, we found in utero heat-
stressed heifers have smaller mammary alveoli composed of fewer milk-producing
cells during their first lactation relative to heifers born to cooled dams, which likely
contributes to their poorer lactation performance.*® Results of these studies point to
effects of in utero heat stress on early mammary development that impair future
growth, structure, and function.

To assess whether the thermal conditions experienced as a fetus alters tissue struc-
ture and cellular processes in the mammary gland, we harvested mammary biopsies
from heifers (eg, gestated by heat stressed or cooled dams) at 21 and 42 days into
their first lactation (entailing the early rising phase of milk yield and peak lactation,
respectively).*® Using immunohistochemistry techniques, we estimated the proportion
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Fig. 1. (A) Dam energy-corrected milk yield (ECM) during subsequent lactation if under heat
stress (HT, shade only; orange bars) or cooling (CL, fans and soakers; blue bars) when dry
(approximately 46 days before calving). (B) First and (C) second lactation ECM of heifers
born to heat stressed (IUHT, orange bars) or cooled dams (IUCL, blue bars). Different letters
indicate significant differences between groups (P<.05).

of cells undergoing apoptosis and proliferation, the 2 main cell processes responsible
for cell turnover in the lactating mammary gland.*” The mammary glands of in utero
heat-stressed heifers had alveoli with smaller luminal area compared with in utero
cooled heifers, although the mammary alveoli number was similar between groups
(Fig. 2). In addition, mammary glands of in utero heat-stressed heifers tended to
contain a higher proportion of stromal connective tissue.

Alveolar size was associated with the number of secretory cells; smaller alveoli had
fewer secretory epithelial cells. Thus, the mammary glands of in utero heat-stressed
heifers had lower milk secretory capacity. In utero heat-stressed heifers had a lower
percent of proliferating mammary cells, but no effect on the number of cells undergo-
ing apoptosis (see Fig. 2).“° Similarly, Tao and colleagues’' documented reduced cell
proliferation among heat-stressed, late gestation cows. Importantly, the disparity in
mammary tissue morphology between in utero heat-stressed and in utero cooled
heifers was not attributed to differences in the time available for secretory tissue
growth and differentiation during gestation because both in utero heat-stressed and
in utero cooled heifers had average gestation durations of 237 days. Likewise, differ-
ences in mammary structure were not attributed to disparities in thermal load during
lactation or calf birth weight, because rectal temperatures, respiration rates, and
calf birth weights were similar between in utero heat-stressed and cooled heifers.
Overall, these studies suggest that an unfavorable intrauterine environment initiates
aberrant mammary development that persists at least through the second lactation,
more than 2 years after the insult.

Influences of the early life environment on offspring phenotype are often mediated
by epigenetic modifications, such as DNA methylation, that regulate tissue-specific
gene expression. In the mammary gland, the epigenome plays a critical role in the pro-
gressive commitment of mammary stem cells to specific progenitors and
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Fig. 2. Histology of mammary glands from first lactation heifers (21 and 42 days in milk
[DIM]) born to heat stressed or cooled dams (IUHT vs IUCL). Mammary gland alveoli and con-
nective tissue area (stain: hematoxylin and eosin and Masson's trichrome, respectively),
percent of cells proliferating (Ki-67 assay), and percent of apoptotic cells (TUNEL assay).
IUHT, orange bars; IUCL, blue bars. Red arrows indicate cells proliferating or undergoing
apoptosis. Different letters indicate significant differences between groups (P<.05). (From
Skibiel AL, Dado-Senn BM, Fabris TF, et al. In utero exposure to thermal stress has long-
term effects on mammary gland microstructure and function in dairy cattle. PLoS One
2018b;13:€0206046, with permission.)

differentiated cells.*® In addition, mammary cell maintenance and milk synthesis can
be mediated by epigenetic mechanisms.*® The growth and development of the liver,
a key organ supporting the metabolic demands of copious milk secretion, is also
modulated by the epigenome.®° For these reasons, we examined the methylation pro-
files of mammary tissue harvested from in utero heat-stressed and cooled heifers dur-
ing their first lactation and the liver of in utero heat-stressed and cooled bull calves at
birth.>! We identified more than 300 genes differentially methylated between the in
utero heat-stressed and cooled groups associated with functions such as cell
signaling, transcription, enzyme activation, immune function, cell proliferation,
apoptosis, and development (Fig. 3). Heat stress induced changes in the epigenetic
profiles of genes involved in proliferation, apoptosis, and development are particularly
interesting in light of our histologic results (see Fig. 2) and our observation that many
organs, including the liver, are lighter at birth in calves born to heat-stressed
dams.>?:5% Notably, 50 of the differentially methylated genes identified were common
to both heifer mammary gland and bull calf liver, suggesting that in utero heat stress
may epigenetically program organs critical to lactation in a similar manner.

OTHER PHYSIOLOGIC IMPACTS OF IN UTERO HEAT STRESS

One of the clearest phenotypic observations made regarding in utero heat stress is a
decrease in early life immune status; specifically, heat-stressed calves have lower
circulating immunoglobulin concentrations compared with calves from cooled
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Fig. 3. Genomic and chromosomal locations of differentially methylated cytosines (DMCs)
and genes (DMGs). Liver tissue was collected from in utero heat stressed and in utero cooled
bull calves at birth. Mammary tissue was collected from in utero heat stressed and in utero
cooled heifers at 21 days into their first lactation. Chromosomal and genomic location of
DMGs and DMCs (circular plot) and genomic locations of DMCs (pie graph) for (A) bull
calf liver and (B) heifer mammary gland.

dams.>* We have shown that this response is not due to altered colostrum quality or
IgG content, but rather is related to specific calf factors.>® Further investigation sup-
ports the concept that in utero heat stress accelerates gut closure, thereby decreasing
the capacity for IgG uptake regardless of the colostrum source.®® Reduced IgG uptake
owing to accelerated gut closure leads to lower immune status early in life, which is
associated with poorer survival and a decreased number of heifers completing the first
lactation after in utero heat stress.**

In utero heat stress alters endocrine systems with effects evident at birth and
through early life that are consistent with metabolic adaptations to accumulate energy
in peripheral tissues and reduce lean growth. Specifically, calves born to heat-
stressed dams have greater circulating insulin in the first week of life relative to those
born to cooled dams.? As calves that experience in utero heat stress develop, altered
glucoregulatory responses are evident as illustrated by increased glucose clearance
rate after a glucose tolerance test and insulin challenge relative to calves that were
born to cooled dams. Of interest, circulating concentrations of cortisol at birth are
increased in calves born to cooled dams relative to those from heat-stressed dams,
but this effect dissipates quickly in early life.>* Metabolic shifts may account for
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differences in adiposity later in life in heat-stressed calves similar to lambs that expe-
rience intrauterine growth restriction.®®°” Indeed, we have noted persistent decreases
in body weight in heat-stressed calves as they grow and that is accompanied by
reduced stature, a gross indicator of lean mass accretion.®® Because adiposity around
puberty has been related to subsequent milk yield,*® the potentially greater accumu-
lation of fat in calves from heat-stressed dams may further predispose those calves to
reduced milk yield and altered mammary growth.

Heat stress in utero clearly causes adaptive responses to thermoregulation as well,
but they seem to vary with age. At birth, in utero heat-stressed calves have a higher
rectal temperature relative to calves from cooled dams,®® which is consistent with
the elevated uterine temperature found in heat-stressed dams. However, that eleva-
tion of rectal temperature continues at least through 28 days of life, suggesting an
extended adaptation beyond the influence of the uterine environment. At maturity,
there is no difference in basal rectal temperatures when comparing cows that were
heat stressed in utero with herd mates gestated in cooled dams.®? But responses to
acute heat stress do differ, with in utero heat-stressed animals maintaining normal
rectal temperatures after 8 hours of acute heat stress, whereas cows born to cooled
dams show increases in rectal temperatures under the same conditions. Functionally,
the in utero heat-stressed cows have higher skin temperatures but lower sweating
rates than in utero cooled cows, which may reflect a greater capacity to rid the
body of heat relative to cows from cooled dams. However, this adaptive response
seems to be a trade-off with lactation performance.

SUMMARY

Our group has documented numerous adverse effects of in utero heat stress on the
postnatal calf (reviewed herein and in Refs.>%). Moreover, heifers born to heat-
stressed dams produce less milk during their first and second lactation.***° Evidence
from the literature and our preliminary data suggest in utero heat stress derails normal
mammary development, which affects mammary growth throughout postnatal life,
and ultimately impairs function. These shifts in mammary function are mirrored by
altered endocrine, growth, and thermoregulatory responses. Accumulating evidence
supports the concept that in utero heat stress programs a phenotype of reduced pro-
ductivity at maturity in the dairy cow, and epigenetic mechanisms contribute to these
morphologic and physiologic adaptations.
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