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Introduction

Stress is a broad term and is described as the cumulative detrimental effect of
a variety of factors on the health and performance of animals. Yousef (1985)
defined stress as the magnitude of forces external to the body which tend to
displace its systems from their resting or ground state. In view of this, heat
stress for the dairy cow can be understood to indicate all high temperature-
related forces that induce adjustments occurring from the subcellular to the
whole-animal level to help the cow avoid physiological dysfunction and for it
to better fit its environment. Environmental factors such as ambient tempera-
ture, solar radiation and humidity have direct and indirect effects on animals
(Collier et al. 1982). Heat stress occurs in animals when there is an imbalance
between heat production within the body and its dissipation. Thermoregulation
is the means by which an animal maintains its body temperature. It involves
a balance between heat gain and heat loss. Under heat stress, a number of
physiological and behavioural responses vary in intensity and duration in
relation to the animal genetic make-up and environmental factors. Climatic,
environmental, nutritional, physical, social or physiological stressors are
likely to reduce welfare and performance of animals (Freeman 1987). Heat
stress is one of the most important stressors especially in hot regions of the
world. The endeavour by homeotherms to stabilise body temperature within
fairly narrow limits is essential to control biochemical reactions and physio-
logical processes associated with normal metabolism (Shearer and Beede
1990). The general homeostatic responses to thermal stress in mammals
include reduction in faecal and urinary water losses, reduction in feed intake
and production and increased sweating, respiratory rates and heart rates. In
response to stress, mammals set physical, biochemical and physiological pro-
cesses into play to try and counteract the negative effects of heat stress and
maintain thermal equilibrium. Adaptation to heat stress requires the physio-
logical integration of many organs and systems, namely, endocrine, cardio-
respiratory and immune system (Altan et al. 2003). Direct effects involve heat
exchanges between the animal and the surrounding environment that are
related to radiation, temperature, humidity and wind speed. Under present
climate conditions, the lack of ability of animals to dissipate the environmen-
tal heat determines that, in many areas in the world, animals suffer heat stress
during, at least, part of the year. Heat stress has a variety of detrimental effects
on livestock (Fuquay 1981), with significant effects on milk production and
reproduction in dairy cows (Johnson 1987; Valtorta and Maciel 1998). Dairy
cattle show signs of heat stress when THI is higher than 72 (Armstrong 1994).
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The comfort limit depends on level of production. Animals presenting higher
level of production are more sensitive to heat stress (Johnson 1987). Heat
stress also lowers natural immunity, making animals more vulnerable to dis-
ease in the following days and weeks. The decrease in fertility is caused by
elevated body temperature that influences ovarian function, oestrous expres-
sion, oocyte health and embryonic development. The biological mechanism
by which heat stress impacts production and reproduction is partly explained
by reduced feed intake but also includes altered endocrine status, reduction in
rumination and nutrient absorption and increased maintenance requirements
resulting in a net decrease in nutrient/energy availability for production. Since
climate change could result in an increase of heat stress, all methods to help
animals cope with or, at least, alleviate the impacts of heat stress could be
useful to mitigate the impacts of global change on animal responses and per-
formance. Three basic management schemes for reducing the effect of ther-
mal stress have been suggested: (a) physical modification of the environment,
(b) genetic development of less sensitive breeds and (c) improved nutritional
management schemes.

Shades are the most simple method to reduce the impact of high solar
radiation. Shades can be either natural or artificial. Tree shades have proved
to be more efficient. Air moving is an important factor in the relief of heat
stress, since it affects convective and, according to air humidity, evaporative
heat losses. Where possible, natural ventilation should be maximised by con-
structing open-sided constructions. Improved systems capable of either cool-
ing the animal directly or cooling the surrounding environment are necessary
to better control the animal’s body temperature and maintain production in
hot and hot-humid climates. With cooling devices, the temperature in the
animal sheds may be kept low to cool animal, and THI can be kept around 72.
Ration modification can help minimise the drop in milk production that hot
weather causes. Decreasing the forage to concentrate ratio (feeding more
concentrate) can result in more digestible rations that may be consumed in
greater amounts. Among the genetic adaptations that have developed in zebu
cattle during its evolution has been the acquisition of genes for thermotoler-
ance and disease resistance. Thus, an alternative scheme to crossbreeding for
utilising the zebu genotype for livestock production in hot climates is to
incorporate those zebu genes that confer thermotolerance into European
breeds while avoiding undesirable genes.
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Foreword

Climate change is the most serious long-term challenge to be faced by farmers
and livestock owners around the world, as it is likely to impact livestock
production and health. The IPCC predicts that by 2100, the increase in global
surface temperature may be between 1.8 and 4.0°C. Even if global tempera-
ture increases by 1.5-2.5°C, approximately 20-30% of livestock and animal
species are expected to be at risk of extinction. Increased number of thermal
stress days with higher temperatures and humidity particularly due to global
warming are also likely to favor growth of vectors and pests, challenging the
health of livestock. It has been found that the livestock of tropics are more
resilient to environmental and climatic stress due to their genotype and capac-
ity to interact with the environment. Buffaloes and high-producing cows
suffer most at high ambient temperatures, and severe heat stress often leads to
loss in their reproductive and productive performance.

Heat stress negatively impacts livestock performance in most areas of the
world, as it reduces milk production in animals with high genetic merit.
Strategies to alleviate metabolic and environmental heat loads in high-milk-
producing animals particularly during early lactation need to be elucidated and
developed. The identification of heat-stressed livestock and understanding the
biological mechanism(s) by which thermal stress reduces milk production and
reproductive functions is critical for developing novel approaches to maintain
production or to minimize the reduction in productivity during hot summer
months. Adaptation to heat stress requires physiological integration of many
organs and systems, namely, endocrine, cardiorespiratory, urinary, and immune
system. Heat stress also lowers natural immunity, making livestock more
vulnerable to diseases. Further, the decrease in fertility due to elevated body
temperature through its effect on ovarian function, estrous expression, oocyte
health, and embryonic development has been established. It is known that
during heat stress, activation of the hypothalamic—pituitary—adrenal axis and
the consequent increase in plasma glucocorticoid concentrations are the most
important responses of the animals to heat stress. As such, a greater under-
standing is required on mechanisms associated with immune suppression and
hormonal changes in high-producing animals.

The supplementation of antioxidants in feed (micronutrients and vitamin E)
to high-producing animals, especially during periparturient period, may help
in improving the productivity by reducing the stress and risk of mastitis.
Knowledge on feeding and eating rhythm and postprandial intake patterns
will enable predicting diurnal patterns in rumen, post-rumen, and peripheral



nutrient assimilation. These will suggest optimal, suboptimal and unfavorable
times of nutrient supply to mammary cells and milk synthesis.

All attempts have to be made to alleviate the heat stress on high-producing
animals. A number of animal cooling options are being used as per requirements.
Air fans, wetting, evaporation to cool the air, and shade to minimize transfer
of solar radiation are used to enhance heat dissipation from animals. Animals
in ponds lose heat very fast primarily due to conduction and coefficient of
heat transfer to water from skin.

This publication very nicely covers the effect of heat stress on animal
production and also suggests various methods for alleviation of heat stress.
The improved understanding of the impact of heat stress on livestock will
help in developing management techniques to alleviate heat stress on dairy
animals. It will also serve as a useful reading material for researchers, teachers,
dairy executives, and managers.

I wish them all the best.

Director, National Dairy Research Institute, A.K. Srivastava
Karnal-132001, India

Foreword



Preface

Thermal stress is a major limiting factor in livestock production under tropical
climate and also during summer season in temperate climates. Heat stress
occurs when the ambient temperature lies above thermoneutral zone. It was
traditionally thought that milk synthesis begins to decrease when the THI
exceeds 72, but with increasing milk production, it has been observed that
high-yielding dairy cows reduce milk yield at a THI of approximately 68.
The animal comfort limit depends on level of production and breed of animal.
Animals in higher level of production are more sensitive to heat stress.
Different livestock species have different sensitivities to ambient temperature
and humidity. The capacity to tolerate heat stress is much higher in zebu
breeds of cattle particularly higher temperatures at low relative humidity than
crossbreds of taurine breeds. This is mainly due the fact that zebu cattle can
dissipate excessive heat more effectively by sweating, whereas crossbreds
have relatively low ability to sweat. During hot-humid weather, the thermo-
regulatory capability of cattle to dissipate heat by sweating and panting is
compromised, and heat stress occurs in cattle. The water vapour content of
the air plays an important role in determining the capacity to lose heat from
skin and lungs. The increasing concern with the thermal comfort of dairy
cows is justifiable not only for countries occupying tropical zones but also for
nations in temperate zones in which high ambient temperatures are challeng-
ing livestock production system. Climate change poses formidable challenges
to the development of livestock sector all over the world as it is likely to
aggravate the heat stress on livestock, adversely affecting their productive
and reproductive performance. Since climate change could result in an
increase of heat stress, all methods to help animals cope with or, at least, help
alleviate the impacts of heat stress could be useful to mitigate the impacts of
global change on animal responses and performance.

The authors wish to thank Dr. A.K. Srivastava, Director of the Institute, for
his inspiration and development of the publication. The authors are grateful
for contribution and support from their colleagues and friends. The authori-
ties at Indian Council of Agricultural Research, Dr. S. Ayyappan, Secretary
(DARE) and Director General (ICAR), and Dr. K.M.L. Pathak, Deputy
Director General (Animal Science), are duly acknowledged.

Anjali Aggarwal and Ramesh Upadhyay
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About the Book

This book is on livestock with specific reference to heat stress and its
alleviation. The topic is very pertinent in light of the impacts of climate
change on livestock production and health. Work related to effect of heat
stress on animal productivity, immunity, and hormonal levels is discussed in
detail. Heat stress occurs in animals when there is an imbalance between heat
production within the body and its dissipation. Thermoregulation is the means
by which an animal maintains its body temperature. Under heat stress, a num-
ber of physiological and behavioral responses vary in intensity and duration
in relation to the animal genetic make-up and environmental factors. In
response to stress, mammals set physical, biochemical, and physiological
processes into play to try and counteract the negative effects of heat stress and
maintain thermal equilibrium.

Adaptation to heat stress requires the physiological integration of many
organs and systems, viz. endocrine, cardiorespiratory, and immune system.
Heat stress also lowers natural immunity making animals more vulnerable to
disease in the following days and weeks. The decrease in fertility is caused by
elevated body temperature that influences ovarian function, estrous expression,
oocyte health, and embryonic development.

The increasing concern with the thermal comfort of dairy cows is justifiable
not only for countries occupying tropical zones, but also for nations in
temperate zones in which high ambient temperatures are becoming an issue.
Improving milk production is, therefore, an important tool for improving the
quality of life particularly for rural people in developing countries. The
environmental conditions necessitate reduction of heat stress due to solar
radiation and heat.

This book discusses all these aspects in detail. Recent works related to
effect of heat stress on animal productivity, immunity, and hormonal levels
are also discussed in the book. Information on biological rhythm is also
included. The book also discusses the methods for alleviation of heat stress
in livestock, especially cows and buffaloes. This book would be a ready
reckoner for students, researchers and academia and would pave way for
further research.
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due to positive heat gain transmitted to the
appetite centre cause a decrease in feed intake;
therefore, less substrates become available for
enzymatic activities, hormone synthesis and
heat production, which help in cooling the
body. Among the genetic adaptations that have
developed in zebu cattle during its evolution
have been the acquisition of genes for ther-
motolerance. Zebu breeds are better able to
regulate body temperature in response to heat
stress than are cattle from a variety of Bos
taurus breeds of European origin.

1 Introduction

All livestock species maintain their body tem-
perature within a close defined thermoregulatory
limit regardless of the external environment
variations. The most comfortable environmental
temperature range for temperate dairy cattle is
between 5 and 25°C, which is believed to be the
thermal comfort zone (McDowell 1972) with
minimal physiological cost and maximum pro-
ductivity (Folk 1974). Body temperature in all
homeotherms is maintained by the thermoregu-
latory mechanisms within +1°C of its normal set
temperature under ambient conditions and that
do not impose heat stress (Bligh and Harthoorn
1965). Above this temperature (25°C), dairy cow
increases respiratory frequency and rectal tem-
perature that cause a decline in milk yield and
reproductive performance (Bitman et al. 1984).
A rise in the core temperature also increases heat
loss by panting and sweating (Spain and Spiers
1998). These responses are considered normal
thermoregulatory physiological mechanisms to
transfer heat from the body to the surrounding
environment. An increase in respiratory frequency
with or without change in tidal volume or panting
expends energy that increases the daily main-
tenance requirement of an animal by 7-25%
(NRC 1981).

The stress is defined as the magnitude of forces
external to the body which tend to displace its
systems from their resting or ground state (Yousef
1985). In this light, heat stress for the dairy
cows indicate all high temperature-related forces
that induce adjustments occurring from the
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subcellular to the whole-animal level to help the
cows avoid physiological dysfunction and to suit
their environment. The endeavour by thermoregu-
latory processes to stabilise body core tempe-
rature within a set narrow limit is essential to
control biochemical reactions and physiological
processes associated with normal metabolism
(Shearer and Beede 1990).

2 The Thermoneutral Zone

The range of environmental temperature within
which the animals use no additional energy to
maintain their body temperature is called the
thermoneutral zone (Fig. 1). Within the ther-
moneutral zone (TNZ), the physiological costs
are minimal, and productivity is maximum
(Du Prezz et al. 1990). Lactating dairy cows
have a high metabolic rate and heat increment;
therefore, they require an effective thermoregu-
latory mechanism to maintain their body tempera-
ture. The metabolic heat production rises due
to the metabolism of nutrients, and because of
this reason, the heat load increases (Kadzere
et al. 2001). Both above and below TNZ, the
changes in behaviour and diurnal pattern of
animals are observed. This range is bounded
by the lower critical temperature (LCT) and
upper critical temperature (UCT) given in
Fig. 1 for different species. ‘Effective ambient
temperature (EAT)’ is the actual temperature
felt by the animal and may be very different
from the air temperature. The EAT of a calf
housed in a clean, dry hutch bedded with straw
may be 8—10°C warmer than the air temperature,
and the EAT of a heifer exposed to wind and
rain may be considerably lower than the ambient
temperature. The upper critical temperature of
dairy cattle is lower than other livestock species
(Wathes et al. 1983). Generally, the TNZ range
(from lower critical temperature (LCT) to
upper critical temperature (UCT)) is influenced
by animal age, species, breed, feed intake, diet
composition, previous state of temperature accli-
mation or acclimatisation, production, specific
housing and pen conditions, tissue insulation
(fat, skin), external insulation (coat) and animal
behaviour (Yousef 1985).
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Fig. 1 Thermoneutral zone (Kadzere et al. 2001)

Igono et al. (1992) measured the highest milk
production in Holstein cows under a desert
environment maintained at ambient temperatures
below 21°C throughout the day. McArthur and
Clark (1988) indicated that the TNZ was related
to the heat and water balance of animal. The
farther an animal moves away from its preferred
body temperature, the productive processes are
likely to be affected more. McDowell et al. (1976)
also reported that even small increase in core
temperature has profound effects on tissue and
endocrine functions that, in turn, can negatively
affect animal fertility, growth, lactation and the
ability to work.

2.1 Lower Critical Temperature (LCT)
The ambient temperature below which the rate of
heat production of an animal under resting state
increases to maintain body heat balance is the
lower critical temperature (LCT). This implies
that the rate of heat production is dependent
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upon ambient thermal demand below the LCT
(Yousef 1985). Below the LCT, animal metabo-
lism must increase to generate heat to maintain
core temperature. This can be accomplished
through increased energy intake. The general rule
of thumb is that energy intake must increase by
1% for each degree of cold below the LCT.
Non-evaporative heat loss declines as ambient
temperatures rise above the LCT making the
animals more dependent on peripheral vasodila-
tation and water evaporation to enhance heat loss
and to prevent a rise in body temperature.

2.2 Upper Critical Temperature (UCT)
The UCT is the air temperature at which the ani-
mal increases heat production as a consequence
of a rise in core temperature mainly due to an
inadequate evaporative heat loss (Yousef 1985).
Estimates of UCT are based on studies on dairy
cows exposed for short periods to constant
temperatures in climatic chambers (Kibler 1964).
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loss capacity of an animal, core temperature rises
and may lead to hyperthermia. Continuous rise
and unabated heat may cause animal death due to
hyperthermia.

At high temperatures, the potential for non-
evaporative heat loss is reduced, and animals rely
on the evaporative water loss to dissipate any
excess heat generated by metabolism (McArthur
and Clark 1988). The UCT is 25-26°C for dairy
cows and most likely remain unaltered irrespec-
tive of previous acclimatisation or of their milk
production (Berman et al. 1985). This is in con-
tradiction with Yousef (1985) indicating that the
TNZ varies with physiological state and other
environmental conditions.

The UCT can be decided on the basis of ther-
moregulatory functions like increased sweating
and respiratory water loss and increased body
temperature (Berman et al. 1985). Evaporative
water loss from the skin increases at air tempera-
tures above 20°C (Berman 1968). The upper and
lower critical temperatures for various dairy
breeds have been given in Fig. 2.

e Wind velocity — The movement of air around
an animal affects its ability to maintain body
temperature. Air movement increases evapo-
ration and heat convection. In hot tempera-
tures, wind can increase evaporation, thereby
cooling the animal. Calves and heifers less
than 1 year of age can benefit from some type
of protection or shelter from wind. Newborn
calves are more susceptible to effects of cold
than hot temperature. In very cold tempe-
ratures, wind chill is used to calculate the
effective temperature.

e Air humidity — The level of ambient humidity
can affect an animal’s ability to dissipate body
heat or thermoregulation, particularly in hot—
humid climates. High humidity levels reduce
the rate of evaporative cooling and efficiency
of cooling mechanisms.

* Precipitation — Rain and snow wet the animal
hair coat that reduces thermal insulation.

* Radiation — Direct solar exposure increases
net heat gain by an animal. The effective
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temperature increases 3-5°C in animals
exposed to direct sunlight. During cold, the
solar exposure may be beneficial to animal
and provide fast body warm up, but during
summer, direct radiation causes heat stroke at
high temperatures.

* Body hair coat — Hair coat provides insulation
to body from the outside environment and
affect its ability to maintain heat balance. The
hair coat helps trap air to make a layer of ‘dead
air’ for insulation. The body insulation is hin-
dered by soiling with manure, water, urine,
mud, etc., and insulative value of the hair coat
is markedly reduced. Animal with low insula-
tion or soiled with manure and mud in cold
temperatures is likely to have a higher meta-
bolism to cope with the extra heat loss.

* Animal shelter and bedding — Animal shelter
reduces the exposure to direct solar radiations
and effects of precipitation, wind and other
elements on an animal’s ability to maintain
thermal balance. Bedding in animal house
reduces the conduction of heat from the animal
into the floor or ground particularly during
cold/winter.

3 Heat Stress Indicators

Temperature—humidity index (THI) is an index
for assessment of the potential of an environment
to induce heat stress in humans and farm animals.
THI offers a method of combining two of the
more important and easily measured climatic
elements into a possible measure to compare
temperature and humidity data and animal res-
ponse at different locations. The THI may be
calculated by several equations as given below:

(a) By calculating the dry and wet bulb tempera-

tures using the following equation:

THI=0.72(W +D)+40.6 (McDowell et al.
1976)

where W is wet bulb and
D is dry bulb temperature in °C.
Temperature—humidity index values of
70 or less are considered comfortable for

humans and animals, 75-78 stressful and
values greater than 78 cause extreme distress
to lactating cows which are unable to maintain
their normal body temperatures.

It was observed that rectal temperature
increased at THI >80, the respiration rate
started to increase above a THI of 73 and
increased steeply at THI >80 (Lemerle and
Goddard 1986). This suggests that homeo-
static mechanisms in animals, including
increased respiration, can prevent a rise in
rectal temperature until the THI reaches 80.
This is similar to the critical THI level of 78
given by McDowell et al. (1976).

(b) By calculating the air temperature (T) and
relative humidity (RH) by using the following
equation:

THI = (1.8x T +32)— (0.55— 0.0055x RH)
x(1.8xT—26)

where T is the air temperature (°C) and RH the
relative humidity (%).
(Tucker et al. 2008)

The critical values for THI in dairy cows are
determined as 64 for minimum, 72 as the mean
value and 76 as the maximum. At a THI of 75,
50% of the human population feel uncomfor-
table, and this value even dairy cattle also appears
to be uncomfortable (Johnson et al. 1989). A THI
value of 72 equates to 25°C and 50% relative
humidity. If the THI value exceeds 72, the cow
suffers from heat stress and the milk production
declines (West 2003). When the value is between
78 and 82, the cow is severely affected and cool-
ing by artificial ways is necessary for animal and
sustains production. If THI is above 82, the heat
stress vulnerable cows may cease to produce or
decline productivity, or even death may occur
from heat stress (Du Prezz et al. 1990).

A significant depression in milk production
and in reproduction is noticed at an average daily
THI more than 75. However, some depressions
may also be observed above 70 and particularly
above 75 in dairy cattle producing at high levels
or acclimated to a lower ambient temperature and
THI. The average daily THI should be derived on



basis of the average of hourly THI for accurate
analysis of environmental discomfort. An aver-
age THI is normally calculated on the basis of
maximum and minimum ambient temperature
and is an estimate of the average THI of the day
with 5-7% variations but may be suitable for
determining animal production functions and
impact of environment.
(c) By calculating dry bulb temperature and
relative humidity by using the following
equation:

THI = db°C — {(0.31—0.31 RH) (db°C — 14.4)},
(Marai et al. 2001)

where db°C =dry bulb temperature in °C and

RH=relative humidity percentage (RH%)/100.
The values obtained indicate the following:
<22.2=absence of heat stress
22.2 to <23.3 =moderate heat stress
23.3 to <25.6=severe heat stress
25.6 and more =extreme severe heat stress

Both equations are applicable in cattle,
sheep, goats and buffaloes.

(d) By observing body temperature and respira-
tory rate to assess heat stress level in cattle:
(Perez 2000).

Body temperature and respiration rate
have been recommended to be used as para-
meters to determine heat stress in cattle;
altogether with THI values to determine and
evaluate heat stress in cattle, rectal tempera-
ture (RT) and respiration rate (RR) are the
most sensitive indices of assessing heat
stress among the physiological reactions
studied. The increase in ambient temperature
from 29 to 31°C resulted in an increase in
RT from 37.8 to 38.0°C and RR from 20.5 to
22.4 breaths/min in buffalo heifers and from
37.9t039.7°C and from 23.4 to 41.0 breaths/
min, respectively, in lactating buffalo cows
(Kamal and Ibrahim 1969a, b; Kamal et al.
1978). In Murrah male buffalo, 7-9-month-
old calves were not able to maintain RT
within normal range during summer when
ambient temperature and solar radiation were
maximum (44.1°C). Their RR increased 5-6
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times the normal, their tongue protruded
and salivary activity increased. In the heif-
ers, the comparison showed that averages of
RT, RR and pulse rate (PR) were lower in
buffaloes than those of the zebu cattle, under
cool, comfortable conditions. The ambient
temperature was 18.5°C, and vapour pres-
sure was 8.5 mmHg, under the cool, com-
fortable conditions. When exposed for 6 h to
hot—humid conditions, the RT and RR of the
buffaloes exceeded those of the zebu heifers
towards the end of the exposure period. The
ambient temperature was 40.5°C, and vapour
pressure was 39.5 mmHg under the hot—
humid conditions. On exposure to hot arid
conditions, the buffalo heifers reacted more
sharply than zebu heifers as evidenced by
increase in RT, RR and respiratory volume.
However, the physiological reactions were
rather mild in case of the zebu heifers and
more severe in the buffalo heifers as com-
pared to the cool comfortable conditions
(Das et al. 1999).

Acute heat exposure to 33—43°C and 40-60%
RH of young (aged 6 months) and old Egyptian
buffalo calves (aged 12 months) induced more
significant increases in RT (3.4 and 3.2%) and
RR (495 and 335%, respectively) than in the
control. The chronic heat exposure of 6- and
12-month-old buffalo calves was accompanied
by increases in RT (4.1 and 3.0%), RR (528
and 318%) and evaporative water loss (69.4 and
51.2%, respectively; Nessim 2004). In another
study, it was reported that exposure of Egyptian
buffaloes to direct solar radiation for 3 h continu-
ously from 12:00 to 15:00 h caused an increase in
RT (38.5-40.9°C), RR (26.1-124.8 breaths/min)
and PR (64.5-82.2 pulses/min; Ashour 1990).
Shafie (1993) observed the effect of heat, accom-
panied by direct solar radiation for 3 h from 12:00
to 15:00 h, during August in Egypt on the physio-
logical response of buffaloes resulted in an
increase in absolute values of RT (1.7°C), skin
surface temperature (2.3°C), RR (70.0 breaths/
min), PR (18.0 pulses/min) and arterial pressure
(23.0 mmHg). Exposure of Indian buffaloes for
6 h to sun direct radiation in hot and dry season
increased RT and PR by 1.4°C and 11 pulses/
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min, respectively, when air temperature was
42.9°C, vapour pressure was 14.3 mmHg and
wind speed was 8.6 km/h. A rise in humidity and
air temperature resulted in an increase in RT
and PR of the same animals, whereas higher wind
speed helped the animals to dissipate heat. The
average sweat gland density in buffalo was 86.94/
cm?. Heritability of sweat gland characteristics
(Iength, diameter, shape, volume and density)
ranged between 0.38 and 0.68 (Nagarcenkar and
Sethi 1981). It was observed that exposure of
swamp non-pregnant female buffaloes for 2-3 h
to solar radiation at air temperature of 42.1°C
increased RT from 40.1 to 41.1°C, RR from 76.7
to 128.0 breaths/min and PR from 67.0 to
84.7 pulses/min (Zhengkang et al. 1994).

The buffalo behaviour changes during direct
heat exposure. Asker and Ragab (1952) observed
that the Egyptian buffaloes tied in the sun during
May and June from 10:00 to 12:00 h became
restless and stopped rumination. Other signs of
discomfort observed are kicking, nervous swit-
ching of the tail and stretching of the head, after
half an hour of exposure. Other signs observed
after continued exposure to solar radiations are
panting (64.54-82.16 breaths/min) dribbling of
saliva from their mouth, mucus from the nostrils
and tears from the eyes.

4 Adaptation to High
Temperature

Morphologically, buffaloes have a good coat of
soft hair like that of cattle at birth and during
early calfhood. The hair on the body becomes
sparser and almost devoid of hair as the animal
grows. The amount of hair coat retained varies
considerably, depending on the breed, season,
housing practices and because of its exposure to
water and mud. The colour of the hair may be
black, dun, creamy yellow, dark, light grey or
white. Series of B (brown), C (albino), D (dilute)
and E (extension) are present in buffaloes, while
only A (agouti), B, C, D, E and P (pink eye) are
found in cattle (Searle 1968).

Anatomically, buffalo skin is covered with a
thick epidermis, containing many melanin parti-

cles that give the skin surface its characteristic
black colour (Shafie 1985). The melanin particles
trap the ultraviolet rays preventing them from
penetrating through the dermis of the skin to the
lower tissue. These rays are abundant in solar
radiation in the tropics and subtropics, and
excessive exposure of animal tissue could be
detrimental, even resulting in skin tumours. This
beneficial characteristic is reinforced by well-
developed sebaceous glands, with greater
secretion activity than in cattle (Shafie and Abou
El-Khair 1970). These glands secrete sebum, a
fatty substance which emerges on the skin’s sur-
face and covers it with a lubricant, making it slip-
pery for water and mud. This greasy sebum, along
with the thick hornified top layer of skin, prevents
water and the solutes in it from being absorbed
into the skin. In this way, the animal is protected
from the harmful effects of any deleterious chem-
ical compounds in the water. Moreover, the
sebum layer melts during hot weather and
becomes glossier to reflect many of the heat rays,
thus relieving the animal from the excessive
external heat load.

Particularly, buffaloes suffer in the sun, since
they exhibit signs of great distress when exposed
to direct solar radiation or when working in the
sun during a hot weather due to the fact that their
bodies absorb a great deal of solar radiation
because of their dark skin and sparse coat or hair,
and in addition to that, they possess a less efficient
evaporative cooling system due to their rather
poor sweating ability, although this ability is
more efficient than in cattle. Nagarcenkar and
Sethi (1981) indicated that buffaloes possessing
high sweat gland density and sweating volume
coefficient were more heat tolerant, the perfor-
mance was superior among the more heat-tolerant
buffaloes and milk production was higher in more
heat-tolerant buffaloes.

Buffaloes also have different physiological
adaptation to extremes of heat and cold than the
various breeds of cattle. Body temperature of
buffaloes is slightly lower than those of cattle, but
buffalo skin is usually black and heat absorbent
and has only sparsely protection by hair. Buffalo
skin has one-sixth of the density of sweat glands
that cattle skin has, so buffaloes dissipate heat



limitedly by sweating. Excessive work or expo-
sure causes a rise in body temperature, pulse rate
and respiration rate, and general discomfort
increases more quickly in buffaloes than those of
cattle. During a trial in Egypt, 2-h exposure to the
sun caused the temperature of the buffalo to rise
by 1.3°C, whereas temperatures of cattle rose by
only 0.2-0.3°C. In the shade, however, controlled
field studies on Egyptian buffaloes showed that
the thermoregulatory mechanism functions more
efficiently in buffaloes than in cattle, when the
speed of recovery from the effect of stress is
taken as a measure of efficiency (Mullick 1960).
Pandy and Roy (1969) confirmed these results in
their studies on the changes which are orderly
manifestations of various physiological adjust-
ments necessary for adaptation to higher environ-
mental temperature, that is, the seasonal changes
in body temperature, cardiorespiratory and hae-
matological characteristics, body water content
and electrolytic status of buffaloes under conven-
tional farm management.

Regarding the behavioural characteristics,
buffaloes prefer to wallow and cool off their body
in a pond rather than seek shade. They may wal-
low for whole day and remain immersed in water
or mud and chewing with half closed eyes. When
temperature and humidity are high, buffaloes
wallow or roll in mud during hot or even cool
periods, cold seasons. Artificial cooling also pro-
vides comfort to buffalo and alleviates body heat.
Ragab et al. (1953) reported that sprinkling adult
females for 2 h showed an average fall of 0.9°C
in body temperature. Cockrell (1974) added that
the body temperature of buffaloes in the hot sun
could only be kept normal by wallowing or by
quasi-continuous application of water, preferably
with an air draught or wind to dry it off. Titto
et al. (1996) reported that sprinkling young
female buffaloes for 15 min caused a quick
decrease in physiological parameters expressed
as high reduction in rectal temperature and respi-
ratory rate, and Ablas et al. (2007) concluded that
water for immersion or shade is an essential
benefit to buffaloes’ production in warm climates.
This type of behaviour is more efficient than
keeping in low temperature housing, although an
artificial wallow becomes fouled by excreta
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unless the water is continually flowing (Cockrell
1974). Experimental evidence has indicated that
for maintaining proper homeothermy, the buffalo
has to be provided with wallows or showers in the
summer months and be protected from cold during
the winter months preferably by housing them
(Aggarwal and Singh 2008). The wallowing was
found to be more beneficial than showers for alle-
viation of heat stress in lactating Murrah buffa-
loes. In wallow or in shade, buffaloes cool off
quickly, perhaps because the black skin, which is
rich in blood vessels, conducts and radiates heat
efficiently, but buffaloes cool off more quickly
than cattle in the shade. In Australia, Trinidad,
Florida, Malaysia and elsewhere, buffaloes grow
normally without wallowing as long as adequate
shade is available. In Egypt, buffaloes were raised
successfully without wallowing in a desert new
reclaimed land (Marai et al. 2009). Particularly,
buffaloes maintained only on shaded pastures of
silvopastoral systems have achieved gain of
weight of 0.911 kg/day in Brazil (Castro et al.
2008). Such practices are beneficial due to the fact
that the use of sprinklers is expensive and water
consuming and become of utmost importance in
the areas which suffer from scarcity of water.

5 Thermoregulatory Mechanisms

Similar to other homeotherms, cattle regulate
their internal body temperature by dissipating the
heat produced due to metabolic activity in body
and maintain balance heat flow from the animal
to the surrounding environment. Heat flow occurs
through processes dependent on surrounding
temperature (sensible heat loss, i.e. conduction,
convection, radiation) and humidity (latent heat
loss, evaporation through sweating and panting).
The magnitude of sensible heat loss via conduc-
tion and convection is dependent on the surface
area per unit body weight, the magnitude of the
temperature gradient between the animal and the
air and the conductance of heat from the body
core to the skin and from the skin to the surround-
ing air. Heat exchange by radiation depends upon
surface area as well as the reflective properties of
the hair coat. Light-coloured hair coats and sleek



6 Response to Heat Stress

and shiny hair coats reflect a greater proportion
of incident solar radiation than hair coats that are
dark in colour or more dense and woolly (Stewart
1953; Hutchinson and Brown 1969; Finch 1986;
Hansen 1990). One physiological response to
heat stress is a reduction in heat production
(Kibler and Brody 1952; Seif et al. 1979), which
in turn is caused in large part by a reduction in
feed intake (Kibler and Brody 1952; Johnston
et al. 1958; Seif et al. 1979; Lough et al. 1990),
milk yield (Johnson 1965; Lough et al. 1990;
Elvinger et al. 1992; Aggarwal 2004) and thy-
roid hormone secretion (Magdub et al. 1982;
Al-Haidary et al. 2001; Aggarwal 2004). Heat
stress also leads to activation of heat loss mecha-
nisms. Blood flow to the periphery increases so
that heat loss via conduction and convection is
enhanced (Choshniak et al. 1982). Cattle change
posture and orientation to the sun to reduce gain
of heat from solar radiation. Moreover, chronic
exposure to elevated environmental temperatures
results in a lightening of the hair coat (Stewart
and Brody 1954). Heat stress also leads to
activation of evaporative heat loss mechanisms
involving an increase in sweating rate and respi-
ratory minute volume (Kibler and Brody 1952;
Choshniak et al. 1982; Gaughan et al. 1999;
Al-Haidary et al. 2001). About 70-85% of maxi-
mal heat loss via evaporation is due to sweating
with the remainder by respiration (Kibler and
Brody 1952; Finch 1986). Heat loss via skin
is more in cows, and heat loss by respiration
is higher in buffaloes. This is due to less number
of sweat glands in buffaloes (Aggarwal and
Upadhyay 1997, 1998). As air temperatures
approach those of skin temperature, evaporation
becomes the major route for heat exchange with
the environment.

Reactions of homeotherms to moderate cli-
matic changes, generally, are compensatory and
are directed at maintaining or restoring thermal
balance (West 1999). When the environmental
temperature reaches near the cow’s body tem-
perature, high ambient relative humidity percent-
age (RH%) reduces evaporation and affects the
cow’s cooling capability, and core temperature
increases. This occurs due to the negative effects
of high humidity on dissipation of body heat

because of the decline in effectiveness of radia-
tion, conduction and convection and the efficiency
of evaporative cooling (West 1993). Vaporisation
from the respiratory tract and the outer body
surface is negatively affected by levels of the
temperature and percentage of relative humidity
of the air. It has been observed that buffaloes can
acclimate more to high than low temperatures
(Zicarelli et al. 2005). Through natural selection,
buffaloes have acquired several morphological
features that allow them to adapt to hot—humid
areas. For instance, melanin-pigmented skin is
useful for protection against ultraviolet rays,
and low hair density facilitates heat dissipation
by convection and radiation. In hot—dry cli-
mates, low humidity determines intense evapo-
rative heat loss, which in buffaloes is limited by
the low number of sweat glands. In addition,
respiratory evaporation is less effective than in
cattle due to induced alkalosis as a consequence
of a rapid increase of blood pH (Koga 1991). In
hot-humid climates, evaporative heat loss is not
as effective in body heat dissipation. Thus, buf-
faloes rely on wallowing for efficient thermoreg-
ulation, and high secretion of sebum protects the
skin in the water or mud (Hafez et al. 1955). In
particular, buffaloes in hot conditions increase
blood volume and flow to the skin surface to
maintain a high skin temperature and facilitate
heat dissipation while in the mud or in the water
(Koga 1999).

6 Response to Heat Stress

The change in the environmental conditions, as is
the case during heat stress, affects the normal
metabolic balance and produces a positive feed-
back when the temperature is above the thermal
comfort or upper range of the tolerance. In dairy
cattle, as milk production increases, metabolic
heat production rises with the metabolism of
large amounts of nutrients, which makes the
high-producing cow more vulnerable to high
ambient temperatures and humidity than animals
that are less active metabolically. ‘Metabolism
and productivity run parallel’ (Brody 1945), and
therefore, high-producing cows are affected more
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Table 1 The effect of heat stress on dairy cows

THI Stress level Response of dairy cows
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Dairy cows adjust by seeking shade, increasing respiration rate and dilating the blood

Both saliva production and respiration rate increase. Feed intake may be reduced, and

water consumption increases. There is an increase in body temperature. Milk production

Cows become very uncomfortable due to high body temperature, rapid respiration(panting)

and excessive saliva production. Milk production and reproduction decrease

72 None
72-79 Mild
vessels. The effect on milk production is minimum
80-89 Moderate
and reproduction decrease
90-98 Severe
significantly
>98 Danger Potential cow death may occur

Source: Chase (2006)

than low-producing cows as a result of the TNZ
downward shift (Coppock et al. 1982).

Heat stress increases loss of body fluid due to
sweating and panting. Continued loss of the
body fluid during heat can reach a critical level
and may pose problem to thermoregulation
and cardiovascular integrity (Silanikove 1994).
Table 1 shows the responses of animals during
heat stress at various levels of THI.

The general homeostatic responses to thermal
stress in mammals are reduction in faecal and
urinary water losses, reduction in feed intake and
production and increased sweating, as well as
initial increases in respiratory rates and heart
rates. In response to stress, several changes in
physical, biochemical and physiological pro-
cesses occur to counteract the negative effects of
heat stress and maintain thermal equilibrium.
Most of these adjustments are to dissipate body
heat to the environment and reduce the metabolic
heat production.

6.1 Water Vaporisation

Evaporation of water is an effective means of
cooling the body since it takes about 580 cal to
evaporate (latent heat of vaporisation) 1 g of
water from the body. At normal temperature and
humidity, about 25% of the heat produced in
resting animal is lost by evaporation of water
from the skin and respiratory passages. Water
loss through the insensible perspiration, cuta-
neous and respiratory is constant under basal

conditions. An increased flow of blood through
the skin causes an increase in heat loss, but the
mechanisms of sweating and panting offer much
efficient ways to increase the evaporative heat loss
(Andersson and Jonasson 1992). The evaporative
heat dissipation is the most effective mean of
thermal regulation in the animal’s body due to
the latent heat of vaporisation of water. Water
vaporised from skin surface increases by active
sweating and that from respiratory surfaces
increases by increased pulmonary ventilation or
panting. An inverse relationship exists between
sweating and panting and thus between cutane-
ous and respiratory evaporation in animals (Kibler
and Yeck 1959; Mclean 1963).

Evaporative water loss can be calculated if
faecal and urinary water losses are known. Water
vaporisation loss was about 120 ml/h, at moderate
temperature, in cattle (Kibler and Brody 1950).
McDowell and Weldy (1960) estimated that water
losses from the skin surface and from the respira-
tory tract increased by 77 and 55%, respectively,
and water consumption increased by 110%, when
cows acclimated to 21.1°C were exposed to
32.2°C for 2 weeks.

Water turnover rate has been used for com-
paring heat adaptability of different species and
breeds. The water turnover rate based on tritiated
water was observed to be the highest in Holstein—
Friesians cattle reaching 96%, followed by goats
90%, sheep 77% and buffaloes 72% when ambi-
ent temperature of the climatic chamber increased
from 18 to 32°C. This indicated that the native
fat-tailed sheep and water buffaloes were less
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affected by heat and 12 h of water deprivation,
than H Friesians and goats (Kamal et al. 1982).

In general, buffalo cows’ volume of water
intake (free water+water through feedstuffs),
metabolic water, water voided (faeces=urine)
and water vaporisation were 20.9, 1.6, 17.3 and
5.3 L in winter season and 36.8, 2.3, 20.0 and
19.2 L, respectively, in summer season. The water
input (intake+metabolic) was observed to be
about twofold in summer. Water vaporisation
increased by four times in summer as that of
winter. Voided water showed slight seasonal dif-
ference (Pal et al. 1975). In Friesian cows, the
water inputs for free, dietary and metabolic water
were 19.05, 0.41 and 1.35 L/day, respectively,
under mild climate (16°C and 62% RH) and
31.16, 0.37 and 1.24 L/day, respectively, under
hot climate (39°C and 62% RH, for 7 h daily over
11 days). The water outputs for urinary, faecal and
total evaporative water losses were 7.07, 7.72 and
6.02 L/day under mild climate, respectively, and
were 9.61, 7.61 and 13.33 L/day, respectively,
under hot climate. The differences in all compo-
nents between the two climatic conditions were
significant except for faecal water output (Kamal
et al. 1982). Particularly, chronic heat exposure
of 6- and 12-month-old buffalo calves was
accompanied with increases in total body water
content (8.52 and 9.63%), free water intake
(25.16 and 56.41%), total water intake (28.49 and
48.34%), urine excretion (24.79 and 108.0%) and
evaporative water loss (51.15 and 69.37%),
respectively. Significant decreases were also
observed in 6- and 12-month-old buffalo calves
in total body solids content (15.73 and 16.12%),
metabolic water (20.84 and 16.81%) and faecal
water excretion (36.42 and 8.49%), respectively
(Nessim 2004). In order to maintain total body
water content at a relatively constant level, it
is important that a continuous water supply must
be provided.

6.2 Physiological Responses

Responses of the cow to temperatures above the
TNZ include raised respiration rates and rectal
temperature (Omar et al. 1996), panting, drooling,
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reduced heart rates, profuse sweating (Blazquez
etal. 1994), decreased feed intake (NRC 1981) as
well as reduced milk production (Abdel-Bary
et al. 1992). Physical responses to heat stress in
dairy cows are breed specific (Finch 1986), with
the B. indicus and other tropical breeds being less
responsive to thermal stress than B. taurus cattle.
The differences in response to heat stress between
cattle breeds are attributed to varying levels of
adaptability to hot environments. Sharma et al.
(1983) showed that, within B. faurus dairy cattle
breeds, the Jersey was less sensitive to thermal
stress than the Holstein—Friesian.

6.3 Sweating and Panting
Sweating plays an important role in heat
loss mechanisms of crossbred cattle. Excess heat
is dissipated by evaporation of sweat as a pro-
tective mechanism of the body against over-
heating. Though crossbreds have a limited
sweating capacity as compared to zebu animal,
they are able to increase sweating rate and dou-
bled the rate of evaporation from skin at ambient
temperature of 38°C and relative humidity of
59% (Upadhyay and Aggarwal 1997). The
efficiency of function and total output of sweat
glands can be increased by continuous exposure
to hot conditions. Crossbreds also increase pul-
monary frequency and ventilation rate in an
attempt to maintain a thermal equilibrium during
exercise under heat stress (Upadhyay and
Aggarwal 1997). In buffaloes, pulmonary func-
tions increase with increase in ambient tem-
perature. Under mild hot conditions, low
respiratory frequency of buffaloes and high
volume of O, consumption and low pulmonary
volume may contribute partially to an improved
efficiency of energy utilisation, thus affecting
thermal equilibrium in buffaloes. Respiratory
evaporation has been found to be more important
in maintaining thermal homeostasis than sweat-
ing under hot conditions in buffaloes (Aggarwal
and Upadhyay 1998; Fig. 3).

Increase in water evaporation in response to
increased ambient temperature was found in buf-
faloes and cattle by many workers (Kellaway and
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m Pulmonary surface
evaporation

m Skin evaporation

Fig. 3 Relative contribution of sweating and pulmonary evaporative losses in buffaloes (Aggarwal and Upadhyay 1998)

Colditz 1975; Krishana et al. 1975; Saxena and
Joshi 1980; Daniel et al. 1981). In buffaloes’ body,
the water vaporisation loss was 6 and 18 kg/day
(Raghavan and Mullick 1961) or 5.3 and 19.2 L/
day (Ghosh et al. 1980), during winter and sum-
mer, respectively; Raghavan and Mullick (1961)
also stated that cattle lost similar amounts
although they drank much less water. In Jersey,
Brown Swiss and Holstein heifers, water vapori-
sation increased from 4 to 14 L/day when envi-
ronmental temperature increased from 15.0 to
35.0°C (Kamal et al. 1962). Water losses from
the skin increase sharply. Evaporative loss through
pulmonary surface and through skin in indigenous
and crossbred cows has been shown in Fig. 4
(Aggarwal and Upadhyay 1998). Skin vaporisation
accounts for 16-26% of the dissipation of body
heat at air temperature of 10°C and from 40 to 60%
at 27°C and over 80% at air temperatures above
38°C, in cattle (Roubicek 1969). Skin water loss
was found to be negatively correlated with skin
temperature and rectal temperature (Aggarwal
and Upadhyay 1998). Water losses through the
lungs increase gradually as ambient temperature
increases. Pulmonary surface evaporative loss of
buffaloes was 64.5+4.1 g/m?*h before exposure to
direct solar radiation, and increased by 98% after
4 h of exposure (Aggarwal and Upadhyay 1998).
Respiratory vaporisation as g/h/kg body weight

increased from 0.13 to 0.22 in Brahman, from 0.17
to 0.38 in Santa Gertrudis and from 0.28 to 0.42 in
Shorthorn, when environmental temperature
increased from 20.6 to 37.8°C, respectively
(Kibler and Yeck 1959). In lactating Holstein cows,
significant increase in respiratory vaporisation was
recorded with rising air temperature (Kibler et al.
1965). Kibler et al. (1962) reported breed differ-
ences in respiratory vaporisation. Concerning
the effect of relative humidity at high ambient
temperature on respiratory vaporisation, Kibler
and Brody (1953) reported that respiratory vapori-
sation decreased with rising relative humidity at
high ambient temperature. Particularly, the buffalo
calf showed little or no evaporative heat loss, and
all internal temperatures were the same and rose
progressively with time, when high environmental
temperature was accompanied by high relative
humidity. The buffalo calf has shown little or no
evaporative heat loss with no changes in internal
temperatures; however, temperature increased
progressively with time at high environmental
temperature and relative humidity.

At high environmental temperature and low
relative humidity, some evaporation of water from
the mucosa occurs during inspiration and helps in
cooling the mucosa. Air humidity governs the
evaporative cooling of the mucosa and deter-
mines the extent of water regain by condensation
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Fig. 4 Evaporative loss through skin and pulmonary surface in indigenous and crossbred cattle (Aggarwal and

Upadhyay 1997)

Table 2 Relative contributions (%) of sweating and panting to evaporative heat loss in various domestic animals in a

hot—dry environment

Relative contribution (%) to evaporative heat loss

Donkey Camel Cow Sheep/goat Buffalo Pig
Sweating 100 95 85 40 12 0
Panting 0 5 15 60 88 100

Source: Modified from Jenkinson (1972)

on cold mucosa upon exhalation. The passive
transfer of water through the skin depends partly
on the surface temperature of the epidermis and
the vapour pressure of the air.
Thermoregulatory sweating is elicited in two
ways:
» First by a rise of the CNS temperature and
reflexively
* Second by stimulation of skin warm receptors
and other parts of the body outside the CNS,
that is, blood vessels, abdomen and viscera
Although reflex sweating may occur in absence
of an increased central temperature, a high skin
temperature cannot elicit full-scale sweating
without simultaneous CNS facilitation.
Regarding sweating, the eccrine sweat glands
(in humans) are innervated by cholinergic sympa-
thetic nerve fibres, and the apocrine sweat glands
(in many domestic animals) develop from hair
follicles. The latter glands do not receive nerve
supply, but are sensitive to epinephrine carried in
the blood stream. The eccrine sweat glands are

responsible for thermal sweating, but apocrine
sweat glands are important for evaporative heat
loss. The relative importance of sweating as a
heat-dissipation mechanism varies among species
(Table 2). In cows, maximum evaporation from
the skin surface amounts to about 150 g/m?*h at
an external temperature of 40°C. The respiratory
evaporation under the same condition is only
about one-third of that amount. In sheep, sweat
secretion is less important than in the cow. Sweat
secretion in shorn sheep during heat stress is
32 g/m?h, which means that sheep may dissipate
about 20 kcal/h by sweating. Consequently, evap-
orative heat loss via respiratory passages is more
important in sheep than in the cow. In humans,
heat loss from sweating may be as high as
1,000 kcal/h (Andersson and Jonasson 1992).
Panting appears to be the more efficient of the
two methods of evaporative cooling, that is,
sweating and panting. Both methods use latent
heat from the body core, but sweating can also
use solar radiation on the body surface. Panting
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also provides its own airflow over moist surfaces,
thus facilitating water evaporation. Salt and elec-
trolytes are not lost, as in sweating, unless the
saliva drips out of the mouth. The panting cools
the nasal and oral passages as the cool blood
flows into the venous sinus bathing the carotid
plexus. Thus, the blood supply to the brain can be
kept cool, even when the body temperature is ris-
ing (Taylor and Lyman 1972). The disadvantages
of panting include a risk of respiratory alkalosis,
particularly in the goat (Jenkinson 1972), sheep
and buffaloes, and the increase in work and
therefore heat production by the respiratory
muscles. However, much of this work is reduced
by the elastic property of the respiratory system,
which has its own natural frequency of oscilla-
tion. The high respiratory rate associated with
panting has the effect of keeping the system
oscillating at its own resonant frequency with the
minimum of muscular effort. Thus, the thermo-
regulatory efficiency of panting is high in such
species as sheep, which show no increase in total
body heat production above normal levels (Hales
and Brown 1974).

The evaporation is a very significant process
for loss of body water. A fully hydrated camel
weighing 260 kg lost 91 of water a day through
sweat when standing in the desert sun. This quan-
tity represented a loss of 4% of total body weight,
and a loss much in excess of 25% would probably
be fatal. Assuming that heat load and therefore
evaporation are proportional to body surface,
then water loss under hot, desert conditions
increases exponentially with decreasing size.
There is very little difference in water loss per
hour in the camel at 1.0%, and man at 1.5%, but
the rate in animals weighing 2.5 kg is nearly 5%.
Many animals also have lower lethal limits than
the camel (Schmidt-Nielsen 1965). The need to
preserve vital functions, as an animal becomes
dehydrated, results in a reduction in the rate of
evaporative cooling. The sequel to this reduction
is either a rise in body temperature or a depres-
sion of heat production.

Kibler and Brody (1952) observed similar
sweating rates for B. raurus and B. indicus breeds;
however, Allen (1962) showed that B. indicus or
zebu cattle had significantly higher sweating rates
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than breeds from temperate regions and ascribed
elevated sweating rates of B. indicus zebu cattle
to their higher density of sweat glands. Schmidt-
Nielsen (1964) reported that as the environmental
temperature rose, B. taurus cattle showed an
appreciable increase in evaporation between 15
and 20°C, with a maximum rate of evaporation
being reached before 30°C. On the contrary,
Brahman cows (B. indicus) had initially lower
evaporation rates, but rapid evaporation rates
occurred when temperatures were between 25 and
30°C, and continued rising up to 40°C. Cattle of
temperate and tropical regions possess the same
type of sweat glands, one to each hair follicle
(Findlay and Yang 1950). However, Dowling
(1955) found that tropical breeds have a higher
density of hair follicles (1,698/cm? for zebu) than
is the case in B. raurus breeds (1,064/cm? for
Shorthorn), and in zebu cattle, sweat glands are
located much closer to the skin surface than is the
case in temperate breeds of cattle. Blazquez et al.
(1994) attributed more significance to the pro-
duct that these sweat glands produce than to the
number of sweat glands per unit area or to their
individual size. They measured a fivefold increase
in the rate of skin moisture loss (up to 279 g/m*h)
from the scrotum at 36.2°C in bulls.

The measurement of sweating rate in large
animals is difficult due to equipment availability
and placement of device. Robertshaw and Vercoe
(1980) reported a twofold increase in the rate of
skin moisture loss (up to 77 g/m?*h) from the
scrotum after exposure to a temperature of 40°C
in bulls (Bos sp.). Finch (1986) found that the
sweating rates of B. indicus increased exponen-
tially with rises in body temperature, whereas in
B. taurus, the sweating rates tended to plateau
after an initial increase. Within B. taurus breeds,
Singh and Newton (1978) found higher (P <0.05)
sweating rates in Ayrshire calves than in Guernsey
calves and suggested that Ayrshire calves were
more capable of acclimation to hot weather than
Guernsey calves.

Polypnea or a rapid breathing in cattle, buf-
falo, dog, sheep, goat, etc. is evoked by heat load
and lack of oxygen. Polypneic panting is breath-
ing occurring at a frequency between 200 and
400 breaths/min with open mouth and protrusion
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of tongue. Panting is often accompanied by
increased salivary secretion and may cause a
considerable increase in respiratory evaporative
cooling. Panting may be initiated in response to a
raised environmental temperature and an increase
in the temperature of the blood supplying the
brain. Panting in cattle and buffalo may be
induced due to work and high external tempera-
ture by a rise in body temperature or by local
warming of the anterior hypothalamus. This indi-
cates that the panting, like sweating, may be initi-
ated both reflexively and centrally. Birds, which
have no sweat glands, increase evaporation not
only by panting but also by a mechanism named
regular flutter. It consists of rapid oscillations of
the thin floor of the mouth and the upper part of
the throat (Andersson and Jonasson 1992).

The proportion of metabolic heat that is dissi-
pated from the cow by evaporation increases with
rising environmental temperatures and a decreas-
ing temperature gradient between the animal and
air. The morphology and functioning of the apo-
crine sweat glands of cattle during hot climatic
conditions have been extensively investigated
(Montgomery et al. 1984). Blazquez et al. (1994)
reported that increased blood flow to the skin is
positively correlated to the sweating rate. The
correlation between rectal temperature and water
loss from skin was observed to be negative in buf-
faloes which could be due to higher rectal tem-
perature in relation to skin water loss (Aggarwal
and Upadhyay 1998).

7 Heat Production

A thermal steady state in an animal exists, when
the heat gain and the heat loss are in equilibrium.
In livestock species similar to other mammalian
homeotherms, the thermoregulatory mechanisms
consist of a series of physiological adjustments
help to establish a thermal equilibrium under heat
stress to maintain equality in heat gain and heat
loss. These physiological adjustments are highly
dependent on the external temperature and physi-
ological state of animal. Normally the variable
insulation, mainly due to circulatory adjustments
in the thermoneutral zone of constant metabolism,
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is sufficient to maintain a thermal steady state.
But, above and below this thermoneutral zone,
circulatory adjustments are no longer enough for
maintenance of heat balance or body temperature.

Heat production (HP) is a measure of the sum
total of energy transformations happening in
the animal per unit time (Yousef 1985). Heat
production is directly under control of the nervous
system (Hammel 1968), by the endocrine system,
through modification of appetite and digestive
processes, and indirectly by alterations of the
activity of respiratory enzymes and protein
synthesis (Yousef 1985). The influence of envi-
ronmental temperature on feed intake, production
and thermoregulation in the animal greatly
affects the rate of heat production (Brody 1945).
Because of their effect on the rate of metabo-
lism, the concentrations of hormones such as
thyroxine, triiodothyronine, growth hormone
and glucocorticoids are closely related to heat
production (Yousef and Johnson 1966). Other
factors influencing heat production in mammals
include the following: body size (Brody 1945),
the environment (Salem et al. 1982) animal species
and breed and the availability of feed and water
(Graham et al. 1959). Breed differences between
Jersey and Holstein cows in the rate of heat
production and dissipation have been reported,
which may be attributed to differences in body
size. The temperature gradient between internal
organs and external environment is steeper in the
smaller Jerseys than in the larger Holstein cows
(Kibler and Brody 1952).

8 Heat Increment

Under warm to hot (ambient temperatures of 15
and >25°C, respectively) conditions, the cow
gains heat from solar radiation and from the usual
metabolic processes. If the heat gain exceeds heat
loss from radiation, convection, evaporation and
conduction, heat is stored in the body, and core
temperature rises (Finch 1986). At night or at low
ambient temperatures, heat stored is dissipated
to the environment, and the body temperature
may reach an equilibrium or normal body set
point. Webster et al. (1976) discussed other heat
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generation mechanisms including the cost of eating
and ruminating, heat produced by fermentation in
the rumen and the increased heat produced by the
tissues of the liver and the gut as the heat increment
(HI). Webster et al. (1975) cited a range in energy
costs of eating, 11 J/kJ of ME for grass pellets
and 151 J/kJ of ME for fresh grass and concluded
that the energy cost of ruminating could be dis-
counted as a contribution to HI. Webster et al.
(1975) found no differences in HI due to diet
source and estimated the heat of fermentation in
sheep to be 285 J/kJ of digestible energy from
forage diets; however, heat production increased
exponentially with increasing ME intake. At an
intake of 34 kJ of ME/kg®”, heat production in
tissues of the gut was 7 kJ/kg®” per 24 h. Fasting
heat production of gut tissues in sheep was 4 kJ/
kg®7. Therefore, HI due to feeding in the gut was
2.9 kJ/kg®", of which 1.7 kJ was fermentation heat
and 1.2 kJ was aerobic metabolism in gut tissues.
The processes of ingestion and digestion account
for about 25-30% of total HI (Webster et al.
1976). Armstrong and Blaxter (1957) ascribed
most of the variation in total HI to the nature of
substrates made available for metabolism.

9 Assessment of Adaptability

Heat adaptability is a complex character that
depends on the integrity and coordination of vari-
ous systems such as the respiratory, circulatory,
excretory, nervous, endocrine and enzymatic
systems. The coordination of all these systems to
maintain the productive potential under thermal
stress is variable not only between species but also
between breeds and even between individuals
within a breed.

Particularly, prediction of the possibility of a
breed to fit in a new region can be achieved by
constructing climographs by plotting the means
of monthly maximum and minimum tempera-
ture—humidity indices (THI) in the two localities,
using climatic data collected from both the origi-
nal and new environments. Similarity of each of
position, shape and area of the two patterns so
formed after joining the twelve points indicates
such possibility. However, disease and parasite
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criteria, the feed situation, prices of inputs and
products and the market situation also have to be
considered, in this respect.

The suitable stock for the tropics and subtro-
pics should be morphologically and physiolo-
gically equipped to withstand heat and drought.
Accordingly, adaptability of the animals to hot
climate could be evaluated on morphological
and/or physiological basis. This could be achieved
according to morphological characteristics that
assist to adapt to hot climate and/or according to
physiological parameters such as the actual
response or adaptability to hot climate after test-
ing the animals under the hot climate conditions.
Morphological characteristics of animals suitable
to hot climate should include large skin area in
relation to unit of live weight, shielded eyes, pig-
mented skin and eyelids (to lessen susceptibility
to eye cancer) and short sleek light-coloured hair.
In addition to that, the animals should be able to
shed their coats early in spring, walk long dis-
tances, use low water intake, tolerate high intake
of salts either in drinking water or in forages and
poor quality food, afford harsh treatment and
resist ticks and other pests. Particularly, animals
with long or woolly coats pick up a large number
of larval ticks than animals with short sleek coats.
With such information in mind, animals with per-
manent short coats can be used in fairly hot rather
humid regions, and those with heavy coat, but shed
early and decisively in the spring, can be used in
regions that are fairly hot and humid in summer.

Proper and more accurate evaluation could be
based on the ability of the animals to maintain
expression of their inherited functional potential
during their lifetime when raised under hot con-
ditions. This is the typical definition of adaptability
or heat tolerance. The obtained parameters may
be expressed as either adaptability indices (Marai
et al. 2005, 2008) or heat tolerance indices (Marai
etal. 2006) and are used either in choosing breeds
to be located in new areas different than their
original ones or in evaluating the animals for
adaptability to the prevailing conditions under
which they exist.

Many parameters were suggested to estimate
adaptability, using the relative changes in thermal,
water and/or nitrogen balances of the animals to
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the hot climate, and have been summarised in
publications (Habeeb et al. 1997; Marai and
Habeeb 1998). Marai and Habeeb (1998) and
Marai et al. (2008) suggested the ‘adaptability
index’ as a parameter for estimating the heat
tolerance to the climatic conditions, using all the
traits, that is, thermal, water and/or nitrogen bal-
ances, as well as the physiological, productive or
reproductive traits of the animals under the con-
ditions which they have to live. The ‘adaptability
index’ equals 100- the average relative devia-
tions in the traits studied regardless of the minus
or plus signs. The relative deviation in each trait
was estimated as [the difference between the two
conditions in the values of the trait, i.e. the hot
and mild conditions (normal; control) divided by
the value of the trait in the mild conditions] x 100.
The selected animal for the hot region should
manifest the least changes in most of the para-
meters estimated (Marai et al. 2005, 2006, 2008).
Marai and his group have estimated the buffalo
adaptability index to the subtropical environment
of Egypt as 89.1%. The average value of the rela-
tive deviations as a function to the hot environ-
ment was 10.9%. Estimation of the adaptability
index using the data of El-Masry and Marai
(1991) showed nearly the same values in buf-
faloes (89.6% as adaptability index and the aver-
age relative deviations 10.4%). Adaptability for
Friesian cows was estimated as 82.9% in the sub-
tropical environment of Egypt on the same bases.
The estimated adaptability index can be used as a
simple and valid index for selection of high-
productive animals which maintain high milk or
meat production under hot climate conditions.
The gain in body weight may not be a reliable
indicator or mislead about heat adaptability
because the increase in body weight may also
occur due to increase either in body water or in
body protein and fat.

The adaptability of animal to heat needs to be
expressed in relation to production as indicated in
the recommendations of FAO/IAEA Panel (1974)
‘Heat tolerance must be assessed in relation to
production and not only in relation to mainte-
nance of thermal balance’. The loss of body sol-
ids associated with a standard heat stimulus may
be an index. Kamal (1993) developed four heat

tolerance indices (HTI) related to hot summer
growth performance of young water buffalo
calves, depending on heat-induced changes in
some physiological and biochemical parameters.
These were the cortisol-HTI, glucose-HTI, evap-
orative water (EW)-HTI and nitrogen retention
(NR)-HTI. The cortisol-HTI and glucose-HTI
were applicable to young calves (6 months old).
Meanwhile, the EW-HTI and NR-HTI were
applicable to older calves (12 months old). Such
parameters can be used in screening heat toler-
ance in terms of growth or milk production under
hot climate. This is preferable to screening the
mature animals directly for productivity because
the latter is time consuming, as it takes 2 years
for the calves to reach their mature body weight
and 3 years at least to produce milk (Nessim
2004). Such suggestions considered the main two
factors controlling productive performance under
heat stress are the genetic productive potentials for
growth and milk production and the heat tolerance
of the animal. The latter characteristic expresses
the animal’s capability to attain, as much as, the
genetic maximum production under heat stress.
Other HTT parameters were suggested by other
workers (Rhoad 1944; Lee and Phillips 1948).
Tunica dartos index (TDI) was developed to esti-
mate the ability of the bull and ram to tolerate
elevation of ambient temperature (El-Darawany
1999; Marai et al. 2006).

10 Genetic Adaptations/Cellular

Changes During Heat Stress

The genetic adaptations developed in zebu cattle
in the process of its evolution are ascribed to the
acquisition of genes for thermotolerance. Zebu
breeds can regulate their body temperature under
vide range than Bos Taurus breeds of European
origin (McDowell et al. 1953; Cartwright 1955;
Allen et al. 1963; Finch 1986; Carvalho et al.
1995; Hammond et al. 1996). Genetic differences
in their thermotolerance have been attributed to
the cellular functions (Malayer and Hansen 1990;
Kamwanja et al. 1994; Paula-Lopes et al. 2003;
Hernandez-Cerén et al. 2004). Thermal stress
triggers a complex programme of gene expres-
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sion and biochemical adaptive responses (Fujita
1999; Lindquist 1986). Biologically, the ability
to survive and adapt to thermal stress is a funda-
mental requirement of cellular life, as cell stress
responses are ubiquitous among both eukaryotes
and prokaryotes, and key heat-shock proteins
(HSPs) involved in these responses are highly
conserved across all species (Lindquist 1986;
Parsell and Lindquist 1993). In euthermic species,
in which core temperature is very precisely regu-
lated, considerable variations in core temperature
can occur during severe environmental stress,
exercise and fever. The ability to survive and adapt
to severe systemic physiological stress is critically
dependent on the ability of cells to mount an
appropriate compensatory stress response.
The effects of heat stress on cellular function
include:
1. Inhibition of DNA synthesis, transcription,
RNA processing and translation
2. Inhibition of progression through the cell
cycle
3. Denaturation and misaggregation of proteins
4. Increased degradation of proteins through
both proteasomal and lysosomal pathways
5. Disruption of cytoskeletal components
6. Alterations in metabolism that lead to a net
reduction in cellular ATP
7. Changes in membrane permeability that lead
to an increase in intracellular Na*, H* and Ca?
In mammalian cells, nonlethal heat shock pro-
duces changes in gene expression and in the
activity of expressed proteins, resulting in cell
stress response (Jaattela 1999; Lindquist 1986).
This response increases thermotolerance (i.e. the
ability to survive subsequent, more severe heat
stresses) that is associated with increased expres-
sion of HSPs. A cell stress response leading to
HSPs production can be induced by other stres-
sors like toxins, chemicals, pyrogens and heavy
metals, and the response initiated by one stressor
often leads to cross-tolerance to others (Parsell
and Lindquist 1993). At increasingly severe heat
exposures, heat shock leads to activation of the
apoptotic process and to cellular necrosis (Creagh
et al. 2000). The apoptosis of cells exposed to
different stressors appears to depend critically on
the sequence of exposure (DeMeester et al. 2001).
There were no significant differences between

Thermoregulation

Brahman, Senepol and Angus in the amount of
heat-shock protein 70 (HSP70) in heat-shocked
lymphocytes (Kamwanja et al. 1994), and the
nonsignificant lower HSP70 amounts in Brahman
and Senepol may indicate that protein denatura-
tion in response to elevated temperature (one of
the signals for HSP70 synthesis; Ananthan et al.
1986) is reduced in Brahman and Senepol.
Therefore, magnitude of transcription in response
to stressor or high temperature seems to be impor-
tant for expression of genetic differences in breeds
as there are no differences between Brahman and
Holstein embryos in resistance to elevated tem-
perature at the two-cell stage (Krininger et al.
2003), a time when the embryonic genome is
largely inactive (Memili and First 2000).

11 Genetic Improvement
for Adaptation

Acclimation and adaptation are two different
processes in response to a stressor. Animals are
considered acclimated to a given stressor when
body temperature returns to prestress levels
(Nienaber et al. 1999). Systemic, tissue and
cellular responses associated with acclimation
are coordinated, require several days or weeks
to occur and are therefore, not homeostatic in
nature (Bligh 1976). Furthermore, when stress is
removed, these changes decay. Adaptation, on the
other hand, requires modifications of the genetic
makeup and is a process involving populations
and exposure for very long periods.

Genetic improvement is an evolutionary
action; evolution should be defined as a conti-
nuous process of adaptation of the populations
of organisms to the ever-changing geological,
biological and climatic conditions (Dobzhansky
1970). Because of the almost infinite number of
combinations of environmental factors, organi-
sms must have a great variety of genetic types
capable to deal with a range of climatic, nutri-
tional or other conditions. In a word, any popula-
tion must be genetically heterogeneous — that is,
with a great genetic diversity — in order to be able
to survive under the challenge of the changing
environment. Therefore, any population in a
specific ambient is composed by a majority of
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well-adapted individuals, while a minor number
of individuals present genotypes that are not
good enough for that environment, but are well
suited for different conditions. This is the basis
for the livestock genetic improvement. Rhoad
(1940) was probably the first to propose the
selection of livestock for traits related to heat
tolerance. Da Silva (1973) estimated the genetic
variation of some traits in Brazilian beef cattle,
observing that the increase in the body temper-
ature after exposure of the animals to the sun in
the hottest period of the day presented a moder-
ate heritability coefficient (0.443) and a high
negative genetic correlation (—0.895) with the
average daily weight gain. Da Silva et al. (1988)
determined the heritabilities of the sweating
rate (0.222), skin pigmentation (0.112), hair
coat pigmentation (0.303) and thickness (0.233)
and hair length (0.081) of Jersey cattle bred in a
tropical region. For Holstein cattle in a similar
environment, the heritability of hair length
was found as 0.20 by Pinheiro (1996). On the
other hand, evidence has been found that sup-
ports the existence of a major gene, which is a
dominant one and responsible for producing
a very short, sleek hair coat in cattle (Olson
et al. 2003).

However, little attention has been paid to the
genetic aspects of the adaptation of livestock to
their environment; it has generally been consid-
ered faster and easier to improve production
through alterations of the environment, and
most part of the research efforts has been ori-
ented to environment modification. Numerous
arguments have been used against animal breed-
ing options, but there seems to be no a priori
reason why genetic progress for adaptation is
not possible. Present programmes of genetic
improvement of livestock in tropical countries
should take into account not only production
traits (milk yield, weight gain, egg or wool pro-
duction) but also those traits related to the inter-
action with environmental factors as the solar
radiation, wind, air temperature and humidity.
Additional research on this subject will likely
provide avenues by which livestock production
could have significant progresses in the years to
come.
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High-producing cattle and buffaloes are vulne-
rable to environmentally induced hyperthermia
because the metabolic heat load is proportio-
nate to their milk production. To counteract an
increasing heat load, animals must adapt on a
cellular level and to increase heat dissipation and
minimise heat production. The information on
genomic alterations and associated molecular
mechanisms that lead to cellular heat stress
acclimation is poorly understood in cattle and
buffaloes. Studies on cattle have aimed at char-
acterising the global changes in cellular gene
expression and microarray analysis utilising
bovine-specific cDNA arrays obtained from the
National Bovine Functional Genomics Consortium.
Microarray analysis has helped profiling of
bovine mammary epithelial cell (BMEC) gene
expression in response to acute heat stress using
an in vitro system that approximates mammary
development and function (Collier et al. 2008).
During severe and acute hyperthermia (42°C),
the BMEC exhibits morphological changes
(regression of ductal branches) and reduced
cellular growth. Consistent with these physical
alterations in cell behaviour, gene expression
associated with protein synthesis and cellular
metabolism also decreases. In this model system,
Hsp70 gene expression in BMEC remained
elevated for 4 h at 42°C and then returned to basal
levels after 8 h of exposure, indicating the end of
heat tolerance and activation of genes associated
with apoptosis (Collier et al. 2008). Another
study on lactating dairy cattle evaluated the gene
expression profile of liver tissue in response to an
extended period (14 days) of the heat stress
(Rhoads et al. 2005). The liver’s pivotal role in
whole-body metabolism via coordination of endo-
genously and exogenously derived nutrients is
most likely altered by heat stress-induced reduc-
tions in feed intake and shifts in metabolism.

A large proportion of an animal’s mass com-
prises skeletal muscle, which can have a profound
impact on whole-animal energy metabolism and
nutrient homeostasis, especially during periods
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of stress. To better understand how an environ-
mental heat load influences the set points of seve-
ral metabolic pathways within skeletal muscle,
Rhoads et al. (2008) examined heat stress effects
on skeletal muscle of beef cattle adaptation to
chronic heat stress using microarray analysis.
Skeletal muscle (semimembranosus) biopsies
were obtained during thermal neutral conditions
and again after exposure to heat stress. Data inter-
rogation by pathway analysis identified dramatic
changes in the skeletal muscle transcriptional
profile revealing that during heat stress, bovine
skeletal muscle may experience mitochondrial
dysfunction leading to impaired cellular energy
status. This may have broad implications for the
reduced growth, decreased milk production and
heat intolerance observed in ruminants during
heat stress especially if skeletal muscle is not
able to make necessary contributions to whole-
body energy homeostasis. Taken together, the
microarray data demonstrate that bovine cells
and tissues undergo changes in cellular beha-
viour, which may be important for individual
tissue function, whole-body metabolism and
overall physiological acclimation to heat stress.

13 Conclusions

High ambient temperature is a major constraint on
animal productivity in tropical climates since it
evokes series of drastic changes in the animal’s
physiological functions that include depression in
feed intake efficiency and utilisation; disturbances
in metabolism of water, protein, energy and min-
eral balances, enzymatic reactions, hormonal
secretions and blood metabolites. Such changes
result in impairment of production and reproduc-
tion performance. The effect of heat stress is
aggravated when it is accompanied by high ambi-
ent humidity. Susceptibility to heat stress depends
on many factors, including adaptation, housing
and management. Determining nutrient require-
ments for animals exposed to different climates
and effective ambient temperature is a significant
challenge that requires consideration of many
factors affecting animal’s ability to maintain a
normal temperature. Heat and cold outside the
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thermoneutral zone forces an animal to utilise
compensatory mechanism to maintain its body
temperature within normal limits. Management,
housing, diet and climate affect the energy require-
ments of the animal. Cattle from zebu breeds are
better able to regulate their body temperature in
response to heat stress than are cattle of B. taurus
breeds of European origin. Among the genetic
adaptations that have developed in zebu cattle dur-
ing its evolution have been the acquisition of genes
for thermotolerance and disease resistance. Thus,
an alternative scheme to crossbreeding for utilis-
ing the zebu genotype for livestock production in
hot climates is to incorporate those zebu genes that
confer thermotolerance into European breeds
while avoiding undesirable genes. Heat stress
reduces milk production in cows with high genetic
merit for milk production. Strategies to alleviate
metabolic and environmental heat loads in early
lactation need to be developed. Milk production
per cow has increased over threefold in response to
advances in animal nutrition, in technology and in
biotechnology as well as genetic progress for milk
production. Using these facts as a basis, it is appar-
ent that genetic selection and other variables
enhancing milk production may have resulted in
adjustments in factors important to lactation and
nutritional physiology of the dairy cow. One such
factor, important especially in hot environments, is
the thermoregulatory capabilities and the physio-
logical effects of heat stress on high-producing
cows. There is a need to further define the physio-
logical and cellular basis for thermotolerance in
zebu cattle and buffaloes that associate with their
disease resistance. The understanding will help
targeting identified genes responsible for better
adaptation and to exploit the zebu genome for
improving their production under tropical climate
conditions under limited resources.
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Abstract

Activation of the hypothalamic—pituitary—adrenal
axis and the consequent increase in plasma
glucocorticoid concentrations are two of the
most important responses of the animals to
heat stress. The short- and long-term environ-
mental heat affects endocrine glands and in
turn release of hormones, namely, thyroxine,
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observed to decline under heat stress as com-
pared to thermoneutral conditions. The decline
in thyroid hormones along with decreased
plasma growth hormone (GH) level has a
synergistic effect to reduce heat production.
A reduced secretion of GH is required for
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The concentration of insulin-like growth factor-1
(IGF-1) has been observed to decrease during
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Table 1 Some endocrine adaptation made during heat acclimation in cattle

Tissue
Adrenal

Response
Reduced aldosterone secretion
Reduced glucocorticoid secretion

Increased epinephrine secretion
Increased progesterone secretion

Adipose tissue Increased leptin secretion

Pituitary Increased prolactin secretion
Decreased somatotropin secretion
Liver IGF-1 unchanged or increased
Thyroid Decreased thyroxine secretion
Placenta Decreased oestrone sulphate secretion

Source: Modified from Bernabucci et al. (2010)

the summer months. Aldosterone concentration
declines due to a fall in serum K levels and
increased excretion in sweat during heat stress.
Heat stress has a detrimental effect on animal
reproduction partly by disrupting the normal
release of gonadotrophin-releasing hormone
from the hypothalamus and luteinising hor-
mone (LH) and follicle-stimulating hormone
from the anterior pituitary gland. Heat stress
reduces the degree of dominance of the
selected follicle as reduced steroidogenic
capacity of its theca and granulosa cells and a
fall in blood oestradiol concentrations. Plasma
progesterone levels may be increased or
decreased depending on whether the heat
stress is acute or chronic and also on the
metabolic state of the animal. Insufficient
progesterone secretion by the corpus luteum
during summer is a probable reason of low
fertility in cattle and buffalo during summer
months in tropical climates.

1 Introduction

Thermal stress impacts physiological, biochemi-
cal and productive functions of livestock species.
The changes observed during the year in meteoro-
logical events are also reflected in production
functions. The weather or seasonal changes
observed during the year impacts on animal
growth, reproduction and lactation. With the
increase in average production of dairy cows, the
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metabolic heat output increases substantially
rendering them more susceptible to heat and
metabolic stress. These, in turn, alter cooling and
housing requirements for livestock. Substantial
progress has been made in the last quarter century
in delineating the mechanisms by which thermal
stress and photoperiod influence productive
performance of dairy animals. Acclimation to
thermal stress is now identified as a homeorhetic
process under endocrine control. The process of
acclimation occurs in two phases, that is, acute
and chronic, and involves changes in hormone
secretion as well as receptor populations in target
tissues (Collier et al. 2006a). The time required to
complete both phases vary from species to species
and may take days to weeks. The opportunity may
exist to modify endocrine status of animals and
improve their resistance to heat and cold stress.
New estimates of genotype x environment inter-
actions support use of molecular and genomics
tools to identify the genetic basis of heat stress
sensitivity and tolerance. Improved understanding
of environmental effects on nutrient requirements
has resulted in diets for high merit dairy animals
during different weather conditions. Successful
cooling strategies for lactating dairy cows are
based on maximising available routes of heat
exchange, convection, conduction, radiation and
evaporation. The endocrine system coordinates
metabolic events during thermal stress (Beede
and Collier 1986). A summary of endocrine adap-
tations that occur in mammals and particularly in
cattle has been presented in Table 1.



2 Thyroxine (T,) and Triiodothyronine (T,)

Cows categorised as low, medium and high
producers tend to have higher milk temperatures
with increasing production (Igono et al. 1988)
and concentrations of milk somatotropin decline
significantly when THI exceeded 70. The decline
probably occurs to reduce metabolic heat produc-
tion. Reduced concentration of key metabolic
hormones observed during heat stress is probably
an attempt to reduce metabolic heat production.
Scott et al. (1983) reported a negative relation-
ship for plasma thyroxine concentration and
rectal temperature, but the initiation of night
cooling, at the time when rectal temperature was
highest, was most beneficial in maintaining ther-
moneutral plasma thyroxine concentration, sug-
gesting that strategically cooling the heat-stressed
cow could enhance the metabolic potential.

Heat stress is a major contributing factor to the
low fertility of dairy cows during summer
(Ingraham et al. 1974; Ray et al. 1992; Thompson
et al. 1996; Al-Katanani et al. 1999; Khodaei
et al. 2006). Effects of heat stress on reproductive
hormones and other physiological functions are a
direct consequence of the increase in body tem-
perature due to heat stress or of the physiological
changes cows undergo to reduce the magnitude
of hyperthermia (De Rensis and Scaramuzzi
2003; Khodaei 2003). High ambient temperature
adversely affects normal reproduction of cattle
(Plasse et al. 1970), swine (Edwards et al. 1968)
and sheep (Thwaites 1968), the syndrome being
short oestrus, abnormal oestrus cycle, increased
proportion of abnormal ova shed, decreased fer-
tilisation rate and increased embryonic and fetal
mortality early in gestation (Stott 1972). These
physiological manifestations as influenced by
environmental heat have been associated with
altered endocrine functions (Stott and Wiersma
1971). Hormonal secretion in animals during
heat stress including short-term and long-term
temperature modification using environmental
chambers, seasonal comparisons of hormonal
profiles and the use of microclimatic modification
during periods of heat stress has been extensively
evaluated. Differences in experimental conditions
contribute to the disparity in results on hormonal
secretions during heat stress. Some of the varia-
tions in hormonal responses to heat stress reflect
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that ovarian steroid concentrations are dependent
not only on rate of secretion from ovarian tissue
but also on rate of vascular perfusion of the ovary,
on possible adrenal release in case of progester-
one, on metabolism in the liver and other organs
and on the degree of haemodilution or haemo-
concentration (Wise et al. 1988a). The extent to
which heat stress affects other physiological
characteristics could lead to variable changes in
steroid hormone concentrations in peripheral
blood. Heat stress can also cause either dilution,
concentration or no effect on blood plasma
volume (Richards 1985; McGuire et al. 1989;
Johnson et al. 1991; Elvinger et al. 1992), and the
nature of effect of heat stress on blood volume
affects steroid hormone concentrations in blood.
Hyperthermia has been shown to decrease ovar-
ian blood flow (Lublin and Wolfenson 1996) and
to inhibit angiogenesis (Fajardo et al. 1988).
Blood flow and vascular density determine the
follicular perfusion rate, which directly influences
the rates of nutrient uptake and hormonal release
by the follicle.

2 Thyroxine (T,) and
Triiodothyronine (T,)

Thyroid hormones are important in an animal’s
adaptation to a hot environment. The thyroid
gland secretes triiodothyronine (T,) and tet-
raiodothyronine/thyroxine (T,) which provide a
major mechanism important for acclimation
(Johnson and Van Jonack 1976; Horowitz 2001)
and are known indicators of heat stress (Pusta
et al. 2003). Both triiodothyronine (T,) and thy-
roxine (T,) are associated with metabolic homeo-
stasis and are susceptible to climatic changes
(Perera et al. 1985). Shade or cooling can, there-
fore, alter thyroid activity when cattle are exposed
to heat stress (Collier et al. 1982a; Aggarwal
2004; Aggarwal and Singh 2009; Table 2). It is
well known that heat acclimation decreases
endogenous levels of thyroid hormones and that
mammals that have adapted to warmer climates
follow this pattern (Johnson and Van Jonack
1976; Horowitz 2001). These hormones are the
primary determinants of basal metabolic rate and
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Table 2 Average thyroxine, triiodothyronine, insulin and cortisol levels in crossbred cows kept with and without mist

cooling

Hot—dry season

Without With cooling
Hormone cooling by mist and fan
Thyroxine (ng/ml) 45.79+0.54 46.26+0.47
Triiodothyronine (ng/ml) 1.52+0.05 1.35+0.04
Insulin (nU/ml) 9.08+0.40 10.15+0.30
Cortisol (ng/ml) 4.17+0.15 2.38+0.07

Source: Aggarwal and Singh (2009)

Hot-humid season

Without With cooling
A change  cooling by mist and fan A change
+0.47 44.49+0.51 46.21+0.94 +1.72
-0.17 1.33+0.33 1.35+0.03 +0.02
+1.07 6.00+0.29 8.86+0.23 +2.26
-1.79 4.35+0.25 2.83+0.04 -1.52

Table 3 Average values of thyroxine, triiodothyronine, insulin and cortisol levels in showering and wallowing groups

during hot—dry and hot-humid season

Hot—dry season
Buffaloes under

Hot-humid season
Buffaloes under

Parameter water showers Wallowing buffaloes water showers Wallowing buffaloes
Thyroxine 50.65+0.50 52.57+0.67 48.25+0.54 50.57+0.61
Triiodothyronine 1.97+0.03 1.88+0.03 1.83+0.04 1.99+0.03
Insulin 8.30x0.26 10.86+0.27 7.86+0.33 9.62+0.30
Cortisol 4.80+0.14 2.60+0.08 4.33+0.16 2.64+0.32

Source: Aggarwal and Singh (2010)

have a positive correlation to weight gain or tis-
sue production (Magdub et al. 1982). The plasma
T, and T, levels decreased under heat stress as
compared to thermoneutral conditions (Magdub
et al. 1982).

The response of T, and T, to heat stress is slow
and it takes several days to weeks for levels to
reach a new steady state (Silanikove 2000). A
decline in the plasma concentrations of T, from
2.2 to 1.16 ng/ml has been reported by Johnson
et al. (1988) whereas a reduced thyroid activity in
thermal acclimated cattle has been reported by
Gale (1973). This decline in thyroid hormones
along with decreased plasma GH level has a syn-
ergistic effect to reduce heat production (Yousef
and Johnson 1966b).

Thyroid hormones play an important role in
growth regulation and are essential for mainte-
nance of the basal metabolic rate (Carlson 1969).
Thyroxine (T,) and triiodothyronine (T,) are bio-
logically active, and T, is several times more
active than T,. Seasonal rhythm occurs in the
level of some of these hormones. T, level was
found to be at maximum in winter, decreased in
spring and continued to decline reaching the

lowest value in summer in both buffaloes and
Friesians (Kamal and Ibrahim 1969). T, was
found to take at least 72 h to reach its minimum
level after heat exposure (Kamal and Ibrahim
1969). The decline in T, in the heat-stressed buf-
faloes may be responsible for the decline in milk
components during the hot July month in Egypt
(Habeeb et al. 2000) and the decline (P<0.01) in
daily body weight gain with elevated temperature
(Habeeb et al. 2007). The relatively high total
solid (fat, protein and lactose) percentages
observed during February can be ascribed to the
favourable conditions of the mild climate and
abundance of green fodder in winter (Habeeb
et al. 2000). In a comparative study in buffaloes
kept under water showers and allowed to wallow-
ing, it was found that wallowing buffaloes had
higher levels of T, (Aggarwal and Singh 2010;
Table 3) during hot—dry and hot-humid seasons.

In young and old buffalo calves, acute heat
exposure (33-43°C, 40-60 RH%) was observed
to decrease plasma T, and T, levels (Nessim
2004). Plasma concentration of T, was found to
decrease significantly when ambient temperature
rose from 24 to 38°C in the climatic chamber in
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Table 4 Effects of environmental heat on T, and T, in plasma and excretion in milk

Thermoneutral conditions

(17.6°C)
Plasma T, (ng/ml) 79.11x£2.11
Plasma T, (ng/ml) 1.46+0.20
Milk T, excretion (ug/day)  30.17+1.40
Milk T, excretion (ug/day)  21.00+0.82
Milk yield (kg/day) 19.28+0.42
Rectal temp. (°C) 38.70+0.03

Source: Magdub et al. (1982)

male Friesian calves (Habeeb et al. 2001). Plasma
T, concentration declined from 151 to 126 ng/dl
in Friesian calves which were exposed to direct
solar radiation in summer (Yousef et al. 1997). In
lactating buffaloes, plasma T, concentration was
observed to decrease significantly (P<0.01) with
the increase of ambient temperature from 17.5 to
37.1°C (Habeeb et al. 2000). T, exhibited, in gen-
eral, a similar trend to that of T, in buffaloes
(Dwaraknath et al. 1984). Thyroxine levels in
buffalo calves were 5.5, 5.3 and 5.6 pg/dl at 7, 8
and 9 months of age, respectively (Yousef 1992).
Thyroid hormones’ changes in response to heat
stress are probably some of the attempts to reduce
metabolic heat production besides other endo-
crine and metabolic changes induced (El-Nouty
and Hassan 1983; Abdalla et al. 1989, 1991;
Johnson et al. 1989). Magdub et al. (1982)
reported significant reduction in concentrations
of triiodothyronine (T,) and thyroxine (T,) in
plasma and in milk of lactating cows during heat
stress (Table 4).

Blood T, and T, levels have been negatively
correlated with RH, THI, rectal temperature and
respiration rate in Friesian heifers during hot—
humid and dry winter season (Perez et al. 1997).
In the hot-humid season, Perez and Fernandez
(1988) classify two groups of animals, with
significant differences in T, and T, levels between
the two groups. One of the two groups showed
serious impairment of all parameters and was
considered non-heat tolerant and the other was
less affected and was considered heat tolerant.
The results of Chaiyabutr et al. (2008) showed
that levels of arterial plasma T, were lower in
cooled animals than in non-cooled animals at all
stages of lactation, but this was not apparent for

Heat stress conditions

(31.2°C) A change
66.07+3.90 13.04
0.62+0.01 0.84
16.77+1.44 13.40
9.00+£0.79 12.00
11.92+1.00 7.36
40.20+0.07 1.5

arterial plasma T, concentrations. It is probable
that animals in both groups are able to restore
thermal balance without restriction of feed DMI,
resulting in unchanged plasma levels of thyroid
hormones at all stages of lactation.

A higher level of T, due to acute heat stress
has previously been observed in lactating cows
(Johnson and Van Jonack 1976). The inverse
relationship between milk yield and the plasma
T, level of cooled animals could be due to greater
utilisation of plasma T, and mammary drain on
iodine during high milk production (Johnson and
Van Jonack 1976).

3 Cortisol

The hypothalamic—pituitary—adrenal axis gets
activated in response to heat or climatic stress
that consequently increases plasma glucocorti-
coid concentrations in blood. Adrenal corticoids,
mainly cortisol, elicit physiological adjustments
that enable animals to tolerate stress (Christison
and Johnson 1972). Blood cortisol levels increase
significantly due to increase in ambient tempe-
rature in cattle and buffaloes to different levels.
Exposure of non-pregnant female buffaloes for
2-3 h to solar radiation at 42.1°C increased
plasma cortisol concentration rapidly for 30 min,
followed by a gradual fall (Zhengkang et al.
1994). The cooled animals have low plasma
cortisol concentration than that of non-cooled
animals (Aggarwal 2004; Aggarwal and Singh
2010). The elevated plasma cortisol concen-
trations of non-cooled animals may reflect
the stress due to high temperatures (Chaiyabutr
et al. 2008).
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Acute versus chronic heat stress — Acute and
chronic thermal stress exhibit differing responses
on glucocorticoid concentrations and levels are
elevated in acute response but not in chronic
stress (Collier et al. 1982b). The initial rise in
plasma glucocorticoids is due to activation of the
adrenocorticotrophin release in the hypothalamus
in response to thermoceptors of the skin (Chowers
et al. 1966); the subsequent decline to normal
even after continuing heat stimulus indicates
other response probably a negative glucocorticoid
feedback and a decrease in the glucocorticoid
binding transcortin (Lindner 1964). The gluco-
corticoids act as vasodilators to help heat loss and
have stimulatory effect on proteolysis and lipoly-
sis, hence providing energy to the animal to
help offset the reduction of intake (Cunningham
and Klein 2007).

Concentration of cortisol is altered by acute
and chronic heat exposure (Christison and
Johnson 1972) and by changes in photoperiod
(Leining et al. 1980). Acute heat exposure (33—43°C,
40-60 RH%) of young and old buffalo calves has
been observed to induce significant increases in
plasma cortisol concentration. The values were
408 and 213% in young and old calves, respec-
tively (Nessim 2004). In Friesian calves, plasma
cortisol concentration also increased from 11 to
29 ng/ml due to direct solar exposure during heat
stress (Yousef et al. 1997) and increased from 3.8
to 6.5 ng/ml when ambient temperature increased
from 24 to 38°C in climatic chamber when
exposed to heat (Habeeb et al. 2001).

Abilay et al. (1975b) observed that cortisol
levels decreased during prolonged heat exposure
after a temporary increase at the beginning of
heat stress. The decline in cortisol in the heat-
stressed lactating cows and buffaloes during hot
months may be responsible for decline in milk
components. The increase of plasma cortisol
level during acute heat stress is attributed to the
fact that glucocorticoid hormones have hypergly-
caemic action through the gluconeogenesis pro-
cess, thus enhancing glucose formation in
heat-stressed animals. The decline which occurs
in chronic heat stress is attributed to the fact that
cortisol is thermogenic in animals and, conse-
quently, the reduction of adrenocortical activity

Heat Stress and Hormones

under thermal stress is a thermoregulatory
protective mechanism preventing a rise in meta-
bolic heat production in hot environment. This
indicates that the role of the adrenal cortex
gland in acute and chronic adaptation is not
similar and under the adrenal-thyroid axis
response to stress (Alvarez and Johnson 1973).

The study by Alvarez and Johnson (1973)
reported that glucocorticoids increased by 38%
after 1 h and 62% after 2 h of exposure of cattle
to hot conditions, reaching a peak of 120% at 4 h,
then declined gradually to values not different
from normal at 48 h and remained at or below
this level for the rest of the exposure duration. In
hot conditions, cortisol hormone is considered a
thermoregulatory protective mechanism against
metabolic heat production under thermal stress
(Collier et al. 1982b). Therefore, cortisol plays a
role in adaptation to short- and long-term heat
stress (Norman and Litwack 1987; Beraidinell
et al. 1992). The likely response and contradic-
tion in results observed in the cortisol levels to
change in ambient temperature may be due to the
differences in animals, their heat tolerance, phy-
siological status, production level, type of pro-
duction, blood sampling time and duration of
exposure to heat stress.

Cortisol and immunity — The studies on the
plasma cortisol in response to thermal stress in
dairy cows are inconclusive and conflicting. The
exposure of cows to high environmental tempe-
rature may result in increased glucocorticoid
concentrations in the plasma (Wise et al. 1988a;
Silanikove 2000). Conversely, other studies
reported conflicting results indicating that dairy
cattle kept under conditions of high environ-
mental temperature show a reduction in the levels
of glucocorticoid secretion (Abilay et al. 1975b;
Ronchi et al. 2001). Differences in the experi-
mental conditions have presumably contributed
to the disparity in these results. Late pregnancy
and nonlactation may be a source of additional
stimuli that, in cows exposed to high environ-
mental temperature, activate the hypothalamic—
pituitary—adrenal axis causing an increased
secretion of cortisol. However, studies in rats
also suggested an inhibitory effect of pregnancy
on stress-induced immunosuppression and



5 Insulin-Like Growth Hormone 1 (IGF-1)

neuroendocrine changes, thereby promoting
homeostasis within the neuroendocrine—immune
system against stress (Nakamura et al. 1997). The
increase in plasma cortisol during summer in
calving cows provides at least a partial explana-
tion for the changes in cell-mediated and humoral
immunity. Studies in humans and laboratory
animals under a large variety of experimental
conditions have also demonstrated that intense
adrenocortical activity depress T-cell activity and
elevate B-cell activity (MacMurray et al. 1983;
Kok et al. 1995; Elenkov and Chrousos 1999;
Moynihan 2003). Therefore, under stressful con-
ditions, glucocorticoids may suppress cellular
immunity and boost humoral immunity via an
effect on T helper 1 (Th1)/Th2 cells and type 1/
type 2 cytokine production (Elenkov and Chrousos
1999). Webster et al. (2002) have indicated that
glucocorticoids induce a shift from a Th1 (cellular)
to a Th2 (humoral) pattern of immunity and that
this is mainly to downregulate the Thl cytokines
for allowing dominant expression of the Th2
cytokines (Franchimont et al. 1998; Agarwal and
Marshall 2001).

4 Insulin

Plasma insulin decreases due to exposure to ele-
vated temperature in cattle. The decreased values
were 30, 54 and 33% in Friesian calves (Habeeb
1987), Friesian heifers (Sejrsen et al. 1980) and
Holstein cows, respectively (Abdel-Samee et al.
1989). A decrease in insulin level is likely to
facilitate decrease in heat production. However,
other researchers either did not detect significant
difference between the stressed and unstressed
Friesian bulls in plasma insulin concentration
(McVeign and Tarrent 1982) or reported an
increase in insulin levels during exposure to
elevated temperature (Chaiyabuter et al. 1987),
and the increase in insulin levels during expo-
sure to elevated temperature was correlated
with a marked increase in plasma glucose level.
Such increase may be related to the action of
glucocorticoids.

Nutrition plays a major role in controlling
reproductive processes. However, the physiological
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mechanisms through which nutrition mediates its
effects are not well understood. Clearly, changes
in the availability of nutrients are perceived by
the hypothalamus and influence gonadotrophin
secretion via effects on hypothalamic GnRH
release (Foster et al. 1989; Ebling et al. 1990).
Insulin and leptin are hypothesised to be the adi-
posity signal for the brain to regulate body weight.
Jonsson et al. (1997) suggested that the reduction
in dry matter intake of heat-stressed animals
results into a negative energy balance that may
prolong the postpartum period and decrease fer-
tility in dairy cows. Negative energy balance
leads to decreased plasma concentrations of insu-
lin and glucose that affect follicle development.
Lower plasma insulin and glucose lead to
impaired follicular development and delayed
ovulation. Insulin also appears to play a role in
regulating synthesis and secretion of leptin.
Adipose tissue fragments cultured in the pres-
ence of insulin have been observed to increase
both synthesis and secretion of leptin (Barr et al.
1997). A positive correlation between insulin and
leptin levels has been observed in cows (Block
et al. 2001, 2003; Aggarwal et al. 2010). The
depression of insulin (Habeeb 1987; Aggarwal
2004), thyroxine (El-Mastry and Habeeb 1989;
Aggarwal 2004; Aggarwal and Singh 2009) and
cortisol (Kamal et al. 1989; Aggarwal 2004) may
contribute to a decrease in milk synthesis and
milk yield, and changes in milk composition may
be observed.

5 Insulin-Like Growth
Hormone 1 (IGF-1)

IGF-1 is synthesised by most of body tissues and
may act in an autocrine or paracrine manner
(Cohick and Clemmons 1993). The liver is the
primary source of circulating IGF-1, which may
directly affect target tissues, such as the mam-
mary gland of pregnant and lactating animal to
stimulate the synthesis of milk components. Most
of the effects of growth hormone are mediated by
IGF-1. The concentration of IGF-1 has been
found to decrease during summer months
(Ingraham et al. 1982; Butler and Smith 1989;
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Hamilton et al. 1999). Since plasma levels of
IGF-1 are directly related to energy status and
IGF-1 is critical to ovarian follicular develop-
ment (Beam and Butler 1999), it is likely that
IGF-1 is associated with poor reproductive per-
formance of cows during hot summer. These
effects may be mediated through reduced feed
intake as cows in negative energy balance have
lower IGF-1 levels (Webb et al. 1999; Bousquet
et al. 2004) and an increase in dietary intake
improves LH pulse frequency (Spicer et al. 1990)
and the diameter of the dominant follicle in heifers
(Diskin et al. 1999).

6 Growth Hormone

Growth hormone is a calorigenic hormone which
exerts its effects on almost all tissues of the body.
The plasma GH levels decline at thermoneutrality
in heat-stressed Jersey cows (Mitra et al. 1972).
Igono et al. (1988) observed that GH content in
milk of low, medium and high production groups
declined when THI exceeded 70. Plasma growth
hormone reductions that occurred with heat-
stressed cows did not occur in thermoneutral con-
ditions for cows fed restricted intakes that were
similar to those consumed during heat stress. The
decreased GH leads to less calorigenesis aimed in
the maintenance of heat in the body (Bauman and
Currie 1980). In addition to calorigenesis, GH also
enhances heat production by stimulating thyroid
activity (Yousef and Johnson 1966a). Therefore, a
reduced secretion of GH may help survival of the
homeotherm under high ambient temperatures.

7 Aldosterone

Plasma aldosterone concentration in B. taurus
decreases significantly due to high environ-
mental temperature (El-Nouty et al. 1980; Niles
et al. 1980; Aboul-Naga 1987) and prolonged
heat exposure reduce mineralocorticoids. The
decrease in aldosterone and parathyroid hormone
secretion during heat stress in cattle is associated
with arise in body fluids and water turnover rate.
In addition, the increase of glucocorticoid hormone
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leads to tissue destruction, thereby eliminating
minerals from the body in the urine and faeces.
The relationship between plasma aldosterone
concentration and urine electrolyte excretion
during heat stress in bovines has been docu-
mented by El-Nouty et al. (1980). Plasma aldos-
terone levels during the first few hours of
prolonged heat exposure decline (40% lower),
and thereafter, the decline occurs rapidly. This
decline in aldosterone level has been observed
due to a fall in serum K levels mainly because of
its increased excretion in sweat (EI-Nouty et al.
1980). The differences in the ruminants and
nonruminants are likely to occur with respect to
Na and K loss during thermal stress, as nonru-
minants produce sweat high in Na and low in K
concentrations (Lippsett et al. 1961) contrary to
ruminants.

8 Adiponectin and Leptin

The transition dairy cows undergo large meta-
bolic adaptations in glucose, fatty acid and mineral
metabolism to support lactation and avoid meta-
bolic dysfunction (Overton and Waldron 2004).
But the level of feeding of cows during the last
month before calving has been postulated to have
only small effects on the cows’ metabolic and
hormonal status (Roche et al. 2005). Since leptin
is thought to play a critical role in regulating
energy metabolism in mammals (Block et al.
2003; Aggarwal et al. 2010), nutritional changes
induced by heat stress may influence leptin.
Adipose tissue performs its regulatory function
by secreting biologically active molecules called
adipocytokines (Trayhurn 2005). Among these,
adiponectin and leptin are expressed almost
exclusively in differentiated adipocytes and are
crucial for the regulation of energy balance and
carbohydrate/lipid metabolism (Havel 2002,
2004). Adiponectin is one of the most important
and abundant adipocytokines and have been
observed to exert anti-diabetic, anti-atherogenic
and anti-inflammatory roles (Goldstein and Scalia
2004; Pittas et al. 2004). However, leptin is a
modulator of the appetite and the energetic
balance and may function as an endocrine, a
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paracrine as well as an autocrine factor (Friedman
2002; Hall et al. 2002). The upregulation of
leptin expression in adipose cells from heat shock
indicates that leptin helps in the thermoregula-
tory processes to limit body hyperthermia by a
central action that is responsible for the decrease
in feed intake, energy metabolism and body fat
(Houseknecht et al. 1998). Adipocytes have been
observed to express leptin receptors indicating
that leptin may act directly on adipocytes for regu-
lating energy and metabolism. This indicates that
two regulatory systems ‘short-loop’ leptinergic
system and hypothalamic ‘long-loop’ energy reg-
ulatory systems independently exist (Wang et al.
2005). The leptin in severe heat-shocked cells
induces adipocyte apoptosis (Ambati et al. 2007).
Leptin changes in severe heat-shocked 3T3-L1
adipocytes might indicate a proapoptotic signal
of leptin (Bernabucci et al. 2009). The increase
of leptin expression may be a consequence of a
possible adaptative response to heat shock and
downregulation of adiponectin might be a cell
heat-shock response that is accompanied by a
reduction in protein synthesis to favour induction
of heat-shock response (Linquist 1986; Collier
et al. 2006b).

Adiponectin has a potent anti-inflammatory
effect and leptin exerts a proinflammatory role
(Fantuzzi 2005). The upregulation of leptin and
downregulation of adiponectin determine the
alteration of energy and lipid metabolism observed
in cattle exposed to hot environment (Bernabucci
et al. 2009; Ronchi et al. 1999). The downregula-
tion of adiponectin and upregulation of leptin are
comparable with the regulation of adipokines
observed in humans having obesity, atherosc-
lerosis, diabetes type 2 and metabolic syndrome
(Kamigaki et al. 2006; Lafontan and Viguerie
2006). Altered adipokine levels also occur in a
variety of inflammatory conditions (Fantuzzi
2005). Hsps have role in the inflammatory
response and participate in cytokine signal trans-
duction and in the control of cytokine gene
expression (Moseley 1998). Therefore, changes
of adipokine gene and protein expression and
Hspa2 gene expression observed in heat-
shocked adipocytes might be responsible for a
proinflammatory response associated to insulin
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resistance (Ailhaud 2006) and CVD (Fantuzzi
2005) in heat-stressed humans. Studies need to be
undertaken to verify whether heat-shock-induced
impairment of adipokines are similar to humans
and in livestock and affect energy balance in
animals during metabolic diseases and heat stress.
In vivo studies are necessary in high-producing
cows to confirm the association between adi-
pokine expression and heat stress.

Reduced leptin and/or Ob-Rb expression in heat-
shocked lymphocytes may represent an adaptive
mechanism to high environmental temperatures,
which may contribute to explain the immunosup-
pression that may take place in cows suffering from
severe heat stress (Lacetera et al. 2009).

9 Reproductive Hormones

9.1 FSH and LH

Ovarian activity is primarily regulated by gona-
dotrophins released from pituitary under the
influence of gonadotrophin-releasing hormone
from the hypothalamus. The release of luteinising
hormone (LH) and follicle-stimulating hormone
from the anterior pituitary gland is disrupted by
heat stress. Therefore, heat stress has a detrimental
effect on reproduction partly by disrupting the
normal release of these hormones (Dobson et al.
2003). The effect of heat stress on LH concentra-
tions in peripheral blood has been observed to be
inconsistent. Gwazdauskas et al. (1981) and
Gauthier (1986) reported unchanged concentra-
tions, while Roman-Ponce et al. (1981) reported
increased concentrations and some authors
reported decreased concentrations (Madan and
Johnson 1973; Wise et al. 1988a) in heat-stressed
cows. These discrepancies may be associated
with differences in sampling frequency, which
varied from once a day to once every 3 h and
depended on whether heat stress was acute or
chronic. Regarding the pattern of LH secretion in
heat-stressed cows, Gilad et al. (1993) found
lower LH basal concentrations and lower LH
amplitude in heat-stressed cows with low plasma
oestradiol, and Wise et al. (1988a) found lower
LH pulse frequency in the heat-stressed cows
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Table 5 Progesterone concentrations in peripheral plasma of dairy cows exposed to various types of heat stress

Type of heat exposure Response References
Short term, acute Increased

(hot chamber) No change

Short term, acute No change

(solar radiation) Increased

Long term, chronic Decreased

(summer heat stress) No change

compared to the cows under cooling. Conflicting
results have been reported regarding the preovu-
latory LH surge in heat-stressed cows. Madan
and Johnson (1973) reported a reduction in the
endogenous LH surge caused by heat stress in
heifers, and some authors reported that it was
unchanged in cows (Gwazdauskas et al. 1981;
Rosenberg et al. 1982; Gauthier 1986). Gilad
etal. (1993) have suggested that these differences
are related to preovulatory oestradiol levels
because heat stress had no effect on tonic LH
secretion or GnRH-induced LH release in cows
with high concentrations of plasma oestradiol
and heat stress depressed LH concentrations in
cows with low concentrations of plasma oestra-
diol. Because most studies report that LH levels
are decreased by heat stress, it can be concluded
that in summer, the dominant follicle develops in
a low LH environment and these results in
reduced oestradiol secretion from the dominant
follicle leading to poor expression of oestrus and
low fertility (De Rensis and Scaramuzzi 2003).
Plasma inhibin concentrations in summer are
low in heat-stressed cows (Wolfenson et al. 1993)
and in cyclic buffaloes (Palta et al. 1997), per-
haps reflecting reduced folliculogenesis since a
significant proportion of plasma inhibin comes
from small and medium size follicles.

Gilad et al. (1993) reported low concentra-
tions of FSH in acute and chronic heat-stressed
cows which also had lower concentrations of
oestradiol while no alterations in concentrations
of FSH were observed in cows which had normal
concentrations of oestradiol. Conversely, Ronchi
et al. (2001) reported no differences in frequency,
amplitude of FSH pulses and baseline concentra-
tions of FSH between cows exposed and unex-
posed to high ambient temperatures. However,

Wilson et al. (1998b), Trout et al. (1998), and Gwazdauskas et al. (1981)

Roman-Ponce et al. (1981) and Roth et al. (2000)

Howell et al. (1994), Jonsson et al. (1997), Wolfenson et al. (1988, 2002),
Younas et al. (1993), and Wise et al. (1988a)

Roth et al. (2000) observed high plasma
concentrations of FSH in heat-stressed cows
than in cooled cows. Increased concentration of
FSH in heat-stressed cows has been attributed to
the concentration of inhibin (Roth et al. 2000;
De Rensis and Scaramuzzi 2003). Increased
concentrations of FSH in heat may be due to
decreased plasma inhibin production by compro-
mised follicles as inhibin is an important factor
in the regulation of FSH secretion. A negative
relationship between plasma FSH and immunore-
active inhibin concentrations has been observed
(Findlay 1993; Kaneko et al. 1995, 1997).

9.2 Progesterone

The studies on the effect of heat stress on plasma
progesterone concentrations report variable
results (Table 5). Wilson et al. (1998a, b) observed
that heat stress had no effect on plasma proges-
terone levels in lactating cows and dairy heifers
during the second half of the oestrus cycle
exposed to heat in a climatic chamber and luteo-
lysis was delayed. In another study, Roth et al.
(2000) observed that plasma progesterone during
the oestrus cycle in cows were almost similar in
heat-stressed cows and cooled cows and did not
differ between groups and during the subsequent
cycle. However, Wolfenson et al. (1988) and
Wise et al. (1988b) found that plasma proges-
terone concentrations were decreased in heat-
stressed cows. Rosenberg et al. (1982) found that
plasma progesterone concentrations measured
during the oestrus cycle before the first insemina-
tion were higher during winter than the summer
in multiparous cows. Jonsson et al. (1997) also
reported that plasma progesterone concentrations
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during the life of the second corpus luteum after
calving were lower during summer than the win-
ter and that THI during the first 14 days after
calving was negatively correlated with progester-
one production. Younas et al. (1993) measured
plasma progesterone concentrations in cooled
and non-cooled cows during summer and found
that plasma progesterone concentrations were
lower in non-cooled cows compared to cooled
cows. Ronchi et al. (2001) also reported that
plasma progesterone concentrations were lower
in heat-stressed Holstein heifers as compared to
thermoneutral Holstein heifers. In contrast, expo-
sure of heifers to heat stress for two successive
cycles has been reported to result in increased
plasma progesterone concentrations on day 2—19
of the first cycle and on day 2-8 of the second
cycle (Abilay et al. 1975a), and Trout et al. (1998)
found higher progesterone concentrations in
heat-stressed cows until day 19 of oestrus cycle.

Wise et al. (1988a) found that plasma proges-
terone in non-cooled cows tended to be higher
on day 3-5 of the oestrus cycle when compared
with cooled cows. However, plasma progester-
one concentrations depend on its rate of pro-
duction by the corpus luteum, possible adrenal
release of progesterone, the degree of haemo-
dilution and haemoconcentration, metabolic
clearance rate, hepatic blood flow and feed intake
(Vasconcelos et al. 2003). An increase in hepatic
blood flow occurs following feed intake
(Sangsritavong et al. 2002) and more than 90%
of progesterone in hepatic portal blood is meta-
bolised during the first pass through the liver
(Parr et al. 1993). Insufficient progesterone
secretion by the corpus luteum is a possible
cause of low fertility of cows during summer.
Studies also report higher progesterone concen-
trations in summer or lower or similar to that in
winter (Wolfenson et al. 1997). These variations
among the findings on plasma progesterone
concentrations have been attributed to several
factors associated with low luteal cell blood
perfusion, progesterone metabolism in the liver,
blood volume changes, adrenal release of proges-
terone, level or degrees of hyperthermia, extent
and duration of heat exposure and differences in
physiology of the animal, nutritional level and
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stage of lactation of a cow and other factors that
affect plasma progesterone (Wolfenson et al.
2000; De Rensis and Scaramuzzi 2003).

However, heat stress may also directly alter
progesterone production by the corpus luteum
(Wolfenson et al. 1997). Chronic heat stress
possibly impairs follicle and corpus luteum,
and luteinised theca cells are more susceptible
to heat stress than luteinised granulosa cells
(Wolfenson et al. 2002). Plasma progesterone
levels are significantly higher in winter than in
summer (Wolfenson et al. 2002). Low proges-
terone prior to Al is related to enhanced uterine
PGFM secretion, to alterations in the growth
pattern of ovarian follicles and to their steroi-
dogenic capacity (Mann and Lamming 2001;
Santos et al. 2004).

Low progesterone concentrations in the cir-
culation of cows have been associated with
compromised reproductive function and reduced
pregnancy rates (Butler et al. 1996; Lamming
et al. 1989; Mann et al. 1995, 2001). Wolfenson
et al. (2002) analysed progesterone production
in vitro by theca and granulosa cells obtained
from cows in cool and hot seasons as well as
progesterone concentrations in general circula-
tion. Under chronic summer stress conditions,
progesterone production was markedly low and
heat stress-induced damage to follicular func-
tions may be carried over to the subsequently
formed corpus luteum. Low plasma progester-
one concentrations during the luteal phase of
the pre-conception oestrus cycle can compro-
mise follicular development leading to abnor-
mal oocyte maturation and early embryonic
death (Ahmad et al. 1995). At the time of con-
ception, low progesterone concentrations may
lead to the failure of implantation (Mann et al.
1999; Lamming and Royal 2001). The influence
on conception occurs most probably due to the
need for synchronous development of the
embryo and corpus luteum as the delayed or
advanced development of the corpus luteum
may lead to implantation failure (Lamming and
Royal 2001). The pattern of the postovulatory
progesterone may alter fertility (Darwash
et al. 1999). However, the use of exogenous
progesterone post-insemination to supplement
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endogenous progesterone is likely to support
pregnancy and improve chances of establish-
ment (Robinson et al. 1989), but treatment may
not be beneficial in all cases (Breuel et al.
1990). An early atresia of bovine follicles is
characterised by a decrease in androgen pro-
duction by thecal cells (McNatty et al. 1984)
and early atresia in medium-sized follicles
because heat stress effects could be associated
with low oestradiol production by granulosa
cells and an increased progesterone concentra-
tion in the follicular fluid of heat-stressed cows
(Roth et al. 2000).

9.3 Oestrogen Concentrations

The effect of heat stress on oestradiol in peri-
pheral blood has been inconclusive similar to
progesterone. The blood oestradiol concentra-
tions remain unaffected (Roman-Ponce et al.
1981) or increased (Rosenberg et al. 1982) and
may decline (Gwazdauskas et al. 1981). An effect
that is consistent is a decreased concentration of
luteinising hormone (LH) and reduced domi-
nance of the selected follicle (Rosenberg et al.
1982). Lactating dairy cows housed in a climate-
controlled chamber at the ambient temperature of
29°C and 60% relative humidity and dairy heifers
housed at ambient temperature of 33°C and 60%
relative humidity had a low concentration of
oestradiol in plasma between days 11 and 21 of
oestrus cycle and were associated with small fol-
licular size (Wilson et al. 1998a, b). Likewise,
Wolfenson et al. (1995) also observed that oestra-
diol concentrations were lower in heat-stressed
cows during days 4 and 8 of the first follicular
wave than in non-heat-stressed cows. Pronounced
reduction in concentrations of plasma oestradiol
in cows during summer and experience of expo-
sure to heat stress was observed to influence
levels (Badinga et al. 1993). Exposure to heat
stress for longer periods may severely impair fol-
licular function resulting in a reduction in oestra-
diol production. A lower oestradiol concentration
in the follicular fluid of dominant follicles on day
8 of the oestrus cycle in late summer compared to
early summer has been observed (Badinga et al.
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1993). Wolfenson et al. (1997) reported that the
oestradiol concentrations in follicular fluid were
low in autumn and summer and high in winter. In
contrast, Badinga et al. (1994) reported highest
concentration of oestradiol in the hottest month
compared to the cooler months in Florida in a
field study.

Oestradiol concentration in the follicular
fluid and androstenedione production by thecal
cells have been found to be both lower in domi-
nant follicles collected in autumn than in those
collected in winter (Wolfenson et al. 1997).
Hyperthermia decrease ovarian blood flow
(Lublin and Wolfenson 1996) and inhibit
angiogenesis (Fajardo et al. 1988). Cardiac
output redistribution during hyperthermia in
favour of skin reduces blood flow and follicu-
lar perfusion rate, which directly influences the
rates of nutrient uptake and hormonal release
by the follicle.

Exposure of cows to heat stress results in
impaired steroidogenesis 20 and 26 days later, in
medium-sized and preovulatory follicles, respec-
tively (Roth et al. 2001). The delayed effect is
expressed in different ways in granulosa and the-
cal cells. Granulosa cells produce low oestradiol
in medium-sized follicles and affect viability in
the preovulatory follicles. The steroid production
in thecal cells is susceptible to heat stress and
androgen production in follicle is affected.
Therefore, heat stress influences follicular ste-
roidogenic capacity, follicular dynamics, oocyte
quality and embryo development (Roth et al.
1999, 2000) that may lead to the low fertility of
cows during summer.

During follicular development, the dominant
follicles acquire high oestrogenic activity com-
pared with other follicles. Follicular oestrogenic
activity depends on the capacity for oestrogen
production of the granulosa cells (Fortune 1994).
Oestrogen production is stimulated by the bind-
ing of follicle-stimulating hormone (FSH) to
its receptors on the granulosa cell membrane,
activating the aromatase enzyme that converts
testosterone to oestradiol (Dorrington et al. 1975;
Erickson and Hsueh 1978). The synthesised
oestradiol, in turn, contributes to the maintenance
and expression of receptors for luteinising hormone
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(LH) and FSH (LH-R and FSH-R, respectively)
on granulosacells (Hsuehetal. 1994; Bodensteiner
et al. 1995). Heat stress suppresses aromatase
activity in granulosa cells and decreases the
oestradiol concentrations in the follicular fluid
and plasma of dairy cows (Badinga et al. 1993).
In addition, in both lactating cows and heifers,
heat stress decreased serum oestradiol concentra-
tion between days 11 and 21 of the oestrus cycle
(Wilson et al. 1998a, b). Seasonal and acute heat
stresses were observed to affect steroid produc-
tion in the dominant follicles of cows (Wolfenson
et al. 1997). Thus, heat stress affects the viability
of granulosa cells and the follicular oestrogenic
activity. Follicular cells in atretic follicles are
normally eliminated by apoptosis (Tilly 1993;
Palumbo and Yeh 1994), as can be observed in
granulosa cells during follicular development
(Tilly 1996).

Apoptosis of granulosa cells due to heat stress
Apoptosis of granulosa cells is provoked by
the lack of survival factors such as FSH and
oestradiol (Billing et al. 1993; Chun et al.
1996). Expression of genes encoding apoptosis-
regulating proteins in the follicle has been
reported. Two members of the bcl-2 family, bcl-2
and bax, have been shown to regulate apoptosis in
the ovary (Tilly et al. 1995). In the rat ovary, Bax
appears to antagonise the apoptosis-suppressive
effects of Bcl-2, and the fate of the cell appears to
be decided by the balance between these two
regulatory proteins (Tilly et al. 1995). The ability
of gonadotrophins to prevent apoptosis and atre-
sia in ovarian follicles may be linked to a shift in
the ratio of bcl-2 to bax gene expression (Tilly
et al. 1995). FSH receptors are confined to the
granulosa cells of healthy, developing follicles
(Camp et al. 1991). Oestradiol contributes to the
maintenance and expression of both LH-R and
FSH-R in granulosa cells (Hsueh et al. 1994;
Bodensteiner et al. 1995). FSH-R expression in
the granulosa cells is also regulated by oestradiol-
independent mechanisms (Shimizu et al. 2005).

The PMSG administration causes a marked
increase of FSH-R mRNA expression and FSH-
binding sites (Nakamura et al. 1991; LaPolt et al.
1992). Locally produced intraovarian growth
factors, like transforming growth factor-beta
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(TGF-B) and insulin-like growth factor-1 (IGF-1),
induce FSH-R expression in granulosa cells
(Dunkel et al. 1994; Zhou et al. 1997). Heat stress
suppresses FSH-R expression in granulosa cells
of follicles at the early antral, antral and preovu-
latory stages after PMSG treatment. The increase
in atresia caused by heat stress (Shimizu et al.
2000) may be induced by the inhibition of FSH-R
expression in granulosa cells.

One key group of intracellular factors regula-
ting apoptosis is the Bcl-2 family of proteins
(Adams and Cory 1998). The members of this
family can be subdivided into antiapoptotic pro-
teins (such as Bcl-2 and Bcl-xL) and proapop-
totic proteins (such as Bax and BAD). Anti- and
proapoptotic proteins regulate cell death by
binding to each other and forming heterodimers
(Oltvai et al. 1993; Yang et al. 1995). Therefore,
a delicate balance between anti- and proapoptotic
Bcl-2 family members exists in each cell, and the
relative concentrations of these two groups of
proteins determine cell death or survival. The levels
of bcl-2 and bax mRNA and the ratio of bax to
bcl-2 mRNA are the deciding factor for apoptotic
signal. However, the expression of bax mRNA in
granulosa cells of follicles from heat-stressed
animals has been found to increase significantly
after the 12-h culture period suggesting that the
amount of bax present in granulosa cells that
maintain a constitutive level of bcl-2 expression
may be linked to the induction of granulosa cell
apoptosis and follicular atresia caused by heat
stress. Another apoptotic signalling cascade, the
Fas/Fas ligand (FasL) system, can also lead to
granulosa cell apoptosis (Kim et al. 1998). Thus,
it is likely that heat stress stimulates the Fas/FasL
cascade in the granulosa cells of growing follicles.
Heat stress inhibits the FSH-R signalling pathway
in the granulosa cells of growing follicles that
decrease oestrogen levels and induce follicular
atresia. Thus, the regulators of FSH-R expression
may be potential targets for therapeutic interven-
tion for improving summer fertility (Shimizu
et al. 2005).

The mechanisms by which heat stress alters
the reproduction in susceptible mammals are
through concentrations of circulating reproduc-
tive hormones through adrenal-gonadal axis and
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involve adrenocorticotrophic hormone (ACTH).
Heat stress-induced cortisol secretion (Roman-
Ponce et al. 1981; Wise et al. 1988a; Elvinger
et al. 1992) may block oestradiol-induced sexual
behaviour (Hein and Allrich 1992). Increased
corticosteroid secretion (Roman-Ponce et al.
1981) can inhibit GnRH and thus LH secretion
(Gilad et al. 1993). Heat stress inhibited the
secretion of gonadotrophins in cows with low
plasma concentrations of oestradiol compared to
those with high concentrations (Gilad et al. 1993).
However, the high concentrations of oestradiol
can counteract the effect of heat stress. Therefore,
the response of neuroendocrine mechanism con-
trolling gonadotrophin secretion is different and
more sensitive to heat stress when concentrations
of plasma oestradiol are low in cows. The heat
stress may also act directly on the ovary to
decrease its sensitivity to gonadotrophin stimula-
tion (Wolfenson et al. 1997). Also the somatic
cells within the follicles (theca and granulosa
cells) may also be damaged by heat stress. In
terms of steroid production, the thecal cells and
granulosa cells were observed to be susceptible
to heat stress (Roth et al. 2001). Any alteration in
the secretory activity of the follicle and the cor-
pus luteum induced by heat stress would be
important factors in summer infertility in vulner-
able cows particularly high producing.

9.4 Gonadotrophins

and Corticosteroids

Heat stress affects the hypothalamic—pituitary—
adrenal axis and the sympathoadrenal system
(Tilbrook et al. 2000) to initiate and modulate
most of the activities. Stimulation of the hypo-
thalamic—pituitary—adrenal axis is character-
ised by activation of corticotrophin-releasing
factor (CRF) and arginine vasopressin (AVP)
neurones in the paraventricular nucleus and
secretion of these neuropeptides into the hypo-
physeal portal system to stimulate the corti-
cotrophs of the anterior pituitary gland (Tilbrook
et al. 2000). The corticotrophs produce a variety
of peptides derived from pro-opiomelanocortin,
including ACTH, endorphin and melanocyte-
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stimulating hormone, all of which are released in
response to heat stress (Engler et al. 1989). In
terms of the response to heat stress, ACTH acts
on the adrenal cortex to stimulate the synthesis
and secretion of glucocorticoids like cortisol.
The higher concentrations of cortisol in heat
stressed cows influence LH release and cortisol
has been implicated to inhibit LH in the bovine
species (Gangwar et al. 1965). Various studies
have shown that administration of natural or syn-
thetic glucocorticoids can inhibit the secretion of
the gonadotrophins in sheep (Juniewicz et al.
1987) and in dairy cattle (Thibier and Rolland
1976). Nevertheless, increased secretion of glu-
cocorticoids is not always associated with
decreased secretion of the gonadotrophins, par-
ticularly in cases of acute stress. Suppression of
reproduction is more likely under conditions of
chronic stress and may involve action at the
hypothalamus or pituitary. Furthermore, there
may be species differences in the extent to which
glucocorticoids inhibit the secretion of LH and
FSH (Tilbrook et al. 2000). Under prolonged
heat stress conditions, secretion of the gonado-
trophins may be suppressed and reproduction
may also be inhibited.

9.5 Prostaglandin

Heat stress compromises uterine environment
with decreased blood flow to the uterus and
increased uterine temperature which may lead
to implantation failure and embryonic mortality.
These effects are associated with the produc-
tion of heat-shock proteins by the endometrium
during heat stress and reduced production of
interferon-tau by the conceptus. Moreover, heat
stress can affect endometrial prostaglandin
secretion and activate luteolysis leading to pre-
mature luteolysis and embryo loss. Heat shock
of 42 and 43°C have been observed to increase
output of prostaglandins by cultured endome-
trium collected at day 17 of the oestrus cycle
(Putney et al. 1988; Malayer and Hansen 1990).
However, heat stress on day 17 of pregnancy
increases uterine production in response to oxy-
tocin (Wolfenson et al. 1993).
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9.6 Androstenedione

Thecal cells at 40.5°C reduce androstenedione
production but generally had no effect on oestra-
diol-17 production from cultured granulosa cells
(Wolfenson et al. 1997), but the mechanism by
which heat stress induces a decrease in andros-
tenedione production in thecal cells is not clear.
Analyses of mRNA content for LH receptor in the-
cal cells obtained from preovulatory follicles did
not provide any evidence for alterations of mRNA
content related to previous heat exposure (Roth
et al. 2000). However, the significant decrease
of LH-stimulated androstenedione production by
thecal cells may indicate that heat exposure
induces impairment of LH receptor function.

10 Catecholamines

The epinephrine and norepinephrine are predomi-
nant catecholamine hormones involved in stress
response. They consist of a 6-carbon ring with a
carbon side chain. The type of side chain deter-
mines the type of catecholamine and provides bio-
logical specificity. The catecholamines bind to
specific membrane-bound G-protein receptors that
initiate an intracellular cAMP signalling pathway
to rapidly activate cellular responses. The speed at
which these responses are activated provides the
foundation for many of the catecholamine effects.
The responses mediated by epinephrine and nor-
epinephrine are commonly called the ‘fight-or-
flight response’ because they have immediate
effects on increasing the readiness and activity of
the animal. Upon detection of a stressor, epineph-
rine and norepinephrine are released by both the
adrenal medulla and nerve terminals of the sympa-
thetic nervous system. These hormones are syn-
thesized beforehand and stored in secretory
vesicles and release occurs rapidly in response to
a stressor. Epinephrine and norepinephrine acti-
vate organism-level responses within seconds of a
stressor response. These catecholamines activate a
number of responses in different organs, including
decreasing visceral activity and inhibiting diges-
tion, increasing visual acuity, increasing brain
blood flow and arousal, increasing gas exchange

a

efficiency in the lungs, breaking down glycogen to
release glucose stores, inducing vasodilation in
muscles, inducing vasoconstriction in the periph-
ery, increasing heart rate and inducing piloerec-
tion. The classic fight-or-flight response is designed
to help the animal survive an acute threat such as
an attack by a predator or conspecific competitor.
Thus, catecholamines not only activate beneficial
responses such as increasing alertness and pro-
viding energy to muscles but also inhibit processes,
such as digestion, during an acute emergency
(McEwen and Goodman 2001; Nelson 2005;
Norman and Litwack 1987; Norris 2007; Sapolsky
et al. 2000).

The concentration of catecholamines is ele-
vated during both acute and chronic thermal
stress. Alvarez and Johnson (1973) have reported
an average increase of 45 and 42% in short-term
and 91 and 70% in long-term heat exposures for
epinephrine and norepinephrine, respectively.
Allen and Bligh (1969) have reported that cate-
cholamines activate sweat glands of cattle and
are involved in regulating sweat gland activity.
Plasma epinephrine levels varied between 285
and 1,575 ng/ml and norepinephrine levels ranged
from 1,500 to 2,525 ng/ml during summer in
crossbred cattle (Aggarwal et al. 2005).

11 Prolactin

Circulating prolactin levels are observed to
increase during thermal stress in mammals
(Collier et al. 1982a; Ronchi et al. 2001; Roy and
Prakash 2007). Reduced nutrient intake decreases
circulating prolactin concentrations in ruminants
(Bocquier et al. 1998), and direct effect of heat
stress on serum prolactin levels has also been
observed (Ronchi et al. 2001). Increase in pro-
lactin in lactating dairy cows, besides prolactin’s
well-known role in maintaining galactopoiesis in
some mammalian species and lactogenesis in
ruminants, may play an important role in accli-
mation through improved insensible heat loss and
sweat gland function (Beede and Collier 1986).
Bromocriptine, a prolactin inhibitor, affects sweat
gland function by preventing increased sweat
gland discharge (Kaufman et al. 1988). Prolactin
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levels also differ with season and it may be
involved in acclimation (Leining et al. 1979).

12 Conclusions

The biological mechanism by which heat stress
impacts animal production and reproduction is
both direct and indirect. The decrease in feed
intake and also because of an altered endocrine
status, reduction in nutrient absorption and
increased maintenance requirements result in a
net decrease in nutrient/energy availability. Heat
stress acclimation is accomplished by changes in
homeostatic responses and may include homeor-
hetic processes involving an altered endocrine
status that ultimately affects target tissue respon-
siveness to environmental stimuli. Stress hor-
mones are also implicated in the acclimatory
response to heat stress and they primarily include
thyroid hormones, prolactin, growth hormone,
glucocorticoids and mineralocorticoids. The
thyroid hormones, T, and T,, provide a major
mechanism important for acclimation and have
received considerable research attention in ani-
mal production system. It is established that heat
acclimation decreases endogenous levels of
thyroid hormones to reduce endogenous heat
production. The decrease in thyroid hormones
during heat stress is to facilitate decrease in basal
metabolic rate and muscle activity by decreasing
heat production. Under heat stress, cortisol hor-
mone is another protective mechanism prevent-
ing metabolic heat production. In other words, it
is thermogenic and consequently reduces adreno-
cortical activity, under thermal stress. Therefore,
cortisol is involved in adaptation to short- and
long-term heat stress. Plasma levels of LH and
oestradiol are reduced during summer in cows
affecting fertility. Heat stress may affect the
secretion of the gonadotrophins through mecha-
nisms that modify the synthesis or the secretion
of GnRH, the responsiveness of the gonadotro-
phs to the actions of GnRH or the feedback
actions of gonadal hormones. Prolonged or
chronic heat stress results in suppressed gonad-
otrophin secretion and inhibition of reproduction
but, when the duration of the stress response is
transient or acute, the effects are less clear.
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Reduced leptin and/or Ob-Rb expression in
heat-shocked lymphocytes may represent an
adaptive mechanism to high environmental tem-
peratures, which may limitedly explain the immu-
nosuppression mechanisms observed in cows
during summer. Therefore, a greater understanding
is required to understand mechanism associated
with immune suppression and hormonal changes
during high milk production in heat stressed cows.

Appendices

Stressor: A threatening or unpredictable stimulus
that causes a stress response.

Stress response: The physiological, hormonal
and behavioural changes that result from expo-
sure to a stressor.

Chronic stress: A state that an organism enters
when repetitive or long-term exposure to a stressor
has exceeded an organism’s regulatory capacities.
Context of a stressor: The physical and psycholo-
gical conditions present when a stressor appears.
Acclimation: After repeated or chronic exposure
to a single stressor, an animal no longer perceives
the stressor to be threatening and reduces its phys-
iological stress response. The decrease in stress
response is specific to that stressor and does not
generalise to other stressors as long as the animal
is capable of distinguishing between them.
Sensitisation: When acclimation to one stressor
increases subsequent stress responses to novel
Stressors.

‘Stress hormones’: A generic and non-scientific
term for hormones whose concentrations change
in response to stressors and are indicative of a
stress response. They are divided in two main
types: catecholamines (e.g. epinephrine/adrena-
line, norepinephrine/noradrenaline) and gluco-
corticoid—steroid  hormones (e.g.  cortisol,
corticosterone). Some hormones (e.g. cortisol)
have been traditionally used as indicative of
stress. However, they may exhaust under repeti-
tive stimuli and may not reflect chronic stress.
Steroid hormones: A class of hormones (includ-
ing testosterone, oestradiol and cortisol) typified
by a four-ring structure.

(Romero 2004)
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Hormone

Prolactin

Growth hormone

Thyroxine

Glucocorticoid

Aldosterone

Catecholamines

ADH

Progesterone

Triiodothyronine

Increase/decrease
Increase

Decrease

Decrease

Increase and then
decrease

With prolonged
exposure, it was 40%
lower and declined
rapidly during later
hours of exposure

Increase during both
acute and chronic
thermal stress

Increase

Increase/decrease

Decrease

Effect

Elevated PRL is involved in meeting
increased water and electrolyte demands
of heat-stressed cows

The decreased GH leads to less calorigenesis
aimed in maintenance of heat in the body
(Bauman and Currie 1980). In addition to
calorigenesis, GH also enhances heat
production by stimulating thyroid activity
(Yousef and Johnson 1966a). Therefore, a
reduced secretion of this hormone is all the
more necessary for survival of the homeo-
therm in high ambient temperatures

This decline in thyroid hormones along
with decreased plasma GH level has a
synergistic effect to reduce heat
production (Yousef and Johnson 1966b)

The initial rise in plasma glucocorticoids is
due to activation of the adrenocorticotrophin
(ACTH)-releasing mechanism in the
hypothalamus by thermoceptors of the skin
(Chowers et al. 1966), whereas the later decline
to normal, in spite of continuing heat stimulus,
indicates a negative glucocorticoid feedback
and a decrease in the glucocorticoid-binding
transcortin (Lindner 1964). The glucocorticoids
work as vasodilators to help heat loss and

have stimulatory effect on proteolysis

and lipolysis, hence providing energy to the
animal to help offset the reduction of intake
(Cunningham, and Klein 2007)

This decline in aldosterone concentration is
due to a fall in serum K levels because of its
increased excretion in sweat and is explained
on the basis of a major difference between
ruminants and nonruminants with respect to
location of Na and K loss during thermal
stress. Nonruminants produce sweat high in

Na and low in K concentrations (Lippsett et al.

1961), but this is vice versa for ruminants
Catecholamines activate sweat glands of
cattle and are involved in regulating sweat
gland activity

To conserve water and increase water intake
(El-Nouty et al. 1980)

Low progesterone prior to Al is related

to enhanced uterine PGF,  secretion, to
alterations in the growth pattern of ovarian
follicles and to their steroidogenic capacity
(Mann and Lamming 2001; Santos et al. 2004)
Decrease in thyroid hormones

during heat stress is due to

the decrease in basal metabolic rate

and muscle activity in order to decrease
heat production
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Effect of shade, no shade and shade + spray with fan on plasma hormones in cows during summer

Hormone Shade No shade Shade + spray + fan References

Plasma growth hormone (ng/ml) 4.6+0.21 - 5.7+0.31 Igono et al. (1987)

Plasma prolactin (ng/ml) 59.9+1.79 - 44.9+0.94 Igono et al. (1987)
Progesterone (ng/ml) 1.56 1.91 - Roman-Ponce et al. (1981)
Oestradiol (pg/ml) 7.75 8.50 - Roman-Ponce et al. (1981)
LH (ng/ml) 3.87 5.45 - Roman-Ponce et al. (1981)
Corticoids (ng/ml) 8.72 13.04 - Roman-Ponce et al. (1981)

Serum concentrations of oestradiol and cortisol during the oestrus cycle of cooled and control cows

Oestradiol
Days of oestrus cycle ~ Without cooling ~ With cooling
Day 3 9.1+2.4 79+1.9
Day 5 5.8+1.7 64+1.2
Day 10 8.8+0.5 43+0.7
Day 12 69+14 47+1.5
Day 14 6.7+1.1 7.7£1.0
Day 17 11.0£1.0 13.4+04

Source: Wise et al. (1988b)
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affected by hyperthermia. The ability to use
powerful new tools in genomics, proteomics
and metabolomics to evaluate genetic diffe-
rences between animals in their response to
thermal stress will yield important new infor-
mation in the next quarter-century and will
permit the selection of cattle for resistance to
thermal stress.

1 Introduction

Heat stress has adverse effects on milk produc-
tion and reproduction of dairy cattle (Kadzere
et al. 2002; Hansen 2007). The problem of heat
stress is growing because increases in milk yield
result in greater metabolic heat production and
because of anticipated changes in the global cli-
mate (Hansen 2007). A decline in milk yield of
lactating cows and buffaloes is observed during
hot—dry and hot—-humid seasons due to high tem-
perature and humidity. High THI (temperature
humidity index) negatively impacts milk yield
that occurs due to increase in body temperature
(Upadhyay et al. 2009). Therefore, a major chal-
lenge for high-producing cow and buffaloes
under tropical environment is heat stress. It was
expected that regulation of body temperature
during hyperthermia would be decreased as milk
yield increased because of the metabolic heat
output associated with lactation. This was dem-
onstrated experimentally in dairy cows in Israel
(Berman et al. 1985) and theoretically using
mathematical models of heat balance in dairy
cows (Berman 2005). Summer depression in fer-
tility in dairy cows was more pronounced for
cows with greater milk yield (Al-Katanani et al.
1999). It was traditionally thought that milk syn-
thesis begins to decrease when the THI exceeds
72 (Armstrong 1994), but with increasing milk
production, it has been observed that high-yielding
dairy cows reduce milk yield at a THI of
approximately 68 (Zimbelman et al. 2009). The
increasing concern with the thermal comfort of
dairy cows is justifiable not only for countries
occupying tropical zones but also for nations in
temperate zones in which high ambient tempera-
tures are becoming an issue (Nardone et al. 2010).

Heat Stress and Milk Production

Improving milk production is, therefore, an
important tool for improving the quality of life
particularly for rural people in developing coun-
tries. The hot—dry environment is relatively less
harmful than hot-humid. In hot and humid cli-
mates, high ambient temperature and humidity
and high direct and indirect solar radiation, wind
speed and humidity are the main environmental
stressing factors that impose stress on livestock
species (Silanikove 2000; Kadzere et al. 2002).

2 Effect of Climatic Variables
on Milk Yield

Climatic factors such as air temperature, solar
radiation, relative humidity, air flow and their
interactions often limit animal performance
(Sharma et al. 1983). Quantifying direct environ-
mental effects on milk production is difficult as
milk production is also strongly affected by other
non-environmental and environmental factors
such as nutritional and management (Fuquay
1981). Thatcher (1974) and Johnson (1976)
reported decline in the milk and fat production
due to direct effect of high temperature on the
synthetic and secretory activity in mammary
gland of cows (Silanikove 1992). McDowell et al.
(1976) also reported decline in milk production
by 15%, accompanied by a 35% decrease in the
efficiency of energy utilisation for productive
purposes in lactating Holstein cow at high tem-
perature on shifting them from an air temperature
of 18-30°C. Milk fat, solids-not-fat and milk pro-
tein percentage was also observed to decrease by
39.7, 18.9 and 16.9%, respectively. Johnson
(1976) also attributed 3—10% of the variance in
lactation milk production to climatic factors.
Differences in the physiological responses of
cattle to the form and duration of heat stress have
been reported, and differences have also been
noted in productive responses. Bianca (1965)
measured a 33% reduction in milk production by
different breeds of cows from temperate climates
exposed continuously to high (35°C) ambient
temperatures. However, cows maintained under
similar temperatures during the day but at <25°C
at night did not decrease milk production
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beyond that normally expected under temperate
conditions (Richards 1985).

The point on the lactation curve at which the
cow experiences heat stress is also important for
the total lactation yield. High-producing cows are
less able to cope with heat stress during early
lactation. Heat stress at the initiation of lactation
negatively impacts the total milk production.
Climatic conditions appeared to have maximum
influence during the first 60 days of lactation
when high-producing cows are in negative energy
balance and make up for the deficit by mobilising
body reserves (Sharma et al. 1983).

Nutrient intake of high-producing cows is
closely related to the amount of milk production.
The metabolising nutrients generate heat, which
may contribute to body temperature maintenance
in a cold environment. However, in a warm cli-
mate, this heat needs to be dissipated to maintain
body temperature and normal physiological
functions. This complex interplay between
physical and environmental effects influences the
physiological functions of cows and affects not
only their milk production but also the efficiency
of production in turn cow’s profitability. High-
producing cows have a higher metabolic rate than
most other domestic ruminants and a poor water
retention mechanism in the body (Silanikove
2000). This may be a consequence of aggressive
selection for milk production over the last few
decades; cows in Israel and the USA produce
40-70 1 of milk per day, compared with 10 1/day
or less in their ancestors. Each 10 1/day of milk
yield roughly doubles the metabolisable energy
requirement of cows, and ~35% of this energy is
dissipated as heat (Kadzere et al. 2002). High-
yielding cows are affected more than low yield-
ing ones (Barash et al. 2001) because the upper
critical temperature shifts downwards as milk
production, feed intake and heat production
increase (Silanikove 2000). The average body
weight due to selection for high production has
increased over time. Large cows have larger gas-
trointestinal tracts that allow them to consume
and digest more feed which in turn provides more
substrates for milk synthesis. Changes in the
physical and genetic constitution of cows may
have affected their thermoregulatory capability
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as well as how they cope with heat stress (Kadzere
et al. 2002).

Maximum temperature and minimum relative
humidity are the most critical variables to quan-
tify heat stress, and both variables are combined
into THI. Heat stress in lactating cow starts at a
THI of 72, which corresponds to 22°C at 100%
RH (or 25°C at 50% RH or other combinations of
the two parameters). Reduction in milk yield was
estimated to be between 0.2 and 0.32 kg per unit
increase in THI (Ingraham et al. 1979; Ravagnolo
et al. 2000), and milk yield and TDN intake
declined by 1.8 and 1.4 kg for each 0.55°C
increase in rectal temperature (Johnson et al.
1963). Umphrey et al. (2001) reported that the
partial correlation between milk yield and rectal
temperature for cows in Alabama was —0.135.
West (2003) found that changes in cow body
temperature (measured as milk temperature)
were most sensitive to same-day climatic factors.
The variable having the greatest influence on cow
morning milk temperature was the current day
minimum air temperature, while cow afternoon
milk temperature was most influenced by the
current day mean air temperature. DMI and milk
yield of cows were most affected by climatic
variables, not by body temperature of cow. West
(2003) reported that of the environmental vari-
ables studied during hot weather, the mean THI
two days earlier had the greatest effect on milk
yield, while DMI was most sensitive to the mean
air temperature two days earlier. Thus, the full
impact of climatic variables on production is
delayed and may be related to changes in feed
intake, delay between intake and utilisation of
consumed nutrients or alterations in the endo-
crine status of the cow. Milk yield of Holstein
cows declined 0.88 kg per THI unit increase for
the 2-day lag of mean THI, and DMI declined
0.85 kg for each degree (°C) increase in the mean
air temperature.

At the peak of lactation, a cow of 700-kg body
weight (BW) with a milk yield of 60 kg/day pro-
duces about 44,171 kcal/day (25,782 kcal/day at
the end of lactation, with a milk yield of 20 kg/
day). Exposure to a hot environment may nega-
tively affect growth of young calves. Lower wither
height, oblique trunk length, hip width (=35, -26,
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—29%, respectively) and body condition score
(0.0 vs. +0.4 points) were found in six 5-month-
old female Holstein—Friesian calves exposed to
hot conditions as compared with a control group,
kept under thermoneutrality conditions (Lacetera
et al. 1994). Decrease in body growth and body
reserves between birth and puberty, especially
during the first few months, can be detrimental
for milk production during lactation and can
increase the replacement rate later (Chillard
1991). High temperatures during late pregnancy
and the early postpartum period markedly modify
colostrum composition. Holstein—Friesian heifers
kept in a climatic chamber and exposed during
late pregnancy and the early postpartum period to
82 THI (daytime) and to 76 THI (night-time),
when compared to a counterpart maintained under
thermoneutrality conditions (65 THI), showed
lower colostrum net energy due to a reduction in
lactose, fat and protein content. In addition, the
analysis of protein fractions showed a reduction
in percentages of casein, lactalbumin, IgG and
IgA (Nardone et al. 1997) explaining a lower
concentration of circulating Ig in summer calves
(Stott et al. 1976). An investigation on Israelian
Holstein cows in their third and fourth lactation
periods showed the antagonistic effect of heat
(-0.38 kg of milk/1°C) and photoperiod
(+1.157 kg of milk/per 1 h more of light) (Barash
et al. 2001). On comparing milk production dur-
ing summer and spring in a dairy herd located in
central Italy, a lower milk yield (-10%), and
also lower casein percentages and casein number
in summer (2.18 vs. 2.58% and 72.4 vs. 77.7%
respectively), was found (Bernabucci et al.
2002). The fall in casein was due to the reduction
in a -casein and B-casein percentages. However,
no differences were observed between the two
seasons for x-casein, o-lactalbumin and [-lac-
toglobulin. The serum protein contents were higher
in summer than in spring. Although performance of
dairy cows is better during winter than during heat
stress, animals experiencing cold stress also reduce
milk yield. The drop starts around —4°C, and
marked yield depression occurs at —23°C. The
lower critical temperature is —40 or —45°C with a
daily milk yield of 36 kg (Broucek et al. 1991).

Heat Stress and Milk Production

3 Behaviour of Cows
During Heat Stress

Several behaviour modifications in response to
heat stressing conditions have been observed in
dairy cattle. Dairy cattle change their behaviour
to reduce heat load in hot weather. Cows seek
shade, reduce feed intake, spend more time stan-
ding, spend more time near the water trough and
increase respiration rate as ambient conditions
become warmer. Animal behaviour can provide
insights into how and when to cool dairy cows.
In free stall barns, cows stay inside during the
hottest part of the day to obtain shelter from
intense solar radiation, while during the night,
cows go outside (Arave and Albright 1981).
High-producing dairy cows showed more eating
behaviour than low-producing cows during all
times of the day. The eating behaviour of low and
high-producing dairy cows decreased after 10:00 h
and through the day. High ambient temperature
decreases eating behaviour. The best recognised
effect of heat stress is an adaptive depression of
metabolic rate associated with reduced appetite
(Silanikove 2000). Heat stress causes the rostral
cooling centre of the hypothalamus to stimulate
the medial satiety centre which inhibits the lateral
appetite centre and consequently lowers milk
production (Kadzere et al. 2002). The decrease
(26.2%) in milk production of high-yielding cows
is higher than that (15.2%) of low-producing dairy
cows during summer. Heat stress in high-produc-
ing lactating dairy cows results in a dramatic
reduction in rumination (Collier et al. 1982).
High-producing cows ruminated less compared
to low-producing cows. The underlying mecha-
nism in lower percentage of ruminating beha-
viour can be explained that high-producing dairy
cows coped with the adverse effect of heat stress
by ruminating less so that there is lower produc-
tion of metabolic heat (Kadzere et al. 2002).
High-producing cows tried to lower their body
temperature by not lying on the concrete floor
where heat from the sun was absorbed during
daytime. They preferred standing to minimise
surface area contact with the ground (escaping
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from conduction) so that the distance between
the blood vessels and the surface is much
greater (Kadzere et al. 2002). Furthermore, it is
uncomfortable or even more painful for the
cow to be lying with a filled udder, since
there is an external pressure and heat from the
floor on the udder when lying (Oszterman and
Redbo 2001).

4 Effect of Heat Stress
on Bovine Somatotropin
(bST)-Administered Cows

The feeding and management recommendations
for a cow treated with bovine somatotropin (bST)
are considered similar to that of high-producing
cow. Nutrient intake should be increased with
special attention to energy and water needs. The
cows should be provided with cooling systems.
Israeli research indicated that the response to bST
under high environmental temperatures may have
been slightly reduced. Work conducted at the
University of Missouri showed that heat-stressed
injected cows responded to bST with increased
milk production and dry matter intake. Hot tem-
peratures did not reduce the effects of bST. The
effects of high milk yield have been demonstrated
by West et al. (1990, 1991) who reported that
milk temperature was greater for cows adminis-
tered with bST compared with controls in a hot
and humid climate; low yielding cows were more
responsive to bST than high-yielding cows, pos-
sibly because of the higher body temperature
associated with greater milk yield. Cows admin-
istered with bST exhibited significantly greater
heat production in both thermoneutral and hot
environments, though cows were apparently able
to dissipate the greater heat produced, evidenced
by greater total evaporative heat losses and coo-
ling heat loss for the bST-treated cows which
enabled cows to maintain normal body tempera-
tures (Manalu et al. 1991). Administration of bST
to both lactating and non-lactating cows in a hot,
humid climate (Florida) resulted in elevated
body temperature and respiratory rate for both
groups of cattle, suggesting that the greater heat
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strain was not due solely to increased milk yield
(Cole and Hansen 1993). Either greater heat
production or interference with heat loss could
explain greater strain in non-lactating cattle and
that although bST use is efficacious in hot cli-
mates, its use should be coupled with methods
to reduce the magnitude of heat stress during
summer months.

5 Metabolic Heat Production

Heat production of metabolic functions accounts
for approximately 31% of intake energy by a
600-kg cow producing 40 kg of milk containing
4% fat (Coppock 1985). Physical activity
increases the amount of heat produced by skeletal
muscles and body tissues. Maintenance expendi-
tures at 35°C increase by 20% over thermoneu-
tral conditions (NRC 1981), thus increasing the
cow’s energy expenditure, often at the expense of
milk yield. Body heat production associated with
milk yield increases as metabolic processes, feed
intake and digestive requirements increase. The
heat load accumulated by the cow subjected to
heat stress is the sum of heat accumulated from
the environment and the failure to dissipate heat
associated with metabolic processes. Therefore,
with similar body size and surface area, the lac-
tating cow has significantly more heat to dissi-
pate than a non-lactating cow and have greater
difficulty dissipating the heat during hot and hot—
humid conditions. A comparison of low (18.5 kg/
day) or high (31.6 kg/day) milk-producing cows
indicated that low and high-yielding cows gene-
rated 27 and 48% more heat than non-lactating
cows despite having lower body weight (Purwanto
et al. 1990). Berman et al. (1985) reported that
rectal temperature of cows increased by 0.02°C/
kg FCM for cows producing >24 kg/day, and
greater heat production can explain the increas-
ing rate of decline in milk yield for cows as pro-
duction increased from 13.6-18.1 to 22.7 kg of
milk per day and THI increased from 72 to 81
(Johnson et al. 1963). High production greatly
accentuates heat stress in the lactating cow par-
ticularly unable to dissipate extra heat.
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6 Role of Acclimation During
Heat Stress

Acclimation is a phenotypic response developed
by the subject or an animal to an individual
stressor within the environment (Fregley 1996).
Acclimatization is the process by which an animal
adapts to several stressors within its natural envi-
ronment (Bligh 1976). Acclimation and acclimati-
zation are therefore not evolutionary adaptation or
natural selection, which are defined as changes
allowing for preferential selection of an animal’s
phenotype and are based on a genetic component
passed to the next generation. The altered pheno-
type of acclimated animals returns to normal if
environmental stressors are removed. This is not
the case in animals which are genetically adapted
to their environment. Acclimatization is a process
that takes several days to weeks to occur via home-
orhetic and not homeostatic mechanism. There are
three functional differences between acclimatory
responses and homeostatic or ‘reflex responses’:

1. The acclimatory response takes much longer to
occur (days or weeks vs. seconds or minutes).

2. The acclimatory responses generally have a
hormonal link in the pathway from the central
nervous system to the effector cell.

3. The acclimatory effect usually alters the ability
of an effector cell or organ to respond to envi-
ronmental change (Bligh 1976).

These acclimatory responses are characteristic of

homeorhetic mechanisms in a species, and the

net effect is to coordinate metabolism to achieve

a new physiological state. Thus, the seasonally

adapted animal is different metabolically during

winter than during summer.

Acclimation involves an altered expression of
pre-existing features and is a process driven by
the endocrine system with the goal of maintaining
animal well-being regardless of environmental
challenges. The long-term acclimation to heat
was classically referred to as acclamatory homeo-
stasis (Horowitz 2001), but has been proposed to
be a homeorhetic mechanism (Collier et al. 2005),
because it alters the set points of homeostatic-
related systems (i.e. basal and stimulated carbo-
hydrate metabolism). Understanding this process
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will lead to improved genetic selection of heat
stress resistant genotypes. Hormones known to
be homeorhetic regulators are also implicated in
acclimatory responses to thermal stress and
altered photoperiod. These include thyroid
hormones, prolactin (PRL), somatotropin (ST),
glucocorticoids and mineralocorticoids. One
example of acclimatory change in an endocrine
regulator is the seasonal rhythm in prolactin con-
centration when animals acclimate to seasonal
changes in temperature and day length. The
hypothalamic—pituitary—adrenal axes including
corticotropin-releasing hormone, adrenocorti-
cotropic hormone (corticotrophin), cortisol
and aldosterone are also altered by thermal stress
and are involved in acclimatory responses to
thermal stress (Maloyan and Horowitz 2002).
Corticotropin-releasing hormone stimulates
somatostatin release from the hypothalamus,
which can inhibit secretion of ST and thyroid-
stimulating hormone from the pituitary and
downregulate the thermogenic effects of both ST
and thyroid hormones. In dairy cattle, the gluco-
corticoids decrease during acclimation at 35°C
and are lower in thermally acclimated animals
compared with controls.

Most of these examples deal with decreased
heat production within the body and the cow’s
increased ability to dissipate heat obtained from
the environment. In lactating cows, when long-
term heat acclimation occurs, the low-producing
cow’s milk output will reach a level comparable
to what the cow should produce while not under
heat stress, but in the higher producing cow, it
could still be below the milk production possible
in a thermoneutral environment (Johnson and
Vanjonack 1976). Some environmental stresses,
such as dehydration (Silanikove 1994; Silanikove
and Tadmor 1989) and acute heat stress (Maltz
et al. 1994; Silanikove 2000), may take cows
beyond their current acclimatised-adaptive range
quickly (within 24-48 h) which necessitates the
induction of emergency physiological responses
to avoid lethal effects or death. Such immediate
measures include an acute reduction in milk
yield, because milk production, particularly in
high-yielding dairy cows, intensifies the effects
of these external stresses (Silanikove 1994, 2000).



7 Metabolic Adaptations to Heat Stress

7 Metabolic Adaptations
to Heat Stress

Estimating energy balance of cows during heat
stress introduces problems independent of those
that are inherent to normal energy balance esti-
mations (Vicini et al. 2002). A large number of
studies indicate that increased maintenance costs
(7-25%) are associated with heat stress (NRC
2002a); however, due to complexities involved
in predicting upper critical temperatures for dif-
ferent breeds of cows, no universal equation is
available to adjust for this increase in mainte-
nance (Fox and Tylutki 1998). Maintenance
requirements of cows are increased, as there is a
large energetic cost of dissipating stored heat. If a
heat stress correction factor is not incorporated, it
results in overestimating energy balance, thereby
inaccurately predicting energy status. Due to the
reductions in feed intake and increased mainte-
nance costs, and despite the decrease in milk
yield, heat-stressed cows enter into a state of neg-
ative energy balance (Moore et al. 2005b) and
remain in negative energy balance (~4-5 Mcal/
day) for long duration of heat stress (Wheelock
et al. 2006). Heat stress-induced negative energy
balance does not result in elevated plasma NEFA
similar to thermoneutral energy balance. Studies
on IV glucose tolerance test have demonstrated
that glucose disposal (rate of cellular glucose
entry) is greater in heat-stressed cows compared
to thermal-neutral pair-fed cows (Wheelock et al.
2006). Cows under heat stress also have a greater
insulin response to glucose challenge than under-
fed cows. The changes in plasma NEFA and
metabolic/hormonal adjustments in response to
glucose challenge can be due to increased insulin
effectiveness as insulin is a potent antilipolytic
signal (blocks fat breakdown) and the primary
driver of cellular glucose entry into the cells. The
heat-stressed cows depend on glucose for body
energy needs; therefore, less glucose is directed
towards the mammary gland and milk production
declines.

A typical lactating dairy cow has a mainte-
nance requirement of 9.7 Mcal/day (or 0.08 Mcal/
kg BW 0.75; NRC 2001a). Ruminants primarily
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oxidise (burn) acetate (a rumen-produced VFA)
as their principal energy source. The apparent
switch in metabolism and the increase in insulin
sensitivity is probably a mechanism by which
cows decrease metabolic heat production, and
oxidising glucose is more efficient (Baldwin et al.
1980). In vivo oxidation of glucose yields 38
ATP or 472 kcal of energy (compared to 637
kcal in a bomb calorimeter) and in vivo fatty
acid oxidation (stearic acid) produces 146 ATP
or 1814 kcal of energy (compared to 2697 kcal
in a bomb calorimeter). Despite having a much
greater energy content, due to differences in the
efficiencies of capturing ATP, oxidising fatty
acids generates more metabolic heat (~2 kcal/g
or 13% on an energetic basis) compared to glu-
cose. Therefore, preventing or blocking adipose
mobilisation/breakdown and increasing utiliza-
tion of glucose are presumably strategies to
minimise metabolic heat production during heat
stress. The mammary gland uses glucose for
synthesising milk lactose which is the primary
osmoregulator and thus determines milk yield of
animals. The mammary cells may not receive
adequate amounts of glucose for mammary lactose
production, and hence, milk yield is reduced. This
may be the primary mechanism which accounts
for the additional reductions in milk yield that
cannot be explained by decreased feed intake
(Bauman and Rhoads 2007). The heat stress also
downregulates calcium channels of many T cells
that affect milk synthesis (Silanikove et al. 2009).
In addition, heat-stressed cows require special
attention with regard to heat abatement and other
dietary considerations (i.e. concentrate to forage
ratio, HCO;, etc.) having an extra requirement for
dietary or rumen-derived glucose precursors. Of the
three main rumen-produced volatile fatty acids,
propionate is the one primarily converted into
glucose by the liver. Highly fermentable starches
such as grains increase rumen propionate produc-
tion, and although propionate is the primary glu-
cose precursor, feeding additional grains is not
recommended as this may lead to rumen acidosis.
Metabolic Adaptations to Reduced Nutrient
Intake: Due to the reduced feed intake as a result
of heat stress and the heat associated with fer-
menting forages, energy density of the ration is
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increased. Due to the hyperventilation-induced
decrease in blood COz, the kidney secretes HCOB‘
to maintain this ratio. This reduces the amount of
HCO," that can be used (via saliva) to buffer and
maintain a healthy rumen pH. In addition, pant-
ing cows drool, and drooling reduces the quantity
of saliva that would have normally been deposi-
ted in the rumen. Furthermore, heat-stressed cows
ruminate less due to reduced feed intake and
therefore generate less saliva. The reductions in
the amount of saliva produced and salivary HCO,~
content and the decreased amount of saliva enter-
ing the rumen make the heat-stressed cow much
more susceptible to subclinical and acute rumen
acidosis (Kadzere et al. 2002). When cows begin
to accumulate heat, there is a redistribution of
blood to the extremities in an attempt to dissipate
internal energy. As a consequence, there is
reduced blood flow to the gastrointestinal tract,
and as a result nutrient uptake may be compro-
mised (McGuire et al. 1989). Therefore, accumu-
lation of end products of fermentation (VFAs)
contributes to the reduced pH and indirectly
enhances the risk of negative side effects of an
unhealthy rumen (i.e. laminitis, milk fat depres-
sion, etc.) (Baumgard and Rhoads 2007).

A prerequisite of understanding the metabolic
adaptations which occur with heat stress is an
appreciation of the physiological and metabolic
adaptations to thermal-neutral negative energy
balance (i.e. underfeeding or during the transition
period). Cows in early lactation are classic exam-
ples of when nutrient intake is less than necessary
to meet maintenance and milk production costs,
and cows typically enter negative energy balance
(Moore et al. 2005a). Negative energy balance is
associated with various metabolic changes that
are implemented to support the dominant physio-
logical condition of lactation (Bauman and Currie
1980). Marked alterations in both carbohydrate
and lipid metabolism ensure partitioning of
dietary-derived and tissue-originating nutrients
towards the mammary gland, and many of these
changes are mediated by endogenous soma-
totropin which is increased during periods of
negative energy balance (Bauman and Currie
1980). There is reduction in circulating insulin
coupled with a reduction in systemic insulin
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sensitivity. The reduction in insulin action
allows for adipose lipolysis and mobilisation of
nonesterified fatty acids (NEFA; Bauman and
Currie 1980). Increased circulating NEFA is typi-
cal in ‘transition’ cows and is an important source
of energy (and precursor for milk fat synthesis)
for cows during negative energy balance. Post-
absorptive carbohydrate metabolism is also
altered by the reduced insulin action during nega-
tive energy balance with the net effect of reduced
glucose uptake by systemic tissues (i.e. muscle and
adipose). Reduction in nutrient uptake coupled
with the net release of nutrients (i.e. amino acids
and NEFA) by systemic tissues are key homeor-
hetic (an acclimated response vs. an acute/homeo-
static response) mechanisms implemented by
cows in negative energy balance in order to sup-
port lactation (Bauman and Currie 1980).

8 Mechanism by Which Heat
Stress Reduces Milk Yield

Heat stress reduces both the feed intake and milk
yield of cows. The decline in nutrient intake has
been identified as a major cause of reduced milk
synthesis (Fuquay 1981). A reduction in energy
intake combined with increased energy expendi-
ture for maintenance lowers energy balance and
partially explains why lactating cattle lose
significant amounts of body weight during severe
heat stress (Rhoads et al. 2009; Shwartz et al.
2009). Heat-stressed cows have been observed to
respond immediately and an immediate reduction
(~5 kg/day) in dry matter intake (DMI) with the
decrease reaching a peak at ~day 4 and remaining
stable thereafter. Thermal-neutral pair-fed cows
had a feed intake pattern similar to heat-stressed
cows. Heat stress reduced milk yield by ~14 kg/
day with production steadily declining for the
first 7 days and then reach a plateau. Thermal-
neutral pair-fed cows also had a reduction in milk
yield of approximately 6 kg/day, but milk pro-
duction reached its nadir at day 2 and remained
relatively stable thereafter. This indicates the
reduction in DMI can only account for ~40-50%
of the decrease in production when cows are heat
stressed and that ~50-60% can be explained by
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other heat-stressed-induced changes (Rhoads
et al. 2007).

The negative energy balance associated with
the early postpartum period is coupled with
increased risk of metabolic disorders and health
problems (Goff and Horst 1997; Drackley 1999),
decreased milk yield and reduced reproductive
performance (Lucy et al. 1992; Beam and Butler
1999; Baumgard et al. 2002, 2006). It is likely
that many of the negative effects of heat stress on
production, animal health and reproduction indi-
ces are mediated by the reduction in energy
balance. However, it is not clear how much of the
reduction in performance (yield and reproduc-
tion) can be attributed or accounted for by the
biological parameters effected by heat stress (i.e.
reduced feed intake vs. increased maintenance
costs). Seasonal differences in milk production
are caused by periodic changes of environment
over the year, which has (1) a direct effect on ani-
mal’s milk production through decreased DMI
and (2) an indirect effect through fluctuation in
quantity and quality of feed. Process of lactation
is a physiological process that presents a substan-
tial challenge to the homeostasis of the cardio-
vascular and fluid secretory system (Silanikove
1994, 2000; Maltz and Silanikove 1996). The acute
and large decrease in milk secretion may, therefore,
be considered as having vital importance that
makes it necessary to enable the cows to survive
under heat stress. The initial reactions to acute heat
stress may be emotional responses (Silanikove
2000), but prolonged challenges impact milk
yields and composition; milk protein fat contents
were found to be reduced. These reductions may
be a part of their adaptive response (Kadzere et al.
2002; Collier et al. 2006; Igono et al. 1992).

9 Mechanism of Regulation of
Milk Secretion and Mammary
Function

Milk secretion and mammary function are regu-
lated acutely by local autocrine feedback mecha-
nisms that involve milk-borne factors which are
sensitive to the frequency and efficiency of milking
of cows (Daly et al. 1993; Wilde and Peaker

1990). Sustained changes in the frequency of
milking and milk secretion are associated with
metabolic adaptations (Shennan and McNeillie
1994) and with long-term adaptations in the
degree of differentiation and the number of
mammary epithelial cells (Liu et al. 1997; Quarrie
et al. 1998). The fast modulation of milk secre-
tion in response to external factors, such as emo-
tional stress, heat stress and water deprivation
also depends on a negative feedback regulatory
system, required for survival of a species increases
(Silanikove et al. 2006). The negative feedback
system has been shown to comprise an endoge-
nous milk enzymatic system, the plasminogen
activator (PA)-plasminogen (PG)-plasmin (PL),
that specifically forms a p-casein (CN) fragment
(f) (1-28) from B-CN, which acts as the negative
control signal by closing potassium channels on
the apical membrane of the epithelial cells of
the mammary gland (Silanikove et al. 2000,
2006). Inhibition of milk secretion occurs due to
downregulation of these channels by inducing
undefined inwardly directed cellular signals.
A further activation of the PA-PG-PL system,
coupled with more extensive degradation of
casein-induced involution of the mammary gland
in lactating goats and cows, has been observed
that forcefully activate the innate immune system
(Silanikove et al. 2005, 2006). The concept that
PA-PG-PL-B-CN f (1-28) is involved in milk-
borne negative feedback regulation of milk
secretion was supported experimentally under
conditions that simulated stress (intramammary
treatment with dexamethasone) (Silanikove et al.
2000; Shamay et al. 2000) and by exposing the
cows to dehydration (Silanikove et al. 2000).

The involvement of PA-PG-PL system in reg-
ulation of milk secretion (Shamay et al. 2003)
and the induction of mammary gland involution
(Silanikove et al. 2005) are well documented, and
the effects of the PA-PG-PL system are related to
enhanced degradation of the extracellular matrix
(Lund et al. 2000). The PA-PG-PL system works
in mammary secretion by increasing casein deg-
radation and liberation of active components and
that B-CN f (1-28) is a principal casein degrada-
tion product that is involved in negative control
of milk secretion in cows under heat stress.
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The acute phase in the regulatory inhibition of
milk secretion in cows subjected to heat stress is
related to upregulation of the local PA-PG-PL-
B-CN f (1-28) peptide in milk and that this
peptide in turn downregulates the activity of K*
channels on apical membranes-derived vesicles.
The putative apical K* channels belong to the
family of voltage-gated channels and that -CN f
(1-28) causes membrane depolarisation, explain-
ing its milk downregulatory effect (Silanikove
et al. 2009). To understand the exact mechanism
on milk synthesis, further research is needed to
determine the nature of the interaction of B-CN f
(1-28) with regulatory elements in the apical
membrane of mammary gland epithelial cells and
to identify these channels and the components of
the inward signal transduction. Decrease in Na*
concentration, increase in K* concentration and
the consequent decrease in the Na/K ratio are
sensitive indicators of the disruption of the tight
junction of the mammary gland epithelial cells,
which relates to differing ion contents in milk
and blood plasma (Stelwagen et al. 1998).

10 Heat Stress Effects on Heifers
Heifers have been observed to generate far less
metabolic heat than cows and have greater surface
area relative to internal body mass and, therefore,
are expected to suffer less from heat stress.
However, it has been observed that Holstein
females raised at latitudes less than 34 °N weighed
6—10% less at birth and average approximately
16% lower body weight at maturity than those in
more northern latitudes, even when sired by the
same bulls (NRC 1981). Thus, there are several
factors contributing to slower growth and smaller
body size, including greater maintenance require-
ments during hot weather, poor appetite and
lower quality forages that are influenced by the
same environmental conditions that lead to slow
growth of cattle.

During hot weather, reduced feed intake is
common, but increased maintenance costs reduce
efficiency of feed conversion. In a study from the
1950s where Holsteins, Brown Swiss and Jersey
heifers were raised from 1 to 13 months of age in
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environmental chambers with constant temperatures
of 10 or 26.7°C, Holstein heifers raised in the
26.7°C environment were lighter than heifers in
the cool environment by 8.2 kg at 3 months and
30.4 kg at 11 months of age. It took Holsteins in
the warm environment 11/2 months longer to
reach 299-kg body weight (Johnson and Ragsdale
1959). Although the temperature was constant
with no diurnal variation, 26.7°C is not extremely
hot. In Australia, Friesians, Brahman x Friesian
F, crosses and Brahmans were exposed to 17.2
and 37.8°C temperatures (Colditz and Kellaway
1972). Comparing the hot versus the cool
temperature environments, rectal temperature
and respiration rates increased more for Friesians
as compared to Brahmans. Intake declined about
17% for Friesians, 1.4% for F, crosses and 12%
for Brahmans, but initial intake was greater for
Friesians, and thus a greater decline would be
expected. Gains for Friesians were greatest during
cool temperatures but were the least of the three
groups when exposed to high temperatures.

Because heifers generate less body heat and
can dissipate heat more readily than lactating
cows, do heifers require additional cooling? In
Egypt, heifers were exposed to winter conditions
(17.3°C, 54.5% RH), summer conditions (36°C,
47% RH) and summer conditions with water
spraying and an oral diaphoretic (Marai et al.
1995). A diaphoretic (e.g. ammonium acetate) is
a compound fed orally to cattle to increase per-
spiration. Heifers were sprayed with water seven
times daily during the hottest period of the day.
Heifers that received cooling had lower rectal
temperature and respiratory rate, and gain was
improved by 26.1% with cooling during summer,
even though heifers were only sprayed during
the hottest part of the day without the benefit
of fans.

11 Genetic Factors Regulating
Response to Heat Stress

Development of genomics tools has permitted a
much better evaluation of the genotype x environ-
ment interactions (GXE). Estimation of GxE
effects in dairy cattle has indicated that these effects
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are larger, and genetic differences in heat tolerance
between animals appear to be exacerbated under
high temperature conditions. Preimplantation
embryos from B. indicus cattle are better able to
withstand thermal stress as compared to embryos
from B. taurus cattle. Thus, identifying genetic
causes of differences between animals in their
response to the environment has potential for
improving productivity of animals in adverse
environments such as heat stress. The ability to
use powerful new tools in genomics, proteomics
and metabolomics to evaluate genetic differences
between animals in their response to thermal
stress will yield important new information in the
next quarter-century and will permit the selection
of cattle for resistance to thermal stress.

There is genetic variation in heat loss via tis-
sue conductance, non-evaporative heat loss and
evaporative heat loss, but more efficient heat loss
occurred for Brahman and Brahman cross cattle
than with Shorthorn cattle (Finch 1985). Using
Brahman, Friesian and Brahman x Friesian F,
cross heifers, the Brahman x Friesian crosses had
superior gains at 38°C but gains for Friesians were
greater at 17°C (Colditz and Kellaway 1972).
Brahmans gained more slowly at 38°C thereby
indicating to be benefits from hybrid vigour under
heat stress conditions. Hair colour influences the
susceptibility of the cow to heat stress because coat
colour is related to the amount of heat absorbed
from solar radiation. In B. Indicus cattle, the
inward flow of heat at the skin of black steers
was 16% greater than for brown steers and 58%
greater than for white steers (Finch 1986).
B. Taurus cattle with dark coats exhibited greater
heat transfer to the skin, higher body tempera-
ture and sharply reduced weight gains than those
with white coats, with increasing woolliness of
the coat accentuating the effect (Finch 1986).
When dairy cows from an Arizona herd were
categorised into white (less than 40% black),
mixed (40—-60% black) or greater than 60%
black, no production traits were different (per-
haps because cows were cooled for the first 130
days of lactation), but white cows calving in
February and March required fewer services per
conception and had fewer open days than mixed
and black cows (King et al. 1988). Heritability
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of coat colour was 0.22. In a study using cows
characterised as greater than 70% white or
greater than 70% black, white cows had slightly
lower body temperatures and greater milk yield,
regardless of whether they were in shade or no
shade conditions (Hansen 1990).

Because genetic variation exists for traits
important to thermoregulation in livestock spe-
cies, the potential to select sires that can transmit
important traits must be considered. However,
when bulls were evaluated for genotype environ-
ment interactions using daughters in California,
New York and Wisconsin, there was no sire
region interaction for milk or fat yield (Carabafio
et al. 1990). Because the genetic correlation
between production and heat tolerance was
approximately —0.3, the continued selection for
production by ignoring heat tolerance results in
decrease in heat tolerance. The correlation being
small, a combined selection for production and
heat tolerance is likely possible. Functional
genomics establishes a verifiable link between
gene expression and phenotype. Gene expression
arrays in particular allow global analysis of gene
expression responses to environmental change.
Stress is defined as an external event or condition
that produces a ‘strain’ in a biological system
(Lee 1965). When the stress is environmental, the
strain is measured as a change in body tempera-
ture, metabolic rate, productivity or heat conser-
vation and/or dissipation mechanisms. At the
cellular level, acute environmental change initi-
ates the ‘heat-shock’ or cellular stress response.
Changes in gene expression associated with a
reaction to an environmental stressor involve
acute responses at the cellular level (in most if
not all cells) as well as changes in gene expres-
sion across a variety of organs and tissues which
associated with the acclimation response.

Early work by Guerriero and Raynes (1990)
demonstrated elevated heat-shock proteins in
response to thermal stress in bovine blood leu-
cocytes. Moderate heat shock (41°C) causes
increased heat-shock protein synthesis, decreased
protein synthesis, mitochondrial swelling and
movement of organelles away from the plasma
membrane associated with cytoskeletal reorgani-
sation in the early bovine embryo (Edwards and
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Hansen 1997; Edwards et al. 1997; Rivera and
Hansen 2001; Rivera et al. 2003). Thermal stress
triggers a dramatic and complex programme of
altered gene expression in bovine mammary epi-
thelial cells (BMEC) similar to patterns reported
in other cell types exposed to thermal stress. As
reported by Sonna et al. (2002), these changes
include (1) inhibition of DNA synthesis, tran-
scription, RNA processing and translation; (2)
inhibition of progression through the cell cycle;
(3) denaturation and misaggregation of proteins;
(4) increased degradation of proteins through
proteasomal and lysosomal pathways; (5) disrup-
tion of cytoskeletal components; (6) alterations
to metabolism that lead to a net reduction in
cellular ATP; and (7) changes in membrane per-
meability that lead to an increase in intracellular
Na*, H* and Ca®* concentrations. Thermal stress
induced the changes in gene expression along
with rapid regression of BMEC ductal structures.
Transcriptional activity indicated a downregula-
tion of a number of genes associated with branch-
ing morphogenesis and microtubule activity,
thereby suggesting a repression of the genomic
signals responsible for promoting ductal growth
and networking (Collier et al. 2006). Overall, the
transcriptome profile indicated downregulation
of genes involved in cell structure, metabolism,
biosynthesis and intracellular transport. The
upregulated genes during heat shock in BMEC
mainly were involved in cellular repair, protein
repair and degradation and apoptosis after loss of
thermotolerance when HSP-70 gene expression
fell to basal levels (Edwards et al. 1997). These
data indicate that morphogenic activity in the
mammary epithelium might depend upon the
expression profile of a core set of genes and that
structural assembly is under a positive mode of
regulation (i.e. morphogenesis is ‘on’ by default).
In turn, the transition from structural assembly to
disassembly might be controlled at the genomic
level by simply shutting down cellular biosynthe-
sis and core morphogenic genes. In contrast,
transcription of genes encoding repair enzymes
and apoptotic proteins is kept off until the cell
requires them and removes the inhibition, which
suggests a negative mode of regulation.

An additional group of genes dominated by
patterns of downregulation were those involved
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in BMEC differentiation and milk synthesis. This
suggests that (1) even during growth and mor-
phogenesis, BMEC expresses detectable mRNA
levels of some lactogenic genes; and (2) heat-
induced BMEC regression includes transcrip-
tional repression of genes involved in milk
synthesis. This strongly implies that milk yield
losses in lactating dairy cows exposed to thermal
stress are due in part to direct repression of genes
associated with milk synthesis.

Thermotolerance in BMEC was found to be
lost after 8 h of exposure to thermal stress when
HSP-70 gene expression returned to basal levels,
which was associated with increased expression
of genes in the apoptotic pathways, indicating
these cells were in the process of undergoing
apoptosis. These studies were carried out using
BMEC from non-adapted and non-acclimated
cattle (Collier et al. 2006). Thus, a portion of the
loss in milk yield during acute thermal stress is
associated with direct effects of thermal stress on
BMEC. Acute thermal stress of growing bovine
mammary epithelial cells directly reduces cellu-
lar growth and ductal branching and downregu-
lates genes associated with protein synthesis and
cellular metabolism. Chronic thermal stress
would likely reduce mammary growth during
pregnancy. Furthermore, negative effects of ther-
mal stress on expression of milk protein genes
indicate that thermal stress likely has direct nega-
tive effects on milk yield.

12 Reducing Heat Stress for

Improving Milk Production

The body temperatures of the cow should be
maintained below 102.5°F (39.2°C) and respira-
tion rates below 80 per minute. Heat stress should
be evaluated at the cows’ nose level both lying
down and standing at the bunk and in the holding
pen. Often, considerable heat stress occurs in the
holding area while cows are waiting to be milked.
Igono et al. (1992) found that despite high ambi-
ent temperatures during the day, a cool period of
less than 21°C for 3—6 h minimises the decline in
milk yield.

These findings suggest that it is critical to
minimise increase in cow’s body temperature
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Table 1 Effect of water cooling on milk yield during summer

Season Increase in milk yield (kg/day) References
Cows
Hot—dry 4.0 Armstrong (1994)
Hot—dry 2.12 Aggarwal (2004)
Hot-humid 1.9 Flamenbaum et al. (1995)
Hot-humid 1.5 Lin et al. (1998)
Hot—humid 0.85 Aggarwal (2004)
Buffaloes
Hot—dry 1.05 Gangwar (1985)
Hot—dry 1.0 Aggarwal and Singh (2008)
Hot-humid 0.58 Gangwar (1985)
Hot-humid 0.92 Aggarwal and Singh (2008)
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Fig.1 Milk yield of cows of control group and experimental group (provided with mist and fan system) during hot—dry

season

during the hot daylight hours and to find meth-
ods for cooling cows during heat stress.
Ventilation is very critical. Natural ventilation
using side-wall curtains works very well. Fans
are required, especially over the feed bunk and in
the holding pen. The air speed over the cow
should be 400-600 ft (122-183 m) per minute.
Usually this requires at least one 36-in. (91 cm)
fan (with airflow of 11,000 cfm) for every 30 ft
(9.1 m). Fans should be angled downwards.

Shade should be provided to the cows. Misters
are also helpful for enhancing evaporative cool-
ing. Table 1 shows the effect of water cooling on
milk yield in cows and buffaloes during summer.
In a study, it was found that when cows in early
lactation were provided with mist and fan cool-
ing system during hot—dry and hot-humid sea-
sons from 11.00 A.M. to 4 P.M., the milk yield
was significantly increased (Aggarwal 2004;
Figs. 1 and 2). Various methods for cooling
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cows and buffaloes during heat stress have been
discussed in Chap. 7.

12.1 Nutritional Management

to Reduce Heat Stress

There are several key areas related to nutritional
management which should be considered while
feeding in hot weather.

12.1.1 Water Intake

Water is the most important nutrient for the live-
stock species. Water intake is closely related to
DMI and milk yield of cows, but minimum tem-
perature was the second variable to enter a step-
wise regression equation after DMI, indicating
the influence of ambient temperature on water
consumption (Murphy et al. 1983). Water intake
has been observed to increase by 1.2 kg/°C
increase in minimum ambient temperature. Intake
of dry matter declines during heat stress; there-
fore, nutrient density of the diet must be increased

in order to increase dietary proteins in relation to
requirements, but there is an energetic cost asso-
ciated with feeding excess proteins. Excess nitro-
gen above requirements reduces metabolisable
energy by 7.2 kcal/g of nitrogen (Tyrrell et al.
1970). Feeding 19 and 23% crude protein diets
reduced milk yield by over 1.4 kg (Danfaer et al.
1980), and the energy cost associated with syn-
thesising and excreting urea accounted for the
reduced milk yield (Oldham 1984). Dietary
protein degradability is critical under heat stress
conditions. As diets with low (31.2% of CP) and
high (39.2% of CP) rumen undegradable protein
fed during hot weather had no effect on DMI,
however, milk yield increased (Belibasakis et al.
1995). Cooling the cow may affect the response
of the cow to protein supplementation. Although
the interaction of protein quality and environment
is not significant, the greater response to high
quality protein for cows in the cooled environ-
ment was attributed to the reduced amount of
protein metabolised for energy reduced, and less
energy was used in converting NH, to urea. When
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cows are subject to hot weather conditions, rumen
degradable protein (RDP) should not exceed 61%
of dietary CP, and total protein should not exceed
NRC recommendations by greater than 100 g N/
day (Huber et al. 1994). One hundred grams N is
equivalent to about 3.1% CP in the diet, assuming
20 kg DMI/day. High dietary lysine (241 g/day,
1% of DM) increased milk yield by 3 kg over
diets containing 137 g/day lysine (0.6% of DM)
(Huber et al. 1994).

Metabolic heat production, though advanta-
geous during cold weather, is a liability during
hot weather due to the difficulty in maintaining
body heat balance. Heat production for a 600-kg
cow yielding 40 kg of 4% fat milk amounted to
31.1% of consumed energy, which was second to
faecal energy losses of 35.3% (Coppock 1985).
While maintenance was responsible for 23.5% of
the heat produced, greater milk yield also
increases heat production. Cows at high (31.6 kg/
day) and medium (18.5 kg/day) milk yield had
48.5 and 27.3% greater heat production than dry
cows (Purwanto et al. 1990). Use of some dietary
ingredients may contribute less to heat increment
of the diet, thus reducing total heat production of
the cow. Lower efficiency for use of acetate may
account for the low net energy of high-fibre feeds
(Moe 1981) and supports the feeding of low-fibre
diets during hot weather.

Particularly, chronic heat exposure of 6- and
12-month-old buffalo calves was accompanied
with highly significant (P<0.01) increases in
total water intake (28.5 and 48.3%), total body
water (TBW) content (8. 5 and 9.6%), free water
intake (25.2 and 56.4%), urine excretion (24.8
and 108.0%) and evaporative water loss (51.2
and 69.4%). Significant respective decreases
were recorded in 6- and 12-month-old buffalo
calves in metabolic (which is derived from oxida-
tion of fats, carbohydrates and proteins) (20.8
and 16.8%) and faecal water excretion (36.4 and
8.5%). Dietary water intake decreased (16.3%)
due to chronic heat exposure in 12-month-old
calves (Nessim 2004).

The consumed water may replace the lost TBS
by heat stress, since it was found that a net total
body solids loss of 10 kg, in 3 days of elevated
heat exposure, was replaced by extra body water
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retained during these 3 days without a significant
change in body weight, in cattle (Kamal and
Johnson 1971). Ambient relative humidity
showed no significant effect on water consump-
tion in cattle (Mullick 1964). However, Mishra
et al. (1963) showed that a drop in dietary water
intake occurred as ambient temperature increases
in buffalo cows. Particularly, a significant posi-
tive correlation between temperature and water
consumption and nonsignificant negative corre-
lation between relative humidity and water con-
sumption were found when temperature was held
constant in lactating and non-lactating dairy cows
(Harbin et al. 1958). Concerning the mechanisms
underlying water intake, water intake at low or
high ambient temperature was blocked when
urine excretion was inhibited by ADH adminis-
tration in cows. This indicates that water reten-
tion caused by ceasing urination might block
thirst (Kamal et al. 1959).

The drinking behaviour of the high-producing
cows increased compared to the low-producing
dairy cows, for which two factors were involved.
The first one is the higher milk yield, and the
other is hot environment since the high milk
yielding cows had faster dehydration rates by
increased sweating and respiratory water loss as
compared to low yielders (Berman et al. 1985)
during summer. The higher drinking behaviour of
the high-producing cows is consistent with the
notion that high-producing cows try to overcome
effects of the high temperature of summer. Water
requirement by animal is highly influenced by
demands to maintain homeothermy during heat
stress (Beede and Collier 1986).

12.1.2 Rumen Health

The heat-stressed cows are prone to rumen acido-
sis, and many of the lasting effects of warm
weather (laminitis, low milk fats, etc.) are proba-
bly related to a low rumen pH during the summer.
Therefore, adequate care should be taken when
feeding hot rations during the summer months.
In addition, obviously fibre quality is important
all the time, but it is paramount during the summer
as it has some buffering capacity and stimulates
saliva production. Dietary HCO*  may be a valu-
able tool to maintain a healthy rumen pH.
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12.1.3 Energy

The most limiting nutrient for lactating dairy
cows during summer is usually energy intake,
and a common approach to increase energy den-
sity is to reduce forage and increase concentrate
content of the ration. However, increasing con-
centrates to greater than 55-60% of the diet dry
matter is risky and can result in depressed milk
fat content, acidosis, cows going off feed, lamini-
tis and reduced efficiency of nutrient use. High-
fibre diets increase heat production, but addition
of oil cakes helps in reducing heat stress and
improves efficiency of milk production. While
heat increment is a consideration for high-fibre
diets, total intake has a much greater impact on
metabolic heat production by the animal. Growing
heifers fed pelleted rations containing 75% alfalfa
or 25% alfalfa produced 48.8 and 45.5 MJ/day of
heat (Reynolds et al. 1991), but heat production
for low and high intake heifers (4.2 and 7.1 kg/
day DMI) was 38.2 and 56.1 MJ/day. Therefore,
intake has a substantial effect on heat production
and must be considered in formulating an
effective nutritional and environmental man-
agement programme under tropical and
subtropical conditions. Intake normally declines
for high-fibre diets, and West et al. (1999)
demonstrated that the DMI decline for diets with
a range of NDF concentration from 27 to 35%
was less severe with increasing NDF during
hot weather. The total DMI was less during hot
weather and suggests that the less severe decline
in hot weather was due to lower intake and not
higher NDF content.

Added dietary fat is an excellent way to
increase energy content of the diet, especially
during summer when feed intake is depressed.
Fat is high in energy (about 2.25 times as much as
carbohydrate), does not add starch to the diet
(minimising rumen acidosis) and may reduce
heat load in summer. Added dietary fat often
boosts milk fat test a point or two. Addition of
rumen-protected fat is a good option to increase
energy of the ration. One rule of thumb when
high fat addition is required is that 1/3 comes
from natural feed ingredients, 1/3 comes from
oilseeds and 1/3 comes from rumen bypass fats.
Despite the fact that heat-stressed cows limitedly
oxidise body reserves for energy, feeding dietary
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fat is probably an effective strategy of providing
extra energy. Compared to starch and fibre, fat
has a much lower heat increment (Van Soest
1982); thus, it can provide energy without a nega-
tive thermal side effect and prove to be a strategy
to deal with heat stress. Maximising rumen
production of glucose precursors (i.e. propionate)
is also an effective strategy to maintain milk
production of cows under tropical conditions.
Rumen microbes suffer under acidic conditions.
The cells of the cow’s body also have trouble
when they encounter too much acid. Acids change
enzyme activities and affect the structure of
molecules.

12.1.4 Dietary DCAD

Bovines utilise potassium (K+) as their pri-
mary osmotic regulator of water secretion from
their sweat glands, and as a consequence, K+
requirements of cows are increased (1.4—1.6%
of DM) during the summer. In addition, dietary
levels of sodium (Na+) and magnesium (Mg+)
should be increased as they compete with K+
for intestinal absorption (West 2002). The loss
of potassium increases blood acidity. It has
been found that blood pH can be increased by
increasing the dietary cation—anion difference
(DCAD). This is the difference between the
amounts of positively charged cations (espe-
cially sodium and potassium) in the diet and
the negatively charged anions (especially chlo-
ride and sulphur) in the diet. Raising DCAD
increases the ability of the cow’s blood to buf-
fer acids, and this raises blood pH (decreasing
acidity).

Researchers have found positive milk produc-
tion responses when they have raised DCAD to
35-45 meq/100 g DM. Generally, 1.6-1.8%
dietary potassium, 0.34-0.45 kg of added buffer
and 0.40% sodium are required to significantly
increase DCAD. Chloride levels also need to be
controlled (0.40%). Therefore, potassium car-
bonate should be used rather than potassium
chloride.

Feeding diets that have a high dietary cat-
ion—anion difference (DCAD) improved DMI
and milk yield (Tucker et al. 1988; West et al.
1991). Addition of DCAD in the diet of cattle
during heat stress conditions improves DMI.
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This suggests that the DCAD equation is more
significant than the individual element concen-
trations. Having a negative DCAD during the
dry period and a positive DCAD during lacta-
tion is a good strategy to maintain health and
maximise production (Block 1994). Keeping
the DCAD at a healthy lactating level (~ +20 to
+30 meq/100 g DM) remains a good strategy
during the warm summer months (Wildman
et al. 2007).

12.1.5 Feed Intake

Feed consumption depression is the most impor-
tant reaction to exposure to elevated temperature
in tropical and subtropical conditions (Marai
et al. 1994, 2002). Under heat stress conditions,
as the quantity of consumed nutrients declines,
dry matter (DM) intake including crude protein
declines, and a negative nitrogen balance may
occur (West 1999). DM digestibility and protein/
energy ratio were also found to decrease in heat
stress conditions (Moss 1993). Animals in a
highly productive state (high producers) have
feed intakes and metabolic rates that may be two
to four times higher than at maintenance (NRC
1989). Heat stress in such high-producing lactat-
ing dairy cows results in reductions in roughage
intake and rumination (Collier et al. 1982). The
reduction in appetite under heat stress is a result
of elevated body temperature and may be related
to gut fill (Silanikove 1992). Decreased roughage
intake contributes to decreased VFA production
and may lead to alterations in the ratio of acetate
and propionate. In addition, rumen pH is
depressed during heat stress (Collier et al. 1982).
However, ruminants well adapted to hot environ-
ments are able to maintain their feed intake under
heat stress at near maintenance or during moder-
ate growth (Brosh et al. 1988). In chamber exper-
iments, heat-stressed cows changed their feeding
pattern and ate when temperatures were cooler
(Schneider et al. 1988). In temperature stress
experiments with lactating cows, the major
decrease in milk production at high ambient tem-
peratures is a result of reduced feed intake
(Wayman et al. 1962). Using rumen-fistulated
lactating cows, Wayman et al. (1962) demon-
strated that the drop in milk production due to
heat stress could be reduced by placing feed
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rejected due to thermal stress directly into the
rumen. A decrease in the efficiency of energy
utilisation for milk production when cows were
under heat stress was reported. In lactating
Murrah buffaloes, digestibility coefficient values
for each of DM and crude protein were signifi-
cantly lower in summer (43.0 and 50.50+0.7,
respectively) than in winter (68.31 and 66.83 +
0.05, respectively) (Verma et al. 2000). Digestion
and metabolism of non-pregnant female buffa-
loes declined when exposed for 2-3 h to solar
radiation at air temperature of 42°C (Zhengkang
et al. 1994). Nitrogen retention decreased signifi-
cantly under heat stress conditions (35°C) when
compared with the comfort conditions (10°C) in
Jersey, Brown Swiss and Holstein heifers. The
percentage decline ranged between 25.4 and 49.0
(Kamal et al. 1962). In Holstein breed, the nitro-
gen balance was positive in calves and negative
in cows (Kamal et al. 1970).

13 Effect of Heat Stress on Milk

Production in Buffaloes

It has been observed that there are large seasonal
variations in breeding and calving in buffaloes in
most of the buffalo milk-producing countries of
Asia (Ganguli 1981). In India and Pakistan, 80%
of the buffaloes calve during June and December
causing a decline in milk production in the
summer months. However, others have suggested
that heat stress and shortage of green fodder in
summer can decrease milk production. A dark
body, lesser density of sweat glands and thick
epidermis make it difficult for the buffaloes to
flourish in extreme hot sunny and dry conditions.
Buffaloes have developed survival mechanisms
to seek water for immersion in these conditions.
The buffaloes’ milk production and reproductive
efficiency are strongly affected, when exposed to
extreme summer or winter (Sastry 1983).

13.1 MilkYield and Its Constituents

13.1.1 Milk Yield
Differences in the physiological responses of
cattle due to the form and duration of heat



70

Heat Stress and Milk Production

—a— Control —e— Experimental —a—

-
o
|
1

Milk yield (kg/day)
N W kA 00O N 00 ©

—_
I
T

45
44
43
42
41

W W H
[e¢] © o
(oo) ainjeladwa} WNWIXep

w
J

0 f f f f
11.5.08 145 175 205

235 26.5

w
[&]

2905 1.6 4.6 7.6

Days of experiment

Fig. 3 Milk yield of buffaloes of control group (kept under showers) and experimental group (kept in a water tank)

during hot—dry season

stress have been reported, and reflection of such
responses has also been noted in productive (and
reproductive) performance traits. Season of cal-
ving affected significantly milk yield in Indian
(Roy Chaudhury and Deskmuykh 1975) and
Egyptian buffaloes (Mourad 1978; Mohamed
2000; Marai et al. 2009). The highest milk yield
was recorded during spring and winter (by cal-
ving during the mild period) and the lowest in
summer (by calving during the hot period), in
Egyptian buffaloes (El-Khaschab et al. 1984).
Some studies have shown no significant effect of
season of calving on milk yield in Egyptian buf-
faloes (Alim 1967; Marai and Habeeb 2010). The
insignificant difference in total milk yield due to
season of calving may be an evidence for the
availability of adequate managerial conditions all
year round. Decline in milk yield as a direct result
of high environmental temperatures had been
reported by many authors (Thatcher 1974;
Johnson 1976; Marai et al. 2009). Between 20°C
(18.2 kg) and 35°C (16.7 kg), the reduction in
milk yield was estimated to be 9%. Particularly,
the rise in temperature averages by 1.6, 3.2 and
8.8°C above normal (21°C); results in the
decrease in daily milk yield average by 4.5, 6.8
and 14%, respectively. On the other side, the
decline in the daily temperature by 7°C below

normal resulted in an increase in daily milk yield
by 6.5% in dairy cattle (Petkov 1971). At 30°C,
the high- and low-producing animals showed a
mean reduction of 2.0 and 0.65 kg/day, respec-
tively (Vanjonack and Johnson 1975). In a study,
two cooling methods, namely, water showers and
wallowing, were compared. Milk yield of Murrah
Buffaloes was found to be significantly higher in
buffaloes which were allowed to wallow during
hot—dry (Fig. 3) and during hot-humid (Fig. 4)
seasons as compared to the buffaloes kept under
showers. The results indicated more beneficial
effects of wallowing than water showers during
heat stress (Anjali and Singh 2008).

13.1.2 Milk Constituents

Milk constituents are greatly affected by hyper-
thermia. In lactating Holstein cows transferred
from an air temperature of 18-30°C, milk fat,
solids-not-fat and milk protein percentages
decreased with 39.7, 18.9 and 16.9%, respec-
tively (McDowell et al. 1976). Friesian cows
maintained under 38°C showed lower averages
of total solids, fat, protein, ash and lactose yields
than when the same animals were maintained
under thermoneutral environmental temperatures.
The reduction percentages were 28, 27, 7, 22.7
and 30, respectively (Habeeb et al. 1989). Similar
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reduction values in milk constituents were
reported by Habeeb et al. (1993, 1996), Yousef
etal. (1996) and Marai et al. (1997a,b). Rodriguez
et al. (1985) demonstrated that fat and protein
percentages declined between 8 and 37°C and
protein to fat ratio decreased at temperatures
above 29°C, while chloride content increased
above 21°C, in Friesian cows. Averages of phos-
phorus and magnesium values were also found to
be less in summer. Citric acid and calcium con-
tents decreased during early lactation, while
potassium decreased in all lactation stages at high
temperatures (Kamal et al. 1962). The decrease
in milk yield and milk constituents of dairy cattle
is a result to the depression in feed consumption
which is the most important reaction to heat
exposure. In a comparative study, one group of
buffaloes were kept under water showers, and the
other group of buffaloes were kept in a wallowing
pond. The results indicated that in wallowing group
of buffaloes, the fat, protein and lactose content
of milk was significantly improved as compared
to showers group (Aggarwal and Singh 2006).

13.2 Comparison Between

Buffaloes and Cattle

The wide distribution of buffaloes in the world
indicates that buffaloes are more adaptable than

cattle to a large range of the environmental condi-
tions. Buffalo productivity surpassed that of cattle,
with males reaching 400 kg in 30 months on a
diet of native grasses. Buffaloes are less affected
by high humidity as compared to cattle if they are
provided with shade or wallows are available. In
Southern Brazil, comparison between buffaloes
and cattle on subtropical riverine plains has
also favoured the buffaloes. Buffaloes’ adaptabi-
lity to the subtropical environment of Egypt was
found to be better than for Friesians. The esti-
mated values of adaptability were 89.1 and 82.9%
for buffaloes and Friesians, respectively (Marai
et al. 2009).

14 Conclusions

Summer heat stress negatively impacts ruminant
(especially dairy animals) performance in most
areas of the world. The severity of heat stress
issues will become more of a problem in the
future as global warming progresses, and genetic
selection for milk yield continues. Heat stress
reduces milk production in cows with high
genetic merit for milk production. Strategies to
alleviate metabolic and environmental heat loads
in early lactation need to be researched and deve-
loped. The heat-stressed lactating dairy cow has
an extra need for glucose (due to its preferential
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oxidisation by extra mammary tissue). Therefore,
any dietary component that increases propionate
production (the primary precursor to hepatic
glucose production), without reducing rumen
pH, will probably increase milk yield. In addition,
reducing systemic insulin sensitivity will increase
glucose availability to the mammary and thus also
probably increase milk yield. Feeding of rumen-
protected fats and proteins are among other endea-
vours to reduce metabolic heat production and
supply the correct profile of nutrients to high-pro-
ducing cows in early lactation. An adequate sup-
ply of nutrients must also include well-balanced
mixture of dietary minerals, especially of Na, K,
Cland SO,*. These play a pivotal role in the ther-
mal physiology of the cow. Milk production per
cow has increased over threefold during last 50
years in response to advances in animal nutrition,
in technology and in biotechnology as well as
genetic progress for milk production. Using
these facts as a basis, it is apparent that genetic
selection and other variables enhancing milk pro-
duction may have resulted in adjustments in fac-
tors important to lactation and nutritional
physiology of the dairy cow. One such factor,
important especially in hot environments, is the
thermoregulatory ability and capacity of cows. It
is important to quantify thermoregulatory capa-
bilities and the physiological effects of heat stress
on high-producing cows in modern dairies. Such
empirical data are prerequisites for improving
nutrition, fine tuning nutrient supply and adjust-
ing the management of high merit cows so that
they can express theirtrue genetic potential for
milk production. Determination that adaptation
of animals to thermal stress is a homeorhetic
process under endocrine control opens new
opportunities to use endocrine regulation as
means of improving thermal tolerance. Substantial
efforts are underway to identify specific genes
associated with tolerance and sensitivity to ther-
mal stress. Additional work is needed to reduce
energy costs of housing and cooling animals dur-
ing thermal stress. Accurately identifying heat-
stressed cows and understanding the biological
mechanism(s) by which thermal stress reduces
milk synthesis and reproductive indices is critical
for developing novel approaches (i.e. genetic,
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managerial and nutritional) to maintain produc-
tion or minimise the reduction in dairy cow pro-
ductivity during stressful summer months.
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associated with lower circulating concentrations
of inhibin. The neuroendocrine mechanisms
controlling gonadotrophin secretion are more
sensitive to heat stress particularly in animals
with low concentrations of plasma oestradiol.
Environmental temperature and humidity 2 days
prior to insemination is critical for conception
than at any other phase of the reproductive
cycle. A rise in rectal temperature diverts
blood from the visceral organs to the peripheral
circulation due to redistribution of blood to
alleviate heat, which could reduce perfusion of
nutrients and hormones to the endometrial
and oviductal tissues affecting reproductive
functions. In terms of steroid production, the
thecal cells are more susceptible than granu-
losa cells to heat stress and express a delayed
effect of heat stress in both medium-sized
and preovulatory follicles. A rise in testicular
temperature in bulls similar to other mammals
with external testes leads to reduced sperm
output, decreased sperm motility and an
increased proportion of morphologically
abnormal spermatozoa in the ejaculate. X and
Y spermatozoa are affected differentially by
high temperature. The plasma concentrations
of insulin, IGF-I and glucose are low in summer
months compared to winter months () probably
because of low dry matter intake and increased
negative energy balance. Insulin is required for
the development of follicles and has beneficial
effects on oocyte quality. Genetic selection for
heat adaptability, both natural and artificial, is
likely to modulate the impact of heat stress on
reproductive functions, and therefore, genetic
selection for thermal tolerance may be a neces-
sity under climate change conditions.

1 Introduction

Heat stress in livestock drives their body tem-
perature above set-point temperature leading to
disruptions in reproductive functions. Two
homeokinetic mechanisms are involved in body
temperature homeostasis compromising repro-
ductive functions. First, the redistribution of

Heat Stress and Reproduction

blood flow occurs from the body core to the
periphery in order to increase sensible heat loss;
other homeokinetic homeothermic or thermo-
regulatory control mechanism leads to reduced
voluntary feed intake during heat stress.

A low feed intake that occurs in order to
reduce metabolic heat production leads to changes
in energy balance and nutrient availability affec-
ting reproductive cyclicity, pregnancy and fetal
development. Other reproduction process that
may be disrupted in heat-stressed livestock is
homeokinetic related to gonadal functions due to
impact on hormone synthesis.

Heat stress induces several physiological and
biochemical changes in body functions and nega-
tively affects milk production and reproductive
efficiency of both male and female animals. High
ambient temperature during summer has been
observed to negatively impact breeding efficiency
and drastically reduce conception rate and
increase embryonic loss (Gwazdauskas et al.
1981; Hansen 2005). Berman et al. (1985) has
concluded that thermoregulatory ability in the
face of heat stress as a result of selection for milk
production in high-producing cows magnifies the
seasonal depression in fertility due to heat stress.

2 The Effect of Heat Stress
on Reproductive Functions

Under intensive and extensive livestock manage-
ment system, only productive or likely to be pro-
ductive in near future gets preference. Lactating
and pregnant animals get adequate protection and
care, and other animals like dry pregnant cows
are neglected or provided little protection from
heat stress. In fact, during early pregnancy,
neglect or limited attention predisposes them to
additional stressors due to abrupt physiological
changes, and any nutritional insufficiency and
environmental changes make them vulnerable.
These factors also increase the susceptibility of
pregnant cows to heat stress and have a critical
influence on fetal and dam’s postpartum health and
productive performance. Therefore, protection
from heat stress during dry period is particularly
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important for a high-producing cow as it involves
mammary gland involution and subsequent
development, rapid fetal growth and induction of
lactation.

Higher incidence of silent heat and anoestrus
is one of the main problems in cows and buffa-
loes during summer or on exposure to high ambi-
ent temperatures. Heat stress compromises oocyte
growth in cows by altering progesterone, lutein-
ising hormone and follicle-stimulating hormone
secretions during the oestrus cycle (Ronchi et al.
2001) as well as impairing embryo development
and increasing embryo mortality (Wolfenson
et al. 2000).

Heat stress reduces fertility of dairy cows in
summer, and cows poorly express oestrus due to
a decline in oestradiol secretion from a dominant
follicle developed in a low luteinising hormone
environment (De Rensis and Scaramuzzi 2003).
There are two pathways by which heat stress
leads to infertility in cows. The first is a direct
effect of hyperthermia on the reproductive axis.
The second is an indirect effect of heat stress on
appetite and dry matter intake, both of which are
reduced by heat stress. As a result, animal comes
under negative energy balance especially during
early lactation and produces lower blood levels
of hormones insulin, leptin and IGF-1; however,
GH and NEFA increase. These changes in
metabolic profile acting via hypothalamic—
hypophyseal axis result in decreased GnRH and
LH secretion which leads to reduced oestradiol
by dominant follicle; therefore, poor oestrus
detection and ovulatory failure may result
(Fig. 1). Heat stress also affects the secretion of
thyrotrophic  (thyroxine) and adrenocorti-
cotrophic (cortisol) and adrenomedullary hor-
mones (adrenaline). These may potentially impair
fertility (De Rensis and Scaramuzzi 2003). A
drop of about 20% in conception rates (Lucy
2002) or decrease in 90-day nonreturn rate to the
first service in lactating dairy cows (Al-Katanani
et al. 1999) occurs in summer. The thermal stress
also increases calving interval; the birth rate is
lower, and milk yield per lactation is reduced.
Heat stress during pregnancy slows down growth
of the fetus, although active mechanisms attenu-

ate excursions in fetal body temperature when
cow is thermally stressed. In heat-stressed cows,
there is reduced duration and intensity of oestrus
(Younas et al. 1993) or remain unchanged (Howell
et al. 1994). During summer, motor activity and
other behavioural manifestations of oestrus have
been reported to decline (Hansen 1997), and the
incidence of anoestrus and silent ovulation is
increased. These effects lead to a reduced number
of mounts in hot season compared to cold season
(Pennington et al. 1985) leading to poor detection
of oestrus. Holstein cows during summer have
been reported to mount on an average 4.5 mounts
per oestrus versus 8.6 per oestrus in winter (Nebel
et al. 1997). Therefore, in hot climates, there is a
reduction in the number of inseminations and an
increase in the proportion of inseminations that
may not result in pregnancy.

3 The Effect of Heat Stress on the
Hypothalamic-Hypophyseal
Ovarian Axis

The main factors regulating ovarian activity are
gonadotrophin-releasing hormone from the hypo-
thalamus and the gonadotrophins, luteinising
hormone (LH) and follicle-stimulating hormone
(FSH) from the anterior pituitary gland. The
effects of heat stress on these hormones and their
concentrations in peripheral blood may be
observed to be inconsistent due to variable rea-
sons related to physiology and state of health of
the animal. The levels remain unaltered (Gauthier
1986) while others report increase in concentra-
tions (Roman-Ponce et al. 1981), and some report
a decline in concentrations (Gilad et al. 1993;
Lee 1993) due to heat stress. The LH secretion in
heat-stressed cows has a low intensity in LH
pulse amplitude (Gilad et al. 1993) and LH pulse
frequency (Wise et al. 1988). The effects of heat
stress on the preovulatory surge of LH are simi-
larly inconsistent; a reduction of the endogenous
LH surge was reported in heifers (Madan and
Johnson 1973) but not in cows (Gauthier 1986;
Rosemberg et al. 1982). These differences in
LH surge during heat stress have been attributed
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Fig. 1 Two pathways showing the effect of heat stress on reproductive performance

to preovulatory oestradiol levels because the
amplitude of tonic LH pulses and GnRH-induced
preovulatory plasma LH surges are decreased in
cows with low plasma concentrations of oestra-
diol but not in cows with high plasma concen-
trations of oestradiol (Gilad et al. 1993). Plasma
inhibin concentrations in summer are lower in
cows under heat stress (Wolfenson et al. 1995) and
in cyclic buffaloes (Palta et al. 1997), reflecting
reduced folliculogenesis since a significant pro-
portion of plasma inhibin comes from small- and
medium-sized follicles. Concentrations of plasma
FSH are higher during the preovulatory period
in summer, and this was associated with lower
circulating concentrations of inhibin (Ingraham
et al. 1974). However, a reduced FSH response

in heat-stressed compared to control cows was
observed after administration of a GnRH
analogue (Gilad et al. 1993).

Because decreased LH levels have been
reported in most studies under heat stress, the
dominant follicle develops in an environment of
low LH, and this results in reduced oestradiol
secretion from the dominant follicle leading to
poor expression of oestrus. FSH is increased
due to heat stress, and this in turn decreases
plasma inhibin production by follicles. FSH
increases during summer and appears insuffi-
cient to overcome the effect of low LH concen-
trations and therefore a reduced availability
of androgen precursors for oestradiol synthesis
(Roth et al. 2000).



3 The Effect of Heat Stress on the Hypothalamic-Hypophyseal Ovarian Axis 83

Plasma oestradiol concentrations are affected
by heat stress in dairy cows (Wolfenson et al. 1995;
Wilson et al. 1998), and effects may be consistent
with decreased concentrations of LH and reduced
dominance of the selected follicle. Similarly, the
effect of heat stress on plasma progesterone con-
centration is unequivocal and controversial.
Wilson et al. (1998) found that heat stress had no
effect on the plasma progesterone concentrations
but that luteolysis was delayed. However, other
studies have reported increased progesterone
concentrations (Trout et al. 1998; Abilay et al.
1975; Vaught et al. 1977), decreased progester-
one concentrations (Ronchietal. 2001; Rosenberg
et al. 1977; Jonsson et al. 1997) or concentration
remain unchanged (Roth et al. 2000; Guzeloglu
et al. 2001) during heat stress in dairy cows.
These differences probably arise because of
uncontrolled changes in other factors that affect
blood progesterone concentrations. Several fac-
tors like the type and magnitude of heat stress
(i.e. acute or chronic) and differences in dry matter
intake independently affect blood progesterone
concentrations. Plasma progesterone concentra-
tions are determined by the differences between
the rate of luteal production and the rate of hepatic
metabolism, and both of these are also affected
by changes in dry matter intake. Low plasma pro-
gesterone concentrations during the luteal phase
of the preconception oestrous cycle can compro-
mise follicular development leading to abnormal
oocyte maturation and early embryonic death
(Ahmad et al. 1995). During the conception
cycle, low progesterone concentrations lead to
the failure of implantation (Mann et al. 1999;
Lamming and Royal 2001). In the conception
cycle, the effect of progesterone has been proba-
bly related to the need for synchronous develop-
ment of the embryo and delayed or advanced
development of the corpus luteum leading to
higher rates of implantation failure (Lamming
and Royal 2001). The pattern of the postovula-
tory rise in progesterone has been reported to be
associated with fertility (Darwash et al. 1999).

Cows producing high milk production often
have high dry matter intake (Staples et al. 1990;
Hommeida et al. 2004) and low circulating

progesterone concentrations in lactating
(Hommeida et al. 2004). Acute feeding reduced
circulating progesterone by 25% in pregnant
cows (Vasconcelos et al. 2003). Lucy et al. (1998)
found that circulating progesterone was lower in
cattle genetically selected for high milk produc-
tion. Sangsritavong et al. (2002) demonstrated
that lactating cows have a much greater steroid
metabolism than non-lactating cows. As a result,
lactating cows may have larger luteal tissue vol-
ume on the ovary (Sartori et al. 2002, 2004) yet
have lower circulating progesterone and oestra-
diol concentrations than heifers and dry cows
(Wolfenson et al. 2004). Low progesterone secre-
tion compromises fertility in dairy cattle (Mann
and Lamming 1999), and an increase in proges-
terone secretion may facilitate embryonic devel-
opment. Progesterone provides nourishment for
the conceptus via induction of secretion of pro-
teins and other molecules from the endometrium
(Garrett et al. 1988). Low peripheral concentra-
tions of progesterone are also associated with
increased luteinising hormone (LH) pulses
(Ireland and Roche 1982) that can stimulate lute-
olytic signals in favour of pregnancy failure.
Skarzynski and Okuda (1999) reported that block-
ing the progesterone receptor with a progesterone
antagonist (onapristone) increased prostaglandin
F2a (PGF2a)) production by bovine luteal cells
harvested from mid-cycle corpora lutea (CL)
(Days 8-12). Also, it was revealed that the bovine
corpus luteum (CL) does not undergo apoptosis
until progesterone production has declined
(Juengel et al. 1993; Rueda et al. 1995).

Increased corticosteroid secretion inhibits
GnRH and thus LH secretion (Gilad et al. 1993).
The high concentrations of oestradiol can counter-
act the effect of heat stress, or alternatively, the
neuroendocrine mechanism controlling gonado-
trophin secretion is more sensitive to heat stress
particularly in animals having low concentrations
of plasma oestradiol. Heat stress also impairs ovar-
ian functions directly to decrease its sensitivity to
gonadotrophin stimulation (Wolfenson et al.
1997). The alteration in the secretory activity of
the follicle and the corpus luteum to heat stress
may influence fertility in cows and buffaloes.
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Females raised at temperatures between 31 and
33.5°C and 60% of humidity had lower oestra-
diol in the follicular phase of the cycle and small
size of the growing and ovulatory follicles. The
length of the luteal phase in heat-stressed cows
has been observed to be longer than in females
kept in thermoneutral environment. The uterus
secreted less PGF2a because of the reduction in
oestradiol synthesis and/or because high temper-
atures can interfere with the release of PGF2a by
endometrial cells (Malayer et al. 1990). The uter-
ine endometrium must be ‘primed’ by oestradiol
to produce enough prostaglandin and trigger lute-
olysis (Silvia et al. 1991). Thermal stress alters
the concentrations of FSH and inhibin (Badinga
et al. 1994; Roth et al. 2000; Wolfenson et al.
1997; Palta et al. 1997) and corpus luteum func-
tion (Wilson et al. 1998), as well as decreases the
fluid content of follicles (Badinga et al. 1993).
High temperatures reduce the number of granu-
losa cells and aromatase activity and secretion of
androstenedione by theca cells (Wolfenson et al.
1997). Ambient conditions influence oocytes and
embryo quality. Oocytes exposed to high tem-
peratures in between the onset of oestrous and
insemination produce less number of viable
embryos (Putney et al. 1989a). Environmental
temperature and humidity 2 days before insemi-
nation is critical for conception rates than at any
other phase of the cycle, including the period
from breeding to 2 days after breeding (Ingraham
et al. 1974). A rise in rectal temperature shifts
blood flow from the visceral organs to the periph-
eral circulation and this could reduce perfusion
of nutrients, and hormones to the early stages of
embryo development (8- to 16-cell stage) are
more susceptible to heat stress, but there is also a
high risk of embryonic loss at days 13 and 14 of
pregnancy (Biggers et al. 1987; Ryan et al. 1993).
Also, conceptuses cultured at high temperatures
have been observed to reduce the secretion of
interferon which impairs implantation and also
maintenance of corpus luteum (Putney et al.
1988). As a consequence of these effects, high
ambient temperatures on dairy cows have been
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observed to significantly influence their preg-
nancy rates. Studies on cows demonstrated that
pregnancy rates of cows and heifers were reduced
from 80 to 55% (after three inseminations) when
the daily maximum temperature increased above
27°C (Orr et al. 1993). Both high and low tem-
perature affect oestrous expression, conception
rate and calving per cent. Both adapted and non-
adapted breeds experience depression in repro-
ductive traits due to thermal stress (Singh and
Mishra 1980).

4.1 Ovarian Follicle

The low summer fertility of about 60% of the
world dairy cattle population is associated with
high ambient temperatures. However, during the
autumn, when air temperatures decrease and
cows are no longer exposed to thermal stress,
conception rates remain lower than in the winter
(Hansen 1997) due to susceptibility of ovarian
follicles to heat stress (Badinga et al. 1993;
Wolfenson et al. 1995). Normally, it takes about
40-50 days for small antral follicles to develop
into large dominant follicles (Lussier et al. 1987).
Heat stress inhibits ovarian follicular development
leading to diminished reproductive efficiency of
domestic animals during summer.

Heat stress affects development of follicle
(Badinga et al. 1993; Wilson et al. 1998). The
duration of dominance of the preovulatory folli-
cle is increased in summer, and in beef heifers,
duration of dominance has been observed to be
negatively correlated with fertility (Mihm et al.
1994). More than one dominant follicle may
develop, and twinning may occur during summer
(Ryan and Boland 1991). Thus, both decrease in
follicular steroid secretion and increase twinning
rate have been observed under heat stress.

Oestradiol concentration in the follicular fluid
and androstenedione production by thecal cells
have been observed to be both lower in dominant
follicles collected in autumn than in those col-
lected in winter (Wolfenson et al. 1997). Effect of
heat stress on steroid production in bovine folli-
cles of medium size has been studied (Roth et al.
2001b), and a delayed effect of heat stress on
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steroid production and follicular characteristics
in both medium-sized and preovulatory follicles
has been related to the low fertility of cattle in
the autumn.

4.2  Steroid Production

The reduction in reproductive performance under
heat stress has been attributed to steroidogenic
capacity and its effects on oocyte function
(Roth et al. 2001b; Al-Katanani et al. 2002b;
Roth and Hansen 2004b). Under heat stress, low
oestradiol concentration in the follicular fluid of
dominant follicles involves reduced aromatase
activity in the granulosa cells (Badinga et al.
1993) and reduced androstenedione production
by theca cells (Wolfenson et al. 1997).

In terms of steroid production, the thecal cells
are more susceptible than granulosa cells to heat
stress and expressed a delayed effect of heat
stress in both classes of follicles. The consistent
decrease in androstenedione production in both
medium-sized and preovulatory follicles in pre-
viously heat-stressed cows has been correlated
with the decreased concentrations of androstene-
dione in their follicular fluid. The delayed heat
stress response on androstenedione production
by thecal cells indicates that the decrease in
androstenedione production by dominant folli-
cles is observed in the comfortable season like
that in autumn (Wolfenson et al. 1997). Decreased
oestradiol concentration in the follicular fluid
more likely occurred after exposure to long-term,
chronic (summer) heat stress than due to acute
heat stress. This response would be consistent
with the finding that after chronic summer heat
stress, an eight times decrease in androgen pro-
duction by thecal cells in the autumn was accom-
panied by a significant decrease in oestradiol
concentration in the follicular fluid (Wolfenson
et al. 1997).

Low progesterone has been reported to alter
ovarian follicular dynamics and persistence of
dominant follicles (Sirois and Fortune 1990) and
to induce changes in uterine morphology and
PGF, secretion (Shaham-Albalancy et al. 2001).
The situation has been aggravated because the
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achievement of a continuous rise in milk pro-
duction is associated with a gradual decline in
plasma progesterone concentration, consistent
with the negative relationship between milk pro-
duction and progesterone concentration (Lucy
and Crooker 1999). This relationship can proba-
bly be attributed to accelerated progesterone
metabolism in the liver (Parr et al. 1993) and/or
to decreased synthesis of the steroid. Decreased
progesterone production by the corpus luteum
under heat stress conditions could result from:
(a) A suboptimal luteinisation process during
hyperthermia
(b) Depressed progesterone synthesis at high
temperatures
(c) Heat-induced impairment of the ovulatory
follicle, of which the corpus luteum (CL) is
subsequently formed

Under chronic summer heat stress conditions,
progesterone production is markedly reduced in
luteinised theca cells and less so in luteinised
granulose cells. These seasonal effects of heat
stress are carried over from an impaired follicle
to an impaired CL. The decreased progesterone
production found in vitro corresponds well with
the mild but significant decrease in plasma pro-
gesterone during the summer. Alleviation of
thermal stress and cooling cows and buffaloes in
summer might help in restoring their normal CL
function and could contribute to the improvement
of fertility. Therefore, the need is to elevate
progesterone concentrations as the hormonal
strategy to increase the summer conception in
dairy cows (Wolfenson et al. 2000).

Information on increase in FSH preceding the
emergence of the follicular wave and the role it
plays in follicular wave turnover has been well
documented (Adams et al. 1992; Ginther et al.
1996). The increase in the number of medium-
sized follicles in heat-stressed cows most likely
occur as a result of the higher plasma FSH
increase that preceded the second follicular wave
(Gibbons et al. 1997). A lower plasma FSH surge
in heat-stressed cows has been observed (Gilad
et al. 1993). Inhibin is an important factor in the
regulation of FSH secretion (Findlay 1993;
Kaneko et al. 1993). An inverse relationship
between plasma FSH and immunoreactive inhibin
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concentrations was reported throughout the
oestrous cycle (Kaneko et al. 1995, 1997).
Granulosa cells of large follicles are known to be
the main source of plasma inhibin (Findlay 1993).
Decreased mRNA for inhibin subunits in the
early stages of follicular atresia has been observed
(Braw-Tal 1994). The changes in the forms of the
inhibin content in the follicular fluid during the
growth and regression phases of dominant folli-
cles have been observed (Guilbault et al. 1993).
Therefore, heat stress decreases plasma inhibin
concentration resulting in changes of granulosa
cell functions. A tendency for a decrease in
plasma inhibin concentration has been observed
in heat-stressed cows (Wolfenson et al. 1995) and
in buffalos during summer (Palta et al. 1997).
Inhibin and oestradiol secretion by the largest
follicle within a wave is thought to mediate the
inhibitory effect of the dominant follicle on FSH
secretion (Kaneko et al. 1991; Findlay 1993), and
a synergistic effect of inhibin and oestradiol anti-
serum on FSH secretion during the follicular
phase in cows has been reported (Kaneko et al.
1995). The high preovulatory FSH surge in heat-
stressed cows is synergistic to low secretion of
both oestradiol and inhibin. However, the low
plasma oestradiol and the high plasma FSH
concentrations in heat-stressed cows during the
follicular phase do not conclude about their role
in heat. Alterations in follicular dynamics during
heat stress in cows may have physiological
significance due to their role in the emergence of
the second follicular wave during heat stress
(Wolfenson et al. 1995). Heat stress has been
observed to induce ovulation of an aged domi-
nant follicle. A negative relationship between
duration of dominance of the preovulatory folli-
cle and fertility has been shown in spontaneously
cyclic cows (Bleach et al. 2004) and in experi-
mentally induced persistent dominant follicles
(Mihm et al. 1994; Austin et al. 1999). The
growth of more than one large follicle during the
first follicular wave (Wolfenson et al. 1995) and
during the follicular phase occurs due to a high
plasma FSH concentration in heat-stressed cows
and not necessarily due to a high pulsatile LH
secretion (Wise et al. 1988; Gilad et al. 1993).
The finding gets support from investigations of
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Adams et al. (1993) who showed that exogenous
FSH injection before increased the number of
ovulatory follicles. De Castro e Paula et al. (2008)
studied the effect of heat stress and follicle class
(high oestradiol and low oestradiol) on ovarian
follicular concentrations of oestradiol 17 J3, pro-
gesterone and follicular oxygen concentration.
They reported that oestradiol-17f3 concentration
was higher in the high oestradiol-17f class as
compared to cows in the low oestradiol-17f
group. In addition, progesterone concentration
was lower in the high oestradiol-17f class as
compared to cows in the low oestradiol-17(3
group. They did not find effect of heat stress or
follicle classxtreatment interaction on the con-
centration of oestradiol-173 or progesterone.
Follicular oxygen concentration ranged from 3.9
t0 9.2% and was not significantly affected by heat
stress.

4.3 The Oocyte

Heat stress affects oocyte development and its
functions. Lactating dairy cows are more sensi-
tive to heat stress, and oocyte competence for fer-
tilisation and subsequent development is reduced
during heat stress (Zeron et al. 2001; Al-Katanani
et al. 2002b; Sartori et al. 2002). High ambient
temperatures 10 days prior to oestrus were found
to be associated with low fertility (Al-Katanani
et al. 1999). Steroid production by cultured gran-
ulosa and thecal cells was low when cells were
obtained from cows exposed to heat stress 20-26
days previously (Roth et al. 2001a), that is, when
follicles were 0.5—1 mm in diameter. The resump-
tion of fertility observed in dairy cows in the
autumn could be hastened by removing follicles
formed in the summer (Roth et al. 2001b). In
goats, heat stress has also been found to reduce
plasma concentrations of oestradiol and decline
in follicular oestradiol concentration, aromatase
activity and LH receptor level and delay in ovula-
tion (Ozawa et al. 2005).

Effects of heat stress on follicular functions
involve changes in the follicle function or devel-
opment and/or the secretion of the pituitary
hormones involved for the development of the
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follicle. Heat stress at the time of ovulation and
oocyte maturation may or may not affect the
oocyte fertilisation in cows (Putney et al. 1989a)
and in mice (Baumgartner and Chrisman 1988;
Aroyo et al. 2007; Roth et al. 2008), but the ferti-
lised embryos are more likely to be affected and
likely to develop slowly or abnormally. In some
studies, the process of oocyte maturation has
been observed to be disrupted at elevated tem-
perature (Payton et al. 2004; Roth and Hansen
2005; Wang et al. 2009). Damage to the oocyte
during the preovulatory period by heat stress may
occur due to the generation of reactive oxygen
species, as both in vivo (Roth et al. 2008) and
in vitro (Lawrence et al. 2004) effects of heat
stress were found to be countered to some extent
when antioxidants were administered.

Apoptosis is critical to cell functions, and
thermal stress on the maturing oocyte in cattle
affects it. A fraction (approx. 15-30%) of oocytes
exposed to elevated temperature undergoes
apoptosis as determined by TUNEL labelling of
the pronucleus (Roth and Hansen 2004a, 2005;
Soto and Smith 2009). The effect of elevated
culture temperature on oocyte competence for
fertilisation and subsequent development was
reduced by inhibition of heat-shock-induced apop-
tosis with a caspase inhibitor (Roth and Hansen
2004a), sphingosine 1-phosphate (Roth and
Hansen 2004b, 2005) or a BH4 peptide (Soto and
Smith 2009).

4.4 Embryonic Development

The preimplantation embryos are susceptible
to maternal heat stress, but the susceptibility
declines as development proceeds. In cattle,
exposure of lactating cows to heat stress at day 1
after oestrus (2 cell embryo stage) reduced the
proportion of embryos that developed to the blas-
tocyst stage at day 8 after oestrus (Ealy et al.
1993). However, heat stress at day 3 (8—16 cells),
day 5 (morula) and day 7 (blastocysts) was
observed to have no effect on the proportion of
embryos that were blastocysts at day 8. A similar
pattern of development has also been reported in
sheep (Dutt 1964). The adverse effects of heat
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stress on in vitro cultured embryos of cows have
been observed to decline with the advancement
of stage or development (Edwards and Hansen
1997; Sakatani et al. 2004). However, sensitivity
to elevated temperatures of mouse embryos at the
two-cell, four-cell and morula stages of develop-
ment was observed to be almost similar, and no
significant differences were found (Aréchiga and
Hansen 1998).

The elevated temperature or heat stress on the
preimplantation embryos increased production of
reactive oxygen species. Maternal heat stress has
been observed to increase reactive oxygen species
activity in oviducts and embryos (Ozawa et al.
2002; Matsuzuka et al. 2005a) and reduced glu-
tathione content in recovered embryos (Ozawa
et al. 2002; Matsuzuka et al. 2005b). Embryonic
development during heat stress was observed to
reduce by treatment of female mice with either
melatonin (Matsuzuka et al. 2005b) or vitamin E
(Sakamoto et al. 2008). Female embryos were bet-
ter able to survive challenge of elevated tempera-
ture than male mice due to the reduced reactive
oxygen species production in females (Pe’rez-
Crespo et al. 2005). Increased reactive oxygen
species production in response to elevated tem-
perature was also reported in cattle (Sakatani et al.
2004, 2008), and treatment with the antioxidant
2-mercaptoethanol was found to alleviate the
negative effects of heat stress on embryonic
development (Sakatani et al. 2008); however, de
Castro e Paula and Hansen (2008) found no
effect of treatment on embryonic development.

As indicated earlier also, the heat response is
not uniform all throughout the stages of develop-
ment of embryos, and a decline occurs in response
with the stage of development. There could be
several reasons for the gain of resistance to
elevated temperature as embryo development
proceeds. Generation of reactive oxygen species
in response to heat shock declines as bovine
embryos advance in development (Sakatani et al.
2004), while intracellular concentrations of the
cytoplasmic antioxidant glutathione increase
(Lim et al. 1996). In addition, there is develop-
mental regulation in the capacity of the embryo
to undergo the induced thermotolerance
response, whereby exposure to a mild elevation
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in temperature makes cells more resistant to a
subsequent severe temperature elevation or makes
them refractory. This thermo-adaptive response
may not develop at an early stage or until day 4 in
cattle (Paula-Lopes and Hansen 2002a) and the
eight-cell stage in mice (Ar’echiga et al. 1995)
and varies in other animals like buffalo and goat.
Acquisition of the capacity for induced ther-
motolerance involves synthesis of heat-shock
protein 70 (HSP70) which helps stabilisation of
intracellular proteins and organelles, and apopto-
sis is inhibited (Brodsky and Chiosis 2006). High
temperature can induce HSPs as early as the two-
cell stage in cattle (Edwards and Hansen 1996)
and mice (Christians et al. 1997), that is, before
dividing fertilised cell acquire thermotolerance.
Therefore, other molecular mechanisms are most
likely involved in thermotolerance or adaptive
response of a fertilised cell in earlier stage of
development. Glutathione has been reported to
be required for induced thermotolerance in mice
(Ar’echiga et al. 1995), and changes in redox
status may be an important determinant of deve-
lopment of induced thermotolerance.

Inhibition of apoptosis in bovine embryos
with a caspase inhibitor has been observed to
increase the magnitude of the reduction in deve-
lopment caused by high temperature (Paula-Lopes
and Hansen 2002b). Thus, apoptosis, if limited to
the most damaged cells of the embryo, may allow
the embryo to continue to develop after thermal
challenge. In cattle, induction of apoptosis by
high temperature does not occur until the 8—16-
cell stage at day 4 after insemination (Paula-
Lopes and Hansen 2002a). Most of the effects of
thermal challenges that occur at the early stage of
development after fertilisation of ovum may not
occur due to direct impacts of heat, and some of
these effects of elevated temperature on embry-
onic survival in utero could be indirect results
due to the changes in maternal physiology rather
than a direct effect on the embryo.

4.5 Fetal Development

In large animals, heat stress affects fetal growth
during gestation. Exposure of pregnant ewes to
heat stress has been observed to reduce fetal and
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placental weights. The concentrations of placental
hormones in the blood are influenced, and effects
on growth are greater during mid-gestation than
that occurring during later gestation (Wallace
et al. 2005). Some effects of heat stress on pla-
cental function represent redistribution of blood
to the periphery and reduced perfusion of the
placental vascular bed (Alexander et al. 1987).
However, reduced perfusion to the placenta is not
the only reason of reduced fetal weights because
placental blood flow per gram of fetus was
similar between heat-stressed and control ewes
(Wallace et al. 2005). Perhaps more important is
an increase in vascular resistance in the placenta
(Galan et al. 2005) caused by alterations in angio-
genesis as reflected by aberrant patterns of
expression of genes such as vascular endothelial
growth factor, its receptors and placental growth
factor (Regnault et al. 2002). Heat stress has more
effects during mid-gestation than during late
gestation because angiogenesis is more extensive
during mid-gestation. Glucose transport capacity
across the placenta is also reduced by maternal
heat stress (Thureen et al. 1992), and this effect
involves reduced expression of GLUTS genes in
cotyledonary placenta (Limesand et al. 2004).
Similar effects of maternal heat stress on pla-
cental functions and fetal development have also
been observed in the cows (Collier et al. 1982).
Reduced secretion of placental hormones as a
result of heat stress may reduce milk yield in cows
(Collier et al. 1982; Wolfenson et al. 1988).

4.6 Uterine Environment

Heat stress reduces blood flow to the uterus, and
there is increase in uterine temperature which
may affect implantation and embryonic morta-
lity. These effects are likely to be associated with
the production of heat-shock proteins by the
endometrium during heat stress and reduced
production of interferon-tau by the conceptus.
Heat stress may affect endometrial prostaglandin
secretion leading to premature luteolysis and
embryonic loss (Malayer and Hansen 1990).
There are distinct breed differences between
Brahman and Holstein cows in endometrial
responses to culture at high temperature.
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The mammalian species have testes located out-
side in groin region, and the testes are suspended
in scrotum outside the body cavity to keep intra-
testicular temperature slightly lower than core
body temperature. This intricate thermoregula-
tory system in the testis, involving countercurrent
heat exchange from warm blood entering the
testis and cool blood draining from the testis
through an arteriovenous plexus, that is, pampini-
form plexus, helps in maintaining optimum
temperature for sperm development. The degree
of descend or ascend for cooling is further con-
trolled by two muscles, the tunica dartos in the
scrotum that regulates scrotal surface area and
the cremaster muscle that controls the position of
the scrotum relative to the body. Evolution of the
scrotum occurred because of the need for low
temperatures either for spermatogenesis, sperm
storage or to minimise mutations in gamete DNA
(Werdelin and Nilsonne 1999; Bedford 2004).
Different mammals have different location of tes-
tes in the body and system for optimising sperm
development. Heat is lost from the testis and
scrotum to the environment through the scrotal
skin, which is well endowed with sweat glands
(Setchell and Breed 2006). B. indicus bulls are
less sensitive to the effects of high temperatures
than B. taurus or crossbred bulls, but as they are
actually more sensitive to the effects of scrotal
insulation (Brito et al. 2003), this would appear
to be due to the greater ability of indicus animals
to keep their testes cool (Brito et al. 2002).
B. indicus bulls have greater testicular artery
length to testicular volume ratios and smaller tes-
ticular artery wall thickness and arterial to venous
distances, which may be responsible for greater
cooling of the arterial blood in the spermatic cord
(Brito et al. 2004).

Regardless of the evolutionary reason for the
location of the testis and epididymis outside the
body, a rise in testicular temperature in mammals
with external testes reduces sperm output, dec-
reased sperm motility and an increased propor-
tion of morphologically abnormal spermatozoa
in the ejaculate. Such effects can be observed
when a local heat source is applied to the testis,
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the scrotum is insulated, the testes are internalised
(i.e. cryptorchidism induced) or body temperature
is raised because of fever or thermal environment
(Setchell 1998). However, low body temperature
is not an absolute requirement for spermatogenesis.
Birds, which have body temperatures higher than
mammals (Prosser and Heath 1991), have internal
testes. The cells that are most susceptible to dam-
age by high temperature are the spermatocyte and
spermatid (Setchell 1998), although B sper-
matogonia are also damaged. Oxidative stress is
a major cause for thermal damage to spermato-
genic cells which leads to apoptosis and DNA
strand breaks (Pe’rez-Crespo et al. 2008; Paul
et al. 2008, 2009). Effects of cryptorchidism on
spermatogenesis enhance in superoxide dismus-
tase-1 knockout mice (Ishii et al. 2005).

Heat stress significantly impairs bull fertility
during summer. Semen quality decreases when
bulls are continually exposed to ambient tempera-
tures of 86 °F for 5 weeks or 100 °F for 2 weeks
despite no apparent effect on libido (De la Sota
et al. 1998). Heat stress decreases sperm concen-
tration, lowers sperm motility and increases
percentage of morphologically abnormal sperm
in an ejaculate. When exposed to long period of
heat stress, semen quality does not return to nor-
mal for approximately 2 months because of the
length of the spermatic cycle, adding to the carry-
over effect of heat stress on male reproduction.

High temperatures cause degeneration of mei-
otic germ cells in the seminiferous tubules (Lue
et al. 1999), influence the structure of spermatozoa
DNA (Love and Kenney 1999) and sperm counts
and sperm motility are lowered (Setchell 1998).
The progressive sperm motility is more sensitive to
temperature variation as compared to the number of
spermatozoa produced at each ejaculation (Moreira
etal. 2001). If heat damaged sperm cells are used to
fertilise normal oocytes, premature embryonic death
may occur (Burfening and Ulberg 1968).

Paul et al. (2008) observed that in vitro fertilisa-
tion with sperm collected from male mice, in which
the scrotum was heated to 42°C, resulted in embryos
with reduced ability to complete development. In
addition, females mated to males exposed to scrotal
heating were observed to have conceptuses with
smaller fetal and placental weights compared with
controls (Jannes et al. 1998; Paul et al. 2008).
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5.1 Mechanism of Effects of Heat

The effect of heat stress on the testes and testi-
cular functions varies widely in animals. Different
cell types are affected in different ways, and
response of one cell type is likely to be different
from other cells. The Leydig cells are either not
directly affected by heat or are only minimally
affected; however, the primary site of action of
heat stress may be the Sertoli cell (Setchell 2006).
Because of its position in the seminiferous epi-
thelium, it may be influenced. The germ cells
depend almost entirely on the Sertoli cells for
nutrients, and their development is influenced by
the environment components of Sertoli cells. The
Sertoli cells could have an influence on cells such
as the spermatogonia and preleptotene spermato-
cytes. Secretion of fluid appears to be reduced
under some circumstances, but not in the first
24 h after the testes were made cryptorchid
(Setchell 2006). The changes may occur in com-
position of the secreted fluid without any influence
on total volume secreted, and the composition of
the secretion is likely to be affected at different
temperatures. An effect on the Sertoli cells
could also influence chromosome behaviour dur-
ing the meiotic prophase, and investigations on
the effects of heat on the synaptonemal complex
may be required to further elucidate responses
(Setchell 2006).

Increased metabolism in the testis after heat
stress may not be met by a sufficient increase in
blood flow and may become hypoxic (Setchell
1998). The response or damage due to hypoxic
condition on exposure to heat may not be so much
directly, as compared to that caused by the gen-
eration of reactive oxygen species and the effect
of scavengers for ROS during heating or immedi-
ately afterwards. Therefore, changes in enzymes,
heat-shock factors and heat-shock proteins need
to be understood for their protective or harmful
responses on the testis.

Semen characteristics are not likely to be
immediately affected by changes in testicular
temperature as damaged spermatogenic cells
do not enter ejaculates immediately after heat
stress. In the bull, where spermatogenesis takes
about 61 days, alterations in semen have been
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observed to occur about 2 weeks after thermal
stress and return to normal takes about 8§ weeks
after the heat stress. Culture of bull spermato-
zoa at 40°C was observed to have no effect on
their fertilising capability and the competence
of the resultant embryos to develop to the
blastocyst stage (Hendricks et al. 2009).
Ejaculated bull and stallion spermatozoa
were observed to induce no apoptotic changes
when cultured at temperatures characteristic of
physiological hyperthermia (Hendricks and
Hansen 2009). However, there may be some
epigenetic changes in embryonic development
associated with damage to the sperm in the
reproductive tract. Insemination of rabbit does
with sperm exposed to elevated temperature
in vitro (Burfening and Ulberg 1968) or in the
female reproductive tract (Howarth et al. 1965)
was observed to result in reduced preimplanta-
tion and post-implantation survival (Burfening
and Ulberg 1968). The X and Y spermatozoa
are likely to be affected differentially by elevated
temperature. The sex ratio of embryos has been
observed to skew towards female when female
mice were bred to males experiencing scrotal
heat treatment on the day of mating (Pe’rez-
Crespo et al. 2008). Incubation of sperm at
40°C for 4 h compared to 38.5°C has been
observed to reduce the proportion of embryos
(Hendricks et al. 2009).

5.2 Hormone Secretion

Limited studies have been carried out in livestock
species on hormonal mechanisms involved in
depression of male gonadal functions during
summer. There are few experiments on the effects
of high environmental temperature on the secre-
tion of hormones controlling reproductive func-
tions. Data from both bulls and boars indicate
that heat stress causes an initial decline in cir-
culating concentrations of testosterone lasting
2 weeks, but concentrations are restored even in
the face of continued heat stress (Rhynes and
Ewing 1973; Wettemann and Desjardins 1979).
Thyroxine levels show a positive correlation with
seminal volume and initial motility while T,
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exhibited a positive correlation with total sperm
concentration and percentage of live spermatozoa.
Correlation with other seminal and behavioural
characteristics was not significant. The sexual
interest of buffalo bulls was observed to be low
during the summer, and bulls can produce semen
throughout the year under appropriate feeding and
management conditions (Dixit et al. 1984).
Seasonal variations in semen quality, freezability
and plasma-luteinising hormone (LH) levels have
been studied during summer and spring seasons.
In bulls’ semen concentration, number of sperma-
tozoa and motile cells per ejaculate were found to
be lower in summer than in winter and spring sea-
sons (Mathevon et al. 1998). Semen attributes of
buffaloes during different seasons have been stud-
ied (Gangwar 1980), and results indicate that sum-
mer season affects volume, motility and number of
live sperm. Heat stress causes hyperthermia of the
scrotum and testes which leads to poorer morpho-
logical and functional semen quality. Hansen
(1997) reported deterioration of bull fertility
caused by heat stress during the summer months.
Heat stress has less severe effects on semen quality
of zebu bulls than it does on bulls of European
breeds or their crosses, and this phenomenon is
associated not only with the generally more
efficient thermoregulation observed in zebu cattle
but also specific adaptations that enhance the local
cooling of blood entering the testis (Brito et al.
2004). Plasma LH decreased between summer
and spring, but the differences were, however,
not significant. Pre-freezing motility did not
differ significantly, but post-freezing motility
varied significantly (P<0.01) between seasons.
Post-freezing motility was observed lowest
during summer and highest during winter.
Summer spermatozoa may be fragile and are not
able to withstand freezing stress affecting repro-
ductive efficiency of buffalo during summer.
Therefore, buffalo semen should be collected and
frozen during winter and spring for use during hot
weather conditions.

Seasonal variations in plasma LH levels
were observed to be insignificant in buffaloes
(Bahga and Khokar 1991). Hyperthermia can
alter luteinising hormone (LH) secretion in
females, even in the absence of ovarian steroids

(Schillo et al. 1978), and it is likely that severe
heat stress can compromise LH secretion in males
similar to that observed in females. However, the
major site for disruption of reproductive function
appears to be the spermatogenic cell lineage in
the testis as indicated earlier.

6 Effect of Heat Stress on
Reproduction by Altering
Energy Balance

Immediately after calving, a critical phase occurs
when dry matter intake is not commensurate with
the body needs and does not meet the increased
metabolic demands of lactation, and as a result,
body is in a state of ‘negative energy balance’.
During this period, body reserves of fat and pro-
tein are mobilised (Bauman and Currie 1980;
Butler 2000) and animals have low body condi-
tion score (BCS). Both negative energy balance
and low BCS are observed to be associated
with low fertility in cattle (O’Callaghan and
Boland 1999; Butler 2000; Pryce et al. 2001;
Pushpakumara et al. 2003). Low body energy or
energy deficiency impacts or impairs gonadotro-
phin secretion. Since an animal reaches this state
around parturition, gonadotrophin secretion to
support follicular development and ovulation is
compromised and reproductive problems (i.e.
cystic ovaries) associated with onset of ovarian
activity become prevalent (Zulu et al. 2002b).
Growth hormone stimulates insulin-like growth
factor 1 (IGF-1) production by the liver (Jones
and Clemmons 1995), but during negative energy
balance in cows, growth hormone receptors
are downregulated, and this process is referred
as ‘growth hormone resistance’ (Donaghy and
Baxter 1996). During early lactation in cows
under negative balance, the liver becomes refrac-
tory to growth hormone due to the decline of
growth hormone receptors (Vicini et al. 1991),
which in turn results in reduced plasma concen-
tration of IGF-1 (Pell et al. 1993). Follicular
growth is stimulated by IGF-1 (Webb et al. 2004),
and plasma concentrations are observed to be low
in high-producing cows (Rose et al. 2004), and
such cows may be observed to take long periods
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for return to ovarian cyclicity (Taylor et al. 2004).
After calving, cows with IGF-I concentrations
greater than 50 ng/ml at first service were
observed to conceive quickly than those with
lower concentrations (Taylor et al. 2004). Heat
stress may affect reproductive performance both
directly and indirectly through alterations in ani-
mal energy balance. In the dairy cow, there is an
interaction between dry matter intake, stage of
lactation, milk production, energy balance and
heat stress that results in reduced LH secretion
and a decreased diameter of the dominant follicle
in the postpartum period (Ronchi et al. 2001;
Jonsson et al. 1997).

Negative energy balance in cows leads to
decreased plasma concentrations of insulin, glu-
cose and IGF-I and increased plasma concentra-
tions of GH and nonesterified fatty acid (Butler
2001; Lucy et al. 1992; Jolly et al. 1995). All of
these metabolic hormones affect reproduction
and other related functions. Metabolic hormones
acting on the hypothalamic—hypophyseal-adrenal
axis and the gonads (ovary and testes) probably
mediate the inhibitory effects of negative energy
balance on postpartum fertility.

Heat stress associated with or without nega-
tive energy balance is likely to affect reproduc-
tive efficiency, and several studies indicate that
lactating dairy cows losing greater than 0.5 units
BCS within 70 days postpartum had longer
calving to first detected oestrus and (or) ovula-
tion interval (Butler 2000; Beam and Butler
1999). Garnsworthy and Webb (1999) reported
lowest conception rates in cows that lost more
than 1.5 BCS units between calving and insemi-
nation. However, Butler (2000) reported that
conception rates ranged between 17 and 38%
with a decline in BCS by 1 unit or more, between
25 and 53% with a loss in BCS and between 0.5
and 1 unit, and conception was greater than 60%
if cows did not lose more than 0.5 units or were
observed to gain weight.

In addition to heat stress, another deterrent to
high-producing cow fertility is increased blood
urea nitrogen concentrations. In terms of effects
on fertility, most research has focused on the urea
produced as a result of protein metabolism within
the rumen. However, elevated urea concentrations
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are also a consequence of increased skeletal mus-
cle breakdown. The end result of these physio-
logical changes that possibly occur during heat
stress is elevated plasma urea nitrogen concen-
trations in heat stress cows compared to pair-fed
cows in thermoneutral conditions. Therefore,
elevated plasma urea nitrogen concentrations
may be exacerbating the decrease in fertility that
is frequently observed during periods of heat
stress. Therefore, heat stress alters dry matter
intake, and as a consequence, postpartum animals
may develop negative energy balance. Decreased
concentrations of plasma insulin and IGF-I and
eventually even glucose (Richards et al. 1995)
are likely to alter folliculogenesis. Their lower
plasma concentrations are likely to lead to
impaired follicular development, poor oestrus
detection and poor quality oocytes affecting
reproductive efficiency.

7 Genetic Plasticity Controlling
the Magnitude of Heat Stress
Effects

Inbreeding represents increased frequency of
identical alleles at a gene locus, and the inbree-
ding per cent is a measure for the genes of an
individual that are identical by descent (Wright
1922; Falconer 1981). In general, the reproduc-
tive function declines as the level of inbreeding in
a population rise, that is, above 6.25% (Hansen
2005). Thompson et al. (2000a, b) observed that
calving intervals increase by 12 and 17 days for
Jersey and Holsteins cows, respectively, with
levels of inbreeding more than 10%. Similarly,
inbreeding had pronounced negative effects on
fertility particularly at higher levels (10%) of
inbreeding (Wall et al. 2005). Animals with an
inbreeding coefficient >9% were observed to
have fewer transferable embryos following super-
ovulation than animals with a lower inbreeding
coefficient (Alvarez et al. 2005). The gene pools
of mammals contain allelic variants of specific
genes that are responsible for body temperature
regulation and cellular response to hyperthermia.
Thus, genetic selection, both natural and artificial,
is likely to modulate the impact of heat stress on
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reproductive functions. Thus, genetic selection for
thermal tolerance may be a necessity for future
livestock production system in tropical climate
for sustaining and optimising productivity under
global climate change conditions.

Genetic influences on regulation of body
temperature have been well studied in cattle. In
cattle, estimates of the heritability of rectal tem-
perature range from 0.25 to 0.65°C (Finch 1986).
There are distinct breed differences in thermo-
regulatory ability (Hammond et al. 1996; Hansen
2004; Pereira et al. 2008). One specific gene
affecting body temperature regulation of cattle
during heat stress, the slick gene affecting hair
length, has been identified (Olson et al. 2003;
Dikmen et al. 2008), and there are undoubtedly
many others. The superior thermoregulatory abi-
lity of zebu cattle has been ascribed to lower
metabolic rate, reduced resistance to heat flow
from the body core to the periphery and proper-
ties of the hair coat (Hansen 2004). In addition to
these, many more metabolic and morphological
features differ in Zebu from Taurus cattle.

8 Consequences of Actions of
Climate Change on
Reproduction for Species
Survival and Distribution

As has been clearly indicated, heat stress can
have profound effects on most aspects of repro-
ductive functions in male and female livestock,
and functions like gamete formation, embryonic
development and fetal growth and development
may be affected. The potential impact of heat
stress can be assessed by examining seasonal
trends in reproductive function of different live-
stock species. A study carried out in Spain indi-
cates that the proportion of inseminated dairy
cows that become pregnant during the warm
months of the year was 22.1 versus 43.1% of
cows inseminated in the cool season (Ldépez-
Gatius et al. 2004). Indeed, the magnitude of the
summer decline in fertility is much less for non-
lactating heifers or cows producing low amounts
of milk than it is for cows with high milk yield
(Badinga et al. 1985; Al-Katanani et al. 1999).
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Thus, it is likely that the direct impact of global
warming (i.e. consequences for body temperature
regulation) on reproduction will be more severe
for domestic animals than other mammals. In
addition, the existence of allelic variation in
genes controlling body temperature regulation
and cellular resistance to heat shock indicates
that genetic adaptation to increasing global
temperature will be possible for many species.

9 Reproduction in Buffaloes

Buffaloes under natural conditions have been
observed to breed during specific period and,
therefore, are believed to be seasonal breeders.
However, this is not entirely true as buffaloes are
polyestral and may be observed to breed all year
round. The buffalo is also regarded as a difficult
breeder mainly because of its inherent suscep-
tibility to heat stress, and prolonged exposure to
high solar radiation during summer may cause
anoestrus and sub-oestrus. The irregular or
anoestrus conditions in buffalo affect and prolong
inter-calving periods resulting in economic loss
to the farmers. Heat stress on buffalo also affects
its feed intake and in turn the nutritional balance
and reproductive efficiency. The ideal or opti-
mum climatic conditions for buffalo growth and
reproduction as suggested by Payne (1990) are
air temperatures of 13—18°C combined with an
average relative humidity of 55-65%, a wind
velocity of 5-8 km/h and a medium level of
sunshine. However, these conditions are likely
to vary for different adapted and non-adapted
buffalo breeds under different conditions.
Buffaloes have acquired several morphological
features which reinforce their ability to thrive well
in tropical and hot-humid conditions. The melanin
pigmentation of buffalo skin is useful for defence
against ultraviolet rays. Hair density in adult buf-
falo is only one-eighth of that in cattle (Hafez et al.
1955), thus facilitating dissipation of heat by
convection and radiation in open conditions. Low
number of sweat glands in buffalo compared to
cattle results in a lower efficiency of sweating in
buffalo than in cattle. Furthermore, the number of
sebaceous glands is lower in buffalo than in cattle;
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however, sebum secretion shows an opposite trend
(Hafez et al. 1955). The sebum provides effective
protection to the skin while the buffalo is the mud
or water. The skin of buffaloes is also thicker than
that of cattle and protects the sparsely covered skin
from harmful mechanical and chemical agents
dissolved/suspended in water and mud during
swimming and wallowing (Badreldin and Ghany
1954; Hafez et al. 1955). The wallowing behaviour,
as well as shade seeking, is necessary during the
hot season to protect and dissipate body heat.
Grooming or rubbing skin against hard surface is
important behaviour for body care and for remov-
ing irritants form skin surface. Tail swishing is used
to remove flies and other irritants. Body areas
within reach are licked and scratched, while inac-
cessible areas are rubbed on available surfaces or
groomed by other herd members following solici-
tation. The buffalo exhibits oestrous throughout the
year, but fertility may not be equally distributed as
buffalo is more fertile when daylight hours decrease,
which coincides in tropical areas with greater for-
age availability (Zicarelli 1994). The length of the
oestrous cycle of buffalo is less than that of cattle,
that is, average 21 days, and considerable varia-
tions in length of the cycle may be observed in indi-
vidual animals. In buffaloes, the typical signs of
oestrus behaviour (i.e. excitability, standing behav-
iour) are less pronounced than in cows (Seren et al.
1992; Zicarelli et al. 1992), whereas the courtship
behaviour of buffalo bulls is similar to that reported
in cattle. Buffalo bulls/teasers are able to detect
pre-oestrus buffalo and remain close to them,
exhibiting the characteristic ‘flehmen’ behaviour in
response to pheromones in oestrus urine. In buf-
falo, the fraction of cisternal milk is lower than in
cattle (Thomas 2005). As a result, lactating buffalo
seems to be sensitive to the minor change in
milking routines, which determines a decrease of
milk flow and milk yield (Thomas et al. 2005;
Saltalamacchia et al. 2007).

9.1 Males

In well-nourished, good body condition buf-
falo bull, testicular spermatogenic cell divi-
sions are likely to start by about 1 year of age,
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and active spermatogenesis can be observed by
15 months of age. However, the ejaculate con-
tains viable spermatozoa only after 24-30
months of age (Perera 1999), indicating that
male buffalo matures more slowly than male
cattle (Drost 2007) and has a longer time lag
between onset of spermatogenesis and the
onset or achievement of puberty. Thereafter,
even if capable of breeding throughout the
year, buffalo bulls are known to show seasonal
rise and fall in reproductive functions, which
have been recorded in most breeds in different
countries (Sengupta et al. 1963; Esposito et al.
1992; Zicarelli 1997). Buffalo bulls may reach
sexual maturity at 2-3 years of age. Semen is
produced all year round, but it is highly affected
by heat stress and low-quality feeds and fod-
ders. The buffalo bull is believed to be most
fertile in spring, when the volume of ejaculate
and sperm concentration is highest. Sperm
vitality is also higher in spring than at other
times of the year. The vitality is lowest in sum-
mer, and heat stress has a negative effect on
libido (Gili et al. 1974).

A morphometric study of the testis helps to
evaluate the influence of different factors, such
as hormonal fluctuations of the photo-neuroen-
docrine circuit on reproductive efficiency due
to seasonal variation (Yasuo et al. 2006). The
morphology and physiological functions of the
male gonad are under influence of the pineal
and pituitary secretions during the year (Goeritz
et al. 2003; Pant et al. 2003). Size and weight
of testis are excellent indicators of sperm-pro-
ducing capacity and spermatogenic functions
(Fields et al. 1979; Finch 1986; Yarney et al.
1990). The highest scrotal circumference has
been observed in the month of October
(Mikelsen et al. 1981). The reduction in tes-
ticular measurements (testes weight and length)
by exposure to heat stress is due to degenera-
tion in the germinal epithelium and to a partial
atrophy in the seminiferous tubules (Chou et al.
1974). This is reflected in the adverse effects
on the average number of testicular cells, espe-
cially the secondary spermatocytes and sper-
matids of types B, C and D, the ratio of Sertoli
cells to other cells and the diameter of the
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seminiferous tubules (El-Sherry et al. 1980).
However, Habeeb et al. (2007) reported that
farm animal’s testes size does not undergo
marked seasonal changes. Histological exami-
nation of testes suggests that only spermato-
genic elements disappear and that interstitial
material remains unchanged or increases in
number and volume as a function of exposure
to heat stress (Gomes et al. 1971).

High temperature or heat stress usually affects
negatively the processes of spermatogenesis and
metamorphosis of sperms leading to semen
degeneration (Coser et al. 1979). Accordingly,
impairment of spermatozoa fertility and their
ability to produce viable embryos may be
observed with heat load increase or stress
(Wildeus and Hammond 1993). Sahni and Roy
(1967) reported that maximum and minimum
temperature range for optimum spermatogenesis
was 29.4 and 15.6°C, respectively. Seasonal dif-
ferences, with minimal spermatogenesis occur-
ring during summer months that is usually
referred to as ‘summer sterility’ (Akpokodje
et al. 1985), are attributed to reduction of
steroidogenic function of the testes and to the
decrease of the blood flow through the testes
(Setchell 1970).

Despite the thermoregulatory mechanism of
the testes, sexual desire, that is, libido, is nega-
tively influenced by high environmental tempe-
rature. Other functions that may be adversely
effected are ejaculated volume, live sperm percent-
age, sperm concentration, viability and motility
(Gamcik et al. 1979) leading to reduced concep-
tion and fertility. The reaction time is generally
shorter during summer than during the other sea-
sons. The shortest time (9.4+0.6 min) was
observed during summer and the longest
(15.9+1.5 min) in autumn. Values of 10.5+0.7
and 14.7+1.1 min were recorded in spring and
winter season, respectively (El-Saidy 1988).
However, El-Sherbiny (1987) reported that it was
significantly longer in summer season than in the
other seasons of the year. The optimum climatic
conditions for sexual activity were found to be
either during autumn or spring season (Hafez
1968; Zeidan 1989), and the lowest sexual activity
was recorded in summer season (Zeidan 1989).
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9.2 Physical Characteristics
of Semen

The quantity and quality of semen vary with
seasons, although the degrees of response to
seasonal effects vary according to species, breed
and locality. Season affects ejaculate volume;
however, information on influences of high
environmental temperature on semen—ejaculate
volume is conflicting. The studies of Zeidan
(1989) and Marai et al. (1996) showed that
semen—ejaculate volume decreased, while stud-
ies of Fawzy (1982) showed remarkable increase
with heat elevation. The highest mean value
(3.7+0.1 ml) was recorded in winter and the
lowest (2.4+0.1 ml) in spring. Mean values of
2.9+0.2 and 2.6 £0.1 ml were recorded in sum-
mer and autumn, respectively. The effects of
season on motility of spermatozoa are inconclu-
sive and conflicting. The initial motility of sper-
matozoa has been observed to decrease in hot
climate conditions (Ax et al. 1989; Zeidan
1989). Other studies indicated that motility of
spermatozoa either increased (Oloufa et al.
1959; El-Azab 1980) or did not show any change
due to season of the year or elevation of tem-
perature (Zeidan 1989; Silvia et al. 1991).

Zeidan (1989) observed that live sperm were
87.5+0.5, 76.2+£0.8, 74.5+1.5 and 85.8+0.6%
during spring, summer, autumn and winter, respec-
tively. Everett et al. (1978) recorded the highest
total sperm output during summer season. Spring
and summer seasons were characterised by the
highest percentage of ejaculates with white milky
(47.4%) and opaque creamy (28.5%) appearance
and by the lowest percentage with greyish soapy
(14%) and translucent watery (10%) appearance.
In contrary, autumn showed the highest percentage
of bad semen appearance. In other words, the high-
est percentage (47.4%) of ejaculates showed a
white milky appearance, whereas (28.5%) was
opaque creamy, 14% greyish soapy and 10% trans-
lucent white watery. Generally, semen appearance
varied from opaque creamy to translucent watery.
The difference in the results may be due to type
and duration of heat exposure, intensity of envi-
ronmental heat and differences in species, breed
and age of the experimental animals.
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Murrah buffalo bulls subjected to surface
cooling had good quality (creamy and light
creamy) semen more frequently with high sperm
concentration, mass activity, motility % and live
sperm production in cooled than uncooled
cows but had no effect on semen volume and pH
(Mandal et al. 2002).

9.3 Females
Buffaloes are found only in certain regions in the
world, principally Asia, some Mediterranean
countries, some countries in Eastern Europe
and in many countries in Latin America.
These regions are widely different in the geogra-
phical conditions, no other domestic animal can
thrive and be similarly useful and economical.
Most of the buffaloes in India and Pakistan and
the countries of Southeast Asia, where the vast
majority of the world’s population of ~170 million
buffaloes (FAO 2003) reside, are in the care of
small holders. Buffaloes in these countries are kept
primarily for draught purposes and as a source of
milk. By contrast, most cattle are raised in herds and
on farms. Cattle have been selected specifically
as dairy animals or beef animals largely, through
the use of Al and more recently embryo transfer.
Globally, there has been minimal genetic selec-
tion for fertility in buffalo, which are generally
regarded as poor breeders (Bhattacharya 1974).
Poor breeding is attributed to late maturity, poor
oestrus expression, prolonged calving intervals
and seasonal reproductive patterns. Wild or feral
female buffalo reaches sexual maturity at
2-3 years of age. Domesticated buffalo that is
cared for and fed properly is likely to reach
puberty early. Puberty is highly affected by man-
agement factors and practices. Body size is more
important than age of animal, and a Murrah heifer
should attain a two-third of mature body weight
around 325 kg at first insemination or mating and
450-500 kg at her first calving. The age of puberty
in buffalo is 3642 months in India. It is com-
paratively late compared to other countries like
Italy, where the age at first calving is between
28 and 32 months on average (Borghese 2005).
The tubular genitalia of the buffalo are gener-
ally more muscular and firmer, and the uterine

Heat Stress and Reproduction

horns are more coiled as compared to those of the
cow. The body of the uterus is much shorter
(1-2 cm) than that of the cow (2—4 cm). The cervix
of the water buffalo is smaller than that of the cow
(length 3—10 cm, diameter 1.5-6.0 cm), and its
canal is more tortuous, which probably accounts
for less dilation of the external os during oestrus.
The average number of cervical folds in water
buffalo is three (Sarabia 2004). The inactive ova-
ries of the mature water buffalo (El-Wishy 2007)
are smaller (3.0x1.4x1.0 cm; 2.9-6.1 g) versus
(3.7%x2.5x 1.5 cm; 5-15 g) in the cow (Roberts
1986). There are differences due to variations in
breed, environmental conditions, season and
management practices.

9.4  The Reproductive Cycle
of a Buffalo
9.4.1 Puberty

The onset of puberty occurs late in buffaloes.
First oestrus occurs at around 15-18 and 21-24
months in river buffalo and swamp buffalo,
respectively; it varies considerably with the
status of nutrition and body condition score
(Jainudeen 1986). The age at first oestrus in some
cases may be higher, and in heifers, expression of
behavioural oestrus may be low.

9.4.2 Oestrous Cycle

Water buffalo is seasonally polyestrous with an
average cycle length of 20 days (range 18-24
days) and an average duration of oestrus of 18 h
(range 5-36 h). The oestrous behaviour in water
buffalo is much more subtle, and homosexual
behaviour is rare. Secondary oestrus signs such
as swollen vulva, reddening of the vulvar mucosa,
mucous vaginal discharge and frequent urination
are also observed but may not be true indicators
of oestrus. Ovulation occurs after about 30 h of
the onset of oestrus. The diameter of an ovulatory
follicle is ~10 mm. The diameter of the mature
corpus luteum (CL) ranges from 10 to 15 mm
versus 12.5 to 25.0 mm in the bovine. The ovu-
lation papilla, or crown, of the CL does not pro-
trude much beyond the surface of the ovary,
making it more difficult to identify by palpation
per rectum. The CL of pregnancy is invariably
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Table 1 Signs of oestrus in buffaloes during different seasons

Symptoms Medium monsoon
Bellowing -

Mucus discharge +

Swollen vulva +/—-

Activity +

Frequent urination +

Uterine tone +

Open cervix +

Nature of cervical Periodic thick
Discharge Yellowish

Source: Modified from Janakiraman (1978)

Peak winter Low summer

+ o+ + o+ o+

+ + + o+

Frequent thin Patchy thick

Glassy copius Opaque very less

+ present, — absent, +/— present in some cases only

located ipsilateral to the gravid horn (Baruselli
et al. 1997). As in cattle, follicular growth occurs
in waves in buffaloes, and twin ovulations are
rarely observed. Two-wave cycles in buffalo are
common (63.3%) followed by three-wave cycles
(33.3%) and a single wave cycle (3.3%). The
number of waves influences the length of the
luteal phase and the oestrous cycle.

The oestrus cycle of buffalo varies in different
breeds. The total duration of oestrus is usually
24 h but varies from 12 to 72 h. The most reliable
sign of oestrus in buffaloes is frequent urination.
The behavioural signs of oestrus are much less
pronounced in buffalo than in cattle (Table 1).
Many buffaloes show oestrus only at night time
and for short period. A lactating buffalo may
slightly decrease in milk yield on the day of heat.
The buffalo in heat may be more restless and
difficult to milk (Bhikane and Kawitkar 2000).

e Age at puberty: 36-42 months

* Length of oestrus cycle: 20+2 days

e Duration of heat: 12-24 h

* Time of ovulation: 10-14 h after end of oestrus
e Period of maximum fertility: last 8 h of oestrus
e Gestation period: 310 days

e Period of involution of uterus: 25-35 days

9.5 Reproductive Performance

in Buffalo

The reproductive efficiency in buffaloes is deter-
mined by many different processes, which result
from interaction among genetic and environmen-
tal factors. The processes involved, individually

or together, include age of puberty or maturity,
pattern of oestrus cycle and oestrus behaviour,
length of breeding, ovulation rate, lactational
anoestrus period, postpartum anoestrus, inter-
calving period and reproductive life span. A com-
bination of these traits is used to measure breeding
efficiency or breeding performance in farm ani-
mals (Agarwal 2003). Reproductive efficiency
in buffalo is reported to be alarmingly low,
causing severe economic losses to milk produc-
ers. However, the reproductive efficiency of some
buffaloes reared under farm conditions is better.

In Northern India, conception rate is highest
during the cool season (October to January) and
lowest during the hot—dry season (May to July).
In Southern India, the period from October
to April is more favourable for conception in
buffaloes. Maximum conception rates have
been observed during winter in buffaloes (Rao
et al. 1973; Rao and Kodagali 1983). GnRH
analogue improves the conception rate in repeat
breeder Nili-Ravi buffaloes when administered
as a single dose at the time of insemination
(Ahmad et al. 2002).

Studies have established a negative influence
of ambient temperature and duration of sunshine
on incidence of oestrus, and ambient humidity
has a favourable effect. The period of the year
from October—March with moderate RH and low
ambient temperature is most congenial for
resumption of postpartum oestrus. However, high
humidity (hot-humid season) coupled with
moderate temperature has a negative effect on
postpartum oestrus (Reddy 1985). It has been
observed that a maximum % (75.02%) of open
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animals come into heat in October and minimum
(43.18%) in April. Conception rate is the highest
in October (33.9%) and lowest in the month of
June (18.09%).

9.6 Problems Observed with Buffalo
Reproductive Performance

1. The first postpartum heat varies greatly with
season, breed and individual. It has been
observed to appear within less than 60 days in
some cases and over 230 in others. Average
postpartum oestrus in the Murrah breed of
India has been reported to be 100 days. The
first postpartum oestrus is not always fertile.

2. At birth, buffaloes have fewer primordial cells
in the ovary than cattle have.

3. Compared to cows, buffaloes suffer from
higher atresia of follicles — 20,000 versus
100,000 (Borghese 2005).

4. Buffaloes have a high proportion of silent
oestrus and short duration oestrus. This is one
of the most important problems in buffalo
reproductive efficiency. It is even more prob-
lematic during the hot and humid months when
it is compounded by thermal stress. Short and
silent oestrus is the main reason for undetected
heat in buffaloes.

5. A large number of buffaloes also suffer from
postpartum anoestrus, a complete absence of
oestrus cycle and no signs of heat. This is one of
the most common causes of buffalo infertility.

9.7 Factors Causing Poor
Reproductive Performance

1. Climate affects both production and reproduc-
tion of farm animals. Buffaloes are susceptible
to extreme conditions of heat and cold, and
their performance improves during the cool
months. In India, 70-80% of buffaloes con-
ceive between July and February, and a lower
number of services are needed during the July
to February than in the March to June season
(Agarwal 2003). In India, buffaloes are photo-
periodic and sexually activated by decreased
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daylight. In Italy, the usual calving season is
from September to December.

. Buffaloes have poor thermal tolerance on

account of an underdeveloped thermoregula-
tory system and are unable to get rid of excess
body temperature. If their housing is not
designed to take care of this special species-
specific requirement for adequate shade and
ventilation, it adversely affects production and
reproduction (Ramesh et al. 2002).

. Nutrition plays a major role in the reproduc-

tive performance of buffalo, as with other farm
animals. However, there is a strong possibility
that the consequences of poor nutrition are
often interpreted as seasonality of breeding in
buffalo. Under feeding, overfeeding or unba-
lanced feeding, as well as deficiencies in
minerals, vitamins or trace elements are
likely to negatively impact fertility in buffalo.
A poor body condition score at calving affects
fertility, characterised by prolonged postpar-
tum intervals, reduced conception rates and
more services per conception. A very low
protein diet can cause cessation of oestrus
(Agarwal 2003).

. One of the reasons buffalo suffers from long

postpartum anoestrus is because their natural
behaviour of wallowing in dirty water pools,
and unhygienic shed conditions, causes buf-
falo to suffer from a high incidence of endo-
metritis. The loose broad uterine ligaments
and rolling in water cause torsion of uterus
cases in buffalo. Buffalo also suffers from
uterine prolapse and retention of the placenta.
All these lead to uterine infections, delayed
involution of the uterus and endometritis.

9.8 Approaches for Improving

Reproductive Efficiency

1. Providing the right kind of housing for buffalo

to suit their natural behavioural requirements
is important for their optimum performance.
Free stall as well as tied systems works well
for buffalo. However, it is important that the
housing provides sufficient shelter from both
heat and extreme cold. During summer, they
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need to be protected from extreme heat, while
in winter they need to be protected from
extreme cold as well (Ramesh et al. 2002).

2. Showers or foggers with fans or wallowing
tanks should be made available to buffalo
during the hottest part of the day. Thermal
ameliorative measures such as sprinkling and
cooling are known to increase comfort levels
and feed intake in buffalo (Thomas et al. 2005;
Aggarwal and Singh 2008).

3. Balanced feeding with mineral supplements,
plenty of green fodder and concentrate as
per each animal’s specific need, is necessary
to bring buffalo into normal reproductive
cycles.

4. Regular testing of all buffaloes and bulls for
infectious reproductive diseases like brucello-
sis and regular culling of infected animals are
crucial for good reproductive health in the
herd. Attending cases of difficult birth and
retained placenta in time and maintaining
good hygiene during parturition are also cru-
cial to prevent reproductive disorders such as
endometritis.

5. Wall charts, breeding wheels, herd monitors
and individual buffalo records are important
oestrus detection aids. The key to successful
use of these inexpensive management aids is
to accurately record every heat, beginning
with the first heat after calving, and to make
daily use of the information to identify those
buffaloes that are due to return to oestrus
(Ramesh et al. 2002).

10 Management and Production
Systems for Improving Fertility
of Cows and Buffaloes in

Summer Months

Research has resulted in dramatic improvements

in dairy cow management in hot environments.

Two primary strategies are:

e To minimise heat gain by reducing solar heat
load

* Maximise heat loss by reducing air tempera-
ture around the animal or increasing evapora-
tive heat loss directly from the animals

The use of cooling systems in hot weather has
a beneficial effect, but these alone do not restore
normal fertility in buffaloes. Additionally, sum-
mer infertility can be alleviated by the provision
of high-quality forage and feed to overcome neg-
ative energy balance and by the use of hormonal
treatments to induce normal cyclicity.

Following are several strategies to potentially
help reduce the negative impacts of heat stress on
reproduction in lactating dairy cows.

10.1 Identifying the Hot Spots
Locating where heat stress is occurring on the
dairy farm by identifying hot spots is key to
implementing the proper cooling or management
strategy to eliminate these hot spots. Temperature
devices have been used to monitor core body
temperatures in cows by attaching a temperature
monitor to a blank intravaginal drug release
(CIDR®, Pfizer Animal Health, New York, NY)
device for practical on-farm use. The device is
inserted into the cow’s vagina for measuring core
body temperature every minute for up to 6 days.
This allows monitoring of the cow’s body tem-
perature and identification of where the cow is
experiencing heat stress.

10.2 Hormonal Therapy

An alternative approach for improving summer
fertility is the use of reproductive hormones to
modulate follicular development and improve
fertility. In heat-stressed cows, the administration
of GnRH has been observed to induce follicular
development and a healthy preovulatory follicle
(Guzeloglu et al. 2001). In summer, the adminis-
tration of GnRH to lactating dairy cows at oestrus
increased the conception rate from 18 to 29%.
However, luteal support from a single adminis-
tration of hCG (3,000 IU) on day 5 or 6 after
insemination did not improve summer fertility
(Schmitt et al. 1996a, b). Similar results have
been reported following exogenous administra-
tion of progesterone with the CIDR intravaginal
delivery device (Wolfenson et al. 1994). The effect
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of timed artificial insemination on fertility in
summer has been investigated, and the results
suggest that exogenous hormone administration
can help overcome the effects of heat stress and
reduce summer infertility in cattle (Wolfenson
et al. 1994; De La Sota et al. 1998).

The use of fixed time insemination (Al) has
the distinct advantage of not requiring the detec-
tion of oestrus and effective synchronisation
methods for fixed time Al have been developed.
They are based on administration of GnRH or
hCG to induce ovulation, followed by a luteolytic
dose of prostaglandin F, 6-7 days later and a
second treatment with GnRH or hCG 24-60 h
after the luteolytic treatment to induce a fertile
ovulation (Schmitt et al. 1996b; Pursley et al.
1995, 1997). During summer, these programmes
did not increase the number of cows pregnant to
the fixed time insemination, but they did increase
the number of cows pregnant by 120 days post-
partum and reduced the numbers of days open
(Almier et al. 2002; Cartmill et al. 1999). These
results suggest that the principal benefit of these
treatments is to induce cyclicity and the develop-
ment of normal corpora lutea leading to good
fertility. These approaches lead to an increase in
the number of pregnant cows by increasing the
number of inseminations at oestrus.

10.3 Improving Summer Fertility

It takes approximately 40-50 days for antral fol-
licles to develop into large dominant follicles
and ovulate (Roth et al. 2001b). If heat stress
occurs during this time period, both the follicle
and oocyte inside the follicle become damaged.
Once ovulation occurs, the damaged oocyte has
reduced chances of fertilising and developing
into a viable embryo. Cooling dry cows may
reduce heat stress effects on the antral follicle
destined to ovulate 40-50 days later, which
coincides with the start of most breeding peri-
ods and possibly increases first service concep-
tion rates. Heat alleviation or cooling dry cows
with feed line sprinklers, fans and shades has
been observed to be beneficial for reducing ser-
vices per conception, reproductive culls and
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days open, as well as increasing milk yield with
a significant return on investment (Avendano-
Reyes et al. 2006; Urdaz et al. 2006). In addition
to thermal stress alleviation or proper cooling,
changing management practices may also help
reduce the severity of heat stress on animals
during summer or hot-humid conditions. There
should be at least 38—45 square feet of shade per
mature dairy cow to reduce solar radiation.
Spray and fan systems should be used in the
holding pen, over feeding areas, over the
feeding areas in some free stall barns and under
shades on dry lot dairies in arid climates. Exit
lane cooling is an inexpensive way to cool cows
as they leave the parlour. Providing enough
access to water during heat stress is critical.
Water needs increase 1.2-2 times during heat
stress conditions. Lactating cattle require 130—
175 1/day of water/day. Since milk is approxi-
mately 90% water, water intake is vital for milk
production and to maintain thermal homeosta-
sis. Various other attempts have been made to
overcome the effects of heat stress on fertility,
including the use of shade, fans, air-condition-
ing and sprinkler systems to cool animals during
summer (Igono et al. 1987; Bucklin et al. 1991;
Huber 1996; Hansen 1997; Aggarwal 2009).
The most widely used methods are cooling
systems that mist the cows with water from
overhead sprays and cool the air. The use of the
animal cooling systems has produced some
improvement of fertility, but they are unable
to match the level of normal winter fertility
(Armstrong 1994; Huber 1996).

In a study on Tharparkar cows, the average
age at first conception was lower in cows kept
under comfort conditions (with shelter), that is,
23.87 months as against 25.88 months in animals
under stress condition (Razdan 1965). It was
found that physiological maturity was attained by
the animals in both normal and heat-stressed cows
simultaneously, but either the ova did not survive
or the inseminations were not successful due to
excessive heat loads on the animal.

Hot-humid environments have been asso-
ciated with low milk production and poor
reproductive efficiency (Hafez 1968) because of
increased metabolic heat production associated
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with lactation (Brody 1945). Cooling the cows by
mister system results in improvement in concep-
tion rate in cows and buffaloes (Aggarwal 2009).
Conception rate was observed to be higher for
cooled cows than control cows (83.3 vs. 66.6%)
when THI ranged between 79.44 and 87.72.
Therefore, evaporative cooling increases concep-
tion and pregnancy rates during heat stress. In
control group cows, during hot-humid season, the
number of inseminations required ranged from
2 to 9 with an average of 4.8 inseminations in
comparison to 2—4 (average 3.1 inseminations).
Conception rate to all services was higher for
cooled cows than control cows (83.3 vs. 66.6%).

The change in vaccination schedule to avoid
peak summer days may help in avoiding stress
imposed due to vaccine reactions. Possibly, dur-
ing severe heat waves, it would prove beneficial
to delay vaccinations at dry-off if the dry pen
does not contain adequate cooling.

Embryo transfer may become a more effective
strategy to increase pregnancy rates as compared
to Al in lactating cows during periods of heat
stress, and the magnitude of the increased tem-
perature does not seem to influence overall suc-
cess following transfer (Hansen and Arechiga
1999). As embryos advance in their develop-
ment, the effects of elevated temperatures become
less significant because embryos become more
resistant to the deleterious effects of elevated
temperatures (Ealy et al. 1992, 1995; Ealy and
Hansen 1994; Edwards and Hansen 1997; Rivera
and Hansen 2001). As a result, pregnancy rates
following embryo transfer during heat stress are
higher than pregnancy rates to Al (Putney et al.
1989b; Ambrose et al. 1999; Al-Katanani et al.
2002a) although not in the absence of heat stress.
One potential constraint for embryo transfer in
lactating cows is the short duration of oestrus and
lack of intense mounting activity seen in dairy
cows (Dransfield et al. 1998). This phenomenon
is exacerbated by heat stress (Nebel et al. 1997)
and will limit the number of embryos transferred
in lactating cows in a programme that is depen-
dent upon oestrus detection. The first report of a
timed embryo transfer (TET) protocol, where
ovulation was synchronised using an Ovsynch
protocol, was by Ambrose et al. (1999) who
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evaluated the efficiency of TET using either
fresh or frozen—thawed in vitro produced (IVP)
embryos and TAI under heat stress conditions.
Pregnancy rates in cows that received a fresh
IVP embryo were higher compared to cows in
the TAI group.

Embryo transfer can significantly improve
pregnancy rates during the summer months.
Embryo transfers can bypass the period (i.e. before
day 7) in which the embryo is more susceptible to
heat stress and to bypass the harmful effects of
heat stress on oocyte quality that limit embryonic
development (Al-Katanami et al. 2002; Zeron
et al. 2001). A study (Al-Katanami et al. 2002)
used timed embryo transfer to study the effect of
heat stress on fertility in lactating dairy cows and
showed that timed embryo transfer improved preg-
nancy rates under heat stress conditions but only
when fresh embryos were transferred (Al-Katanami
et al. 2002). Nevertheless, embryo transfer is not a
widely adopted technique. Improvements need to
be made in the in vitro embryo production tech-
niques, embryo freezing and timed embryo trans-
fer, and lowering the cost of commercially available
embryos before this becomes a feasible solution.

11 Conclusions

Heat stress has a wide range of effects on the
reproductive axis. Some of these effects directly
affect individual reproductive organs such as the
hypothalamus, the anterior pituitary gland, the
uterus, the follicle and its oocyte and the embryo
itself, while the other effects of heat stress are
indirect and probably mediated by changes in the
metabolic axis in response to low feed intake or
reduced dry matter intake. There is no single
mechanism by which heat stress can reduce post-
partum fertility in dairy cows, and this problem is
due to the accumulation of the effects associated
with several biophysical factors. Thus, it is likely
that the direct impact of global warming (i.e. con-
sequences for body temperature regulation) on
mammalian reproduction will be severe for
domestic animals. Buffaloes are suited to the hot
and humid climates although they exhibit signs
of great distress when exposed to direct solar
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radiation or when working in the sun during hot
weather. Elevation of ambient temperature affects
male reproductive functions deleteriously. Such
phenomenon leads to testicular degeneration and
reduces percentages of normal and fertile sper-
matozoa in the ejaculate of males. The ability of
the male to mate and fertilise is also affected.
Thermal stress adversely affects the conceptus
and dams subsequent postpartum performance
traits, as well as different stages of gestation.
Thermal stress alleviation by cooling the cows
and buffaloes may be a profitable and effective
way to improve both milk production and repro-
duction during the summer months. Even gener-
ally milder climates experience heat stress or heat
waves that dramatically reduce fertility. Dry cows
are also susceptible to heat stress and should be
provided cooling to improve subsequent fertility
after calving. Managemental strategies to reduce
negative effects of heat stress on fertility by
artificial cooling, ration adjustments and repro-
ductive protocol changes will improve efficiency
and profitability.
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Heat Stress and Immune Function
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cellular immunity and cause a shift towards
Th2-mediated humoral immunity. Acute and
chronic stressors affect the immune responses,
and these responses may vary. Chronic stress
most often leads to suppression or dysfunction
of innate and adaptive immune responses
however, acute responses may be variable,
that is, immunosuppressive or immunomodu-
lator (Dhabhar and McEwen 2006). The use of
various nutritional strategies to enhance the
immune system of livestock throughout vari-
ous stages of production has been investigated
extensively, and ameliorative measures have
been suggested. Some of the nutritional sup-
plements suggested may be used to enhance
immune functions. Vitamin E and Zn have
received most attention as immune-stimula-
tory nutrients. Micro-minerals modulate
immune responses primarily through their criti-
cal roles in enzyme activity or efficiency com-
plex, and a deficiency or an excess of minerals
can alter the activities of the immune system.

1 Introduction

Livestock experience variety of environmental,
managemental and nutritional stressors during
the entire production cycle that may adversely
affect their overall productivity and health
status because of neuroendocrine disruption and
stress-induced immunosuppression. All living
organisms have evolved with mechanisms to cope
with environmental stresses. However, there are
numerous challenges within an animal’s environ-
ment that may evoke a stress response. The
response of the immune system is one of the
mechanisms to defend and cope against environ-
mental stresses. Stressors suppress different com-
ponents of the immune system and enhance
susceptibility of an organism to various diseases.
Heat stress imposes significant economic burdens
on the livestock production system in tropical cli-
matic conditions and can be prevented or over-
come through alternative management practices
and various nutritional strategies.

With the global warming, in regions with sea-
sonally high ambient temperature, heat stress is
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becoming one of the critical factors affecting
health of livestock and production system. The
heat stress due to temperature rise in Southeast
Asia is likely to negatively impact not only an
animal’s growth performance but also the immune
competence and disease resistance (Upadhyay
2011). On exposure to high ambient temperature,
both primary and secondary lymphoid organs
lose their weight, profiles of circulating leuco-
cytes are negatively affected, CD4* T-cells and
CDS* T-cells are decreased in blood and antibody
response has also been found to decrease (Trout
and Mashaly 1994).

Most livestock species have physiological
and behavioural mechanisms that enable
them to cope with environmental stimuli and
stresses that strain and evoke a stress response.
Homeothermic processes within a reasonable
limit bring back the immune system to a base-
line response level after an immune challenge,
and hypothalamic—hypophyseal axis plays an
important role. White blood cells, red blood
cells, haemoglobin, haematocrit and globulin
as indicators of body immunity are adversely
affected by exposure to heat stress. The white
blood cells (leucocytes) increase by 21-26% in
Friesian cattle (Abdel-Samee 1987), under heat
stress conditions due to thyromolymphatic invo-
lution. Among leucocytes and various soluble
factors, neutrophils, macrophages, natural killer
(NK) cells and soluble factors such as comple-
ment and lysozyme mediate the innate immune
response, whereas lymphocytes, macrophages
and soluble components such as immunoglo-
bulins compose the specific immune response
(Sordillo et al. 1997; Tizard 2000). The red
blood cells decrease significantly (12-20%) in
cattle under heat stress conditions (Salem 1980;
Habeeb 1987) due to destruction of erythrocytes
(Shafferi et al. 1981) and haemodilution effect.
Haemoglobin concentration decreases during
heat stress (Yousef 1990; Marai et al. 1995)
due to depression of haematopoiesis and to
haemodilution (Shebaita and Kamal 1973).
Haematocrit percentage decreases in heat-
stressed animals (Marai et al. 1997a, b) due
to red cell destruction and/or to haemodilution
(Shebaita and Kamal 1973).
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2 Innate and Adaptive Immunity

The responses of the immune system are of innate
and adaptive type. Innate immunity is the predo-
minant defence during early stages of infections
or a challenge and is activated by antigens, but
the response is not amplified by repeated expo-
sure to the same antigen (Tizard 2000). Innate
immunity includes physical barriers such as
the skin, mucosal secretions, tears, urine, acid
in stomach as well as complement and antigen-
nonspecific cellular components, and is consi-
dered to be the first line of defence against
pathogens, namely, bacterial, viral, protozoal or
fungal. Beneficial microorganisms in the intes-
tine and respiratory tract which compete against
invading pathogens are also an important part of
innate immunity. The innate system provides the
opportunity and time required by the acquired
immune system to develop an antibody response
against a specific pathogen, usually several days
to several weeks. Innate immunity, although
always present to some degree, is regulated and
may be strengthened or weakened by many fac-
tors, like wounds, dehydration, nutritional status,
genetics and stress. The phagocytic cells are the
major players of innate immunity, and they also
serve as the connection between innate and adap-
tive immunity (Tizard 2000).

Adaptive immunity is an antigen-specific
immune response that evokes over time and is
more complex response. Specialised cells like
macrophages and dendritic cells initiate adaptive
immune responses by presenting antigen to naive
lymphocytes to initiate a cell-mediated or humoral
response. More specifically, these antigen presen-
ting cells present antigen to activate naive T-cells
carrying receptors for a specific antigen, thus
initiate T-cell immunity. Activated CD4* T-cells
commit early to a pathway of differentiation that
results in the formation of two distinct subsets
called T helper 1 (Thl) or T helper 2 (Th2) cells
(Mosmann and Coffman 1989). Differentiation
of either of these subset is established during
priming of naive CD4* T-cells, and this differen-
tiation process in the early phase of the immune
process may be influenced by factors like
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cytokines, receptors on the cell surface, antigen
dose, nature of the antigen and direct cell to cell
interaction with the antigen presenting cell
(Constant and Bottomly 1997; Kidd 2003). The
nature of the innate immune response to an anti-
gen or pathogen dictates whether the subsequent
adaptive CD4* T-cell response will be mainly
Thl or Th2 (Janeway and Medzhitov 2002).
These two distinct subsets of T helper cells are
believed to be responsible for different functions
of host defence and are distinguished by the spec-
trum of cytokines secreted by them. The key
cytokines are interferon-y (IFN-y) and IL-4,
which are central to stimulatory and inhibitory
roles of a Th subset (Coffman 2006). Thus, IFN-y
and IL-4 inhibit differentiated Th1 or Th2 cells
by blocking the differentiation of these subsets
from naive precursors. IFN-y has been found to
inhibit Th2, whereas IL.-4 and IL-10 inhibit Th1
(Coffman 2006). The IL-12 favours Thl and has
no effect on Th2 (Constant and Bottomly 1997).
None of the cytokines specific to one particular
subset are exclusive products of Th cells because
other leucocytes can contribute to Thl- or Th2-
type responses (Mosmann and Sad 1996).

An enhanced immune reactivity may occur
due to immunological memory or repeated host
encounters with the same antigen (Janeway et al.
2001; Sordillo and Streicher 2002). Both innate
and acquired immune responses have the ability
to recognise conserved components of pathogens
called pathogen-associated molecular patterns
(PAMPs) such as lipopolysaccharide (LPS),
peptidoglycan and bacterial DNA (Hornef et al.
2002). The host cell recognition of pathogen-
associated molecules relies on a number of
membrane receptors, that is, the toll-like recep-
tors (TLRs), which provide cellular signalling
during the initiation of the immune response
(Medzhitov et al. 1997; Janeway et al. 2001).

Livestock species like cattle and buffaloes
have a large population of lymphocytes in their
blood and account more than 50% of leucocytes
population in a healthy animal. Lymphocytes
consist of two different subsets, namely, T- and
B-cells, which differ in functions and molecule
secretions. T-lymphocytes recognise antigens
through membrane receptors and are responsible
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for the regulation of the immune response (Tizard
2000; Janeway et al. 2001). T-cells are the pre-
dominant blood lymphocyte subpopulation in
ruminants (Tizard 2000). The T-lymphocytes
have been subdivided into two main classes, of3
and yd T-cells, depending on the expression of
antigenic markers on the cell surface and cytokine
production. oy T-cells can be further subdivided
into both T helper (CD4*) and T-cytotoxic/sup-
pressor (CD8*) lymphocytes.

In response to recognition of antigen-MHC-
II complexes and co-stimulatory molecules on
antigen presenting cell (APC) CD4* T-cells are
activated and activated CD4* cells secrete cer-
tain cytokines that either facilitate a cell-medi-
ated (Thl) or a humoral (Th2) immune response
(Janeway et al. 2001; Sordillo and Streicher
2002). The Th1l immune response is character-
ised by increased secretion of IL-2 and INF-y
which in turn enhance cellular responses against
intracellular pathogens and viruses, whereas
Th2 immune response is characterised by higher
production of IL-4, IL-5 and IL-10 supporting
humoral immunity (Kehri et al. 1999). However,
in contrast, CD8"* cytotoxic cells have the capa-
city to kill specific target cells such as tumour
cells or virus-infected cells in combination with
the MHC-I associated molecules. The CD8*
suppressor cells may produce different sets of
cytokines such as IL-10 and transforming
growth factor beta (TGF-) that suppress the
immune response (Janeway et al. 2001). The
ruminant immune system contains a large pro-
portion of yd T-lymphocytes, and the number
varies with age and is considerably higher in
young animals than in adults, where it consti-
tutes 5-10% of the total peripheral blood lym-
phocytes (Hein and Mackay 1991). The yd
T-cells have a wide range of functions, like
secretion of cytokines like interferon gamma
(IFN-y), and cytotoxic activity in response to
intracellular infections. They play an important
role in the early response to infections, prior to
antigen-specific responses are evident setting a
Thl immune response (Bluestone et al. 1995;
Baldwin et al. 2002; Ismaili et al. 2002; Pollock
and Welsh 2002).
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3 Heat Stress and Cell-Mediated
Immunity

Heat stress affects peripheral blood mononuclear
cells (PBMC) of cattle and buffaloes, and the
responses are variable and related to physiologi-
cal state of animals. Lymphocyte proliferation
of buffaloes in vitro and IL-1a and B levels are
affected by heat exposure. The levels of cate-
cholamines had significant (P<0.01) negative
effect on lymphocyte proliferation index (LPI)
which indicated that the higher concentration of
catecholamines exhibits a negative impact on
immunity of heat-exposed cells through IL-1a
and IL-1p (Devaraj and Upadhyay 2007). The
effects of heat stress on cell-mediated immunity
of bovines have not been evaluated in depth, and
conflicting results have been reported. Soper
et al. (1978) reported that hot weather increases
proliferation of PBMC in Holstein—Friesian cows
in temperate climatic conditions. However,
Elvinger et al. (1991) demonstrated that prolifer-
ation of bovine lymphocytes was reduced when
cells were incubated for 60 h at 42 °C after stimu-
lation with PHA, PWM or Con A. Kamwanja
et al. (1994) reported that in vitro exposure of
bovine lymphocytes to 45 °C for 3 h decreased
the number of viable cells and reduced respon-
siveness of PBMC to mitogens. PBMC from
dairy cattle experiencing temperature—humidity
index (THI) values >72 exhibit reduced prolifera-
tion in vitro in response to mitogenic stimulation
compared with PBMC from cattle experiencing
THI values <72 (Lacetera et al. 2005). Incubation
of cattle PBMC at high temperature (42 °C) for
7 h reduced proliferation compared with incuba-
tion at 38.5 °C (Elvinger et al. 1991). The precise
mechanism underlying reduced cellular immune
functions during heat stress in cattle are unclear
particularly regarding role of cytokines (Lacetera
et al. 2005). The impaired bovine lymphocyte
functions in hot environments might be due to
reduced cellular immunity which in turn influence
the T helper Th1/Th2 balance in favour of the
secretion of Th2 cytokines affecting lymphocyte
proliferation (Lacetera et al. 2005).
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4 Role of Glucocorticoids and
Catecholamines in Regulation
of Stress Response

The hypothalamic—sympathetic and the hypotha-
lamic—pituitary—adrenal (HPA) systems provide
central and peripheral control of stress responses.
The hypothalamic—sympathetic system, begin-
ning with neurons in the paraventricular nucleus
(PVN) of the hypothalamus, causes release of
catecholamines from the brain and the adrenal
medulla (Swanson and Sawchenko 1980; Fulford
and Harbuz 2005; Levine 2005). The activation
of the HPA axis leads to production and secretion
of corticotrophin-releasing factor (CRF) or corti-
cotrophin-releasing hormone, primarily from the
PVN of the hypothalamus via the median emi-
nence and into the hypothalamic—hypophyseal
portal system (Swanson and Sawchenko 1980;
Swanson et al. 1980). Endocrine cells in the ante-
rior pituitary respond to CRF by synthesising and
secreting pro-opiomelanocortin or its products,
namely, [-endorphin, adrenocorticoptrophic
hormone (ACTH) and melanocyte-stimulating
hormone (MSH). Pituitary ACTH travels through
the blood and reaches to the adrenal cortex, where
cells of the zona fasciculata secrete glucocorti-
coids (Fulford and Harbuz 2005). The cortisol is
the primary glucocorticoid in cattle and swine
(Minton 1994). The glucocorticoids provide
negative feedback to the PVN to inhibit CRF
release and catecholamine synthesis (Minton
1994; Fulford and Harbuz 2005).
Glucocorticoids effectively help inhibit the
neuroendocrine stress response. Corticotrophin-
releasing factor from the PVN activates norepi-
nephrine neurons and neuron tracts in the locus
coeruleus (LC). The LC also contains CRF neu-
rons that activate catecholamine neurons. Under
normal conditions devoid of any stress, CRF
secretion within the LC is restrained by basal
levels of glucocorticoids (Valentino and Van
Bockstaele 2005). Glucocorticoids may cause a
shift from a Thl immune-driven response to a
Th2 response (Wiegers et al. 2005). A potential
mechanism by which glucocorticoids affect the
Th1/Th2 balance may be through the inhibition

of the production of and responsiveness to IL-12
(DeKruyff et al. 1998; Elenkov et al. 2000).
Catecholamines also inhibit IL-12 and enhance
IL-10 production (Elenkov et al. 1996). Thus,
glucocorticoids and catecholamines, through
their effects on Th1l and Th2 cytokine secretion,
may cause suppression of cellular immunity and
cause a shift towards Th2-mediated humoral
immunity (Elenkov 2002).

Physiologic concentrations of cortisol illicit
no response or are ineffective in suppressing
IL-10 or IL-12p70 in human whole blood cul-
tures (Visser et al. 1998). In contrast, human
dendritic cells treated with cortisol produced less
IFN-y and greater IL-10 and IL-5 (de Jong et al.
1999). Cortisol was observed to suppress Thl
and Th2 cytokines in pig splenocytes (Skjolaas
et al. 2002). This indicates that IFN-y is less sen-
sitive to cortisol suppression than IL-10 and that
IL-2 may be resistant to cortisol (Skjolaas et al.
2002; Skjolaas and Minton 2002). The combined
immunologic effects of glucocorticoid hormones
and catecholamines prevent overstimulation of
innate immunity and the TH1 cytokines, while
simultaneously priming the humoral immune
response through stimulation of the TH2 cells.
Therefore, the immune response in an animal is
an outcome of the overall effect of stress hor-
mones on the production of the TH1 and TH2
cytokines (Elenkov and Chrousos 2002).

4.1 Role of Cytokines

The glucocorticoids affect the Th1/Th2 balance
most likely by inhibiting the production of
cytokines and specifically IL-12 during stress
(DeKruyff et al. 1998; Elenkov et al. 2000).
Catecholamine release during stress may also
inhibit IL-12 and enhance IL-10 production
(Elenkov et al. 1996). Thus, glucocorticoids and
catecholamines concomitantly, through their
effects on Thl and Th2 cytokine secretion, may
induce suppression of cellular immunity and a
shift towards Th2-mediated humoral immunity
(Elenkov 2002). The key cytokines interferon-y
(IFN-y) and IL-4 are central to immune response
and either stimulate or/and inhibit roles of a Th
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subset (Coffman 2006). Thus, IFN-y and IL-4 do
not directly inhibit differentiated Th1 or Th2 cells,
but they inhibit by blocking the differentiation of
these subsets from naive precursors. The IFN-y
has been shown to inhibit Th2, whereas 1L-4
and IL-10 inhibit Th1 (Coffman 2006), and the
IL-12 favours Thl and has no effect on Th2
(Constant and Bottomly 1997). However, it may
be specified that none of the cytokines specific to
one particular subset are exclusive products of
Th cells because other leucocytes can also con-
tribute to Th1- or Th2-type responses (Mosmann
and Sad 1996).

Cytokines released upon activation of the
immune system in response to stress stimulate
the HPA axis and increase peripheral levels of
glucocorticoids and catecholamines, which in
turn suppress the synthesis and release of cytok-
ines. Glucocorticoids inhibit a large number of
cytokines, including IL-4, IL-5, IL-6, IL-12,
IFN-y and tumour necrosis factor-a (Wiegers and
Reul 1998; Richards et al. 2001; Sapolsky et al.
2001). However, not all cytokines are suppressed
by glucocorticoids and IL-10 secretion is
increased by glucocorticoids (Blotta et al. 1997;
Richards et al. 2001), whereas IL-1, IL-4 and
IL-6 act synergistically with glucocorticoids in
humans (Wiegers et al. 2005). The glucocorti-
coids enhance IL-4 production (Wu et al. 1991;
Blotta et al. 1997). Also, IL-4 is enhanced by
IL-12, but glucocorticoids inhibit IL-12 (Wu
et al. 1998; Elenkov et al. 2000). The inhibition
of cytokines by glucocorticoids is regarded as
a protective mechanism that prevents over-
shooting of the immune defences. In general,
glucocorticoids inhibit proinflammatory cytokine
synthesis or induce the cytokines that have immu-
nosuppressive potential (Wiegers et al. 2005).

4.2 Effect of Stress Hormones

Stress hormones released in response to activa-
tion of the HPA axis (CRF, ACTH and cortisol)
have been observed to have an effect on the
immune system. The incubation of cattle and
porcine immune cells with cortisol has been
shown to suppress lymphocyte proliferation, IL-2
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production and neutrophil function (Blecha and
Baker 1986; Salak et al. 1993). A high dose of
dexamethasone has been found to profoundly
increase the number of circulating neutrophils in
heifers but inhibited neutrophil cell surface
marker expression (Weber et al. 2001). The num-
ber of apoptotic cells increased, whereas the
number of proliferating cells decreased in calves
receiving dexamethasone injections twice daily
for 4 days (Norrman et al. 2003), thus leading to
an increase in the ratio of apoptotic cells to pro-
liferating cells. In these same calves, T-cells were
observed to increase, but B-cells decreased.

Activation of the HPA axis by administering
exogenous ACTH, cortisol or by blocking corti-
sol synthesis has been used to investigate the
effects of cortisol on immune function. In pigs,
administration of an intravenous bolus of ACTH
caused an increased natural killer (NK) activity
and IL-2-stimulated NK activity (McGlone et al.
1991), whereas an ACTH injection suppressed
neutrophil cellular function in Japanese Black
steers (Ishizaki and Kariya 1999). A pharmaco-
logically induced, threefold increase in plasma
cortisol concentration via cortisol injection was
observed to have no effect on NK cytotoxicity,
but an infusion of 400 pg of cortisol resulted in
reduced NK activity at 1 h post injection, but not
at 2 h (Salak-Johnson et al. 1996). Blocking cor-
tisol synthesis by feeding metyrapone to pigs
resulted in low plasma cortisol concentrations
and reduced NK cytotoxicity (Salak-Johnson
et al. 1996). Central injection of CRF has been
observed to decrease NK cell activity in rodents
(Irwin et al. 1990), marginal reduction in pigs
was observed, but neutrophil chemotaxis was
significantly suppressed (Salak-Johnson et al.
1997) by central CRF injection. Administration
of central CRF resulted in reduced concanavalin-
A (Con A)-induced proliferation in pigs (Johnson
et al. 1994) but had no effect on phytohaemag-
glutinin (PHA)-induced proliferation (Salak-
Johnson et al. 1997).

Prior to the administration of LPS (0.5 pg/kg
body weight), temperamental bulls had higher
cortisol and epinephrine concentrations as com-
pared to calm or intermediate bulls. Cortisol con-
centrations increased following LPS administration
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but were not affected by temperament. Epinephrine
concentrations peaked 1 h after LPS administra-
tion in calm bulls. Temperamental bulls did not
exhibit an epinephrine response to LPS challenge.
These data demonstrate that the temperament of
calves can modulate the physiological, behavioural
and endocrine responses of prepubertal Brahman
bulls to endotoxin challenge. Specifically, temper-
ament differentially affected the rectal tempera-
ture, sickness behaviour and epinephrine, but not
cortisol, responses to LPS challenge (Burdick
et al. 2011). The study indicated that aggressive
behavioural or temperamental animals are able to
cope with challenges to immune system much
better than nonaggressive or calm animals.

4.3 Colostral Ig

Favourable environmental conditions are vital in
promoting calf health, minimising risk of dis-
eases and mortality, subsequently encouraging
growth rates. Moderate heat stress does not modify
significantly the protective value of colostrum, as
evaluated by determining the concentration of Ig
fractions. The total Ig concentrations in summer
colostrum do not differ or were higher than those
recorded during other seasons (Kruse 1970;
Shearer et al. 1992). Heat stress (THI >86 from
0900 to 2000 h and 76 from 2100 to 0800 h)
significantly reduced IgG and IgA in colostrum
of primiparous cows (Nardone et al. 1997). A
reduced passage of IgG from the bloodstream to
the udder result into an impairment of the immune
reactivity of the mammary gland plasmacytes
to synthesise IgA during heat stress in cows.
Extreme heat can negatively influence a cow’s
ability to produce high quality colostrum and can
also negatively affect a calf’s ability to absorb
IgG from colostrum (Stott 1980).

Summer heat stress is likely to mask the
immunosuppression taking place in periparturi-
ent dairy cows (Mallard et al. 1998). Heat stress
reduces thermogenic and immunosuppressant
hormones like growth hormone and glucocorti-
coids and may be related to the higher reactivity
of the immune system observed in cows exposed
to heat stress (Webster 1983).
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5 Acute and Chronic Stressors

The stress response considered an all-or-nothing
biologic activity associated with the fight or flight
behaviour of Selye is not immunosuppressive.
Indeed, stress may elicit bidirectional effects on
immune response, acute stress may be immuno-
modulator or enhancer, whereas chronic stress
may be immunosuppressive (Carroll and Forsberg
2007). Therefore, the immune response of an ani-
mal to stress depends on the type of stress encoun-
tered (i.e. acute vs. chronic). In acute stress,
hormones associated with priming the immune
system are released in a manner that prepares for
potentially countering invading pathogens and
subsequent infection. However, under prolonged
or chronic stress, the effect of stress hormones on
the immune system are no longer initial or pre-
paratory initiate events that are of suppressive
type, first at the cellular level and then, eventu-
ally, across the entire immune system.

Acute and chronic stressors affect the immune
responses that may vary. Chronic stress often
leads to suppression of the immune system, but
acute responses may or may not cause immuno-
suppression. In pigs, acute heat exposure and
transport stress had no effects on various immune
measures (McGlone et al. 1993; Hicks et al.
1998). But acute transportation stress reduces
chemiluminescence response of alveolar mac-
rophages and increases the ratio of CD4* to CD8*
cells in cattle (Ishizaki et al. 2005). Acute cold
stress in pigs has been observed to cause an
increase in NK cytotoxicity (Hicks et al. 1998),
whereas NK cytotoxicity had both positive and
negative response subjected to acute restraint
stress. Specifically, NK was increased during the
early phase (0—1 h) and decreased during the late
(3—4 h) phase of the stressor (Wrona et al. 2001).
Chronic stress may have differential effects on
the immune system. Chronic heat stress had
no effect on concanavalin-A or PHA-induced
lymphocyte proliferation (Bonnette et al. 1990;
Morrow-Tesch et al. 1994).

A higher incidence of a variety of intramam-
mary infections during summer occurs (Waage
et al. 1998; Cook et al. 2002), and a higher
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morbidity rate of Corynebacterium pseudotuber-
culosis infection in Israeli dairy cattle has been
observed during summer months (Yeruham et al.
2003). The studies performed to assess the rela-
tionships between heat stress and immune cell
function in bovines are inconclusive (Soper et al.
1978; Kelley et al. 1982a, b; Elvinger et al. 1991;
Kamwanja et al. 1994; Lacetera et al. 2002). In
particular, with regard to lymphocyte function in
cows exposed to hot environments, Soper et al.
(1978) reported an improvement, Elvinger et al.
(1991) and Kamwanja et al. (1994) described an
impairment, while Kelley et al. (1982b) and
Lacetera et al. (2002) reported no effect of heat
exposure. Extreme events (heat waves) were
observed to be associated with depressed cellular
immunity, as assessed by measuring DNA syn-
thesis in PBMC stimulated with mitogens, an
enhanced humoral response, as assessed by mea-
suring antibody secretion in PBMC stimulated
with Pokeweed mitogen (PWM) and higher con-
centrations of plasma cortisol (Lacetera et al.
2005). Studies have demonstrated that the effects
of summer or winter season on disease resistance
or immunoresponsiveness of domestic animals
depend on variables like species and breed, dura-
tion of the exposure, severity of stress and the type
of immune response considered (Kelley 1982).
Summer THI conditions associated with mode-
rate heat stress in dairy cows did not impair cell-
mediated immunity, colostral Ig content and the
passive immunisation of calves (Lacetera et al.
2002). Hahn et al. (2002) reported that heat waves
can push vulnerable animals beyond their sur-
vival threshold limits and that heat wave events
for cattle can cause large economic losses as a
result of death and decline in performance.
Summer conditions characterised by the occur-
rence of extreme events (heat waves) can be
responsible also for a profound shift from cellu-
lar to humoral immune responses, which may
lead to modifications of resistance to diseases
and thus to further economic losses. On the other
hand, previous studies have demonstrated that the
occurrence of certain infections in cattle is higher
during hot months (Smith et al. 1985; Waage
et al. 1998; Cook et al. 2002; Yeruham et al.
2003). The effects of heat stress on the immune
response of dairy cows depend on the specific
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immune function taken into consideration, and
neuroendocrine changes due to heat stress may
play a role in the perturbation of immune func-
tions (Lacetera et al. 2005).

6 Mechanism of Action of Heat
Stress on Immunity

Cytokines provide the link between the innate
and adaptive immune systems and help maintain
T-cell homeostasis during infection (Bot et al.
2004). The hallmark cytokine of Th2 immunity is
IL-4. If IL-4 is overexpressed, it negatively inter-
feres with the immune defence mechanisms, thus
decreasing the recruitment, expansion or activity
of major effector cells such as the Thl cells (Bot
et al. 2004). During a viral infection, a strong bias
towards Th2 responses may interfere with viral
clearance. However, if the opposite scenario
occurs (i.e. elevated Th1 and reduced Th2 immu-
nity), normal viral clearance can occur (Bot et al.
2004). It is possible that certain stressors may
disrupt this balance by interfering directly or
indirectly with the mechanistic immune pro-
cesses. A balanced Th1/Th2 response may be
favoured in some cases of disease challenge to
achieve a compromise between defence mecha-
nisms and immune homeostasis (Salak-Johnson
and McGlone 2007).

The mechanism whereby heat stress affects
immune function may be mediated through
changes in the prolactin signalling pathway.
Suppressors of cytokine signalling (SOCS)
proteins and cytokine-inducible SH2-containing
proteins (CIS) compose a family of intracellular
proteins (Yoshimura et al. 2007) that are stimu-
lated by PRL, act through feedback to inhibit
cytokine signalling (Wall et al. 2005) and regu-
late the responses of immune cells to cytokines
(Yoshimura et al. 2007). In particular, SOCS-1
and SOCS-3 have been shown to bind to cyto-
kine receptors or to receptor-associated Janus-
associated kinases (JAK) to inhibit activation of
signal transducers and activators of transcription
(STAT) members, and ultimately interferon
signalling (Sasaki et al. 1999). The SOCS
proteins also regulate tumour necrosis factor-o
(TNF-o)-mediated cellular apoptosis by inhibiting
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phosphatidylinositol 3-kinase and p38 mitogen-
activated protein kinase pathways (Kinjyo et al.
2002). With changes in PRL concentration in
plasma, it is plausible that effects of heat stress
on immune function may be mediated through
the PRL-signalling pathway and lymphocyte
cytokine production.

The intracellular proteins SOCS-1 and
SOCS-3 inhibit signal transduction of type I and
type II cytokine receptors (such as PRL-R), pos-
sibly through action at the level of receptors and
JAKs; however, CIS and SOCS-2 act mainly by
competition with STAT factors for recruitment to
activated receptor complexes (Dalpke et al. 2008).
Lymphocytes from cows which were provided
with cooling had lower expression of SOCS-1
and SOCS-3 mRNA. The protein SOCS-1 is an
essential negative regulator for T-cell activation
by dendritic cells and for maintaining immuno-
logical tolerance by restricting CD8* T-cell pro-
liferation. Thus, low expression of SOCS-1 may
enhance JAK2 activity, thereby promoting cell
proliferation (Yoshimura et al. 2007). The lympho-
cytes of cooled cows proliferate more than those
of heat-stressed cows and expressed less SOCS-1
mRNA. However, there was no effect of heat
stress on mRNA expression of SOCS-2 or CIS.

In addition, HSPAS5 mRNA, which encodes a
member of the HSP70 protein family, was upreg-
ulated in lymphocytes from heat-stressed cows at
+20 day relative to calving compared to cooled
cows; however, expression was not affected dur-
ing the dry period in which heat stress was
imposed. Likewise, no effect of summer heat
stress was reported in the expression of HSP70 in
lymphocytes isolated from grazing beef cattle
(Eitam et al. 2009). In vitro data suggest that
HSP70 require temperatures above 42 °C for
activation (Williams et al. 1993). The metabolic
stress of lactation might also play a role in lym-
phocyte HSPA5 mRNA expression. In fact,
increased expression of HSP70 has been shown
to be protective of cells to metabolic stress
(Williams et al. 1993). Large farm animals
exposed to heat stress conditions have differen-
tial induction of serum HSP70 levels compared
with lymphocytes treated in vitro. Furthermore,
both hot-humid and dry-heat stressors effectively
induce HSP70 in lymphocytes (Mishra et al.
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2011). Nonetheless, hot-humid condition caused
lesser increase in HSP70 concentration than hot—
dry. Thermal stress causes increased HSP70 syn-
thesis both in isolated lymphocytes as well as in
intact animals. Increase in serum HSP70 level to
either dry—hot or hot-humid stress substantially
differs with isolated in vitro treatments of stress
and should be considered while evaluating dif-
ferent effects of stressors. However, increase in
HSP70 as a thermo-adaptive response does not
serve immune protection at physiological level
(Mishra et al. 2011).

In terms of cytokine production, lymphocytes
isolated from heat-stressed cows also produced
less TNF-a compared to the cows provided with
cooling. It has been reported that SOCS-1 inhibits
TNF-a secretion (Kinjyo et al. 2002). In contrast,
CIS can be induced by TNF-a. (Starr et al. 1997).
Indeed, CIS mRNA expression in lymphocytes
from cooled cows was numerically greater (120%
vs. 83%; SEM=24%; P=0.30) than in those of
heat-stressed cows. IFN-y and IL-4 secretion
from the lymphocytes did not differ between
treatments. Lower IFN-y and IL-4 production
from the heat-stressed lymphocytes were
expected, as SOCS-1 inhibits both IFN-y and
IL-4 (Dalpke et al. 2008). However, IL-6 secre-
tion did not differ between lymphocytes from
heat-stressed and cooled cows. PRL-R and SOCS
mRNA are differentially expressed between lym-
phocytes isolated from both group of cows. The
greater PRL-R and lower SOCS-1 and SOCS-3
mRNA expressions in lymphocytes from cooled
cows were associated with greater lymphocyte
proliferation and may be a mechanism whereby
cooling improves immune cell function. In addi-
tion, the increased TNF-a cytokine production of
lymphocytes of cool cows provides evidence of
cell communication to mount an appropriate reg-
ulated immune response (Amaral et al. 2010).

7 Nutrition and Immunity

Attempts are being made to decrease or eliminate
the use of antimicrobials in livestock production
system due to a growing concern that existing pro-
duction practices may lead to an increase in the
number of antibiotic-resistant human pathogens
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(Carroll and Forsberg 2007). Therefore, nutritional
supplements are being used to support or enhance
immune function, to improve the overall well-being
and performance of the livestock and provide non-
antimicrobial alternative management practices.
All physiologic processes of the body, including
the immune system, are influenced by availability
of nutrients or by their deficiency. The use of vari-
ous nutritional strategies to enhance the immune
system of livestock throughout various stages of
production has received considerable attention. Not
only vitamin and minerals but also supplementa-
tion of lipid, protein and amino acid forms and con-
centrations within livestock diets has been evaluated
extensively for their potential impact on the immune
system. The immunomodulatory properties of vari-
ous vitamins (A, B6 and B12, C, D and E), miner-
als (Zn, Cu, Fe, magnesium and selenium), animal
products (spray-dried plasma, fish oil and fish
meal), yeast products and plants within domestic
livestock diets have been documented. Vitamin E
and Zn have received most attention as immuno-
modulatory micronutrients (Calder and Kew 2002).
Vitamins are important dietary components due to
the diverse functions in efficiency complex and
their deficiencies negatively affect efficiency com-
plex that predispose or lead to a wide range of dis-
eases (Horst 1986; NRC 2001). Specific nutritional
requirements for different vitamins have also been
associated with changes in the immune response
and disease resistance. Therefore, vitamin supple-
mentation to bovines helps prevent diseases like
mastitis, retained fetal membranes and metritis.
Insufficient contents of trace elements in ruminant
diets have been related with low disease resistance
(Spears 2000). Several micronutrients such as
cobalt (Co), copper (Cu), selenium (Se) and zinc
(Zn) have been observed to influence efficiency
complex and components of the immune system
(Paterson and MacPherson 1990; Reddy and Frey
1990). Relative bioavailability of some important
minerals and vitamins has been given in Table 1.

7.1 Vitamins

Vitamin deficiencies have been observed to
adversely impact immune response leading to
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Table 1 Relative bioavailability of selected mineral and
vitamin sources

Element Source Bioavailability
Selenium Sodium selenite High
Copper Copper oxide Low
Copper carbonate Intermediate
Copper sulphate High
Zinc Zinc oxide High
Zinc sulphate High
Iron Iron oxide Unavailable but
may interfere
with absorption
of other minerals
Vitamin E~ RRR-a-tocopherol High
All-rac-a-tocopheryl Low

Source: Modified from McDowell (2003)

immune system disorders and diseases. The
proper development and function of the immune
system can be linked to an adequate level of one
particular vitamin or another. Vitamins exert
essential roles in haematopoiesis, maintenance
and function of lymphocytes, NK cells and neu-
trophils and even antibody production in the
body. Vitamins act as antioxidants and also play
important role in inactivating harmful reactive
oxidative species (ROS) such as oxygen ions,
free radicals and peroxides produced through
normal cellular activity, such as oxygen metabo-
lism, that can destroy cellular membranes, cellu-
lar proteins and nucleic acids. Lymphocytes, for
example, are highly active cells that, as part of
their normal cellular activity, generate ROS con-
tinuously. Immune cells are particularly suscep-
tible to oxidative damage for two reasons: (1) one
mechanism by which cells of the immune system
provide protection is by phagocytising and kill-
ing pathogens through an oxidative bactericidal
mechanism termed the ‘respiratory burst’, which
generates large amounts of ROS, and (2) immune
cells have a high percentage of polyunsaturated
fatty acids in their plasma membranes, which
makes them more sensitive to oxidative stress
(Grimble 2001). As a result, immune cells are
dependent particularly on high levels of antioxi-
dants to protect them from ROS-mediated cell
and membrane damage. Although the body pro-
duces a large number of endogenous antioxidants
to defend against ROS, under conditions of high
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oxidative stress, their ability to eliminate ROS
can be compromised or exceeded. In such cases,
dietary supplementation of antioxidants such as
vitamin E, vitamin C, carotenoids, Zn and Se can
be beneficial to eliminate damaging ROS and in
maintaining normal cellular functions and health
(Chew and Park 2004; Chandra and Aggarwal
2009; Maurya 2011; Aggarwal et al. 2012).

7.1.1  Vitamin A

Vitamin A and its retinoids have significant
effects on various components of immunity,
including lymphopoiesis, apoptosis, cytokine
expression and antibody production. Vitamin A
has also been observed associated with the inhi-
bition of Type 1 lymphocyte cytokine production
(Frankenburg et al. 1998) and the proliferation of
lymphocytes (Semba 1994).

Most of the fat-soluble vitamins, such as
retinol, a-tocopherol and B-carotene plays role as
antioxidant in the body, decrease at the time of
parturition and have been reported to be associated
with severe health problems in high-producing
cows (Chandra and Aggarwal 2009; Maurya
2011). Periparturient cow undergoes intense
mammary growth, copious synthesis and secre-
tion of carbohydrates, fats, proteins as well as
marked accumulation of colostrum and milk.
Since colostrum is rich in vitamins A and E, cow
requires increased supply of these vitamins prior
to parturition. Providing vitamin A orally to dry
cow or by intramuscular injection at drying off
prevents deficiency of vitamin A. Retinol levels
above 0.8 pg/ml are necessary for optimum
immune function. B-carotene supplementation
enhances the per cent intracellular kill by blood
phagocytes. Dairy cows supplemented with 300
and 600 mg BC/day have higher killing ability
against bacteria in the peripartum period (Michal
et al. 1994). However, supplementation with
500 mg BC/d/h results in reduction in somatic
cell count (SCC) by 300,000 cells/ml milk and
more number of animals were observed to have
SCC below 200,000 (Hasselmann et al. 2000).
The results on supplementation with vitamin A
and B-carotene on mastitis are inconsistent.
Positive effects have been reported when cows
were given diets that approximately met NRC
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(2001) requirements for vitamin A and supple-
mented with 300 mg/day of B-carotene (Dahlquist
and Chew 1985). Supplementation of vitamins
and minerals is required during the dry period
and early lactation. Plasma concentration of
B-carotene in dairy cows should be >3 mg/L for
optimum udder health. Elevated serum retinol
during the prepartum period has been shown to
be associated with a decreased risk of clinical
mastitis during the first 30 days postpartum.

7.1.2 VitaminC

Vitamin C, also termed as ascorbic acid, is a
water-soluble antioxidant vitamin that is impor-
tant in the formation of collagen, tendons, liga-
ments, muscle and blood vessels. Vitamin C also
plays an important role in the synthesis of the
norepinephrine, a neurotransmitter and hormone
produced in the adrenal medulla. Norepinephrine is
critical to brain function and the body’s response
to stress. The requirement of vitamin C in the body
is very less, to protect proteins, lipids, carbohy-
drates, DNA and RNA from damage caused by free
radicals and reactive oxygen species, which are
generated during normal metabolic processes and
immune cell activity, especially in periparturient
cows. An equally important property of vitamin C
may be its ability to regenerate other antioxidants,
such as vitamin E (Carr and Frei 1999). The bene-
ficial role of vitamin C has also been observed in
cattle due to its interaction with other antioxi-
dants, such as vitamin E (Cusack et al. 2005).

7.1.3 VitaminE

Vitamin E is an important and essential fat-soluble
antioxidant vitamin for body immunity and
reproductive function of animals. As an antioxi-
dant, vitamin E protects cells against free radicals.
In addition to its antioxidant properties, vitamin
E has a supportive role for maintenance of the
immune system, DNA repair and other metabolic
processes (Traber and Arai 1999; Aggarwal et al.
2012). Vitamin E is an important constituent of
all the cell membranes (plasma, mitochondrial
and nuclear) and is the major antioxidant in body
tissues. Vitamin E is found throughout all cells of
the body and is more concentrated in the immune
cells to provide protection against the destructive
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free radicals used by white blood cells to destroy
pathogenic organisms.

In India, animals are mainly reared on straw-
based diets which are low in vitamins particularly
vitamin E. Supplementation of vitamin E main-
tains proper antioxidant status in animals and
improves the ability to resist infections. Low
plasma concentration of a-tocopherol at parturi-
tion is considered as a significant risk factor for
intramammary infection and mastitis during the
first week of lactation. During periparturient period
when there is significant decrease in o-tocoph-
erol, the cow’s immunity status and neutrophil
functions are depressed; as a result, high incidence
(30-50%) of clinical mastitis occurs during the
first month of postpartum. Vitamin E is reported
to enhance the intracellular kill of E. coli and
staphylococcus aureus by bovine blood neutro-
phils (Hogan et al. 1990). Supplementation of
vitamin E at 1,000 IU vitamin E/day from 15, 30
and 60 days prepartum to 30 days postpartum has
been observed to decrease incidence of subclini-
cal mastitis. Vitamin E also modulates prosta-
glandin release from activated macrophages
during bacterial infection. The stimulation index
for cell-mediated immunity is improved by vita-
min E supplementation (1,000 IU/day) in cows
during first week of parturition (Chawla and Kaur
2005). Vitamin E and A levels were significantly
higher in cows supplemented with o.-tocopherol
acetate indicating improvement in antioxidant
status and immunity of cows (Chandra and
Aggarwal 2010; Aggarwal et al. 2012).

The 1989 NRC recommendation for vitamin
E was 150 IU/day for dry cows and 300 IU/day
for lactating cows. However, the beneficial effect
of vitamin E on the cow’s defence against masti-
tis required greater intakes than the NRC recom-
mendation. Dry cows often are fed poorer quality
feeds than lactating cows and therefore are likely
to be benefitted by 1,000 IU/day of supplemental
vitamin E throughout the dry period. Lactating
cows should be supplemented with 500 [U/day of
vitamin E because they are fed higher quality
feeds than dry cows. This recommendation is
based on a significant reduction in udder infec-
tions, clinical mastitis and somatic cell counts
seen when cows were supplemented with these
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amounts of vitamin E (Chawla and Kaur 2005;
Chandra and Aggarwal 2010). In buffaloes, when
1500 IU/day of vitamin E was supplemented dur-
ing dry period, it resulted in improved milk yield
and also oxidative stability of milk was better
(Panda and Kaur 2007). The amount that needs to
be supplemented depends on forage quality and
losses during storage. Cattle receiving about 50%
of their forage from above average quality pas-
ture probably do not need supplemental vitamin
E. The various forms of supplemental vitamin E
fed have different availabilities to the cow.
DL-alpha-tocopherol acetate, a commonly sup-
plemented form, has an activity of 1 IU/mg, while
D-alpha-tocopheryl acetate has an activity of
1.36 TU/mg. Therefore, attention should be paid
so that it reaches a level of 1,000 IU/day in feed.

7.2 Minerals

Minerals form an important component of
efficiency complex which modulate immune
responses primarily through their critical roles in
enzyme activity, and a deficiency or an excess of
minerals can alter different components of
immune system. Mineral deficiencies can have
detrimental effects on immune functions through
alterations in specific aspects of immunity,
including antibody responses, cell-mediated
immunity and NK cell activity. Minerals also
play a special role in efficiency complex to ensure
efficient growth, reproduction and immune com-
petence in animals. Uncontrolled oxidation reac-
tions may impair the animal’s immune status
(Spears 2000). The herds have been observed to
increase risks of metritis, mastitis, locomotion
problems or diarrhoea in calves when zinc (Zn)
or copper (Cu) status is either marginal or
deficient (Enjalbert et al. 2006). The low or sub-
optimal levels of minerals may be restored by
dietary supplementation. The most important
way to balance oxidative damage and antioxidant
defence in dairy cows is to optimise the dietary
intake of antioxidant minerals. Dairy cow feeds
typically contain a range of different compounds
that possess antioxidant activities, many of which
are minerals or are mineral dependent. The key
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trace elements involved in animal feed are Zn,
Cu, selenium (Se), iron (Fe) and manganese (Mn)
(Surai et al. 2003; Surai and Dvorska 2002).

The mineral-dependent antioxidant enzymes
that can be synthesised in the body are able to
deal effectively with free radicals but require a
continuous supply of feed-derived mineral cofac-
tors. Selenium (Se) is an essential part of a
family of enzymes called glutathione peroxi-
dases (GSH-Px) and thioredoxin reductases
(Berry et al. 1991). However, Zn, Cu and Mn are
integral parts of superoxide dismutase (SOD),
and Fe is an essential part of catalase. When
these metals are supplied through feed in sufficient
quantities, adequate antioxidant enzymes are
synthesised in the body. However, deficiency of
these elements results in oxidative stress, leading
to potential damage of tissues, biological mole-
cules and membranes.

7.2.1 Selenium (Se)

Selenium is an essential component of a range of
selenoproteins, including glutathione peroxidase,
thioredoxin reductase and iodothyronine deiodi-
nase. Selenium is found in raw feed materials
used for animals in varying quantities, and some
of them are deficient or may have higher toxic
levels. There are two major sources of Se for ani-
mals: (1) Se from feed materials, in the form of
selenoamino acids, including selenomethionine
and selenocysteine; (2) inorganic Se in the form
of selenate or selenite. The physiological require-
ment for Se is low in animals, but if this is not
met, the antioxidant system is likely to be com-
promised and may affect animal health (Spears
2000). Excessive levels of Se (in plants and soils)
are associated with toxicity; therefore, adequate
measures need to be adopted for preventing
toxicity of selenium.

Selenium content of feeds may vary as per the
soil content. Vitamin E and selenium supplemen-
tation are required or may be necessary to enhance
the body defences from challenge of infectious
agents. Supplementation of 0.3 ppm Se and
500 IU/day vitamin E during lactation and vita-
min E 1,000 IU/day during the dry period has
been shown to reduce prevalence and severity of
mastitis and reduce somatic cell count in milk
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(Chawla and Kaur 2005; Chandra and Aggarwal
2009). The vitamin E content of basal diet is
highly variable; therefore, NRC (2001) has rec-
ommended supplemental vitamin E regardless of
the dietary vitamin E content. The requirements
that are based on measures of immune function
are usually higher than those based on production
or reproduction. NRC (2001) has suggested the
requirement of vitamin E during last 60 days of
gestation: 80 IU/kg DMI for dry cows and 20 TU/
kg DMI for lactating cows. Selenium should be
provided only if the soil is deficient in selenium
in that particular area.

Although Se and vitamin E functions indepen-
dently, studies have shown that administration of
both Se and vitamin E may result synergistically
to enhance immune response (Spears 2000).
Vitamin E supplementation of lactating dairy
cows (Hogan et al. 1990) and young calves fed
on a milk substitute (Eicher et al. 1994) also
increased blood neutrophil bactericidal activity.
Compared with non-vitamin E-supplemented
cows, supplementing dairy cows with 3,000 mg
vitamin E per day for 4 weeks prepartum and
8 weeks postpartum prevented a decline after
parturition in neutrophil superoxide anion pro-
duction and IL-1 production and major histocom-
patibility class II antigen expression by blood
monocytes (Politis et al. 1995).

Se plays an important role in removing hydro-
gen peroxide and organic hydroperoxides
through its effects as a component of the antioxi-
dant enzyme glutathione peroxidase, and a
deficiency in Se can induce a state of oxidative
stress in the host (Chaudiere and Tappel 1984).
Se deficiencies have been reported to associate
with lower resistance to infections, possibly due
to decreased antibody production and an impaired
lymphocyte proliferative response (Chandra and
Chandra 1986; Reffett et al. 1988). However,
other studies have identified additional mecha-
nisms by which Se supplementation enhances
immune function, including neutrophil killing
activity (Hogan et al. 1990) and neutrophil adher-
ence (Maddox et al. 1999). The altered neutro-
phil adherence could also affect the ability of
neutrophils to attack and sequester pathogens
(Spears 2000).
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Many of the beneficial health effects of Se are
mediated by antioxidant selenoenzymes, with
selenocysteine at the active sites. Cytosolic gluta-
thione peroxidase (GPX1) is the selenoenzyme
most often associated with antioxidant func-
tions. Determination of cellular or plasma GPX1
activity is a diagnostic tool for assessing Se sta-
tus of dairy cows. Many other bovine antioxidant
selenoproteins exist including selenoprotein P,
five different isoforms of GPX and three thiore-
doxin reductase (TrxR) isoenzymes (Grignard
et al. 2005; Hara 2001). Both GPX1 and TrxR1
play a critical role in reducing both H,O, and
fatty acid hydroperoxides to less reactive water
and alcohols, respectively.

7.2.2 Zinc(Zn)

Zn is the second most abundant trace element in
mammals and birds and forms a structural com-
ponent of over 300 enzymes and plays catalytic
and regulatory element affecting efficiency
complex. An important role played by zinc is in
antioxidant defence system as an integral part
of the essential enzyme superoxide dismutase
(SOD) (Underwood 1999; National Research
Council 2001). Zinc has been reported to influence
several components of immunity, including cell-
mediated immune functions, tissue regeneration,
protein synthesis and inflammatory responses
(Erickson et al. 2000; Kruse-Jarres 1989). Zn
supports humoral and cell-mediated immunity by
facilitating proliferative reactions in response to
stimulus by different mitogens by way of its
action on immune cells as a cofactor for essential
enzymes. Zn deficiency has been associated with
decreased T-cell function and antibody responses
(Kruse-Jarres 1989).

Tomlinson et al. (2002) have summarised
results of 12 experiments and reported an overall
significant reduction (196,000 vs. 294,000) in
SCC when Zn-Met was supplemented (about
200 mg of Zn/d in five experiments and about
380 mg of Zn/d in seven studies). Whitaker et al.
(1997) compared the effects of providing supple-
mental Zn from a mixture of Zn proteinate
(250 mg of Zn/day) and inorganic Zn (140 mg/
day) or from all inorganic sources (390 mg of Zn/
day). Diets contained approximately 50 ppm total
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Zn (about 25 ppm supplemental and 25 ppm from
basal diet). Source of Zn had no effect on infec-
tion rate, new infections, clinical mastitis and
SCC. Animal diets should contain about 20 ppm
of copper and 50-60 ppm of Zn.

Zinc also plays a role in maintenance of
epithelial tissue. Since teat skin is the first line of
defence, any deterioration in the health of epithe-
lial tissue will enhance the ability of bacteria to
penetrate and cause infection. Zinc is also
required for keratin production. Keratin is a wax-
like substance secreted into the teat-end opening.
The keratin lining of the teat canal helps in
entrapping bacteria and prevents their upward
movement into the mammary gland through its
bactericidal properties. Approximately 40% of
keratin in the teat canal is regenerated after each
milking; therefore, the ability of the cow’s mam-
mary system to efficiently reproduce keratin is
important in the defence against mastitis.

Zn is also involved in facilitating hormonal
secretion and function particularly somatomedin-
¢, osteocalcin, testosterone, thyroid hormones,
insulin and growth hormone. In India, commonly
fed feeds (roughages as well as concentrates)
contain Zn content below the critical level of
40 ppm as recommended by NRC (2001) for
dairy cattle. Hence, there is a need to supplement
Zn to dairy animals in order to improve their
immune status.

7.2.3 Copper (Cu)

Cu is a component of a range of physiologically
important metalloenzymes and takes part in
(1) antioxidant defence as an integral part of
SOD, (2) cellular respiration, (3) cardiac func-
tion, (4) bone formation, (5) carbohydrate and
lipid metabolism, (6) immune function, (7) con-
nective tissue development, (8) tissue keratinisa-
tion and (9) myelination of the spinal cord. The
main Cu-containing enzymes have been enlisted
in Table 2. Inorganic Cu has a strong pro-oxidant
effect and likely to stimulate lipid peroxidation in
feed or the intestinal tract (Surai et al. 2003).
Dietary Cu may also affect cytokine production
in cattle. Mononuclear cells of lactating dairy
cows receiving a marginal level of Cu (67 mg/
kg diet) were observed to produce less IFN-y
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Table 2 Some minerals containing enzymes
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Function

Transport of electron during aerobic respiration

Formation of desmosine cross links in collagen and elastin
Iron absorption and transport for haemoglobin synthesis
Melanin production

Antioxidant in cells, play role in phagocytic cell Function
Plays role in glycolytic metabolism

Assists rapid interconversion of carbon dioxide and water into

carbonic acid, protons and bicarbonate ions

Mineral Enzyme

Cu Cytochrome oxidase

Cu Lysyl oxidase

Cu Ceruloplasmin

Cu Tyrosinase

Cu Superoxide dismutase

Zn Lactic dehydrogenase

Zn Carbonic anhydrase

Zn Copper zinc superoxide dismutase

Se glutathione peroxidase
Heme oxidase

Mo Xanthine oxidase

Antioxidant in cells
Antioxidant in cells
Function as antioxidant in protection of biological membranes
Generates reactive oxygen species and plays an important role

in the catabolism of purines

Source: Modified from National Research Council (2001)

when stimulated with Con A than cells of cows
fed on adequate levels of Cu (Torre et al. 1995).

Copper similar to zinc plays a vital role in
immune functions of all mammals. The Cu is an
integral part of enzymatic activity that affects
efficiency complex. It is also involved in proper
functioning of immune cells (macrophages and
neutrophils). A deficiency of copper has been
associated with a decreased ability of these cells
to multiply. Failure to multiply quickly may result
in a competitive advantage by mastitis-causing
bacteria. Diets with 20 ppm supplemental copper
have been shown to reduce the severity of masti-
tis following an E. coli challenge compared to
diets with 7 ppm (Scaletti et al. 2001). Heifers
that received no supplemental copper after wean-
ing and then were fed a diet with no supplemental
copper from 84 days prepartum to 108 days
postpartum had more infected quarters during
lactation than did animals fed 20 ppm supple-
mental copper from 84 d pre- to 107 d postpar-
tum (Harmon and Torre 1994).

7.2.4 Iron (Fe)

Iron in ferrous form (Fe*™) performs a vital role
in many biochemical reactions, including (1)
antioxidant defence as an essential component of
catalase, (2) energy and protein metabolism, (3)
as a haem respiratory carrier, (4) oxidation—
reduction reactions and (5) in the electron trans-
port system. Reduced Fe is also a catalyst for

lipid peroxidation and radical formation, thus
having a strong pro-oxidant effect (Halliwell
1987). The Fe plays role in the immune response,
and an insufficient supply causes anaemia in
deficient animals due to failure to produce hae-
moglobin. Fe deficiency is not common in adult
cattle as their requirement is low and Fe is ubiqui-
tous in the environment, but it is more frequent
in calves as milk Fe content is low (Underwood
1999). In dairy cattle, plasma Fe concentration is
decreased during the acute phase response to
immunological challenges as are Zn concentra-
tions (Kushner 1982), whereas plasma Cu con-
centration may increase (Andrieu 2008). These
ion changes reflect changes in cation binding of
plasma proteins and, more importantly, alterations
in cellular uptake mechanisms. During mastitis,
increased secretion of binding proteins such as
lactoferrin in milk decreases the amount of avail-
able Fe and thus reduces the availability of the
divalent Fe for growth of Gram-negative bacteria
(Todhunter et al. 1990).

7.2.5 Manganese (Mn)

Mn plays an important role in body metabolism
as an essential part of a range of enzymes that are
involved in (1) antioxidant protection as an inte-
gral part of enzyme SOD, (2) bone growth and
formation of eggshell, (3) carbohydrate and lipid
metabolism, (4) immune and nervous function and
(5) reproduction. Like zinc and copper, manganese
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is involved in detoxifying superoxide radicals
(free oxygen radicals) produced by immune cells
in response to kill bacteria. Superoxide radicals
disrupt cellular membranes and cause cellular
damage leaving the mammary gland more sus-
ceptible to infection, scarring and loss in milk
production. Manganese also enhances macro-
phage (white blood cell) killing ability. Increasing
copper and manganese status of the lactating cow
can help reduce SCC as copper and manganese
play roles in immune response.

7.2.6 Chromium

Chromium has both humoral and cellular immu-
nomodulatory effects, but the fundamental mecha-
nism of intercellular and intracellular action are
still to be fully elucidated. Cr requirements in
human and farm animals increase during stress,
the heat stress and early lactation could excrete
Cr irreversibly through urine (Borel et al. 1984).
Heat stress decreases feed intake and adding Cr
to the diet help relieve this effect (AL-Saiady
et al. 2004; Hayirli et al. 2001). Cows fed the diet
with Cr had the highest peak milk production
over the control. The increased milk yield could
also occur due to higher dry matter intake and
reduced rate of mobilisation of fatty acids from
adipose tissue (McNamara and Valdez 2005). Cr
deficiency can cause insulin resistance, and the
ratio of glucose to insulin can act as a crude index
of tissue sensitivity to insulin (Evock-Clover
et al. 1993). Cows receiving Cr had higher molar
ratio of glucose to insulin and lower insulin than
cows receiving no Cr indicative of increased
insulin sensitivity due to Cr supplementation.
Increased insulin sensitivity is likely to stimu-
late lipogenesis and inhibit lipolysis. A reduced
mobilisation of fatty acids from adipose tissue
may allow a greater increase in feed intake, stabi-
lise hepatic fat metabolism and reduce hepatic
ketogenesis, to increase milk production in cows
(Kronfeld 1976).

The immune function may be affected by low
Cr levels in association with insulin and/or cor-
tisol activity as corticosteroids suppress immune
system. The chromium also mediates production
and regulation of certain cytokines (Borgs and
Mallard 1998). High-producing dairy cows are
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under metabolic and physiological stress during
early lactation. State of negative energy balance
may increase concentration of nonesterified fatty
acids (NEFA) and p-hydroxyl butyric acid
(BHBA) in blood which result in ketosis and
other metabolic disorders. The supplementation
of Cr is beneficial during the early lactation and
immediately after parturition in cows. During the
periparturient period, insulin resistance may be
an important factor in the initiation of catabolic
activities (Holstenius 1993). Improved glucose
tolerance and milk yield and decreased blood
cortisol, NEFA and BHBA were observed in
primiparous cows supplemented with 0.5 ppm
of organic chromium (Subiyatno et al. 1996).
Supplementation of chromium has been obser-
ved to reduce blood cortisol concentrations and
increase measures of immunological activity in
transition dairy cows (Burton et al. 1993; Chang
et al. 1996).

8 Effect of Free Radical
Production on Immunity
and Role of Antioxidants

An increase in oxidative reactions within the cell,
or at the cell membrane, produces free radicals or
activated molecules with the potential to inhibit
cellular functions, damage membranes and even
to result in the destruction of the cell. Oxidation—
reduction reactions do normally occur in the body,
but when the reactions become uncontrolled, the
end products of oxidation (i.e. free radicals) accu-
mulate, and tissue damage occurs. In an effort to
protect itself, the cell prevents the accumulation
of free radicals by the action of several antioxi-
dants present in the body (Table 3).

Various factors facilitate the accumulation of
free radicals, but heat stress increases both the
metabolic rate of cells and free radicals accumu-
lation (Bernabucci et al. 2002; Lohrke et al. 2005;
Chandra 2009). If the levels of antioxidants pres-
ent are low/suboptimal within the cell, the dam-
age due to accumulation of free radicals is likely
to occur. Cows that are under stress of calving,
challenged by a high load or experiencing the
peak demands of lactation, have a higher level of
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Table 3 Antioxidants present in body tissues

Enzymatic

Superoxide dismutase (cytosol)

Superoxide dismutase (mitochondria) Manganese
Catalase (cytosol) Iron
Glutathione peroxidase Selenium

Glutathione reductase

Source: Markesbery et al. (2001), Weiss (2009)

Table 4 Suggested feeding levels of vitamin E and some
minerals in total diet

Vitamin E 1,000 IU/day for dry cows
1,500 IU for dry buffaloes
500 IU/day for lactating cows

Selenium 0.3 ppm

Copper 20 ppm

Zinc 60-80 ppm

Source: Modified from Scaletti et al. (1999)

free radicals (Bernabucci et al. 2002) and there-
fore require a greater supplementation of anti-
oxidants. Table 4 shows the suggested feeding
levels of vitamin E and minerals for cows.

As has been indicated earlier, free radicals are
formed as a normal end product of cellular
metabolism arising from either the mitochondrial
electron transport chain or from stimulation of
NADPH (Valko et al. 2007). The presence of free
radicals leading to oxidative reactions in the
organism is physiological, and oxidative stress
occurs when there is increased production of free
radicals and reactive oxygen species, and/or a
decrease in antioxidant defence system. Oxidative
stress results in damage of biological macromo-
lecules and disruption of normal metabolism and
physiology (Trevisan et al. 2001). Heat stress
generally increases the production of free radi-
cals that lead to oxidative stress. Under normal
physiological conditions, antioxidant defence
systems within the body can effectively neutralise
the ROS that are produced and eliminate them.
Supplementation of antioxidants to the cows
before heat stress starts and also during the stress

Nutrients involved

Copper and zinc
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Nutrients involved
Vitamin C
Beta carotene

Nonenzymatic

Ascorbic acid

Beta carotene (membranes)
Ceruloplasmin

Uric acid

Bilirubin

Melatonin

Copper

Isoflavone
Methionine

a-Tocopherol Vitamin E

period may correct the infertility due to heat
stress through decreased cortisol secretion and
oxidative stress, resulting in enhanced pregnancy
rates. Moreover, strong positive correlations
between several antioxidant enzymes (e.g. gluta-
thione peroxidase) and vascular adhesion mole-
cules suggest a protective response of antioxidants
to an enhanced proinflammatory state in transi-
tion dairy cows (Aitken et al. 2009). Antioxidants
then could contribute to enhance mechanisms
against oxidative stress with various immunity,
reproduction and health benefits. Heat stress is
associated with reduced activity by antioxidants
in the blood plasma. Vitamin E (a-tocopherol), a
strong reducing agent that can give electrons to
lipids undergoing peroxidation, is a major anti-
oxidant present in plasma membranes (Wang
and Quinn 2000).

The treatment of cows with antioxidants to
improve fertility in summer has given inconsis-
tent results. Effects of antioxidants on reproduc-
tive function may be more pronounced during
heat stress because of the increased metabolic
rates associated with cellular hyperthermia. High
temperature increases liver peroxidation (Ando
et al. 1997), and activity of enzymes involved in
free radical production such as xanthine oxidase
is also increased. Exposure of dairy cows to heat
stress decreased total antioxidant activity in
blood. Like most cells, preimplantation embryos
can produce free radicals (Yang et al. 1998).
TrxR1 also can facilitate the gene expression of
other cytoprotective antioxidant enzyme factors,
such as heme oxygenase in bovine endothelial
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cells (Trigona et al. 2006). The nonenzymatic
antioxidants are tocopherols, ascorbic acid,
carotenoids, lipoic acid and GSH. Vitamin E
(a-tocopherol acetate) is the predominant anti-
oxidant found in biological membranes. The
tocopherols disrupt radical chain reactions that
lead to auto-oxidation of adjacent membrane-
associated fatty acids. For example, vitamin E
can act as a scavenger of both lipid radicals and
lipid peroxy radical by donating a hydrogen ion
with the formation of a tocopheroxyl radical. The
tocopheroxyl radical is then regenerated back to
its reduced form by vitamin C (Blokhina et al.
2003). Ascorbic acid (vitamin C) is a water-solu-
ble antioxidant that plays a key role in maintain-
ing the redox state of cells. In addition to recycling
vitamin E, ascorbic acid can reduce several other
oxidised biomolecules and act as a direct scaven-
ger of free radicals (Blokhina et al. 2003). The
carotenoids are another important free radical
scavenger and are especially effective at quench-
ing singlet oxygen and can prevent the subse-
quent formation of secondary ROS. Lipoic acid
is a component of the pyruvate dehydrogenase
complex and plays a central role in energy metab-
olism. However, lipoic acid also can function as a
metal chelator and ROS scavenger. The reduced
form of lipoic acid, dihydrolipoic acid, can fur-
ther prevent accumulation of ROS by recycling
vitamins C and E (Blokhina et al. 2003).

9 Conclusions

Many factors environmental or physiological can
influence the immune response of an animal to
stress. Stress can suppress or enhance or have a
balanced effect on the immune functions of an
animal. Many of the conflicting findings reported
may be partially explained by the types and dura-
tions of the stressors, age, genetics and social
status. Moreover, the aspect of the immune
system being assessed, the starting point of the
immune system and the balance between Thl
and Th2 may contribute to these discrepancies
between studies. If the immune system is in a
predominantly Th2 state, the animal may have
enhanced protection against pathogen to which it
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has been previously exposed. However, if the
immune system is skewed towards Th2, then
viral and early pathogen (innate) immunity would
be suppressed, and the animals would be more
likely to have an allergic or autoimmune disease.
In India, animals are mainly reared on straw-
based diets which are low in major nutrients,
antioxidant vitamins and trace minerals. On these
diets, the cows are under stress especially during
periparturient period, this may lead to immuno-
suppression and can be afflicted with various dis-
eases. Considering these facts, supplementation
of antioxidants (combination of micronutrients,
i.e. copper/zinc and vitamin E) to the high pro-
ducers, especially during periparturient period
may prove to be beneficial. These antioxidants
may improve productivity of cows by reducing
the stress, thus protecting against the chances of
subclinical/clinical mastitis. A better understand-
ing of the complexity of these relationships in
farm animals will improve the animal health and
well-being.
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livestock particularly in ruminants are incon-
sistent; the levels have been observed to
fluctuate episodically, or peaks and troughs
have been found at varying times of the day
depending on the physiological status and
conditions. Increased glucocorticoid secretion
at the circadian peak depends on increased
hypothalamic—pituitary activity (HPA). Leptin
is also a major regulator of neuroendocrine
function and has an overall inhibitory effect
on HPA activity and suppress the appetite-
stimulating effects of glucocorticoid. Leptin
secretion is pulsatile but leptin pulses are
irregular in cattle. Chronobiologically, to
maximise nutrient efficiency and optimise
health, nutrient supply to reticulorumen,
splanchnic and peripheral tissues needs to be
synchronised with endogenous rhythms in
hormone production and nutrient metabolism.
The circadian system or oscillator coordinates
the metabolic and hormonal changes needed
to initiate and sustain milk synthesis or lacta-
tion. The animal or cow’s capacity to produce
milk and cope with metabolic stresses in early
lactation is related to animal’s ability to set
circadian rhythms in order particularly dur-
ing the transition period or early lactation.
Circadian variations are also observed in many
other biological functions like reactive oxygen
species (ROS), defence systems, thermoregu-
lation, the cardiovascular system and other
functions in humans and domestic animals.

1 Introduction

A biological rhythm is a cyclic change in the bio-
logical or a chemical function. Biological rhythms
affect a variety of activities, such as the sleep—
wake cycle, migration behaviour in birds and
seasonal fattening, hibernation and reproductive
cycles in wild animals (Piccione and Caola 2002).
Biological thythms are endogenously controlled
by self-contained circadian clocks or oscillators.
Circadian rhythm implies that under constant
external conditions (without time cues), the
rhythms follow a pattern with an endogenous
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period similar to, but not identical, 24 h. The length
of cycle is under the control of a circadian
oscillator (Ikonomov et al. 1998). Most living
organisms organise their activities coordinating
with 24-h light and dark cycle associated with
sunrise and sunset. Circadian rhythms like sleep-
ing and waking in animals, brain wave activity,
production of hormones and flower closing
and opening in angiosperms, tissue growth and
differentiation in fungi and other biological
activities in plants and animals are related to
the daily sunrise and sunset cycle. The circadian
rhythms are generated by an internal clock(s) that
is synchronised to light-dark cycles and other
cues in an organism’s environment. This internal
clock accounts for waking up at the same time
every day spontaneously even without an alarm.
The clock also causes nocturnal animals to func-
tion at night when diurnal creatures are resting.
Circadian rhythms to an extent can be disrupted
by changes in daily schedule. In mammals, the
circadian clock or oscillator is located within the
brain’s hypothalamus, and pineal gland helps
coordination through release of melatonin in
response to the information it receives from
retinal photoreceptors in the eye. In the retinal
photoreceptors, the light energy perceived is
transformed into nerve impulses and transmitted
to the hypothalamic nuclei of the central nervous
system for further processing. The suprachias-
matic nuclei (SCN) in the hypothalamus are the
anatomical loci of the circadian pacemaker
(Moore 1997; Fig. 1) and are the generators of
circadian rhythms (Klein et al. 1991). The daily
alternation in light and dark observed is the regu-
latory factor of the pineal hormone melatonin.
The typical daily pattern of melatonin secretion
also depends on the function of the suprachias-
matic circadian clock (Moore and Klein 1974).
The alterations or changes in long-term lighting
conditions that occur during the year result in
metabolic and behavioural changes of mammali-
ans. For instance, the reproductive cycles with
concurrent hormonal changes are entrained in
many mammalian species and livestock like
sheep by annual lighting conditions (Karsch et al.
1984). The SCN—pineal complex is believed to
be a probable component in the mechanism
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Fig. 1 The biological clock
located within the suprachias-
matic nucleus in the brain
(Moore 1997; BSCS 2003,
Copyright © 2003 BSCS.

All rights reserved. Used
with permission)
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entraining annual rhythms (Zucker et al. 1991;
Scott et al. 1995). Pineal gland and its secretion
facilitates regulation of seasonal breeding in
mammalians by synchronising the hypothalamo—
hypophyseal-gonadal axis reproductive functions.
The melatonin serves the reproductive system as a
messenger of night duration or length (Karsch
et al. 1991; Bartness et al. 1993). In addition to
the melatonin rhythm and pattern, the daily varia-
tion in glucocorticoid levels in blood is also a
classical example of circadian rhythms in humans
(Bliss et al. 1953; Orth and Island 1969), rats
(Rattus norvegicus, Guillemin et al. 1959; Moore
and Eichler 1972) rhesus monkey (Macaca
mulatta, Perlow et al. 1981), Syrian hamsters
(Mesocricetus auratus, de Souza and Meier 1987)
and red-backed voles (Clethrionomys gapperi,
Kramer and Sothern 2001). Though the phenom-
enon of circadian rhythm of glucocorticoids is
classical in many mammalian species, but in
ruminants, like cattle (MacAdam and Eberhart
1972; Wagner and Oxenreider 1972; Abilay and
Johnson 1973; Lefcourt et al. 1993) and sheep
(Simonetta et al. 1991), they do not exhibit any
particular pattern. The inconsistent, absence of
rhythm or discrepant results in ruminants could
be attributed to differences in metabolism of
nutrients and to the role of glucocorticoids in the
regulation of metabolism in ruminants. The special
digestive system of ruminants stores and processes
a large amount of undigested, partially digested

Suprachismatic nucleus

Hypothalamus Thalamus

Lateral geniculate
nucleus

Optic nerve

Table 1 Periods of biological rhythms

Type of rhythm Period (7)

Ultradian t<20h

Circadian 20 h<r<28h
Infradian t>28h

Circaseptan t=T7=+3 days
Circannual t=1 year+3 months

Source: Piccione and Caola (2002)

and digested food; nutrients continue to absorb

into the blood evenly during the 24-h period.

Therefore, variations in metabolites and metabolic

hormones are little in ruminants, and characteris-

tic patterns are either absent or inconsistent in
ruminants. The lighting conditions affect regula-
tion of lipid metabolism in mammals (Clarke

2001; Bartness et al. 2002; Morgan et al. 2003),

and the melatonin is a principal mediator and

regulator of photoperiodic information (Lincoln
et al. 2003). The variation in the periods of bio-

logical rhythm has been presented in Table 1.
Biological rhythms in mammals are of two

general types:

e Exogenous rhythms: The exogenous rhythms
as the name indicates are directly produced by
an external influence such as sunlight, food,
noise or social interaction and are not generated
internally by the organism itself, for example,
environmental cue. Since these rhythms are
not generated internally, in the absence of
environmental cues, the exogenous rhythm is
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likely to cease or discontinue. The stimuli or
cues are called zeitgebers — a German word
meaning ‘time givers’. Zeitgebers are likely to
help to reset the biological clock to a 24-h day.

* Endogenous rhythms: The endogenous rhy-
thms are controlled by the internal and self-
sustaining biological rhythms, and these
biorhythms sustain even in the absence of
environmental cue, for example, oscillations
in core body temperature and melatonin.

2 Circadian Timekeeping
Mechanisms

Several approaches to elucidate the nature of cir-
cadian oscillators have emerged over the years
(Hastings and Schweiger 1975), aimed at locating
the anatomical loci responsible for generating these
periodicities and tracing the entrainment pathway
for light signals from the photoreceptor(s) to
the clock itself. Animals appear to have central
clocks that reside in discrete ‘pacemaker tissues’
in the central nervous system, whose signals
direct circadian output responses in peripheral
tissue areas (Takahashi 1995). The circadian
clock in most mammals and frequently observed
in humans has a natural day length of about 24 h.
The clock requires resetting to match the day
length of the environmental photoperiod, that is,
the light/dark, or day/night, cycle. The environ-
mental cue that synchronises the internal bio-
logical clock is duration of light or light period.
Photoreceptors in the retina perceive and transmit
light-dependent signals to the SCN. Receptors in
the retina, the rods and cones, are apparently not
required for this photoreception (Freedman et al.
1999). Special types of retinal ganglion cells that
are photoreceptive and project directly to the
SCN appear to provide signals for synchronising
the biological clock (Berson et al. 2002).

The first circadian clock gene was identified
and isolated from Drosophila, and subsequent
analysis of its expression led to the first mole-
cular model of the circadian oscillator, an auto-
regulatory feedback loop in gene expression.
Further discovery of additional clock genes in
Drosophila supports the feedback loop model

Biological Rhythms

and add to its mechanistic detail and complexity
(Hardin 2009). In mammals and livestock species,
circadian oscillators are believed to operate simi-
larly in a variety of tissues, including the brain
and numerous other internal organs. The circa-
dian oscillators are primarily photoreceptive, and
directly intensity and duration of light modulate
these oscillators in peripheral tissues. Therefore,
local oscillators and systemic cues control most
biorhythms in mammals and livestock.

2.1 Biological Clock

A biological clock acts as an alarm to wake up or
to initiate a physiological process at an appropri-
ate phase of the daily activity. The clock also
helps to organise an activity and prepare in antici-
pation of actual need in an organism. The clock
also acts as a time management device or an
instrument to assess the day and/or night length or
duration to regulate them appropriately (Dunlap
et al. 2004).

The suprachiasmatic nuclei (SCN) in the
hypothalamus are the anatomical loci of the cir-
cadian pacemaker (Moore 1997). The SCN is a
very small structure consisting of a pair of pin-
head-size regions, each containing only about
10,000 neurons out of the estimated 100 billion
neurons in the brain. This circadian clock or
oscillator, entrained by the light-day cycle via
the retinohypothalamic tract, is believed to
impose circadian patterns on a wide array of
physiological functions and behavioural pro-
cesses like locomotor activity, body temperature,
heart rate, blood pressure, hormone secretion and
urinary excretion (Dunlap et al. 2004; Refinetti
2005; Cassone and Stephan 2002). The know-
ledge on molecular biology and genetics helped
in cloning of many mammalian ‘clock’ genes and
to the discovery of new, extracerebral sites which
contain circadian oscillators (Yamazaki et al.
2000). Information on circadian clock has
revealed that genes and circadian oscillators are
expressed in many organs, such as lung, liver,
skeletal muscles and kidney (Yoo et al. 2004).

Circadian rhythmicity of body temperature
has been considered both in laboratory and farm
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animals due to the relatively easy monitoring of
body temperature and the robustness of its
rhythm (Piccione et al. 2003). These studies have
advanced knowledge on temperature rhythm,
homeothermy and the characteristics of the
temperature clock.

3 Daily Rhythms

As has been indicated earlier, the physiological
processes are regulated by a circadian oscillator
and were first described in the plant leaves
movement by the French scientist Jean-Jacques
d’Ortous de Mairan (Meijer and Rietveld 1989).
The circadian clock is regulated by the light and
wavelength, intensity, timing and duration of the
light stimulus impacts (Cardinali et al. 1972;
Brainard et al. 1983, 1986; Takahashi et al.
1984). The endogenous biological rhythms help
to assess and anticipate periodic changes in the
environment and are thus important for adaptive
behaviour. The circadian rhythm is governed
and related to the light/dark cycle, yet the rhythm
period can be reset by exposure to a light or dark
cycle in individuals or mammalian species. The
change in pulse of light or change in the light-
ing conditions can help in adjustment of the ani-
mal gradually to the new pattern provided it does
not deviate too much from the species’ fixed
circadian norm.

Animals confined in total darkness for a long
period have been observed to display a ‘free-
running’ rhythm (Redman et al. 1983; Thomas
and Armstrong 1988). The sleep cycle of diurnal
animals’ moves forwards approximately by 1 h a
day; their free-running rhythms are about 25 h. In
contrast, in nocturnal animals, the free-running
rhythm is shorter by about an hour, that is, about
23 h. The biological clock even in total darkness
is influenced by events occurring regularly on a
daily basis. Continuous light exposure suppresses
circadian rhythm of locomotor activity in rats
(Homna and Hiroshige 1978; Chesworth et al.
1987). Several other circadian rhythms in rats
(e.g., behavioural, temperature and some humoral
rhythms) may persist for several weeks depen-
ding on the intensity of light (Homna and
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Hiroshige 1978; Depres- Brummer et al. 1995).
The environmental cues that entrain the circadian
rhythm are called zeitgebers or circadian syn-
chronisers as has been indicated earlier. Several
environmental and behavioural stimuli act as
circadian synchronisers. These include water
and food intake, motor activity, sleep—wake
rhythm, corticosterone release, activity of pineal
N-acetyltransferase enzyme and body temperature
(Rusak and Zucker 1979).

The most important synchronising trigger of
circadian rhythm is environmental light/dark
(LD) cycle associated with sunrise and sunset. In
the absence of external cues, the rhythm may
become out of phase with, for instance, the ultra-
dian rhythm of digestion. Biological functions,
such as hormone production, cell regeneration
and brain activation as measured by an electroen-
cephalogram (EEG) and overall behavioural
patterns (sleeping, eating) are linked to the circa-
dian cycle. Destruction of the SCN completely
abolishes the normal sleep/wake rhythm.
Information on day length travels from the SCN
to the pineal and in response the pineal gland
secretes the melatonin. The melatonin secretion
reaches its peak at night and nadir during the day
(Zucker et al. 1983). SCN can also transmit its
message directly to peripheral organs and tissues
through the autonomic nervous system (Bartness
et al. 2001; la Fleur 2003; Buijs et al. 2006) to
evoke responses.

4 Annual Rhythms

The gradual change in day and night or annual
lighting condition has an impact on the behaviour
and physiology of most mammalian species
(Hastings et al. 1985). The timing of annual
reproductive cycle in many mammals is associ-
ated with hormonal changes leading to the suc-
cessful production of offspring (Karsch et al.
1984). In addition to light and dark period, other
seasonal alterations also affect the animals. These
include variation in temperature, availability of
food and metabolism. Similar to circadian rhythm
in mammals, the SCN and the pineal gland are
the main structures regulating annual rhythms
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(Hastings 2001; Schwartz et al. 2001; Zucker 2001).
The assessment of time or timing system in the
brain regulates annual rhythm such seasonal
cycles like sexual behaviour, energy metabolism,
food intake and hibernation. The photoperiod is
the strongest synchroniser of seasonal functions
in most species. For example, in Djungarian
hamsters (Phodopus sungorus), short days induce
reproductive inhibition, inactivity and weight
increase, contrary to animals kept in long days that
do not display these changes. In sheep, reversal
of the annual photoperiodic cycle causes the
breeding season to phase shift by 6 months;
reduction of its period to 6 months triggers
two periods of reproductive activity every year
(Malpaux et al. 1993, 2001).

Neurons in the SCN respond to light during
subjective night with an expression of the imme-
diate early gene c-fos. FOS reactivity in the SCN
following a light stimulus depends on the photo-
period history or exposure experience (Sumova
et al. 1995; Vuillez et al. 1996). Clock gene
expression in the SCN displays photoperiodic
variations (Messager et al. 1999, 2000, 2001;
Nuesslein-Hildesheim et al. 2000), and the daily
profile of arginine vasopressin (VP) messenger
ribonucleic acid (mRNA) differs in short and
long photoperiods (Jac et al. 2000). There is
also an evidence that the thalamic intergenicu-
late leaflet (IGL), a relay between the retina and
SCN, is involved in photoperiod integration
(Menet et al. 2001). Some photoperiodic spe-
cies,forexample, ground squirrels (Spermophilus
parryii), exhibit endogenous circannual rhythms
under captivity and seasonally constant condi-
tions (photoperiod and temperature) for long
periods (Lee and Zucker 1991; Gorman et al.
2001; Zucker 2001). A morning oscillator (M)
adjusted by dawn and an evening oscillator (E)
adjusted by dusk in the mammalian circadian
system have been suggested (Pittendrigh and
Daan 1976). The phase relationship between
M and E reflects the day length to which the
subject has been exposed. The oscillators con-
trol the pineal gland, therefore being able to
define not only the time of day but also the time
of year (Schwartz et al. 2001). The hypothesis
of Daan et al. (2001) suggests that the circadian
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pacemaker in the mammalian SCN consists of a
double complex of circadian genes (Perl/Cryl
and Per2/Cry2), which is able to maintain the
endogenous rhythm. These two types of oscilla-
tors are speculated to have slightly different
temporal dynamics and light responses. The
Per1/Cryl (or M) oscillator is apparently accel-
erated by light and decelerated by dark, and the
Per2/Cry2 (or E) oscillator is decelerated by
light and accelerated by dark. Therefore,
changes in the activity of M and E oscillators
are likely to have an influence on the adaptation
of the endogenous behavioural programme asso-
ciated with day length.

5 Functions of Sleep

Sleep is essential to all mammals studied and varies
widely in species, age, pregnancy, health status,
etc. Sleep affects the metabolism, endocrine and
immune functions. Lack of sleep increases energy
requirements and impairs the immune defence.
Studies in cattle on duration of sleep during
different stages of lactation in dairy cows show
that total sleep time is about 4 h per day and is
significantly lower in cows 2 weeks after parturi-
tion compared to that during the dry period and
peak lactation (Ternman 2011). Studies with rats
have demonstrated that while these animals nor-
mally live for 2-3 years, rats deprived of REM
sleep survive an average of only 5 months. Rats
deprived of all sleep survive only about 3 weeks
(Rechtschaffen 1998). In humans, extreme sleep
deprivation can cause an apparent state of para-
noia and hallucinations in otherwise healthy
individuals.

Many hypotheses have been advanced to
explain the role of this necessary and natural
behaviour (Rechtschaffen 1998). The following
examples highlight several of these theories:

5.1 Evolution of Sleep

Sleep is ubiquitous among mammals, birds and rep-
tiles, although sleep patterns, habits, postures and
places of sleep vary greatly in different subjects.
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Table 2 Total sleep time for various species

Species average Total sleep time (hours/day)
Human infant 16.0
Tiger 15.8
Squirrel 14.9
Golden hamster 14.3
Rat 12.6
Cat 12.1
Mouse 12.1
Rabbit 114
Duck 10.8
Dog 10.6
Baboon 10.3
Chimpanzee 9.7
Guinea pig 9.4
Human adolescent 9.0
Human adult 8.0
Goat 53
Cow 39
Sheep 3.8

Source: Aserinsky (1999), Campbell and Tobler (1984),
Kryger et al. (1989), and Tobler (1989)

e Sleep patterns: The patterns of sleep are dif-
ferent in all subjects and vary a lot in rhythm
and duration. Mammals generally alternate
between NREM and (rapid eye movement)
REM sleep states in a cyclic fashion, although
the length of the sleep cycle and the percent-
age of time spent in NREM and REM states
vary with the animal species. Birds also exhibit
NREM/REM cycles, and each phase is very
short in duration (NREM sleep is about two
and one-half minutes; REM sleep is about
9 s). Birds while asleep do not lose muscle
tone during REM sleep similar to mammals.

e Sleep habits: In general, mammalian species
sleep during night or day. Humans and live-
stock species sleep primarily at night, while
other animals like rats sleep primarily during
the day. Small-sized mammals tend to sleep
more than large ones (Table 2). In some cases,
animals have developed ways to sleep and
concurrently satisfy critical life functions.
These animals engage in unihemispheric
sleep, in which one side of the brain sleeps,
while the other side is awake. This phenome-
non is observed most notably in birds (like
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those that make long, transoceanic flights)
and aquatic mammals (like dolphins and
porpoises). Unihemispheric sleep allows
aquatic mammals to sleep and continue to
swim and surface to breathe. Also, this type of
sleep allows them to keep track of other group
members and watch for predators. The mal-
lard ducks increase their use of unihemispheric
sleep with the increase in risk of predation
(Rattenborg et al. 1999).

Sleep postures: A wide variety of postures are
observed in mammals ranging from laying
postures to standing. The postural position
may be curled up in dogs, cats and many other
animals; standing in horses and birds; swim-
ming in aquatic mammals and ducks; hanging
upside down in bats; straddling a tree branch
in leopard; and lying down (back or abdo-
men) in humans. Livestock species also
exhibit different postures during sleep. During
the day, buffalo and cattle usually rest in ster-
nal recumbency. Some of the animals may
also be observed in rest and ruminating. The
duration of recumbency in animals varies and
less than 1 h is likely to be spent in lateral
recumbency in one stretch; however, episodes
of rest in this position are generally brief and
may be several times during a day. The recum-
bency in large animals may be associated with
periods of sleep. The forelimbs are curled
under the body, and one hind leg is tucked
forwards underneath the body, taking the bulk
of weight on an area enclosed by the pelvis
above and the stifle and hock joints below.
The other hind limb is stretched out to the
side of the body with the stifle and hock joints
partially flexed. Some of the animals occa-
sionally lie with one or other foreleg stretched
out in full extension for a short period. Cattle
also occasionally lie fully on their sides for
very short periods while holding their heads
forwards and upwards in order to facilitate
regurgitation and expulsion of gases from the
rumen. Adult cattle may also sleep in position
similar to calves with their heads extended
inwards to their flanks. This posture is con-
sidered a normal resting and sleeping position
in cattle and buffaloes, but it is also a posture
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typically observed in cows suffering from

milk fever.

e Sleep places: The place of sleep is likely to
vary in different mammalian and non-mammal
species and depends on habitat of a mamma-
lian species. For example, burrows (rabbits),
open spaces (lions), underwater (hippopo-
tami), nests (gorillas) and the bed for comfort
(humans).

Sleep may also occur among lower life forms,
such as fish and invertebrates, but it is difficult to
know because EEG patterns are not comparable
to those of vertebrates. Consequently, investigat-
ing sleep in species other than mammals and birds
depends on the identification of specific beha-
vioural characteristics of sleep: a quiet state, a
typical species-specific sleep posture, an elevated
arousal threshold (or reduced responsiveness to
external stimuli), rapid waking due to moderately
intense stimulation (i.e. sleep is rapidly revers-
ible) and a regulated response to sleep depriva-
tion. Fruit fly (Drosophila melanogaster) responds
similar to mammals when exposed to chemical
agents that alter sleep patterns (Hendricks et al.
2000; Shaw et al. 2000). Comparative studies
have explored the evolution of sleep. Although
REM sleep is thought to have evolved from
NREM sleep, studies suggest that NREM and
REM sleep may have diverged from a common
precursor sate of sleep (Kryger et al. 1989).

6 Pineal Gland and Melatonin

The pineal gland (synonyms — glandula pinealis,
epiphysis cerebri) is a small structure located in
most mammals between the habenular and poste-
rior commissures. Identification of the pineal
gland as a distinct cerebral organ can be traced
back to the third and fourth centuries BC (Kappers
1960; Hoffman and Reiter 1965). At the end of the
nineteenth century, Ahlborn and Rabl-Ruckhardt,
then Graaf, Korschelt and Spencer, described the
anatomy, histology, innervation and embryology
of the mammalian pineal gland and noted its
resemblance to the epiphysis organ of lower
vertebrates (Simonneaux and Ribelayga 2003).
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Phylogenetically the pineal gland is derived from
a photoreceptor organ, but its function remained
unknown for long (Simonneaux and Ribelayga
2003). Bioassay techniques enabled the discovery
of an active pineal extract capable of lightening
the colour of frog skin (McCord and Allen 1917)
followed by the isolation of the pineal hormone
melatonin in 1958 (Lerner et al. 1958, 1959).
Fluorescent techniques allowed the measure-
ment of melatonin and serotonin concentrations,
which led to the discovery of circadian variations
in their levels (Quay 1963, 1964). The mamma-
lian pineal gland is innervated by peripheral sym-
pathetic and parasympathetic fibres and those
originating from the central nervous system. The
pineal gland receives relatively scarce afferent
innervation from the brain. The most important
afferents are postganglionic sympathetic fibres
which originate from the superior cervical ganglia
(SCG) and form the bilateral nervi conarii, which
enter the pineal gland posteriorly (Kappers 1979).
The neurons of this noradrenergic pathway
receive regulatory input from the suprachiasmatic
nucleus of the hypothalamus, which receives
direct input from retinal ganglion cells (Kappers
1960, 1979) via the monosynaptic retinohypo-
thalamic tract. The transmission in this tract is
predominantly modulated both pre- and post-
synaptically by neuropeptide Y (NPY) in many
mammals (Simonneaux et al. 1994; Mikkelsen
et al. 2000). Retinohypothalamic fibres synapse
in the suprachiasmatic nuclei (SCN), and connec-
tions from the SCNss to the intermediolateral grey
column in the spinal cord have been observed.
Preganglionic neurons pass from the spinal cord to
the superior cervical ganglion (SCG), and the post-
ganglionic neurons of this ganglion project to the
pineal gland (Andersson 1978; Ganong 1997).
The pineal gland receives afferent fibres ante-
riorly that travel through the commissural pedun-
cles, possibly originating from the hypothalamus
(Vollrath 1984). A third pathway, the ventrola-
teral pineal tract, has also been observed (Sparks
1998). The myelinated fibres of this tract origi-
nate from the pretectal region, posterior and
lateral to the posterior commissure. Central nerve
fibres originating from the hypothalamic, limbic
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forebrain and visual cortex also innervate the
pineal gland in non-human mammals (Kappers
1960). The parasympathetic innervation of the
pineal gland with fibres containing the primary
neurotransmitter of parasympathetic neurons,
acetylcholine (Ach), has also been observed in
some mammalian species, including the cow and
rat (Phansuwan-Pujito et al. 1991; Korf et al. 1996;
Weihe et al. 1996). There is also an evidence of
parasympathetic fibres innervating pineal arising
from the mammalian pterygopalatine ganglia and
containing vasoactive intestinal peptide (VIP)
and other neuropeptides (Moller 1992). Besides
NPY, which is located in the sympathetic fibres,
and VIP, many other peptides have been found in
nerve fibres terminating in perivascular and intra-
parenchymal areas in mammals. These include
substance P, vasopressin, oxytocin and lutei-
nising hormone-releasing hormone (Barry 1979;
Ronnekleiv 1988).

6.1 Synthesis and Metabolism

of Melatonin

The pineal gland synthesises and secretes mela-
tonin, a structurally simple hormone that com-
municates information about photoperiodic
information or environmental lighting to various
parts of the body. Melatonin has the ability to
entrain biological rhythms and has important
effects on reproductive rhythm of many animals.
The light-transducing ability of the pineal gland
and the role pineal plays, it is believed as the
‘third eye’.

Melatonin (5-methoxy-N-acetyltryptamine) is
a small-sized (molecular weight 232.3) indolea-
mine secreted rhythmically, and its synthesis
increases at night. Tryptophan is a precursor
molecule for the biosynthesis of melatonin.
Pinealocytes hydroxylate and decarboxylate tryp-
tophan to serotonin, which is then acetylated to
N-acetyl-serotonin by the rate-limiting enzyme
N-acetyltransferase (NAT). This is methylated by
hydroxyindole-O-methyltransferase (HIOMT) to
melatonin (Reiter 1991). After its biosynthesis,
the highly lipophilic melatonin is released into
capillaries, where most of it binds to albumin
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(Cardinali et al. 1972). Melatonin is metabolised
by hydroxylation and conjugation with sulphate
or glucuronic acid, mainly in the liver and also in
the kidney. The degraded product of melatonin is
excreted into urine as 6-sulphatoxymelatonin.
Functional disorders of pineal have been shown
to affect the elimination rate (Lane and Moss
1985; Viljoen et al. 1992; Kunz et al. 1999). The
half-life of melatonin in blood after intravenous
administration is about 30 min (Mallo et al. 1990).
The biosynthesis of melatonin is initiated by
the uptake of the essential amino acid tryptophan
into pineal parenchymal cells. Tryptophan is
converted to 5-hydroxytryptophan, through the
action of the enzyme tryptophan hydroxylase and
then to 5-hydroxytryptamine (serotonin) by the
enzyme aromatic amino acid decarboxylase.
Serotonin concentrations are higher in the pineal
than in any other organ or in any brain region and
exhibit a striking diurnal rhythm remaining at a
maximum level during the daylight hours and
falling by more than 80% soon after the onset
of darkness as the serotonin is converted to
melatonin, 5-hydroxytryptophol and other meth-
oxyindoles. Serotonin’s conversion to melatonin
involves the following two enzymes that are
characteristic of the pineal:
1. SNAT (serotonin-N-acetyltransferase) which
converts the serotonin to N-acetylserotonin
2. HIOMT (hydroxyindole-O-methyltransferase)
which transfers a methyl group from
S-adenosylmethionine to the 5-hydroxyl of
the N-acetylserotonin (Lerner et al. 1959)
The activities of both enzymes rise soon after
the onset of darkness because of the increased
release of norepinephrine from sympathetic neu-
rons terminating on the pineal parenchymal cells.
Another portion of the serotonin liberated from
pineal cells after the onset of darkness is deami-
nated by the enzyme monoamine oxidase (MAO)
and then either oxidised to form 5-hydroxyindole
acetic acid or reduced to form 5-hydroxytryptop-
hol. Both of these compounds are also substrates
for HIOMT and can thus be converted in the
pineal to 5-methoxyindole acetic acid 5-meth-
oxytryptophol. The level of 5-methoxytryptop-
hol, like that of melatonin, rises in the pineal with
the onset of darkness. Since 5-methoxytryptophol
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synthesis does not require the acetylation of
serotonin, the nocturnal increase in pineal SNAT
activity may not be related to the rise in pineal
methoxyindole levels. The intraparenchymal
release of stored pineal serotonin which then
becomes accessible to both SNAT and MAO ulti-
mately controls the rates at which these three
major pineal methoxyindoles are synthesised and
generates the nocturnal increases in pineal mela-
tonin and S5-methoxytryptophol. The rates of
methylation of all three 5-hydroxyindoles formed
from pineal serotonin depend on HIOMT activity
in pineal gland. The proportion of available sero-
tonin acetylated at any particular time of day or
night depends on the relative activities of pineal
SNAT and MAO at that specific time.

Melatonin has been found in blood, urine and
saliva, also in the cerebrospinal fluid (CSF), at a
concentration much higher than in blood, and in
the anterior chamber of the eye (Martin et al. 1992).
Melatonin is also found in semen, amniotic fluid,
urine and breast milk (Cagnacci 1996). Melatonin
in plasma, CSF, saliva and urine is eliminated by
pinealectomy, indicating that it is mainly synthe-
sised in the pineal gland (Nelson and Drazen
1999). There is, however, evidence that melatonin
is also synthesised at other sites which include,
in humans, the retina, gut and bone marrow
(Cagnacci 1996; Conti et al. 2000), indicating a
localised action of melatonin besides a central
regulatory function (Fjaerli et al. 1999).

6.2 Melatonin Receptors

In humans, there are two types of melatonin
receptors (Mella and Mellb) with different
binding affinity and chromosomal localisation
(Reppert et al. 1995). Melatonin receptors have
been found in the SCN of the hypothalamus,
which controls the rhythmic production of mela-
tonin by the pineal gland (Reppert et al. 1988;
Weaver and Reppert 1996). In addition, it is also
located in the cerebellum (Al-Ghoul et al. 1998),
retinal rods, horizontal amacrine and ganglion
cells (Reppert et al. 1995; Scher et al. 2002).
Besides the CNS, human melatonin receptors
have been found in lymphocytes (Lopez-Gonzalez
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et al. 1992), prostate epithelial cells (Zisapel et al.
1998), granulose cells of preovulatory follicles
(Yie et al. 1995), spermatozoa (van Vuuren et al.
1992), the mucosa layer of the colon (Poon et al.
1996) and blood platelets (Vacas et al. 1992). In
the absence of receptors, melatonin molecules
exert systemic effects also at the basic cellular
levels (Benitez- King 1993; Fjaerli et al. 1999).

6.3 Daily Rhythm of Melatonin

The daily alternation of light and dark is the most
important regulatory element in the synthesis of
pineal hormone melatonin. In all mammals
studied, whether they exhibit nocturnal or diurnal
activity, melatonin levels are higher at night than
during the day. The melatonin level starts to rise
during the evening and is at its highest in the mid-
dle of the night and starts to decrease reaching
low levels in the morning. The daily rhythm of
melatonin is considered to be a very reliable
phase marker used by the endogenous timing
system. The study on zebu-cross heifers reported
that plasma melatonin level was observed to be
the lowest at 12.30 h (23.33+5.78 pg/ml) during
day, and thereafter, an increase in plasma mela-
tonin level was observed (after 20.30 h) with
increase in darkness and the mean peak level
(124.33+16.16 pg/ml) occurred at 00.30 h dur-
ing night (Aggarwal et al. 2005; Fig. 2). The level
declined and was low during daytime. There was
a significant (P <0.05) variation in plasma mela-
tonin levels during different times of the day.

In the absence of the light—dark cycle, mela-
tonin rhythms do not exhibit characteristic pat-
tern and observed to free run with a period slightly
different from 24 h (Aschoff 1965). In rats, Syrian
hamster and Siberian hamster (P. sungorus),
pharmacological doses of exogenous melatonin
are capable of synchronising the circadian
rhythms of locomotor activity and melatonin syn-
thesis in free-running circadian rhythms (Redman
et al. 1983; Schuhler et al. 2002). Lesioning of the
SCN abolishes pineal melatonin rhythm (Klein
and Moore 1979). Therefore, input from the main
endogenous circadian pacemaker, located in
the SCN, is essential for the circadian rhythm of
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Fig.2 Circadian levels of
dopamine, norepinephrine,
epinephrine and melatonin in
crossbred cattle during summer
(Aggarwal et al. 2005)
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melatonin and its synchronisation with the
external light—dark cycle. Light not only entrains
the circadian rhythm but also directly suppresses
nocturnal melatonin synthesis and levels in
plasma. Suppression in melatonin synthesis is
dependent on the intensity and dose of light. In
humans, a decrease in nocturnal melatonin levels
has been observed at relatively low light intensi-
ties, similar to normal indoor lighting (Lewy
et al. 1980; Brainard et al. 2001). Light is also
able to phase shift the nocturnal melatonin
rhythm. In endogenous circadian mammalian
rhythms, melatonin acts as a synchroniser
(Armstrong 1989). The synchronising effect is
likely to occur at a particular circadian time and
may vary in different species. Application of

Light u

exogenous melatonin directly into the SCN has
been found to advance the endogenous melatonin
peak but also increases its peak (Bothorel et al.
2002). Some in vitro studies have also demon-
strated a local effect of melatonin on SCN meta-
bolism, electrical activity and circadian rhythm
(Cassone et al. 1988; McArthur et al. 1991).
Small doses of exogenous melatonin induce a
phase-shifting effect in rats (Warren et al. 1993)
and humans (Lewy et al. 2005). Melatonin may
exert its synchronising properties indirectly on
circadian clock inputs and outputs or directly on
the clock via melatonin MEL-R receptors (Song
et al. 1999) or other binding sites (Pévet et al.
2002). This property of melatonin helps, along
with several circadian signals, in setting circadian

Dark l



148

rhythm of the fetus (Reppert et al. 1979; Reppert
and Weaver 2001).

In both sheep breeding during short days
and hamsters breeding during long days, short-
duration melatonin infusions result in long-day
responses typical of the species, whereas long-
duration infusions elicited responses associated
with short days. This indicated that the signal
about day length is encoded in the duration of
nocturnal melatonin secretion, or in other words,
the melatonin pattern serves as a humoral signal
to convey day length information (Schwartz
et al. 2001).

In humans, this ‘chronobiotic’ function of
melatonin helps to resynchronise the rhythms of
individuals with disrupted circadian rhythms. A
disrupted rhythm can, for example, be due to
‘delayed sleep phase’ syndrome, jet lag, night-
shift work or blindness (Arendt et al. 1984, 1988,
1997, Takahashi et al. 2000).

6.4 Annual Rhythm of Melatonin

Accumulating evidence indicates that in mam-
mals, the SCN and the pineal gland are the main
neural structures involved in the regulation of
annual cycles (Goldman 2001; Zucker 2001).
The pineal gland is a major structure in the endo-
crine system allowing mammals to respond to
annual changes in the photoperiod by adaptive
alterations of their physiological state. The cycli-
city of reproductive behaviour of most mammals
is an example of adaptive behaviour that is
entrained by alterations of day length during the
year. The pineal gland and its melatonin rhythm
are essential triggers of this cyclicity of reproduc-
tion; numerous studies have demonstrated that
the pineal gland is a neuroendocrine transducer
responding to photoperiodic information from
the retina and transmitting this to the reproduc-
tive system via a particular dynamic pattern of
melatonin secretion (Bittman 1984; Goldman
2001). The periodic synthesis and secretion of
melatonin by the pineal gland is governed by
oscillations in the SCN connected via a complex
multisynaptic pathway to the pineal gland
(Teclemariam-Mesbah et al. 1999; Kalsbeek and
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Buijs 2002). The disruption of any portion of this
pathway abolishes melatonin rhythm.

The duration of melatonin secretion has been
observed to be inversely related to day length,
and therefore, the melatonin signal encodes infor-
mation about gradual changes in day length
during the year. Several hypotheses have been
proposed concerning which parameters of the
melatonin secretion pattern (duration, amplitude,
phase or total quantity) convey the photoperiodic
message to target structures. The hypotheses have
been based on the analyses of endogenous mela-
tonin patterns in different experimental condi-
tions and on experiments investigating the effects
of acute injections or chronic infusions of exog-
enous melatonin (Pitrosky et al. 1991; Bartness
et al. 1993). Studies of pinealectomised Siberian
and Syrian hamsters and sheep administered
daily infusions of melatonin indicate that photo-
periodic information is indeed encoded in the
melatonin signal (Bartness et al. 1993). In both
sheep breeding during short days and hamsters
breeding during long days, short-duration mela-
tonin infusions resulted in long-day responses
typical of their pattern, whereas long-duration
infusions elicited responses associated with short
days. These results indicate that the signal of the
day length is encoded in the duration of nocturnal
melatonin secretion or the melatonin pattern
serves as a humoral signal conveying day length
information (Schwartz et al. 2001). Observations
of the melatonin secretion pattern in various spe-
cies which were kept under different photoperiodic
conditions have shown that the duration of the
nocturnal melatonin peak is positively related to
length of the night in sheep (Rollag and Niswender
1976) in Siberian hamster (Ribelayga et al. 2000)
and in Syrian hamster (Skene et al. 1987).

7 Cortisol

Cortisol is a glucocorticoid hormone that is
involved in the response to stress; it increases
blood pressure and blood sugar levels and sup-
presses the immune system. Synthetic cortisol, also
known as hydrocortisone, is used as a drug mainly
to suppress allergic reactions and inflammatory
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responses (Greco 2002). The synthesis of cortisol
in the adrenal cortex is stimulated by adrenocor-
ticotrophic hormone (ACTH) from the anterior
lobe of the pituitary gland which is in turn stimu-
lated by corticotrophin-releasing hormone (CRH)
released from the hypothalamus. Cortisol inhibits
the secretion of CRH resulting in feedback inhi-
bition of ACTH secretion. Chronic stress is likely
to break down this normal feedback system
(Greco 2002).

71 Daily Rhythm of Cortisol

The diurnal variation of glucocorticoid levels in
blood occurs and may be regarded as a classical
circadian rhythm similar to melatonin as the con-
centrations are low during rest, and there is a
rapid rise just before the active period in many
mammalian species, performing activities during
the day or night. In the rats, the secretion of glu-
cocorticoids has been shown to exhibit rhythmic-
ity and is observed to be under the control of the
main body clock, that is, the SCN (Moore and
Eichler 1972). The rhythm is maintained by other
mechanisms and is not exclusively under the
control of SCN at least in some mammals as is
evidenced in suprachiasmatic region-lesioned
primates that the daily cortisol rhythm does not
disappear (Reppert et al. 1981). The morning rise
of cortisol in animals active during daytime is
endogenous. In humans, the rise in cortisol may
be enhanced by bright light after awakening
(Scheer and Buijs 1999) and also by sleep depri-
vation (Leproult et al. 2001). In pigs, exposure to
supplementary artificial light in the morning after
sunrise increased the cortisol level (Andersson
et al. 2000), and in male Creole goats (Capra hir-
cus), an abrupt exposure to sunlight in the middle
of the day resulted in enhanced cortisol concen-
trations (Sergent et al. 1985). There was no effect
of intensity of light on blood cortisol levels in
pigs (Griffith and Minton 1992) or in bulls
(Leining et al. 1980). The pattern of cortisol level
in blood of ruminants is inconsistent; the levels
fluctuate episodically or peaks and troughs do not
have any specific pattern indicative of rthythmicity
and have been observed at different times of the
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day depending on the physiological status and
conditions. The absence of circadian variation in
cortisol levels was found in sheep (Kennaway
et al. 1981; Lincoln et al. 1982; Simonetta et al.
1991), Eld’s deer (Ingram et al. 1999) and cattle
(Hudson et al. 1975; Fulkerson et al. 1980;
Lefcourt et al. 1993).

Serum cortisol levels have been reported to
increase either during the night or early morning
in goats (Kokkonen et al. 2001), sheep (Kennaway
et al. 1981) and cattle (Fulkerson et al. 1980;
Thun et al. 1981; Lefcourt et al. 1993; Lyimo
et al. 2000). Mean plasma level of cortisol in
cattle and buffalo has been observed to be higher
early in the morning and lower during evening
hours. However, in general the increasing trend
in cortisol levels from evening to morning was
observed with a peak in early hours (Table 3).
Lefcourt et al. (1993) found weak circadian
rhythms of cortisol in lactating cows acclimated
to a rigidly controlled environment and reported
that these could easily be obscured under less
rigidly controlled conditions.

The daily rhythm of adrenocorticoid activity
has been shown to be as a result of a diurnal
rhythm of corticotrophin-releasing factor secre-
tion from the hypothalamus (Takebe et al. 1972).
The timing of this cycle is dependent on the
sleep—wake activity of the subject rather than on
daily environmental variation. Lack of diurnal
rhythm or weak circadian rhythm in cows and
buffaloes may be because of the dependence of
cortisol on the sleep—wake schedule. Ruminants
do not enter the deep sleep similar to that observed
in man and other animals (Balch 1955). Sleep
periods in the ruminant have been related to the
digestive needs of the animals since rumination
requires both time and consciousness. This was
supported by Morag (1967) who found that sheep
fed only with finely chopped grass entered states of
deep sleep but that when their diet was changed to
unlimited amounts of hay, they did not sleep at all.

Alterations of cortisol levels have been
observed to be associated with the feeding times
in goats (Eriksson and Teravainen 1989), and a
circadian rhythm of plasma cortisol concentra-
tions has been observed in pregnant ewes fed
once a day, but not in ewes fed throughout the
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day (Simonetta et al. 1991). This indicates that
ruminants exhibit only a weak and low-ampli-
tude intrinsic daily cortisol rhythm that is likely
to be masked by other external environmental
factors.

Increase in glucocorticoid secretion at the cir-
cadian peak depends on increased hypothalamic—
pituitary activity (HPA) and on increased
sensitivity of the adrenal cortex to ACTH
(Jacobson 2005). The stress response is a classi-
cal example of rhythmic response. HPA feedback
loops occur at different time domains, referred as
slow that occurs in response to chronic exposure
to glucocorticoids; intermediate and fast feed-
back are observed both in response to stress and
to circadian events (Keller-Wood and Dallman
1984). In response to the fast and intermediate
feedbacks, cortisol levels have been observed to
follow a circadian variability, in which maximum
levels are observed at 2—4 h around the time of
awakening and subsequently decrease to a mini-
mum or a nadir at 2—4 h around the time of slee-
ping. This activity is most likely driven by the
hypothalamic SCN (light) and by ventromedial
hypothalamus (food) which regulate the expres-
sion of the CRH gene. In a cycle of 24 h, there are
about 15-18 pulses of corticotrophin of various
amplitudes representing quiescent period and
an acrophase (Buckley and Schatzberg 2005;
Veldhuis et al. 1989).

The role of the cortisol in awakening
response is characterised by a sharp increase of
cortisol release by about 38—-75% of awakening
levels, reaching a maximum approximately
30 min after awakening (Pruessner et al. 1999).
The cortisol awakening response (CAR) is a
distinct phenomenon superimposing the circa-
dian rhythm of cortisol and adding a significant
incremental effect to the linear trend of increas-
ing cortisol concentrations in the early morn-
ing hours (Wilhelm et al. 2007). Stress is also
one of the important factors that influence
CAR. Other factors likely to have effect are
sex, health status and health behaviour (Fries
et al. 2008). The CAR is associated with the
stress-related physical and mental symptoms,
particularly in anticipation of upcoming
demands (Fries et al. 2008).

151

7.2 Annual Rhythm of Cortisol
Long-term lighting conditions play an important
role in the seasonality displayed in behaviour and
physiology of many mammalian species
(Hastings et al. 1985). The cyclic hormonal
changes required for the reproduction and suc-
cessful production of offspring (Karsch et al.
1984) and seasonal alterations in metabolism
result due to variation in environmental condi-
tions (temperature, humidity) and the availability
of feed resources and nutrients.

Seasonal changes in the activity and respon-
siveness of the hypothalamic—pituitary—adrenal
(HPA) axis have been reported in most mamma-
lian species particularly in rodents (Boswell et al.
1994), primates (Schiml et al. 1996) and humans
(Walker et al. 1997). These seasonal changes in
physiology and behaviour are associated with the
breeding season, for example, changes in the
secretion of hormones involved in the reproduc-
tion (Suttie et al. 1992) and growth and metabolic
axes. Increased aggressive behaviour and reduced
voluntary food intake result in weight loss and an
acute rise in cortisol and testosterone levels in
male goats (Howland et al. 1985). HPA axis acti-
vity can be modulated by changes in reproductive
function (Verkerk and Macmillan 1997), meta-
bolic and growth demands and social factors.

Annual changes or photoperiodic modulations
of glucocorticoid levels have been observed in
ruminants including sheep (Brinklow and Forbes
1984) and bulls (Leining et al. 1980). The vari-
ability of patterns depends on the age and sex of
animals or on the social structure of the herd
(Feher et al. 1994).

7.3 Altered Circadian HPA Activity

and Rhythmicity

In order to avoid the genesis of stress-associated
glucocorticoid excess, it is important that the cir-
cadian rhythm not be disrupted. Physiologically,
the increase in glucocorticoid after stressful
stimuli is beneficial to improve chances of sur-
vival. However, prolonged glucocorticoid excess
leads to myriad prejudicial effects. Changes in
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the glucocorticoid nadir that occurs close to the
onset of sleep alter the regulation of HPA func-
tion and other glucocorticoid-sensitive end-
points, leading to inadequate glucocorticoid
secretion. To avoid glucocorticoid excess, the nadir
must be maintained for 4-6 h (Jacobson 2005).
However, both the levels of glucocorticoid and
the patterns of pulsatility play an important role,
as studies have indicated that different pulse
sizes and frequencies determine different effects
on mineralocorticoid (MR) and glucocorticoid
(GR) binding and also probably on MR and GR
homodimer and heterodimer formation
(Lightman 2008; Reul and de Kloet 1985).

Metabolic syndrome is associated with the dis-
ruption of the glucocorticoid nadir, and the ele-
vated 24-h glucocorticoid levels or peak is not the
main factor (Dallman et al. 2000). The effects of
elevated glucocorticoid secretion at the circadian
peak are, however, less well defined. In humans,
increased cortisol responses to stress also have
been correlated with diminished amplitude of the
circadian rhythm (Rosmond et al. 1998).

Stress, either physical and/or psychological, is
capable of disrupting the HPA axis homeostasis.
These stimuli can originate from extra-hypotha-
lamic sites, such as the catecholaminergic cell
groups throughout brainstem, the spinohypotha-
lamic—spinothalamic—spinoreticulothalamic pain
pathways, proinflammatory cytokines related or
originated from the immune system and psycho-
genic inputs from the medial prefrontal cortex
and from the hippocampus. The intrahypotha-
lamic sites that may regulate HPA axis are the
arcuate complex/melanocortin/NPY systems and
the periventricular hypothalamic network. These
may function as a hypothalamic visceromotor
pattern generator constituting of nodes of five
preoptic nuclei and the dorsomedial nucleus in
the hypothalamus. This intrahypothalamic
pattern generator plays an important role in
coordinating neuroendocrine, autonomic and
behavioural outflows to circadian, immune and
psychogenic stimuli (Pecoraro et al. 2006).

Animals under chronic stress have a markedly
altered regulation of the circadian and ultradian
rhythms. The circadian rhythm is either flattened
or lost, and the frequency of corticosterone pulses
becomes almost double (Windle et al. 2001).
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Leptin, an adipocyte hormone, is a major regu-
lator of neuroendocrine function. Leptin has an
overall inhibitory effect on HPA activity (Pralong
et al. 1998) and suppressing the appetite-
stimulating effects of glucocorticoid. Leptin’s
effects are explained by its ability to inhibit CRH
release, during normal or stressful situations
(Heiman et al. 1997). The decrease in leptin
levels caused by starvation, a stressful condition,
leads to increases in HPA activity (Schwartz and
Seeley 1997). In humans with deficiency of lep-
tin, cortisol dynamics is characterised by a higher
number of smaller peaks, with smaller morning
rise, increased relative variability and increased
irregularity in pattern has been observed. Replace-
ment treatment with recombinant human methi-
onyl leptin (r-metHuLeptin) has been observed to
organise the dynamics of human HPA (Licinio
et al. 2004). In patients with anorexia nervosa, or
in highly trained athletes, elevated cortisol levels
are probably a consequence of a relative, func-
tional leptin deficiency induced by the paucity of
adipose tissue in conjunction with food restric-
tion and intensive energy expenditure.

Stress-induced changes in HPA axis are impor-
tant to facilitate survival against external or inter-
nal stressors. The changes vary in individuals due
to myriad factors, such as genetic make-up, neo-
natal and early-life environment and previous
experiences. In addition, many factors regarding
the type of stress also play a major role on elici-
ting the HPA axis response.

The stress-induced responses of the HPA axis
overcome the negative feedback provided by
endogenous cortisol levels. It is not only the glu-
cocorticoid levels but also their pulsatility and
rhythmicity that influence the outcomes deter-
mined by hypercortisolism. Stress disrupts the
HPA axis rhythmicity by altering the hormonal
pulses’ amplitude and frequency as well as its
circadian cycles.

8 Leptin

Leptin (from the Greek word leptos, meaning
thin) is a 16-kDa protein hormone (Zhang et al.
1994), and it is mainly produced by adipose tis-
sues. A small amount of leptin has been shown to
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be produced by other cells and organs such as
bone marrow and placenta (Hoggard et al. 1997;
Laharrague et al. 1998; Margetic et al. 2002;
Zhao et al. 2004). Leptin is involved in the regu-
lation of body weight, food intake, energy bal-
ance and reproduction (Ahima et al. 1997). It is
one of the hormones that are closely associated
with lipid metabolism (Unger et al. 1999).
The rates of leptin secretion and leptin plasma
concentration are correlated with total fat mass
(Klein et al. 1996). The leptin receptor is
expressed in various tissues such as the cerebral
cortex, cerebellum, choroid plexus, lung, kidney,
skeletal muscles, liver, pancreas, adipose tissue,
adrenal medulla and especially in the ventrome-
dial nucleus of the hypothalamus (VHM), also
known as the ‘satiety centre’ (Reidy and Weber
2000). Circulating leptin levels communicate
with the brain about the energy supply to regulate
appetite and metabolism. It is postulated that
leptin’s primary role is to provide information to
the hypothalamus to regulate energy level based
on the amount of energy stored in the adipose
tissue. Daily administration of recombinant
leptin has been observed to decrease food intake,
increase energy expenditures and promote weight
loss in mice (Halaas et al. 1997). Leptin acts by
inhibiting the activity of neurons containing neu-
ropeptide Y (NPY) and agouti-related peptide
(AgRP) and by increasing the activity of neurons
expressing o-melanocyte-stimulating hormone
(a-MSH). AgRP functions as an endogenous
antagonist of the anorectic effect of o-MSH
at melanocortin receptors (Arora and Anubhuti
2006). Short-term food deprivation or fasting in
cattle reduces leptin mRNA expression in adi-
pose tissue and circulating leptin concentrations
(Amstalden et al. 2000). Therefore, leptin plays
an important role in regulating energy balance in
cattle similar to humans and rodents.

8.1 Daily Rhythm of Leptin

Leptin levels fluctuate in serum of rats (Kalsbeek
etal.2001), mice (Ahima et al. 1998) and humans
(Sinha et al. 1996a; Langendonk et al. 1998),
with a nocturnal increase and decrease at the end
of the dark period and during light. A daily
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rhythm in plasma leptin levels has been observed
in fed Cosmina ewes (Bertolucci et al. 2005) with
a minimum level during the light phase and a
peak during the dark phase. However, in Syrian
and Siberian hamsters, the results have been
inconsistent (Gunduz 2002), and no circadian
rhythm was observed in sheep and Blackface
ewes (Blache et al. 2000). Ruminants have a dis-
tinct multistomach digestive tract and functions.
The sleeping time is short and transient in cattle
(Arave and Albright 1981). Therefore, the circa-
dian or pulsatile pattern of plasma leptin levels in
ruminants may be different from that in mono-
gastric animals. Plasma leptin levels show a
pulsatile secretion pattern, and about 15 pulses
during the 24 h are observed in cattle (Kawakita
et al. 2001). Plasma leptin levels reach to a
maximum during the daytime and decline to a
minimum around the midnight. Leptin secretion
showed a pulsatile pattern, but leptin pulses
showed irregular periodicity in cattle.

8.2  Annual Rhythm of Leptin

In rodents, leptin has been reported to be a
powerful annual regulator of food intake and
energy expenditure (Friedman and Halaas 1998)
and also affects their reproduction (Ahima et al.
1996). Investigations of the photoperiodic regu-
lation of leptin levels in ruminants are inconclu-
sive and contradictory. Plasma leptin levels and
leptin gene expression in perirenal adipose tissue
were observed to decrease in ovariectomised
ewes exposed to short days, independently of the
feeding regime (Bocquier et al. 1998). It was
concluded that leptin is modulated by day length
independently of food intake, fatness and gonadal
activity. Similarly, in ovariectomised cows, serum
leptin levels were observed to be lower in winter
than in summer, without changes in body weight
(Garcia et al. 2002). In the Soay ram, the leptin
levels were also found to be lower under short
days than long days, indicating that the differ-
ence was due to the photoperiod-induced changes
in food intake and adiposity rather than on the
direct effects of lighting on leptin secretion
(Marie et al. 2001). In another study in Soay rams,
no difference was found in serum leptin levels
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between long- and short-day exposed animals,
although the mean body weight was somewhat
higher under long days (Clarke et al. 2003). In a
study, the serum leptin level decreased over
16 weeks under short days and increased under
long days, roughly paralleling the changes in
body weight of the rams (Lincoln et al. 2001). In
seasonal breeding mammals, there are fluctuations
in leptin gene expression. In the Djungarian ham-
ster, adipose tissue leptin gene expression was
greatly reduced during winter or during exposure
to a short photoperiod (Klingenspor et al. 1996).
The decrease observed in leptin expression with
decreasing photoperiod is attributed to an adap-
tive behaviour to decrease energy expenditure.

9 Lipid Metabolism

Fatty acids are an important source of energy in
body of many organisms. Triglycerides (triacylg-
lycerols or triacylglycerides) are glycerides of
the glycerol esterified with three fatty acids. The
breakdown of fat stored in fat cells is referred as
lipolysis that occurs under the influence of
lipases. Triglycerides are broken down into glyc-
erol and free or nonesterified fatty acids (FFA or
NEFA) by lipases with the help of bile salts. The
hormones adrenaline, noradrenaline, glucagon
and adrenocorticotrophin help in inducing lipoly-
sis (Voet and Voet 2002). Triglycerides yield
more than twice as much energy for the same
mass as carbohydrates or proteins. All cell mem-
branes are made of phospholipids, each of which
contains two fatty acids, proteins and cholesterol.
Fatty acids are also commonly used for protein
modification, and all steroid hormones are derived
from fatty acids. The metabolism of fatty acids,
therefore, consists of catabolic processes which
generate energy and primary metabolites from
fatty acids (Heidemann 2002).

9.1 Lipid Metabolism in Ruminants

Cattle and buffaloes differ from monogastric
animals in that dietary carbohydrates are
degraded in rumen to hexoses and pentoses,
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which are then fermented by microorganisms to
produce short-chain volatile fatty acids, namely,
acetate, propionate and butyrate (Hocquette and
Bauchart 1999). These fatty acids get absorbed in
the rumen by simple diffusion. Acetate, the major
constituent of VFAS, is not greatly metabolised by
the liver and is distributed to other tissues to be
used as an energy source and substrate for lipo-
genesis in the adipocytes. However, 80-90% of
propionate and butyrate are removed by liver for
energy requirements. A rise in the level of the
volatile fatty acids in peripheral plasma occurs
within 2—4 h of feeding concentrate to the animal
(Blum et al. 2000). Triacylglycerols are also
hydrolysed by rumen lipases, but most of the
absorption of medium- and long-chain fatty acids
occurs in the jejunum after interaction with bile
and pancreatic lipase. Plasma concentration of
FFA in ruminants increases before the morning
feeding and decreases rapidly after the feeding
(Marie et al. 2001). Rumination occurs mainly
during times of rest, and the time spent in rumi-
nating depends on the type of diet and range from
almost negligible for diets high in grain to about
10 h per day for diets high in forage.

9.2 Daily Rhythms of Free Fatty

Acids (FFA) and Glycerol

Regular daily fluctuations of plasma concentra-
tions of FFA have been observed in rats (Dallman
et al. 1999), sheep (Marie et al. 2001) and cattle
(Blum et al. 2000). No significant daily rhythm of
FFA levels has been observed in dairy cows with
free access to feed (Bitman et al. 1990). The daily
changes in FFA concentrations occurring during
voluntary feeding behaviour have been attributed
to the time intervals elapsed between eating due
to lipolysis during fasting increases the plasma
FFA levels. Rapid changes in the lipolysis/
lipogenesis balance have been observed in rats
(Escobar et al. 1998; Dallman et al. 1999), sheep
(Marie et al. 2001) and cattle (Blum et al. 2000)
with restricted feeding. Other factors that are
likely to contribute to maintenance of the daily
rhythm of lipid metabolism are time and fre-
quency of feeding. Extended fasting in rats aboli-
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shed the 24-h rhythmicity of FFA concentrations,
but after 48 h of fasting, the rhythm reappeared
(Escobar et al. 1998). In ruminants fed twice
daily, the rise and fall of plasma FFA levels were
observed to be associated with the morning feed
only, or the peak was more pronounced in the
morning than in the afternoon (Blum et al. 2000;
Marie et al. 2001). The FFA response to adrena-
line administration in cows was observed to
be more pronounced in the morning than in the
evening (Frohli and Blum 1988). Therefore, the
rhythm in FFAs in ruminants is likely to occur
only during early part of the day and is associated
with feeds and feeding.

9.3 Seasonal Variation of Lipid

Metabolism

In mammals, there are profound seasonal
fluctuations in metabolism in addition to daily
variations (Bartness et al. 2002). These fluctua-
tions are mainly triggered by the photoperiod, but
the exact mechanisms underlying this pheno-
menon are not known, and considerable species
differences exist in the regulatory systems. In
ruminants in seminatural conditions, plasma con-
centrations of FFA and glycerol of the reindeer
(Rangifer tarandus tarandus) were found to be
relatively low in summer, suggesting high lipo-
genic activity (Larsen et al. 1985), whereas in the
Alaskan reindeer, FFA concentrations fluctuated
throughout the year without any clear rhythm or
trend (Bubenik et al. 1998). In artificial lighting
conditions, sheep with freely available food gained
about 10 kg during 16 weeks in a long-day condi-
tion after an equal period under short days, and
their plasma FFA levels were significantly lower
at the end of long-day exposure than short-day
exposure (Marie et al. 2001). FFA concentrations
were found to be significantly lower in long than
in short-day exposed underfed ewes, indicating
enhanced fat mobilisation in underfed ewes dur-
ing short days (Bocquier et al. 1998). Variations
in enzyme activity of adipose and muscle tissues
of sheep exposed to short or long photoperiods
demonstrated that sheep have the ability to antici-
pate future seasonal changes associated with food
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resources scarcity even when the food intake is
kept constant (Faulconnier et al. 2001).

10 Feeding-Related Circadian

Rhythms

Feeding timing has been observed to alter rumi-
nant chronobiology. The time of feed delivery
and the time of most intense eating activity affect
postprandial rhythms and daily amount of intake
(Nikkhah et al. 2011). In order to maximise nutri-
ent efficiency and improve health, nutrient supply
to reticulorumen, splanchnic and peripheral
tissues should be synchronised with endogenous
rhythms in ruminants (Piccione and Caola 2002).
Greatest portion of the cyclic pattern of rumina-
tion activity in cattle and sheep occurs at night
(Woodford and Murphy 1988) and rest. Cattle
and buffaloes also display a distinct period of
rumination during the day, and several episodes
of ruminations may be observed. The circadian
basis of rumination may be partially derived from
a biological clock influenced by environmental
factors such as feeding, milking schedules and
patterns of lighting each day (Metz 1975).

A feeding-entrained circadian rhythm, inde-
pendent of the light—dark period has been
described in animals (Stephan 2002). Temporal
restrictions of feeding (RF) can phase shift beha-
vioural and physiological circadian rhythms in
mammals. These changes in biological rhythms
associated with feeding have been postulated to
be caused by a food-entrainable oscillator (FEO)
not under the control of the SCN (Mieda et al.
2006). Restriction of food or food availability to
a single-period schedule at a fixed time of the day
in mice induces adaptive response within a few
days, and feeding during the period of food avail-
ability occurs (Lowrey and Takahashi 2004).
Phase advances of circadian rhythms associated
with food-anticipatory activity have also been
observed in gene expression. The liver, kidney,
heart, pancreas and some brain structures partici-
pate, independently from the control of the SCN,
whose entrainment to light remains intact
(Mendoza 2006). Feeding—fasting signals may be
involved in the entrainment of the peripheral
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circadian oscillators (Damiola et al. 2000;
Stokkan et al. 2001). The dorsomedial hypotha-
lamic nucleus (DMH) is believed to be a key
structure for FEO expression (Gooley et al. 2006;
Mieda et al. 2006). The existence of the FEO is
not unequivocal. A study on rats with electrolytic
DMH lesions does not support (Laundry et al.
2006), and the circadian mechanisms of FEO at
the molecular levels are not yet clear (Mendoza
2006). The evidence supporting the existence of
FEO feeding-entrained circadian system has been
obtained only during restriction of feeding and
yet to be fully understood.

The greater appetite for evening versus morn-
ing feeding observed in some mammals could
partly be due to photoperiod effects. Experiments
related to feeding time and lights turned on at
0345 h and turned off at 2245 h or at 1:45 h after
evening feeding revealed that the possible antici-
pation of the light-off by evening-fed cows might
contribute to their rapid eating upon feeding
(Nikkhah et al. 2011). Since melatonin is known
to regulate glucose metabolism in humans and
rats (Picinato et al. 2002), the melatonin may
contribute to feed intake regulation in ruminants.
Exogenous melatonin consumed via drinking
water has been found to boost postprandial insu-
lin response (La Fleur et al. 2001). Also, melatonin
secretion is known to be induced by dark expo-
sure. In 2100 h fed cows, feeding was observed
shortly before lights were put off (2245 h) when
melatonin secretion was expected to be high
(Nikkhah et al. 2011). In humans, reduced glu-
cose tolerance is linked to elevated melatonin
secretion and due to reduced insulin responsive-
ness and peripheral glucose uptake, which reflects
a reduction in glucose and insulin demands
(Nikkhah et al. 2006). With such simultaneously
reduced glucose tolerance and elevated melatonin
secretion in cows, evening eating is likely to
increase blood insulin and glucose. Therefore, a
decline in peripheral glucose uptake and insulin
turnover is expected to occur (Picinato et al. 2002).

Peripheral metabolites such as glucose and
VFA are likely to depress feed intake through cell
entry and not only by staying in the blood (Forbes
1995). Thus, factors reducing peripheral meta-
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bolite uptake can consequently attenuate the
metabolite-driven satiety. As such, the expected
rise in blood melatonin in the evening may affect
and reduce peripheral metabolites partitioning in
favour of milk synthesis. Therefore, a higher
melatonin level may affect or weaken the feed-
driven satiety in evening-fed cows. This may
have led evening-fed cows to consume more feed
shortly post-feeding compared to morning-fed
cows (Nikkhah et al. 2011). An altered regulation
of feed intake may cause night-time glucose
intolerance in lactating cows (Furedi et al. 2006).
Milk energy output was observed to be higher in
2100 h fed cows than in 0900 h fed cows, indica-
ting that at times of high feed intake and hepatic
metabolite output, the nutrients were partitioned
in favour of milk synthesis by the mammary
gland. The greater rumen VFA concentration
shortly post-feeding by evening versus morning
feeding supports the increased milk output.

11 Circadian Clocks as Mediators
of the Homeorhetic Response

The transition from pregnancy to lactation in
cows is the most stressful period as during this
period homeorhetic adaptations are coordinated
across almost every organ of the body and are
marked by tremendous changes in hormones and
metabolism to cope the increased energetic
demands of milk production or lactation. Changes
in circadian clocks have been observed to occur
in multiple tissues during the transition period in
rats indicating that the circadian system regulates
the activities in transition phase and similar
changes also occur in the cow’s physiology to
support lactation in transition period. Circadian
rhythms coordinate the timing of physiological
processes and synchronise these activities in tune
with the animal’s environment. The effect of the
circadian clock on lactation may be through the
photoperiod effect, which is accompanied by
coordinated changes in the cow’s endocrine
system and metabolism in response to changes in
light and dark period. The exposure to long days
(LD) of 1618 h of light and 68 h of darkness
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increase milk yield by 2-3 kg/day, regardless of the
stage of lactation. This LD effect is attributed to
increased circulating insulin-like growth factor-I
that is independent of any effect on growth hor-
mone concentrations (Dahl et al. 2011). Cows
housed under SD during the dry period have
higher mammary growth and produce 3—4 kg/day
more milk in the subsequent lactation compared
with cows on LD when dry. While on SD, circu-
lating prolactin (PRL) diminishes, but expression
of PRL receptor increases in mammary, liver and
immune cells. The PRL-signalling pathways
within these tissues are affected by photoperiod.
The replacement of PRL to cows on SD is able to
partially reverse the effects of SD on production
in the next lactation. Therefore, effects on cows
are likely mediated through a PRL-dependent
pathway. In prepubertal stage, LD improves
mammary parenchymal accumulation and lean
body growth which lead to higher yields and pro-
duction in the first lactation (Dahl et al. 2011).
Therefore, photoperiod manipulation can be one of
the important tools to improve the efficiency of
production across the life cycle of the dairy cow
particularly under temperate climate.

Intracellular circadian rhythm generation
occurs through an auto-regulatory transcription—
translation feedback loop (Reppert and Wever
2001). The positive loop consists of ARNTL (aka
BMALL1) and CLOCK gene products (and NPAS2
outside the SCN), and the negative loop consists
of the PER and CRY gene products (Gekakis
1998). ARNTL expression is also regulated
by Rev-erba (NR1D1) and Rora. (RORA) that
respectively repress or activate ARNTL tran-
scription (Preitner et al. 2002; Guillaumond et al.
2005). The genes that RORA and NR1DI regu-
late are often coordinately regulated by these two
molecules, and crosstalk between RORA and
NRIDI1 likely acts to fine-tune their target
physiologic networks, such as circadian rhythms,
metabolic homeostasis and inflammation (Forman
et al. 1994).

Bovine mammary epithelial cells have been
postulated to possess a functional clock that can be
synchronized by external stimuli and the expres-
sion of ARNTL (ARNTL and CLOCK gene
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products make up core clock elements to generate
circadian rhythms) (Casey et al. 2009). A positive
limb of the core clock is responsive to prolactin
in bovine mammary explants. Others showed that
7% of genes expressed in breasts of lactating
women had circadian patterns of expression, and
the diurnal variation of composition of cow’s
milk is associated with changes in expression
of mammary core clock genes. These studies
indicate that the circadian system coordinates the
metabolic and hormonal changes required for
lactation initiation and sustaining it. Thus, cow’s
capacity to produce milk and cope with metabolic
stresses in early lactation depends on its ability to
set circadian rhythms during the transition period
(Casey et al. 2009).

12 Oxidative Stress

Living organisms and their systems attempt to
maintain homeostasis by adjusting to the
continuous state of flux in the external environ-
ment (Crawford and Davies 1994). Circadian
synchronisation of physiological events and cel-
lular processes is essential for survival and wel-
fare of the organism. The synchronisation of
gene expression to external stimulus can help
minimise the damage caused by external stres-
sors (Langmesser and Albrecht 2006) and adap-
tive process. The redox balance, the balance
between oxidants and antioxidants, is one exam-
ple of such a system that helps maintaining reac-
tive oxygen species (ROS) homeostasis
(Krishnan et al. 2008). The rhythmic expression
of genes involved in various metabolic pathways
and stress resistance has been reported in flies
(Ceriani et al. 2002) and in mammals (Miller
et al. 2007). Daily rhythms are likely to occur in
the expression of some antioxidants (catalase,
SOD or GST) and may be involved in protect-
ing the organism from excessive levels of ROS
that may damage biological macromolecules
(Hardeland et al. 2003; Kondratov 2007). ROS
are generated by normal physiological process
(Sugino 2006), but when produced in excessive
quantities or at rates faster than they are removed
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by antioxidant mechanisms, ROS may cause
oxidative stress (Nordberg and Arner 2001) that,
in turn, can result in udder oedema, milk fever,
retained placenta and mastitis in cows (Miller
and Brezezinska-Slebodzinska 1993). Therefore,
the circadian organisation is important for
avoiding excessive oxidative stress (Hardeland
et al. 2000), the periodical formation of free
radicals and other potentially harmful oxidants.
Thus, rhythmicities in free radical formation is
related to the oxygen consumption in mammals
active during the day and with the circadian
rhythms of locomotor activity (Hardeland et al.
2000). The stress response varies daily and is
governed by rhythmic gene expression under
the control of the circadian clock (Simonetta
et al. 2008). The circadian clock gene period is
essential for maintaining a robust antioxidative
defence. Both the ROS production and ROS
defence processes are controlled (partly or fully)
by the circadian clock. Since ROS production
occurs in a circadian manner, circadian varia-
tions have been found in many ROS defence
systems (Langmesser and Albrecht 2006).

13 Circadian Rhythm of

Cardiovascular Parameters

Rhythmic patterns in the activities of cardiovas-
cular system have been well documented in
humans (Ruesga and Estrada 1999) and in domes-
tic animals (Piccione et al. 2005). Rhythmic
variations in arterial blood pressure and electro-
cardiographic patterns in the athletic horse
indicate that exercise acts as an exogenous syn-
chroniser to modulate the periodicity of the car-
diovascular system (Piccione et al. 2001, 2002).
The diurnal variability in cardiovascular func-
tions occurs to match the requirements of differ-
ent level of activities at different times of the day.
Heart rate, stroke volume and blood pressure vary
with changes in activity, posture and other exter-
nal stimuli to adjust oxygen or blood perfusion of
specific tissue or organ performing activity.
Cardiovascular parameters, such as heart rate and
blood pressure, are higher during the day and
lower at night (Veerman et al. 1995), parallel
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with activation of the adrenergic system and
adrenal cortex (Cornelissen and Fagard 2005).
These diurnal changes result from both external
stimuli and endogenous homeostatic control
mechanisms.

14 Conclusions

The melatonin is synthesised in a rhythmic
manner with high levels during the dark phase
of a natural or any imposed light—dark cycle.
The rhythmic levels of the circulating mela-
tonin hormone provide information concerning
the temporal position and duration of darkness
(i.e. the clock or the oscillator information).
Thus, melatonin acts as a coordinator of inter-
nal physiological rhythm under the SCN. The
widely accepted role of melatonin as one of the
most important endogenous mediators of pho-
toperiodic messages governs central or periph-
eral circadian clock. There is an increasing
interest in beneficial effects of melatonin in the
therapy of circadian rhythm disorders. An
increasing body of evidence indicates that treat-
ment with melatonin is an effective and safe
way of manipulating breeding of some photo-
period-sensitive animals such as sheep, goat
and deer. The role of melatonin also exists in
buffalo, domestic pig, wild pig and horse and
may be exploited to increase production of
milk, meat and their productivity. The synchro-
nisation of feeding and eating behaviours in
ruminants with nutrient utilisation efficiency
will help the optimisation of production. Such
chronobiological insights into modern ruminant
production will offer prospects to improve ani-
mal production and health. Ruminant feed
intake is an evolutionary bioscience interfacing
viable ruminant longevity, adequately safe and
secure food supply and quality environment.
Knowledge on feeding and eating rhythm and
times affect diurnal and postprandial intake pat-
terns will enable predicting diurnal patterns in
rumen, post-rumen and peripheral nutrient
assimilation. These will suggest optimal, sub-
optimal and unfavourable times of nutrient sup-
ply to mammary cells and milk synthesis.
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Abstract

Air temperature above the thermoneutral zone
of tolerance exchanges heat from the environ-
ment to body, and body temperature of live-
stock species like cattle and buffaloes increases
during heat. Solar exposure increases heat
load of animals by increasing the core and sur-
face temperature. In addition to increasing
heat load, heat exchange at the body surface is
reduced. Radiant energy that strikes a surface
can be absorbed, reflected or transmitted
through the material. If the material is non-
transparent, the fraction of transmission will
be zero, that is, all the radiant energy is either
absorbed or reflected. It is necessary to find
effective methods to manage heat stress in
order to sustain/increase milk production by
reducing heat load on the animal. In hot and
humid weather, it is important that the cooling
system functions to maintain appropriate
microclimatic conditions, that is, temperature,
humidity and wind flow. Evaporative cooling
is the main means for heat stress relief at
higher temperatures which is implemented in
a variety of modes that differ conceptually and
technically. However, the forced ventilation
increases convective heat loss and is mostly
effective in the lower range of stressing air
temperatures. The ventilation in the animal
house should be considered for animal com-
fort improvement, and heat and moisture need
to be removed. High gaseous concentrations
in animal houses affect the animals, workers
and the life span of the buildings themselves.
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There are several methods available that can
alleviate animal’s heat stress by lowering air
temperature or the enthalpy of the ambient air.
A number of animal cooling options exist based
on combinations of the principles of convec-
tion, conduction, radiation and evaporation. Air
movement (fans), wetting the cow, evaporation
to cool the air and shade to minimise transfer of
solar radiation are used to enhance heat dissipa-
tion from high-producing cows. Animals in
pond lose heat fast to cool water primarily by
conduction and coefficient of heat transfer to
water from skin. Passive solar designs make
use of the sun’s energy for the heating and cool-
ing of the animal buildings.

1 Introduction

Thermal stress is a major limiting factor in live-
stock production under tropical climate and also
during summer season in temperate climates.
Heat stress occurs when the ambient temperature
lies above thermoneutral zone. Meteorological
variables which influence the ambient tempera-
ture significantly are dry bulb temperature, wet
bulb temperature, wind velocity and intensity of
solar radiation and radiations from surrounding
structures in the animal byre. Ambient tempera-
ture and humidity are used to assess thermal
comfort, and derivation based on both is termed
the temperature-humidity index (THI). High-
producing cows have been shown to be in heat
stress if the THI exceeds 72 and in severe heat
stress at a THI above 80 (Armstrong 1994). Milk
production of dairy cows declines at air tempera-
ture above 25°C and with relative humidity above
50% (Chiappini and Christiaens 1992). The
severity increases as the temperature rise beyond
the thermoneutral zone or above the capacity to
handle heat effectively.

Lactating dairy cows exposed to high ambient
temperature and high relative humidity or radiant
energy (direct sunlight) tends to decrease milk
yield and may exhibit other signs of heat stress.
Lactating cows and buffalo produce large amounts
of heat due to digestion and metabolic processes,
and this heat needs to be exchanged with the

Shelter Management for Alleviation of Heat Stress in Cows and Buffaloes

environment to maintain normal body temperature.
Animal can give and/or receive heat energy from
the environment. Solar radiation increases heat
load by increasing the surface temperature of
cattle and buffaloes, and air temperature above
normal body temperature also increases the heat
load. At high temperature, in addition to increas-
ing heat load, heat exchange at the body surface
is reduced. Heat stress increases maintenance
cost and decreases dry matter intake (DMI) and
milk yield on exposure to hot or hot and humid
environments for long with THI above 80 (Huber
et al. 1994). High-producing cattle and buffaloes
are more vulnerable to heat stress. The problem
of heat stress becomes more acute as the produc-
tion level increases (Armstrong 1994).

Two types of radiation, that is, direct radiation
from the sun and diffused radiation from the sky,
influence the microclimatic conditions around the
animal. The diffused solar radiation is scattered at
least once before it reaches the surface of animal
and influences mainly on cloudy days. Even on
clear cloudless day, a certain diffused radiation
appears. Therefore, heat is transferred into the
animal house or building from solar radiation on
cloudy day. The intensity of the direct solar radia-
tion can reach more than 1,000 W/m?, while dif-
fused radiation may be about 50-100 W/m?
(Gustafsson 1988). The total solar radiation on
animal also sometimes called global radiation is
the sum of the direct radiation and the diffused
radiation (Duffie and Beckman 1974). Radiant
energy that strikes a surface may be absorbed,
reflected or transmitted. The relationship between
reflectance and absorption is based on the assump-
tion that a black surface has zero reflectance and
the absorption is one. The factor for reflectance
and absorption varies for different materials. If the
material is non-transparent, the fraction of trans-
mission will be zero, that is, all the radiant energy
is either absorbed or reflected. To achieve mini-
mum heat load on the animal building from solar
radiation, the reflectance factor should be high,
and absorption factor should be low for the
exposed areas of the materials, that is, roof top or
the upper surface of the roof. In direct radiation
when the surface is perpendicular to the sun, the
rate of solar radiation received is maximum
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(Gustafsson 1988). The rate of heat conduction
varies greatly with nature of material. Thermal
conductivity of skin (0.8-3.5) influences the
microclimatic conditions around the animal
(Hafez 1969). Therefore, a quantitative under-
standing of how environmental variables affect
the heat budget of animals in particular environ-
ment is likely to help in proper livestock manage-
ment. The heat budget, information based on heat
exchanges, may suggest how the ambient envi-
ronment needs to be manipulated to protect from
wind, sun and precipitation.

It is particularly important to find effective
methods to manage heat stress to help sustain or
increase milk production by reducing heat load
on the animal particularly in tropical climate. In
hot and humid weather, it is important that the
heat alleviation or animal cooling system func-
tions to maintain appropriate microclimatic con-
ditions in the animal sheds, that is, temperature,
humidity and wind flow. Several approaches have
been used successfully to improve milk produc-
tivity in the tropical climates. Publications ema-
nating on the effects of heat stress in dairy cattle
report environmental temperatures lower than
those observed in region of tropical climate and
may not be truly representing conditions typi-
cally observed under tropical conditions. The
body water plays a central role in evaporative
cooling and the mechanisms used for heat dissi-
pation. Evaporative cooling is the main means for
heat stress relief at higher temperatures which is
implemented in a variety of modes that differ
conceptually and technically. However, the forced
ventilation increases convective heat loss and is
mostly effective in the lower range of stressing
air temperatures. Provision of adequate shade
reduces the radiant heat load.

2 Heat Transfer and
Concentration and Emission
of Harmful Gases in Dairy
Buildings

Adequate ventilation is a prerequisite in animal
shelters for removing harmful gases and to ensure
an acceptable indoor microclimate. Microclimate

parameters such as the concentration of greenhouse
gases, temperature, velocity, dust and humidity
affect the welfare of animals, humans and the
buildings themselves. In practice, the ventilation
rate need not be continuously measured for a
good microclimate but needs to be planned in
advance so that it is high enough under all envi-
ronmental situations or can be regulated when
required to ensure adequate indoor air quality
(Brockett and Albright 1987).

Solar radiation is composed primarily of visi-
ble and near-infrared radiation. Far-infrared radi-
ation has longer wavelengths than near-infrared
and is largely outside the solar band (both near-
and far-IR are felt as heat). Therefore, to under-
stand how a material behaves when exposed to
solar radiation, its emissivity in each of these
three bands is more important than its overall
value summed over the entire spectrum. To main-
tain a ‘cool roof’, there is need to reflect solar
radiation, and whatever heat is absorbed needs to
emit back to the surroundings. Therefore, high
reflectivity in the visible and near-infrared bands
is required, but low reflectivity (i.e., high emis-
sivity) in the far-infrared bands. White roofs have
high emissivity in the far-infrared band, while
unpainted metal roofs have low emissivity in this
band.

Heat and energy transfer from and into a
building occurs in different ways: transmission,
radiation and change of air (Hamrin 1996). For
designing of heating or mechanical cooling sys-
tems, each of these three ways is important. To
calculate temperature and moisture within a
closed animal shelter, the simplest way is to use
steady-state conditions which means that the
building do not have any storage component.
This means that the inflow of heat plus the heat
that is generated in the building must equal the
outflow of heat. In steady state, it is assumed
that the temperatures on both sides of the build-
ing are at a constant level for a sufficient period
of time, so that the heat that is leaving on one
side of the building equals the heat entering on
the other side. This never happens in real sense,
the temperatures changes constantly, so the
steady-state concept is a simplification (CHPS
2002).
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The steady-state energy balance can be
expressed as in following equation:

P +P

cow

+M,e, = Pt + M,e,

where

P =extra heat load from equipment

P_  =heat from cows

M e =mass of incoming air multiplied by its

enthalpy per unit of mass

Pt =heat conducted through the exterior

surfaces of the building

M e,=mass of outgoing air multiplied by its

enthalpy per unit of mass

(Esmay 1978).

At the time of planning, the animal shelter the
orientation of the building must be considered. If
the shelter is located in north—south orientation,
the building is exposed to greater solar radiation
than with an east-west orientation. This is
because sunlight can enter north—south-orientated
buildings in the mornings and afternoon. In the
afternoon, the sun is low in the sky and therefore
most detrimental. Also the heat stress on the
animals is usually maximum or at its greatest
magnitude in the afternoon. The preferred orien-
tation of the buildings is an east-west orientation
to avoid solar radiation and to achieve maximum
shade (Shearer et al. 1999). The wall height and
eave extension of the building should also be
considered. With greater sidewall heights, more
direct afternoon sun can hit the building (Brouk
et al. 2001). The direct irradiation on the side-
walls can be reduced with greater eave exten-
sions. A big eave extension can provide shade to
the building (Gralla Architects 2000-2001). The
eave extension should be one-third the height of
the sidewall (Palmer 2004). The size of the hold-
ing area should be designed in relation to the size
of the milking parlour, so the holding area can
hold one group of animals. When determining
the size of the holding pen, it should be sized to a
minimum of 1.5 m? per cow. The floor of the
holding area should be sloped between 3 and 5%.
The slope makes the cows facing the parlour,
because cows do not like to stand downhill (Van
Lieu 2003). The holding pen can be divided into
wash and drip pens. If using holding pen washing,
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cow cleaning in parlour can be reduced. In that
case, each pen should be sized to hold one group
of cows (Smith et al. 1997).

For ventilation of the milk centre, both operator
and cow comfort should be considered, and heat
and moisture need to be removed. In smaller and
large parlours, a combination of natural and
mechanical ventilation can be used. Fresh air
from openings in the sidewall is forced into the
parlour above the operator pit and then forced out
of the parlour into the holding area. Also a tunnel
ventilation system can be used to ventilate the
milk centre. Air is drawn by fans through large
inlets at the front of the parlour and downwards
the holding area (Van Lieu 2003).

The generation and emission of gases associ-
ated with livestock production have been exten-
sively studied. High gaseous concentrations in
animal buildings affect the welfare of animals,
workers and the life span of the buildings them-
selves (Auvermann and Rogers 2000; De Belie
et al. 2000a, b, c; Radon et al. 2002; Zihner et al.
2004). Carbon dioxide, methane, ammonia,
hydrogen sulphide and nitrous oxide are the most
prominent gases found in dairy buildings. When
gases produced in concentrated dairy production
escape from the buildings, they contribute to
environmental problems such as global warming,
acid rain and upsetting the nutrient balance in the
environment (Anderson et al. 2003; Erisman
et al. 2003). Global estimates show that animal
production facilities emit about 536 Mt NH,-N
(Bouwman et al. 1997) and 689 Mt CH, (Moss
et al. 2000) annually. The main source of carbon
dioxide in dairy buildings is contributed by respi-
ration. Some proportions (6.1%) are produced
through the degradation of manure and urea
(Kinsman et al. 1995). The average concentration
of CO, in dairy buildings is 1,900 ppm (Phillips
et al. 1998). And the rate of production of CO,
per cow has been estimated to be 330 g/h (CIGR
1994). Methane is generated through enteric fermen-
tation in ruminants and, to a lower extent, through
the anaerobic degradation of manure (CIGR
1994). Dairy cows produce approximately 9 g/h
of CH, per cow, which is 94.2% of the total
amount produced in a dairy building (Jungbluth
et al. 2001; Kinsman et al. 1995). The average
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concentration of CH, in dairy buildings has been
reported to be 70 ppm (Jungbluth et al. 2001).
The emission of CH, per dairy production animal
is 194 g to 390 g/day (Jungbluth et al. 2001;
Kinsman et al. 1995; Sneath et al. 1997).
Ammonia causes acid deposition and eutrophica-
tion when suspended NH, from dairy and other
animal production facilities is deposited on land
and in bodies of water (Anderson et al. 2003;
Erisman et al. 2003). The sources of ammonia in
dairy buildings are mainly dairy manure, urine,
bedding materials and animal feed. The transfor-
mation of organic nitrogen to ammonia in dairy
buildings is well documented (Sommer et al.
2006). The average concentration of NH, in dairy
buildings is 10 ppm (Phillips et al. 1998), and the
emission of NH, per animal is 6.2-31.7 g/day
(Demmers et al. 1998; Zhang et al. 2005).

Hydrogen sulphide is very toxic and has been
reported to contribute to the acidification of the
soil and water in the environment (Sakamotoa
et al. 2006). Hydrogen sulphide is formed when
manure remains in the dairy building for a period
of over 5 days (CIGR 1994). The average con-
centration of hydrogen sulphide in dairy build-
ings is usually around 14 ppb, with a rate of
emission per area between 0.016 and 0.084 g/m?/
day (Zhu et al. 2000).

3 Methods for Alleviation of Heat
Stress

There are several methods available that can help
alleviate animal’s heat stress by reducing dry
bulb temperature or the enthalpy in the ambient
air. Increasing air velocity around the animals
may facilitate heat dissipation provided that the
ambient temperature is below body temperature.
Previous research targeted prevention (Silanikove
2000) of heat stress in lactating cows and the
application of cooling systems for lactating cows,
which minimises decreases in milk production
during summer (Igono et al. 1985; Her et al.
1988; Verbeck et al. 1996; Aggarwal 2004;
Aggarwal and Singh 2007). To reduce heat stress
in hot climate, handling of the animals should be
kept at a minimum. The air movement caused
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naturally and mechanically helps in improving
heat dissipation by means of convection and
evaporation (Bucklin et al. 1988). Mechanical
ventilation is very effective in providing air
movement, but it is expensive and should be com-
bined with other methods (Bucklin et al. 1991).
Different methods for reducing heat stress in
dairy animals are as follows:

3.1 Provision of Shade

Lowering or preventing heat stress in lactating
animals in summer requires protection from
radiant heat and increase of heat loss from the
body to the environment. Animal shade may
reduce more than 30% of all the heat radiated on
animal and is the single most important contribu-
tion for lowering heat stress (Bond et al. 1967).
Animal shade is one of the more easily imple-
mented and economical methods to minimise
heat from solar radiation.

Cows in a shaded versus no shade environ-
ment had lower rectal temperatures (38.9 and
39.4°C) and reduced respiratory rate (54 and 82
breaths/min) and yielded 10% more milk when
shaded (Roman-Ponce et al. 1977). Cattle with
no shade had reduced ruminal contractions,
higher rectal temperature and reduced milk yield
compared with shaded cows (Collier et al. 1981).
Armstrong (1994) reviewed shade and cooling
for cows and discussed the benefits and
deficiencies of various types of shade. The author
suggested differing shade orientations, depend-
ing on whether the application was in a dry or wet
climate. In the humid Southeast, cows should be
allocated 4.2-5.6 m? of space beneath the shade
and a north—south orientation to allow for pene-
tration of sunlight beneath the shade for drying
the ground beneath if earthen floors are used.
In hot and humid climate, the cattle and buffalo
prefer to use shade when exposed to high tem-
perature and solar radiation. This is more obvious
at high temperatures and especially in the middle
of the day (Tucker et al. 2008; Kendall et al.
2006). Fisher et al. (2008) reported that cows
start using shade when the temperature is above
25°C and the critical temperature when the cows
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Fig. 1 Cows under tree during summer

stopped grazing and searched shade was 28°C
(Langbein and Nichelmann 1993). However,
since cows also use shade at lower temperatures,
this demonstrates the importance of shade even
more (Schiitz et al. 2009; Tucker et al. 2008).
Cows also prefer to use shade that offer a greater
protection from solar radiation.

Animal shade has also been shown to be a suc-
cessful way to reduce the heat when compared to
other techniques. Comparative study on shade
and sprinklers indicated that shaded heifers had a
higher feed intake, increased average daily gain
and increased feed efficiency than the heifers
with sprinklers. Shaded heifers were also
observed to have a lower respiration rate than
unshaded (Marcillac-Embertson et al. 2008).

Numerous types of shades are available and
may vary from natural tree shade (Fig. 1) to metal-
lic and synthetic material shade. There are various
types of roofing materials (Buffington et al. 1983),
and the most effective is a reflective roof made of
aluminium or galvanised with insulation beneath
the metal. The floor of shed should be of concrete
floor to keep the shaded area as clean as possible.

3.2

Ceiling Fans

If air is flowing over the animal with a velocity
between 2 and 3 m/s, it increases convective heat
loss during stressful conditions. In holding areas
and free stall shelters, the fans should be installed
longitudinally, spaced no more than ten times their
blade diameter. They should be located vertically
and just high enough, so they are out of reach of
the cattle and do not interfere with alley scraping
or bedding operations (Shearer et al. 1991). A dif-
ferent kind of fan is ‘high-volume low-speed fans’,
HVLS. The 7.3-m diameter operates at a speed of
50 rpm. Air volume moved by a 7.3-m HVLS fan
ranges from 0.20 to 0.25x 10° cubic metre/h or
m’/h (Kammel et al. 2003). Air movement in the
velocity range of 200400 ft per minute across the
cows is needed. However, the air movement at the
cow level depends on the discharge characteristics
of the fan and the distance of the cow from the fan.
Another type of fan often used, particularly in
holding pens or other areas with higher eave
heights, is a 1/2-hp 36" fan. Such fans will blow
about 10,000-11,000 cfm with a ‘throw’ distance
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of about 30 ft. A 1-hp 48" fan provides 21,000 cfm
with an effective throw distance of about 40 ft.
These fans should be mounted out of reach of the
cows and angled downwards slightly. Overhead
paddle fans can also be used to provide airflow, but
they offer limited air movement unless cows are
directly under a fan. The paddle fans do have much
higher efficiencies of operation, with ratings of
100 cfm/W of power input, as compared to 15-20
cfm/W for conventional propeller-type fans.

For a given airflow, a larger diameter fan is
more energy efficient than several small diameter
fans. When two fans have equal diameter and
rpm, the fan with lowest motor current rating is
usually more efficient. When two fans have equal
airflow, the fan with slower speed is usually qui-
eter and more efficient.

Reasonable Fan Goals
36" fan=11,000 cfm
48" fan=20,000 cfm

3.3 Evaporative Cooling

Animal shades provide shield from solar radia-
tion, but there is no effect on air temperature or
relative humidity, and additional cooling may be
necessary for lactating cows in a hot and humid
climate. A number of cooling options exist for
lactating dairy cows based on combinations of
the principles of convection, conduction, radia-
tion and evaporation. Air movement (fans), wet-
ting the cow, evaporation to cool the air and shade
to minimise transfer of solar radiation are used to
enhance heat dissipation. Any cooling system
that is to be effective must take into consideration
the intense solar radiation, high ambient tempera-
ture and the typically high daytime relative
humidity, which increases to almost saturation at
night. These challenging conditions tax the abil-
ity of any cooling system to maintain a normal
body temperature of any animal. Evaporative
cooling utilises energy from the air to evaporate
water, that is, adiabatic cooling. This cooling sys-
tem lowers the temperature of the air and increases
the relative humidity, making evaporative cooling
most effective in dry environment (Bucklin et al.
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1991). The body surface exposed to moving air is
reduced when cows huddle, as well as when cows
adopt a recumbent posture during resting or rumi-
nation. Mature Holstein cows in stall housing
systems spend about 15 h/day lying, and the dura-
tion and frequency of lying probably are indica-
tors of cow comfort (Haley et al. 2000). A smaller
body surface reduces both the convective and the
evaporative components of heat loss by skin. The
time spent lying was reduced in cows exposed to
heat stress (Frazzi et al. 2000). Ambient tempera-
ture has been observed to negatively impact on
the percentage of cows lying (Shultz 1984;
Overton et al. 2002). Animals standing were
observed to have higher respiration rate and body
temperatures (Frazzi et al. 2000). Spray cooling
of lying cows increased their lying time (Hillman
et al. 2005), supporting the contention that a lying
cow is more sensitive to heat stress than a stand-
ing cow. Respiratory heat loss is recruited when
the heat loss by skin is insufficient to maintain
thermal stability. A high demand for heat loss by
respiration may, by itself, be a stressing factor
because it reduces the time spent lying.

3.3.1 Evaporative Cooling Pads and Fan
Systems (Desert Cooler)
Evaporative cooling through water evaporation in
the incoming airflow is an economical method
resulting in a temperature reduction of 8§-10°C,
but it causes an increased relative humidity up to
90% (Chiappini and Christiaens 1992). This system
uses pads and pumps to pour water through the
pads (Kelly and Bond 1958). Cooled air must
have a short way through the building to avoid
high temperature and high humidity. It should be
installed in an adequate insulated building
(Chiappini and Christiaens 1992).

3.3.2 High-Pressure Foggers

Foggers disperse very fine droplets of water
which quickly evaporate and cool the surround-
ing air, but they also raise the relative humidity.
A ring of fog nozzles is attached to the exhaust
side of the fan, and then the cooled air is blown
down over the animal’s body (Jones and Stallings
1999). This system is expensive and requires a lot
of maintenance, and the water must be kept very
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Fig. 2 Buffaloes under mist cooling system

clean; otherwise, fogging nozzles get clogged or
plug (Worely 1999). A fogging system is effec-
tive in hot areas with low humidity. In an environ-
ment which is saturated with water, the droplets
cannot evaporate, and a ‘steam bath’ effect is
likely to be created (Bucklin et al. 1991).
Atomisers of different diameter help in conserva-
tion of water by regulating the water dispersion.

3.3.3 Misters

A misting system consists of a series of misting
nozzles placed in a sequence in tubing and pres-
surised to provide a fine spray of water droplets
between 15 and 50 pm in size. A mist droplet is
larger than a fog droplet. The animal is primarily
cooled by breathing in the cooler air. This system
is not very effective for humid environments,
because the mist droplets are too large to evapo-
rate before they reach the floor and the bed or feed
becomes wet (Shearer et al. 1999). Another com-
plication with misters is that if the system does
not wet the hair coat through the skin, an insulating
layer of air can be trapped between the water layer
and the skin. Therefore, the natural evaporative

heat loss from the skin is inhibited (Jones and
Stallings 1999). Use of mist system for cooling
cows and buffaloes was found to be economical
also (Aggarwal and Singh 2007). Figure 2 shows
a shed with mist cooling facilities.

If the misting system application is in an open
area, the cooling capability may be diminished
due to a lack of shade and the inability to mount
the mist system so that complete evaporation is
achieved. In these cases, adding fans to the misting
system design will improve its cooling capacity.
If there is no structure to mount to, the mist system
can be laid on the ground with the misting system
nozzles pointing directly upwards. Although this
is not the ideal design for a mist system, it can
provide relatively good results.

3.3.4 Sprinkler-cum-Fan Cooling

An alternative to mist and fog systems is the
sprinkling system. This method does not attempt
to cool the air but instead uses a large droplet size
to wet the hair coat to the skin of the cow or
buffalo, and then water evaporates and cools the
hair and skin. Sprinkling is most effective when
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combined with air movement. Fans should pro-
vide an airflow of about 11,000 cfm and should
be tilted downwards at 20-30° angles. At least
one 36-in. fan is needed for each 40 animals
which will move air effectively for about 30 ft.
Other fan sizes can be used (a 48-in. fan at 40 ft.
intervals). Nozzles (10 psi, 180° spray) are spaced
above cows approximately every 8 ft. Sprinklers
should be located immediately below the fans so
that water is thrown just under the bottom of the
fans which run continuously. Cows are sprinkled
for 1-2 min at 15-min intervals. Concrete floors
must be sloped to handle water run-off rates of
50-100 gal./cow/day. The sprinkling system can
be used in holding areas, shade structures and
feed barns. Avoid wetting feed and free stalls.
In hot—humid conditions, sprinklers alone do not
effectively cool animals. The sprinkler system
combined with forced air movement help increase
the loss of body heat up to three or fourfolds
(Shearer et al. 1999).

The evaporative cooling system increases animal
feed intake (7-10%) and milk yield (8-13 kg/
day) and decreases body temperature (0.2-0.5°C)
and breathing rate by 20-25% (Strickland et al.
1989; Igono et al. 1987; Turner et al. 1992;
Aggarwal and Singh 2005). In a humid climate,
the recommended velocities are 2.9-4.0 m/s
depending on airflow direction (Chastain and
Turner 1994).

A drawback with the evaporative cooling sys-
tem is the large quantity of water used (Turner
et al. 1992; Aggarwal and Singh 2005). It is
important that the water is clean to avoid spread-
ing of diseases. Research trials of fan and sprin-
kler cooling system have not shown increase in
mastitis for cooled cows. If the area of the shed
where the water is supplied does not have good
drainage, cows may lie in water and could have
an increased likelihood of mastitis.

3.3.5 Exit Lane Sprinklers

Animals can be cooled by activated nozzles
which deliver water when the animal exits the
parlour (Verbeck et al. 1995). Soaking the cows’
skin as they leave the milking parlour is a system
to prolong the cooling period at milking time
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(Bray and Bucklin 1997). When the cows return
to the free stall or corral, moisture from the wet
hair coat evaporates (Armstrong 1994) and may
be effective in hot—dry or arid climatic conditions
(Verbeck et al. 1995).

3.3.6 Cooling Ponds

Cooling animal ponds are man-made and may
vary in size as per the size of herds (Fig. 3). The
size of average pond may be 50x 80 and 4-6 ft.
deep. Ponds need to be drained regularly and
dredged every 1-2 years. Animal cooling ponds
should be located close to a water supply as fresh-
water needs to enter the ponds constantly. There
must be a proper way to dispose of run-off water.
Some slope from the ponds to the waste manage-
ment may be necessary. Cooling ponds should in
close proximity of the milking parlour to avoid
long walks in the sun.

Concrete Ponds: Concrete ponds have been
used, but they are expensive to build. However,
they are easier to maintain, as the entrances and
exits do not have to be rebuilt. The finish of the
concrete on exit and entrance slopes should be
cross grooved to prevent cows from falling. A 1:8
slope would be a safe slope if concrete ponds are
constructed.

Pond Shapes and Depths: Using the sample
of 5,000/ft%/100 cows, a pond could be 50’
wide x 100" long, or a circle 80" in diameter
(A=(Pi) r; A=3.14x40=5,024 ft>). If a
50"x 100" pond is used and the sides are fenced
so the cows can only enter or exit at each end of
the pond, the amount of dirt falling into the
pond is reduced. If a circular pond is made, cow
carpet should be used to eliminate the problem
of dirt falling in the pond. As cows can swim,
pond depth may be kept reasonable. Deeper
ponds may allow the settling of organic matter
on the bottom of the pond. Preferably depths of
3" or 4' is sufficient to cool the cows and let
them stand and walk.

The dairy animals are cooled by dipping them-
selves in the water with head open. Animals in
pond lose heat primarily by conduction, but dur-
ing 5-10 min after exiting the pond, a small
amount of heat is lost by evaporative cooling



178

Shelter Management for Alleviation of Heat Stress in Cows and Buffaloes

Fig. 3 Wallowing pond

(Shearer et al. 1999). The man-made pond has a
continuous inflow of water with an overflow at the
end of the pool. Buffaloes, because of their black
skin and less number of sweat glands than cows,
especially like to wallow in water for alleviation
of heat stress (Chauhan et al. 1998; Aggarwal and
Singh 2008).

3.3.7 Tunnel Ventilation

The advantage of tunnel ventilation is that the
cows get access to fresh airflow in the whole
building, while the disadvantage is the electric-
ity consumption (Stowell et al. 2001; Bray
et al. 2003). The system provides a combina-
tion of high air exchange rates and high airflow
speeds to help the cows to remove body heat by
increasing the heat loss by convection. In tun-
nel-ventilated barns, large exhaust fans are
placed at one end of the barn blast the airflow
and large openings are placed at the other end.
The fans pull outside fresh air through the inlet
openings. All windows, doors and other open-
ings remain closed along the sidewalls. To pro-
vide a uniform air movement along the barn, it

is important that the tunnel ventilation system
is properly designed (Tyson et al. 1998).

3.3.8 Zone Cooling

Inspired air or zone cooling applies a jet of cooled
air onto the head and neck of the animal. The air
may be cooled by evaporative cooling or by
mechanical refrigeration. Because of the installa-
tion costs and lack of compatibility with housing
systems, this has not become a common cooling
system (Bucklin et al. 1991). Air cooled by refrig-
eration to around 15°C, supplied at a rate of 0.7—
0.85 m*/min, has been observed to increase milk
production.

3.3.9 Underground Pipes

If the ground temperature is lower than the atmo-
spheric temperature, air can be passed through
underground pipes and the air can be cooled. The
pipes are normally placed at a depth of 1.5-2 m
under the ground. A temperature reduction of
8-10°C can occur in the peak summer day. The
main effect of the system is to reduce extremes of
the temperatures (Chiappini and Christiaens
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Table 1 Tested roofing material solar reflectances and emissivity

Sample

Black asphalt shingle 0.27
White asphalt Shingle 0.21
White tile, concrete 0.75
Red tile, concrete 0.19
White metal 0.67
Limestone paves 0.53

Solar reflectance

Long-wave emissivity
0.90
0.91
0.88
091
0.83
0.89

Source: Modified from Parker and Sherwin (1998)

1992), but it is also a way of reducing the energy
consumption for cooling by using the relatively
stable soil temperature (Nilsson and Kangro
1998).

3.3.10 Roof Cooling

The radiant heat load on animals can be reduced
by cooling surrounding surfaces by evaporation
of water. If the roof is sprinkled, the temperature
of the roof can be reduced up to 28°C by applica-
tion of 1.5-1 water per hour and per square metre
roof area. If a wall or a roof is wet, energy and
therefore heat will be used to evaporate the water.
Therefore, radiated sun energy will be reduced
(Nevander and Elmarsson 1994).

3.3.11 Mechanical Cooling

To elaborate the cooling design of a building, the

total heat load must be calculated. That can be

done in a similar way to designing air exchange
of the ventilation system for barns in cold weather.

The following four aspects needs to be consid-

ered (Esmay 1978):

1. Heat transmission through surfaces that are
exposed to temperature difference and solar
radiation

2. Heat and moisture production by the animals

3. Ventilation air and air that infiltrate the
building

4. Supplementary heat from equipment and lights
The mechanical cooling can change tempera-

ture inside to considerable lower temperature

compared to outside (Chiappini and Christiaens

1992). An insulated building with this system

needs a close attention to air filtration, adequate

ventilation and maintenance. Air conditioning of
dairy housing depends on the local design condi-

tions and the individual situation of the cow, but
approximately the energy needed is 2,500 J/s (W)
or more.

3.3.12 Passive Solar Cooling
Heat and light from the sun is freely available and
is renewable. Ironically, the majority of modern
buildings are not designed to harness solar power.
Instead, buildings are often constructed to block
sunlight in favour of insulated, opaque partition
walls. Passive cooling is based on the interaction
of the building and its surroundings. Passive solar
design refers to the use of the sun’s energy for the
heating and cooling of the building. In this
approach, the building itself or some element of it
takes advantage of natural energy characteristics
in materials and air created by exposure to the
sun. Passive systems are simple, have few moving
parts and require minimal maintenance and
require no mechanical systems. In temperate and
hot climates, solar heat infiltrating the building
has typically been the most costly thing to miti-
gate (i.e. air conditioning). However, effective
passive solar cooling design can eliminate much
of this conventional operating cost with proper
building design. Passive cooling includes over-
hangs for south-facing windows, few windows on
the west, shade trees, thermal mass and cross ven-
tilation. Table 1 shows solar reflectances and
emittances for some roofing material. The cool-
ness of a roof is determined by two radiative prop-
erties and their combined effect on temperature:
1. Solar reflectance: The fraction of sunlight that
is reflected by a roofing material’s surface.
Energy that is not reflected by the roof is
potentially absorbed by it; this is where thermal
emittance comes into play.
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2. Thermal emittance: The relative ability of a
roofing material with which a surface cools
itself by emitting thermal radiation.

Both properties are measured on a scale of
0-1. The higher the value, the cooler the roof.
Solar reflectance index allows actual measured
solar reflectance and thermal emittance values to
be combined into a single value by determining
how hot a surface would get relative to standard
black and standard white surface. The standard
black roofing material has a high emittance value
of 90%, and the reflectance value is 5%. The
standard black roof has SRI value of 0. The stan-
dard white roofing material is 80% reflective, and
emittance is 90%. Surface of white roofing mate-
rial is much cooler, and SRI value is 100.

Preventing excess solar heat from entering the
building can help in reducing heat load on the
animal. Appropriate window glazing and shading
devices may be used to avoid or reduce the need
for mechanical cooling. One or more shading
strategies may be used including fixed shading
devices as part of building design (porches, over-
hangs, extrusions), trees or other vegetation that
provide seasonal shading, awnings that can be
extended or removed, operable shades or blinds.
In general, east and west glazings to avoid low
solar angle exposures may be used. Other cooling
strategies that may be used for animal shelters
include taking advantage of natural ventilation,
radiative cooling in regions that have significant
differences in day and night temperatures,
ground-coupled cooling and dehumidification in
humid climates (Green Building Encyclopedia).

3.3.13 Night Grazing

Although air temperature and the intensity of
solar radiation begin to fall after about 2 pm, the
temperature of the roof, if metallic, still remains
high. As a result, the body temperature and respi-
ration rate of animal are high. Cattle kept in a hot
shed have a rapid heartbeat during the day and
night also. However, when the cattle are allowed
out into a pasture or in open during night, the
physiological responses are low due to both of
the reduction in radiatio n heat during night
during night from the surroundings and the rise
in heat loss from the cattle (Shinde et al. 1994).
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Considerations in Choosing Cooling Systems

1. Shade the cow from solar radiation. This
should always be the first step in any cooling
system.

2. Consider average temperature and relative
humidity of location during each hour of the
day. Determine when during the day evapora-
tive cooling would be effective. Even in humid
environments, afternoon humidity may be low
enough to benefit from evaporative cooling.

3. If environmental temperature is near or above
the normal body temperature of the cow for a
significant portion of the summer, some form
of evaporative cooling will likely benefit.

4. Do not depend upon evaporative cooling
alone, except in very arid environments. In
most environments, feed line soaking will pro-
vide cooling over and above the evaporative
system.

5. Consider all costs associated with evaporative
cooling and feed line soaking. While addi-
tional benefits are realised by combination
systems, additional milk production may not
offset expenses.

4 Conclusions

The tropical environmental conditions necessitate
reduction of heat stress due to solar radiation and
heat. The solar radiation on animals may be
reduced by shelter; provision of tree shelter and
animal shelter may substantially reduce solar
radiation and heat load on animals. High-
producing animals experience heat stress, and
thermal stress should be alleviated. The most
common way to alleviate stress of cows and
buffalo and their environment is by evaporative
cooling. The effectiveness of evaporative cooling
depends on the capacity of the air to take up
moisture. Consequently, in a tropical climate with
high temperatures combined with high humidity,
cooling with evaporative systems is likely to be
limited. In those conditions, methods that are
beneficial to the animal’s natural mechanism of
heat loss are preferable and recommended for
adoption. Any cooling mechanism must take into
consideration the intense solar radiation, high
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ambient temperature and the relative humidity,
which increases to almost saturation during hot—
humid (rainy) season. The important consider-
ation in all the systems should be water economy
and recycling. Sprinkler and fan cooling systems
generate a large volume of wastewater which must
be processed or recycled. The fan/sprinkler system
uses about tenfold more water than the fan/mist
system. Mechanical cooling, or air conditioning, is
generally considered expensive and uneconomic
in animal housing. During hot-humid season, use
of evaporative cooling pads reduces air tempera-
ture of the barn without any effect on milk yield.
Therefore, improved systems capable of either
cooling the animal directly or cooling the sur-
rounding environment are necessary to better con-
trol the animal’s body temperature and maintain
production in hot and hot-humid climates. With
cooling devices, the temperature in the animal
sheds may be kept low to cool animal, and THI
can be kept around 72. The high-producing cows
may be kept under low temperature, and an invest-
ment in mechanical cooling may be feasible.
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