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A G e W N

Simple Summary: Environmentally induced hyperthermia, also called heat stress (HS), compromises
reproductive physiology in mammals. The number of oocytes is fixed after birth and they are stored
in the ovary in a quiescent state (at the stage of the first meiotic prophase) in primordial follicles.
There is evidence that HS alters the oocyte quality, the dynamics of follicular growth and ovulation.
The dairy cow, submitted to the metabolic stress of high milk production, is a good model for
studying the effects of HS on ovarian function. The aim of this review is to describe the influence
of HS during the stages of follicular development in dairy cattle, from the activation of primordial
follicles to ovulation. Some clinical aspects are also considered.

Abstract: Follicular organization starts during mid-to-late fetal life with the formation of primordial
follicles. The bilateral interplay between the oocyte and adjoining somatic cells during follicular
growth and ovulation may be sensitive to heat stress (HS). Mechanisms giving rise to pre-ovulatory
temperature gradients across reproductive tissues are mostly regulated by the pre-ovulatory follicle,
and because the cooling of the gonads and genital tract depends on a counter-current transfer system
of heat, HS may be considered a major factor impairing ovulation, fertilization and early embryo
development. There is evidence of a long-lasting influence of HS on oogenesis and final follicular
maturation. Follicular stages that are susceptible to HS have not been precisely determined. Therefore,
the aim of this review was to describe the influence of HS during the staged follicular development
in dairy cattle, from the activation of primordial follicles to ovulation. Some clinical prospects are
also considered.

Keywords: follicular cooling; graafian follicle; oocyte competence; ovulation failure; temperature dif-
ferential

1. Introduction

Environmentally induced hyperthermia (heat stress (HS)) compromises reproductive
physiology in mammals (reviewed in [1]). In lactating dairy cows, the assumed upper
critical temperature under shade is about 25-28 °C, with a maximum temperature-humidity
index (THI) of 78.2 [2,3]. Above these given values, the rectal temperature rises, and the
conception rate can decline by an average of 20 to 30% [4,5]. Some of the reasons that
explain this decline include a greater load of metabolic heat to dissipate in lactating than
in non-lactating cows [6], compromised follicular function and a higher incidence in
early embryonic loss [7,8]. Consequently, a better understanding of the physiological
mechanisms that can adapt the reproductive system under HS conditions is currently a
research priority. The concept of an environmental ‘heat wave’, based on a sequence of at
least five consecutive days during which air temperatures and relative humidity are higher

Animals 2021, 11, 3406. https:/ /doi.org/10.3390/ani11123406

https://www.mdpi.com/journal /animals


https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0001-6404-1248
https://orcid.org/0000-0002-1413-3862
https://doi.org/10.3390/ani11123406
https://doi.org/10.3390/ani11123406
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ani11123406
https://www.mdpi.com/journal/animals
https://www.mdpi.com/article/10.3390/ani11123406?type=check_update&version=1

Animals 2021, 11, 3406

2 0f9

than usual, has been recently developed to help evaluate the magnitude of the influence of
HS on fertility [9-11].

The neuroendocrine mechanisms by which HS can compromise the reproductive
efficiency of the dairy cow has been extensively reviewed [12-14]. In summary, HS com-
promises hypothalamic GnRH secretion, and thus, the circulating concentrations of LH
and FSH are reduced [12,13]. It follows that this reduced cascade of neuroendocrine and
endocrine events leads to impaired selection and development of ovulatory follicles, ovu-
lation and the development of a functional corpus luteum. Where the deleterious effects
of HS on oocytes and spermatozoa have been compared, it seems that the main cause of
fertilization failure is oocyte quality, rather than that of spermatozoa [14,15]. In addition,
there is also evidence that HS alters the dynamics of follicular growth and ovulation [1,16].
As the follicular stages that are susceptible to thermal stress have not been precisely deter-
mined, the aim of this review was to describe the influence of HS during staged follicular
development in dairy cattle, from the activation of primordial follicles through to ovulation.
Some clinical prospects are also considered.

2. Follicular Development under Conditions of Heat Stress

In mammals, the number of oocytes is fixed after birth and they are stored as a
quiescent state (the first stage of meiotic prophase) in primordial follicles. Following
the normal onset of puberty, the regulation of the activation process of the primordial-
to-primary follicle transition to support an ovulatory cycle is not fully understood [17].
Possible influences of HS on the regulatory mechanisms of maintaining the population of
primordial follicles or their regulated activation are largely unknown.

2.1. Primary and Preantral Follicles

There is no direct evidence of an influence of HS on primary follicles. However, the
fact that restoration of normal fertility is only achieved 40-60 days after a period of HS [18]
suggests a negative influence of HS on the very early stages of follicle development. In
effect, cattle fertility is compromised not only in summer, but also in the autumn and the
early winter, when the temperature is temperate [19,20]. In a recent study, all stages of
growing preantral follicles, including primary and secondary follicles, were susceptible
to negative effects of HS in vitro [21]. Therefore, a many-sided negative influence of HS
on preantral follicles should be expected; the estimated duration of follicular growth
from the primary to pre-ovulatory stage is around 60 days [22]. The delicate processes of
follicular development are probably sensitive to HS, which include oocyte development
during the primary to secondary follicle transition. At this time, zona pellucida material is
deposited around the oocyte, cortical granules are produced within the oocyte cytoplasm
and follicles appear to become responsive to gonadotropins [22,23]. It is at this point of
development that the bilateral interplay between the oocyte and surrounding pre-granulosa
cells becomes decisive until the follicle is fully grown or falls into atresia [22-24]. The
oocyte is the first cell within the follicle to be affected by apoptosis, but if it overcomes this
risk, it will grow actively up to the preantral stage [23]. The growth phase of an oocyte is
critical in terms of its competence not only for fertilization and embryogenesis but also
for final follicle maturation and ovulation. Oocytes seem to play key roles in controlling
granulosa cell development and function from the time of follicular organization through
to ovulation [24,25]. This bilateral interplay between the oocyte and adjoining somatic
cells from the time of follicular organization to the final process of follicle maturation and
ovulation is probably sensitive to HS (See Figure 1 for a summary).
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Figure 1. Schematic-model of oocyte and follicular development. Oocyte diameter based on data
from Lussier et al. [26] and Hulshof et al. [27].

2.2. Maturation of Oocytes and Antral Follicles

Studies on follicular growth rates [26,27] suggest that a period of two to three estrous
cycles (i.e., four to six follicular waves) are required for recovery from summer heat
damage to the follicle population and the appearance of competent, mature oocytes in
the subsequent autumn. This seems to be associated with a long-lasting effect of HS on
follicular steroidogenesis associated with a lower secretion of androstenedione by the
theca cells and compromised aromatase activity of the granulosa cells of the dominant
follicle [7,20]. In essence, the early antral follicles of approximately 0.5 to 1.0 mm in
diameter [19] or those in the early growth phase of the follicular wave [20,28,29] are
sensitive to HS. The size of the dominant follicle is reduced in cows under acute HS [30-34],
causing an attenuation of dominance and an increase in the number of large-sized non-
dominant follicles [19,28,32,35]. Furthermore, this compromised follicular physiology
is inferred by the fact that bovine oocytes collected during the summer experience a
greater incidence of disruption in maturation [36-38] expressed as a reduced proportion
of embryos that develop to the blastocyst stage [36-38]. Although the sensitive systems
of temperature regulation in vivo are difficult to mimic in vitro, the culture of individual
Graafian follicles [39,40] under different levels of HS might reveal any perturbation in
oocyte maturation. Biochemical changes in follicular fluid of the periovulatory follicle
in lactating dairy cows exposed to HS have also been described [41,42]. From a clinical
perspective, removal of impaired follicles from previously heat-stressed cows may led to
an earlier emergence of healthy follicles and high-quality oocytes [30].

2.3. Pre-Ovulatory Follicle and Ovulation

As expected, following the reduced size of the dominant HS follicle will influence
the diameter of the pre-ovulatory follicle. The size of the pre-ovulatory follicle is reduced
with a high environmental THI value [43]. In fact, the diameter of the pre-ovulatory
follicle is reduced by an estimated 0.1 mm for each additional point on the THI value
on the day of estrus [44]. A low level of estradiol production may explain the high
incidence of ovulation failure, both in synchronized and spontaneous estrus, in cows
under HS conditions [45,46]. Estradiol concentrations rise in pre-ovulatory follicles until
a required threshold, which determines both estrus behavior and the pre-ovulatory LH
surge [47]. Furthermore, exposure of lactating dairy cows to acute pre-ovulatory HS has
been associated with a reduction of granulosa cell-specific gene expression in follicles of
ovulatory size [48]. Although the dominant follicle acquires the capacity to ovulate when
it reaches a diameter of about 10 mm [49], a smaller pre-ovulatory follicle in monovular
cows (10-15 mm) has also been associated with ovulation failure [50,51] (see Figure 2 for a
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summary). Mechanisms related to ovulation failure may be better understood by studying
the process of pre-ovulatory cooling of the reproductive system.
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Figure 2. Schematic-model of follicular growth. Follicle diameter based on data from Lusier et al. [26]
and Hulshof et al. [27].

3. Temperature Gradients in the Reproductive System

Cooling during the peri-ovulatory period of segments of the genital tract is related to
oocyte maturation and fertilization [52,53], whereas reduced cooling of the genital tract
may compromise fertilization and early embryonic development [1,30]. In essence, the
temperature increases progressively from the vagina to the uterine horns [54] and to a
cooler microenvironment in the caudal isthmus of the oviduct [52]. The caudal isthmus is
recognized as the reservoir for fertilizing spermatozoa and a place where sperm motility is
reduced [55-57]. Thus, ejaculated spermatozoa are exposed to an increasing temperature
from the cranial vagina to the oviduct sperm reservoir. Sperm migration occurs from the
cooler caudal isthmus to the warmer site of fertilization, close to the isthmus-ampullary
junction. Conversely, oocytes are shed from a cooler follicle and are transported to a
warmer ampulla on their path to the site of fertilization [52,53]. The thermal interplay
between ovary, oviduct and uterus is facilitated by counter-current exchange systems of
heat exchange among veins, interstitial fluid, lymph and arteries [58—-60]. The enormous
amount of periovulatory endometrial and cervical mucus secretion and flow [61] may
also favor a temperature decrease from the uterine horns to the vagina [16]. Temperature
changes in the oviducts, uterus and vagina are mostly regulated by the ovaries.

Periovulatory Changes in Ovarian Temperature

Intra-follicular cooling during the pre-ovulatory period acts to regulate mammalian
ovulation [25]. A large body of evidence indicates that pre-ovulatory follicles may be over
1 °C cooler than ovarian stromal tissues, with both ovarian components being cooler than
in neighboring tissues and rectal temperatures in sheep [62], rabbits [63], humans [64],
pigs [65,66] and cows [46,67-69]. Such cooling correlates positively with the potential
for pregnancy in humans [64] and cows [69]. In fact, a functional ovary requires a lower
temperature than neighboring tissues [70]. However, environmental HS along with high
milk production jeopardizes the ovulatory process [1,30]. Studies of follicular cooling under
HS conditions in lactating dairy cows show that when follicles of pre-ovulatory size were
cooler than the deep rectal temperature they ovulated, whereas follicles of a similar size but
not showing a temperature differential did not ovulate [46,68,69]. The process of follicular
cooling is very sensitive to HS (Figure 2). Cows exposed to solar radiation for a period of
less than 45 min just after sunrise (dawn) failed to ovulate, whereas most of the cows in the
shade ovulated [46]. In this study, fans and water sprinklers were not yet activated during
the time of the temperature measurements (Figure 3). A damaged oocyte is probably
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responsible for follicular cooling failure and subsequent ovulation failure. The fact that an
oocyte promotes cooling of a pre-ovulatory follicle has been recently hypothesized [25].

Figure 3. Cows in the shade or solar radiation areas [46] [photo by F. Lopez-Gatius].

Data derived from a more recent study showed that the temperature differential
between the caudal cervical canal and rectum at AI may be a predictive factor for preg-
nancy [71]. A low cervical temperature at Al was associated with a greater likelihood of
pregnancy, whereas vaginal temperatures and vagina-cervix and vagina-rectum tempera-
ture differentials at Al and 7 days post-Al could not be related to the likelihood of ovulation
or pregnancy [71]. Given the difficulties in measuring follicular temperature under field
conditions, cervix-rectum temperature differentials could be used in routine veterinary
practice in dairy herds, at least as an additional tool to confirm estrus ready for service.
Temperature differential of the cervical canal was not recorded in cows suffering ovulation
failure. Thus, in cows not showing low cervical temperature at Al, an elevated dose of
GnRH at insemination should bring ovulation forward and increase their fertility [72].

4. Clinical Implications

The control of reproductive programs in dairy cattle should include measures of the
incidence of non-cyclicity at finishing the waiting period, ovulation failure in cows showing
estrus and the distribution of embryos in multiple pregnancies. These parameters could
be used to evaluate influence of HS on follicular physiology and subsequent fertility. For
example, from extensive studies in which results of a warm period were compared with
those of a cool period, during the warm period of the year (in parentheses, percentages of
the cool versus the warm period are shown), non-cyclicity and the ovulation failure rate
were increased, n = 12,711 cows starting the Al period; 6.5-26.4% [73] and n = 1917 cows
showing estrus signs; 3.4-12.4% [45], respectively, and the incidence of unilateral multiple
pregnancies (at least two embryos in the right or left uterine horn) increased compared to
bilateral multiple pregnancies (at least one embryo in each uterine horn) (n = 1130 cows
carrying multiple pregnancies; 51.7-58.4%) [74]. In the latter study, the unilateral/bilateral
multiple pregnancy ratio varied from 1.07 (346/323) during the cool period to 1.4 (269/192)
during the warm period [74]. In other words, a ratio between unilateral and bilateral
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multiple pregnancies close to one may be a good indicator of cow well-being and absence
of HS in dairy herds [75].

5. Conclusions

Probably, oocyte and follicular development are not only susceptible to HS, but also
to any other forms of stress. However, global warming is already impairing physiological
functions in mammals [1] and HS is presented here as a model of stress in the study of
ovarian follicular physiology. As cooling of the gonads and genital tract depends on a
counter-current transfer system of heat, HS may be considered a major factor impairing
ovulation, fertilization and early embryo development. Although knowledge on how
high environmental temperatures affect reproduction is increasing rapidly, a great deal
of practical improvement still needs to be made to reduce the negative effects of HS in
high-producing dairy herds [5,76,77]. The long-lasting effect of HS on oocyte development
and competence suggests that environment should be controlled throughout the productive
lifespan of these cows, starting before they are even born. In effect, HS during gestation
also has a negative effect on the subsequent survival and reproductive performance of
newborns [77-79]. Mammalian oocytes and follicle development starts during mid-to-late
fetal life with the formation of primordial follicles [80]. The stage of first meiotic prophase
when the development of the oocyte is arrested occurs during fetal life does not resume
until shortly before ovulation [81]. This long period of interrupted meiosis may well be
sensitive to HS, impairing follicular growth. However, definitive proof of this assertion is
not yet available.

Author Contributions: Conceptualization and writing—original draft preparation, FL.-G.; vali-
dation and writing—review and editing, ED.R., R.S. (Rex Scaramuzzi), .G.-I. and R.S. (Roberta
Saleri); funding acquisition, ED.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Boni, R. Heat stress, a serious threat to reproductive function in animals and humans. Mol. Reprod. Dev. 2019, 86, 1307-1323.
[CrossRef] [PubMed]

2. Berman, A.; Folman, Y.; Kaim, M.; Mamen, M.; Herz, Z.; Wolfenson, D.; Arieli, A.; Graber, Y. Upper critical temperatures and
forced ventilation effects for high-yielding dairy cows in a subtropical climate. J. Dairy Sci. 1985, 68, 1488-1495. [CrossRef]

3.  Dikmen, S.; Hansen, PJ. Is the temperature-humidity index the best indicator of heat stress in lactating dairy cows in a subtropical
environment? . Dairy Sci. 2009, 92, 109-116. [CrossRef] [PubMed]

4. Collier, RJ.; Renquist, B.J.; Xiao, Y. A 100-Year Review: Stress physiology including heat stress. J. Dairy Sci. 2017, 100, 10367-10380.
[CrossRef] [PubMed]

5. Wolfenson, D.; Roth, Z. Impact of heat stress on cow reproduction and fertility. Anim. Front. 2019, 9, 32-38. [CrossRef]

6.  West, ].W. Effects of heat-stress on production in dairy cattle. ]. Dairy Sci. 2003, 86, 2131-2144. [CrossRef]

7. Wolfenson, D.; Lew, B.J.; Thatcher, WW.; Graber, Y.; Meidan, R. Seasonal and acute heat stress effects on steroid production by
dominant follicles in cows. Anim. Reprod. Sci. 1997, 47, 9-19. [CrossRef]

8.  Polsky, L.; von Keyserlingk, M.A.G. Invited review: Effects of heat stress on dairy cattle welfare. J. Dairy Sci. 2017, 100, 8645-8657.
[CrossRef]

9.  Pachauri, RK; Allen, M.R,; Barros, V.R.; Broome, J.; Cramer, W.; Christ, R.; Church, J.A ; Clarke, L.; Dahe, Q.; Dasgupta, P; et al.
Contribution of Working Groups I, I and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
In Climate Change 2014: Synthesis Report; Pachauri, R K., Meyer, L.A., Eds.; IPCC: Geneva, Switzerland, 2014; p. 151.

10. Zampieri, M.; Russo, S.; di Sabatino, S.; Michetti, M.; Scoccimarro, E.; Gualdi, S. Global assessment of heat wave magnitudes from
1901 to 2010 and implications for the river discharge of the Alps. Sci. Total Environ. 2016, 571, 1330-1339. [CrossRef]

11.  Roth, Z. Cooling is the predominant strategy to alleviate the effects of heat stress on dairy cows. Reprod. Domest. Anim. 2020.

early view. [CrossRef]


http://doi.org/10.1002/mrd.23123
http://www.ncbi.nlm.nih.gov/pubmed/30767310
http://doi.org/10.3168/jds.S0022-0302(85)80987-5
http://doi.org/10.3168/jds.2008-1370
http://www.ncbi.nlm.nih.gov/pubmed/19109269
http://doi.org/10.3168/jds.2017-13676
http://www.ncbi.nlm.nih.gov/pubmed/29153170
http://doi.org/10.1093/af/vfy027
http://doi.org/10.3168/jds.S0022-0302(03)73803-X
http://doi.org/10.1016/S0378-4320(96)01638-7
http://doi.org/10.3168/jds.2017-12651
http://doi.org/10.1016/j.scitotenv.2016.07.008
http://doi.org/10.1111/rda.13765

Animals 2021, 11, 3406 7 of 9

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Howell, ].L.; Fuquay, ].W.; Smith, A.E. Corpus luteum growth and function in lactating Holstein cows during spring and summer.
J. Dairy Sci. 1994, 77, 735-739. [CrossRef]

Wolfenson, D.; Roth, Z.; Meidan, R. Impaired reproduction in heat-stressed cattle: Basic and applied aspects. Anim. Reprod. Sci.
2000, 60, 535-547. [CrossRef]

Roth, Z. Effect of heat stress on reproduction in dairy cows: Insights into the cellular and molecular responses of the oocyte.
Annu. Rev. Anim. Biosci. 2017, 5, 151-170. [CrossRef] [PubMed]

Rahman, M.B.; Schellander, K.; Luceno, N.L.; Van Soom, A. Heat stress responses in spermatozoa: Mechanisms and consequences
for cattle fertility. Theriogenology 2018, 113, 102-112. [CrossRef]

Lopez-Gatius, F; Hunter, R.H.F. Local cooling of the ovary and its implications for heat stress effects on reproduction.
Theriogenology 2020, 149, 98-103. [CrossRef]

Nagamatsu, G. Regulation of primordial follicle formation, dormancy, and activation in mice. J. Reprod. Dev. 2021, 67, 189-195.
[CrossRef] [PubMed]

Badinga, L.; Collier, R.J.; Thatcher, W.W.; Wilcox, C.J. Effects of climatic and management factors on conception rate of dairy cattle
in subtropical environmental. J. Dairy Sci. 1985, 68, 78-85. [CrossRef]

Roth, Z.; Meiden, R.; Braw-Tal, R.; Wolfenson, D. Inmediate and delayed effects of heat stress on follicular development and its
association with plasma FSH and inhibin concentration in cows. . Reprod. Fertil. 2000, 120, 83-90. [CrossRef]

Roth, Z.; Meidan, R.; Shaham-Albalancy, A.; Braw-Tal, R.; Wolfenson, D. Delayed effect of heat stress on steroid production in
medium-sized and preovulatory bovine follicles. Reproduction 2001, 121, 745-751. [CrossRef]

Aguiar, L.H.; de Hyde, K.A ; Pedroza, G.H.; Denicol, A.C. Heat stress impairs in vitro development of preantral follicles of cattle.
Anim. Reprod. Sci. 2020, 213, 106277. [CrossRef]

Fair, T. Follicular oocyte growth and acquisition of developmental competence. Anim. Reprod. Sci. 2003, 78, 203-216. [CrossRef]
Driancourt, M.A.; Thuel, B. Control of oocyte growth and maturation by follicular cells and molecules present in follicular fluid.
A review. Reprod. Nutr. Dev. 1998, 38, 345-362. [CrossRef]

Eppig, ].J. Oocyte control of ovarian follicular development and function in mammals. Reproduction 2001, 122, 829-838. [CrossRef]
Hunter, R H.F.; Lopez-Gatius, F. Evolutionary sequences in mammalian reproductive biology. J. Exp. Zool. A 2020, 333, 533-535.
[CrossRef]

Lussier, ].G.; Matton, P; Dufour, ].J. Growth rates of follicles in the ovary of the cow. J. Reprod. Fertil. 1987, 81, 301-307. [CrossRef]
Hulshof, S.C.].; Bevers, M.M.; van der Donk, H.A ; van den Hurk, R. The isolation and characterization of preantral follicles from
foetal bovine ovaries. In Proceedings of the 12th International Congress on Animal Reproduction, The Hague, The Netherlands,
23-27 August 1992; Volume 1, pp. 336-338.

Wolfenson, D.; Thatcher, WW.; Badinga, L.; Savi, ].D.; Meidan, R.; Lew, B.J. Effect of heat stress on follicular development during
the estrous cycle in lactating dairy cattle. Biol. Reprod. 1995, 52, 1106-1113. [CrossRef]

Silvestre, ET.; Kamimura, S.; Arteche, A.C.; Bartolome, J.; Pancarci, S.M.; Thatcher, W.W. Reproductive responses following
postpartum suppression of ovarian follicular development with a deslorelin implant during summer heat stress in lactating dairy
cows. Anim. Reprod. Sci. 2009, 111, 320-337.

Roth, Z.; Arav, A.; Bor, A.; Zeron, Y.; Braw-Tal, R.; Wolfenson, D. Improvement of quality of oocytes collected in the autumn by
enhanced removal of impaired follicles from previously heat-stressed cows. Reproduction 2001, 122, 737-744.

Badinga, L.; Thatcher, WW.; Diaz, T.; Drost, M.; Wolfenson, D. Effect of environmental heat stress on follicular development and
steroidogenesis in lactating Holstein cows. Theriogenology 1993, 39, 797-810. [CrossRef]

Wilson, S.J.; Marion, R.S.; Spain, ].N.; Spiers, D.E.; Keisler, D.H.; Lucy, M.C. Effects of controlled heat stress on ovarian function of
dairy cattle. 1. Lactating cows. J. Dairy Sci. 1998, 81, 2124-2131. [CrossRef]

Wilson, S.J.; Kirby, C.J.; Koenigsfeld, A.T.; Keisler, D.H.; Lucy, M.C. Effects of controlled heat stress on ovarian function of dairy
cattle. 2. Heifers. J. Dairy Sci. 1998, 81, 2132-2138. [CrossRef]

Guzeloglu, A.; Ambrose, ].D.; Kassa, T.; Diaz, T.; Thatcher, M.].; Thatcher, W.W. Long-term follicular dynamics and biochemical
characteristics of dominant follicles in dairy cows subjected to acute heat stress. Anim. Reprod. Sci. 2001, 66, 15-34. [CrossRef]
Badinga, L.; Thatcher, WW.; Wilcox, C.J.; Morris, G.; Entwistle, K.; Wolfenson, D. Effect of season on follicular dynamics and
plasma concentrations of oestradiol-17£, progesterone and luteinizing hormone in lactating Holstein cows. Theriogenology 1994,
42,1263-1274. [CrossRef]

Roth, Z.; Hansen, PJ. Disruption of nuclear maturation and rearrangement of cytoskeletal elements in bovine oocytes exposed to
heat shock during maturation. Reproduction 2005, 129, 235-344. [CrossRef] [PubMed]

Edwards, J.L.; Saxton, A.M.; Lawrence, ].L.; Payton, R.R.; Dunlap, J.R. Exposure to a physiologically relevant elevated temperature
hastens in vitro maturation in bovine oocytes. J. Dairy Sci. 2005, 88, 4326-4333. [CrossRef]

Gendelman, M.; Aroyo, A.; Yavin, S.; Roth, Z. Seasonal effects on gene expression, cleavage timing, and developmental
competence of bovine preimplantation embryos. Reproduction 2010, 140, 73-82. [CrossRef] [PubMed]

Baker, T.G.; Neal, P. Organ culture of cortical fragments and Graafian follicles from human ovaries. J. Anat. 1974, 117, 361-371.
[PubMed]

Picton, H.M.; Harris, S.E.; Muruvi, W.; Chambers, E.L. The in vitro growth and maturation of follicles. Reproduction 2008, 136,
703-715. [CrossRef]


http://doi.org/10.3168/jds.S0022-0302(94)77007-7
http://doi.org/10.1016/S0378-4320(00)00102-0
http://doi.org/10.1146/annurev-animal-022516-022849
http://www.ncbi.nlm.nih.gov/pubmed/27732786
http://doi.org/10.1016/j.theriogenology.2018.02.012
http://doi.org/10.1016/j.theriogenology.2020.03.029
http://doi.org/10.1262/jrd.2021-040
http://www.ncbi.nlm.nih.gov/pubmed/33896884
http://doi.org/10.3168/jds.S0022-0302(85)80800-6
http://doi.org/10.1530/jrf.0.1200083
http://doi.org/10.1530/rep.0.1210745
http://doi.org/10.1016/j.anireprosci.2020.106277
http://doi.org/10.1016/S0378-4320(03)00091-5
http://doi.org/10.1051/rnd:19980401
http://doi.org/10.1530/rep.0.1220829
http://doi.org/10.1002/jez.2394
http://doi.org/10.1530/jrf.0.0810301
http://doi.org/10.1095/biolreprod52.5.1106
http://doi.org/10.1016/0093-691X(93)90419-6
http://doi.org/10.3168/jds.S0022-0302(98)75788-1
http://doi.org/10.3168/jds.S0022-0302(98)75789-3
http://doi.org/10.1016/S0378-4320(01)00082-3
http://doi.org/10.1016/0093-691X(94)90246-F
http://doi.org/10.1530/rep.1.00394
http://www.ncbi.nlm.nih.gov/pubmed/15695618
http://doi.org/10.3168/jds.S0022-0302(05)73119-2
http://doi.org/10.1530/REP-10-0055
http://www.ncbi.nlm.nih.gov/pubmed/20395426
http://www.ncbi.nlm.nih.gov/pubmed/4461727
http://doi.org/10.1530/REP-08-0290

Animals 2021, 11, 3406 80f9

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Shehab-El-Deen, M.A.M.M.; Leroy, ].L.M.R.; Fadel, M.S.; Saleh, S.Y.A.; Maes, D.; Van Soom, A. Biochemical changes in the
follicular fluid of the dominant follicle of high producing dairy cows exposed to heat stress early post-partum. Anim. Reprod. Sci.
2010, 117, 189-200. [CrossRef]

Rispoli, L.A.; Edwards, ].L.; Pohler, K.G.; Russell, S.; Somiari, R.I.; Payton, R.R.; Schrick, EN. Heat-induced hyperthermia impacts
the follicular fluid proteome of the periovulatory follicle in lactating dairy cows. PLoS ONE 2019, 14, e0227095. [CrossRef]
Jitjumnong, J.; Moonmanee, T.; Sudwan, P; Mektrirat, R.; Osathanunkul, M.; Navanukraw, C.; Panatuk, J.; Yama, P.; Pirokad, W.;
U-Krit, W.; et al. Associations among thermal biology, preovulatory follicle diameter, follicular and luteal vascularities, and sex
steroid hormone concentrations during preovulatory and postovulatory periods in tropical beef cows. Anim. Reprod. Sci. 2020,
213,106281. [CrossRef]

Schiiller, L.K.; Michaelis, I.; Heuwieser, W. Impact of heat stress on estrus expression and follicle size in estrus under field
conditions in dairy cows. Theriogenology 2017, 102, 48-53. [CrossRef]

Loépez-Gatius, F.; Lopez-Béjar, M.; Fenech, M.; Hunter, R H.F. Ovulation failure and double ovulation in dairy cattle: Risk factors
and effects. Theriogenology 2005, 63, 1298-1307. [CrossRef]

Lopez-Gatius, F.; Hunter, R H.F. Clinical relevance of pre-ovulatory follicular temperature in heat-stressed lactating dairy cows.
Reprod. Domest. Anim. 2017, 52, 366-370. [CrossRef]

Hansel, W.; Convey, E.M. Physiology of the estrous cycle. J. Anim. Sci. 1983, 57, 404—424.

Vanselow, J.; Vernunft, A.; Koczan, D.; Spitschak, M.; Kuhla, B. Exposure of lactating dairy cows to acute pre-ovulatory heat
stress affects granulosa cell-specific gene expression profiles in dominant follicles. PLoS ONE 2016, 17, e0160600. [CrossRef]
Sartori, R.; Fricke, PM.; Ferreira, ].C.P; Ginther, O.].; Wiltbank, M.C. Follicular deviation and acquisition of ovulatory capacity in
bovine follicles. Biol. Reprod. 2001, 65, 1403-1409. [CrossRef] [PubMed]

Colazo, M.G.; Behrouzi, A.; Ambrose, D.]J.; Mapletoft, R.]. Diameter of the ovulatory follicle at timed artificial insemination as
a predictor of pregnancy status in lactating dairy cows subjected to GnRH-based protocols. Theriogenology 2015, 84, 377-383.
[CrossRef] [PubMed]

Lopez-Gatius, F,; Garcia-Ispierto, I.; Serrano-Pérez, B.; Hunter, R.H.E. The presence of two ovulatory follicles at timed artificial
insemination influences the ovulatory response to GnRH in high-producing dairy cows. Theriogenology 2018, 120, 91-97.
[CrossRef]

Hunter, R.H.F. Temperature gradients in female reproductive tissues. Reprod. Biomed. Online 2012, 24, 377-380. [CrossRef]
[PubMed]

Ng, K.Y.B.; Mingels, R.; Morgan, H.; Macklon, N.; Cheong, Y. In vivo oxygen, temperature and pH dynamics in the female
reproductive tract and their importance in human conception: A systematic review. Hum. Reprod. Update 2018, 24, 15-34.
[CrossRef] [PubMed]

Ali, HE,; Kitahara, G.; Tamura, Y.; Kobayashi, I.; Hemmi, K.; Torisu, S.; Sameshima, H.; Horii, Y.; Zaabel, S.; Kamimura, S.
Presence of a temperature gradient among genital tract portions and the thermal changes within these portions over the estrous
cycle in beef cows. J. Reprod. Dev. 2013, 59, 59-65.

Hunter, R H.E; Nichol, R.; Crabtree, S.M. Transport of spermatozoa in the ewe: Timing of the establishment of a functional
population in the oviduct. Reprod. Nutr. Dev. 1980, 20, 869-875. [CrossRef] [PubMed]

Hunter, R.H.E. Sperm transport and reservoirs in the pig oviduct in relation to the time of ovulation. J. Reprod. Fertil. 1981, 63,
109-117. [CrossRef] [PubMed]

Hunter, R H.F,; Wilmut, I. Sperm transport in the cow: Periovulatory redistribution of viable cells within the oviduct. Reprod.
Nutr. Dev. 1984, 24, 597-608. [CrossRef] [PubMed]

Einer-Jensen, N.; Hunter, R.H.F. Physiological and pharmacological aspects of local transfer of substances in the ovarian adnexa
in women. Hum. Reprod. Update 2000, 6, 132-138. [CrossRef]

Cicinelli, E.; Einer-Jensen, N.; Barba, B.; Luisi, D.; Alfonso, R.; Tartagni, M. Blood to the corneal area of uterus is mainly supplied
from the ovarian artery in the follicular phase and from the uterine artery in the luteal phase. Hum. Reprod. 2004, 19, 1003-1008.
[CrossRef]

Einer-Jensen, N.; Hunter, R.H.F. Counter-current transfer in reproductive biology. Reproduction 2005, 129, 9-18. [CrossRef]
Rutllant, J.; Lépez-Béjar, M.; Lopez-Gatius, F. Ultrastructural and rheological properties of bovine vaginal fluid and its relation to
sperm motility and fertilization: A review. Reprod. Domest. Anim. 2005, 40, 79-86. [CrossRef] [PubMed]

Benoit, H.J.; Borth, R.; Ellicott, A.R.; Woolever, C.A. Periovulatory changes in ovarian temperature in ewes. Am. J. Obstet. Gynecol.
1976, 124, 356-360. [CrossRef]

Grinsted, J.; Glendstrup, K.; Andreasen, M.P; Byskov, A.G. Temperature measurements of rabbit antral follicles. J. Reprod. Fertil.
1980, 60, 149-155. [CrossRef] [PubMed]

Grinsted, J.; Kjer, J.J.; Blendstrup, K.; Pedersen, J.E. Is low temperature of the follicular fluid prior to ovulation necessary for
normal oocyte development? Fertil. Steril. 1985, 43, 34-39. [CrossRef]

Hunter, R.H.F;; Grondahl, C.; Greve, T.; Schmidt, M. Graafian follicles are cooler than neighbouring ovarian tissues and deep
rectal temperatures. Hum. Reprod. 1997, 12, 95-100. [CrossRef]

Hunter, R.H.E; Bogh, I.B.; Einer-Jensen, N.; Miiller, S.; Greve, T. Pre-ovulatory Graafian follicles are cooler than neighbouring
stroma in pig ovaries. Hum. Reprod. 2000, 15, 273-283. [CrossRef] [PubMed]


http://doi.org/10.1016/j.anireprosci.2009.04.013
http://doi.org/10.1371/journal.pone.0227095
http://doi.org/10.1016/j.anireprosci.2020.106281
http://doi.org/10.1016/j.theriogenology.2017.07.004
http://doi.org/10.1016/j.theriogenology.2004.06.010
http://doi.org/10.1111/rda.12916
http://doi.org/10.1371/journal.pone.0160600
http://doi.org/10.1095/biolreprod65.5.1403
http://www.ncbi.nlm.nih.gov/pubmed/11673256
http://doi.org/10.1016/j.theriogenology.2015.03.034
http://www.ncbi.nlm.nih.gov/pubmed/25917882
http://doi.org/10.1016/j.theriogenology.2018.07.035
http://doi.org/10.1016/j.rbmo.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22369989
http://doi.org/10.1093/humupd/dmx028
http://www.ncbi.nlm.nih.gov/pubmed/29077897
http://doi.org/10.1051/rnd:19801013
http://www.ncbi.nlm.nih.gov/pubmed/6897579
http://doi.org/10.1530/jrf.0.0630109
http://www.ncbi.nlm.nih.gov/pubmed/6895091
http://doi.org/10.1051/rnd:19840508
http://www.ncbi.nlm.nih.gov/pubmed/6549076
http://doi.org/10.1093/humupd/6.2.132
http://doi.org/10.1093/humrep/deh171
http://doi.org/10.1530/rep.1.00278
http://doi.org/10.1111/j.1439-0531.2004.00510.x
http://www.ncbi.nlm.nih.gov/pubmed/15819952
http://doi.org/10.1016/0002-9378(76)90093-4
http://doi.org/10.1530/jrf.0.0600149
http://www.ncbi.nlm.nih.gov/pubmed/7431316
http://doi.org/10.1016/S0015-0282(16)48314-7
http://doi.org/10.1093/humrep/12.1.95
http://doi.org/10.1093/humrep/15.2.273
http://www.ncbi.nlm.nih.gov/pubmed/10655296

Animals 2021, 11, 3406 90f9

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Greve, T.; Grendahl, C.; Schmidt, M.; Hunter, R.H.E; Avery, B. Bovine preovulatory follicular temperature: Implications for
in vitro production of embryos. Arch. Tierz. 1996, 39, 7-14.

Lopez-Gatius, F.; Hunter, R.H.F. Pre-ovulatory follicular temperature in bi-ovular cows. . Reprod. Dev. 2019, 65, 191-194.
[CrossRef]

Lopez-Gatius, F.; Hunter, R H.E. Pre-ovulatory follicular cooling correlates positively with the potential for pregnancy in dairy
cows: Implications for human IVE. J. Gynecol. Obstet. Hum. Reprod. 2019, 48, 419-422. [CrossRef]

Morita, Y.; Ozaki, R.; Mukaiyama, A.; Sasaki, T.; Tatebyashi, R.; Morishima, A.; Kitagawa, Y.; Suzumura, R.; Abe, R;;
Tsukamura, H.; et al. Establishment of long-term chronic recording technique of in vivo ovarian parenchymal temperature
in Japanese Black cows. J. Reprod. Dev. 2020, 66, 271-275. [CrossRef]

Lopez-Gatius, F.; Garcia-Ispierto, I.; Hunter, R H.F. Cervix-rectum temperature differential at the time of insemination is correlated
with the potential for pregnancy in dairy cows. J. Reprod. Dev. 2021, 67, 251-255. [CrossRef] [PubMed]

Morgan, W.E; Lean, L]. Gonadotrophin-releasing hormone treatment in cattle: A meta-analysis of the effects on conception at the
time of insemination. Aust. Vet. J. 1993, 70, 205-209. [CrossRef]

Lopez-Gatius, F. Is fertility declining in dairy cattle? A retrospective study in northeastern Spain. Theriogenology 2003, 60, 89-99.
[CrossRef]

Loépez-Gatius, F.; Garcia-Ispierto, I.; Hunter, R H.E. Twin Pregnancies in Dairy Cattle: Observations in a Large Herd of Holstein-
Friesian Dairy Cows. Animals 2020, 10, 2165. [CrossRef] [PubMed]

De Rensis, F.; Morini, G.; Garcia-Ispierto, I.; Lopez-Gatius, F. Thermal Mechanisms Preventing or Favoring Multiple Ovulations
in Dairy Cattle. Animals 2021, 11, 435. [CrossRef]

Hansen, P.J. Reproductive physiology of the heat-stressed dairy cow: Implications for fertility and assisted reproduction. Anim.
Reprod. 2019, 16, 497-507. [CrossRef] [PubMed]

Negron-Pérez, V.M.; Fausnacht, D.W.; Rhoads, M.L. Management strategies capable of improving the reproductive performance
of heat-stressed dairy cattle. J. Dairy Sci. 2019, 102, 10695-10710. [CrossRef]

Monteiro, A.P.A; Tao, S.; Thompson, LM.T.; Dahl, G.E. In utero heat stress decreases calf survival and performance through the
first lactation. J. Dairy Sci. 2016, 99, 8443-8450. [CrossRef]

Pinedo, PJ.; De Vries, A. Season of conception is associated with future survival, fertility, and milk yield of Holstein cows. J. Dairy
Sci. 2017, 100, 6631-6639. [CrossRef]

Baker, T.G.; Hunter, R.H.F. Oogenesis and follicular growth in the cow: Implications for superovulation. In Control of Reproduction
in the Cow; Sreenan, ].M., Ed.; CEC Publications: Luxembourg, 1978; pp. 34—49.

Hyttel, P; Fair, T.; Callesen, H.; Greve, T. Oocyte growth, capacitation and final maturation in cattle. Theriogenology 1997, 47, 23-32.
[CrossRef]


http://doi.org/10.1262/jrd.2018-111
http://doi.org/10.1016/j.jogoh.2019.03.005
http://doi.org/10.1262/jrd.2019-097
http://doi.org/10.1262/jrd.2021-022
http://www.ncbi.nlm.nih.gov/pubmed/34053994
http://doi.org/10.1111/j.1751-0813.1993.tb03304.x
http://doi.org/10.1016/S0093-691X(02)01359-6
http://doi.org/10.3390/ani10112165
http://www.ncbi.nlm.nih.gov/pubmed/33233629
http://doi.org/10.3390/ani11020435
http://doi.org/10.21451/1984-3143-AR2019-0053
http://www.ncbi.nlm.nih.gov/pubmed/32435293
http://doi.org/10.3168/jds.2019-16718
http://doi.org/10.3168/jds.2016-11072
http://doi.org/10.3168/jds.2017-12662
http://doi.org/10.1016/S0093-691X(96)00336-6

	Introduction 
	Follicular Development under Conditions of Heat Stress 
	Primary and Preantral Follicles 
	Maturation of Oocytes and Antral Follicles 
	Pre-Ovulatory Follicle and Ovulation 

	Temperature Gradients in the Reproductive System 
	Clinical Implications 
	Conclusions 
	References

