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Abstract

The objective was to determine whether exposure of Gir (Bos indicus) cows to heat-stress (HS) causes immediate and delayed
deleterious effect on follicular dynamics, hormonal profile and oocyte competence. The cows were kept in tie-stalls for an adaptive
thermoneutral period of 28 days (Phase I, Days —28 to —1). In Phase II (Days 0-28) cows were randomly allocated into control (CG,
n =15) and HS (HS, n = 5) treatments. The HS cows were placed in an environmental chamber at 38 °C and 80% relative humidity
(RH) during the day and 30 °C, 80% RH during the night for 28 days. The CG group was maintained in shaded tie-stalls (ambient
temperature) for 28 days. During Phase III (Days 28—147) animals were placed in tie-stalls (Days 28-42) followed by pasture (Days
42-147) under thermoneutrality. In each phase, weekly ovum pick up (OPU) sessions were to evaluate follicular development,
morphology of cumulus—oocyte complexes (COCs), and developmental competence after in vitro maturation, fertilization, and
culture. Serum concentrations of progesterone (P4) and cortisol were evaluated by radioimmunoassay. Exposure of Gir cows to HS
had no immediate effect on reproductive function, but exerted a delayed deleterious effect on ovarian follicular growth, hormone
concentrations, and oocyte competence. Heat-stress increased the diameter of the first and second largest follicles from Days 28 to
49. Indeed, HS increased the number of >9 mm follicles (characterized as follicular codominance) during this phase. Cows exposed
to HS had longer periods of non-cyclic activity (P4 < 1 ng/mL), as well as shorter estrous cycles. However, HS did not affect cortisol
concentration as compared to CG. Although HS had no significant effect on cleavage rate, it reduced blastocyst development during
Phase III. In conclusion, long-term exposure of B. indicus cattle to HS had a delayed deleterious effect on ovarian follicular
dynamics and oocyte competence.
© 2008 Published by Elsevier Inc.

Keywords: Heat-stress; Bos indicus; Gir; Oocyte; Ovarian follicle; IVF

1. Introduction

The reduced fertility associated with summer heat-

stress (HS) is a multi-factorial problem; hyperthermia

Trresmn ding authors. can affect cellular function in various tissues of the
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(J.R.S. Torres-Jtnior), barusell@usp.br (P.S. Baruselli). mised ovarian follicular dynamics [3] and the ability of

0093-691X/$ — see front matter © 2008 Published by Elsevier Inc.
doi:10.1016/j.theriogenology.2007.06.023


mailto:ttorresjunior@yahoo.com.br
mailto:barusell@usp.br
http://dx.doi.org/10.1016/j.theriogenology.2007.06.023

156 J.R.S. Torres-Junior et al./Theriogenology 69 (2008) 155-166

the dominant ovarian follicle to exert dominance [4,5].
This loss of follicle dominance may be related to
reduced plasma concentrations of estradiol 17-3 [4] and
inhibin [6], and increased plasma concentrations of FSH
[6]. Heat-stress induced codominance [7], which may
compromise oocyte viability; indeed, oocytes may be
compromised by HS [8,9].

Oocytes harvested from follicles of Holstein cows
during summer had reduced ability to develop to the
blastocyst stage after in vitro fertilization than oocytes
harvested during winter [8,9]. Moreover, exposure of
Holstein heifers to HS between the onset of estrus and
insemination increased the proportion of abnormal and
developmentally retarded embryos as compared to
heifers maintained at thermoneutrality [10]. Once the
pool of ovarian oocytes was damaged by summer HS,
two or three estrous cycles were required (after the end
of HS) before competent oocytes were present [11].
Therefore, follicles and oocytes can be damaged by HS
during early stages of folliculogenesis, with a delayed
deleterious effect on ovarian function.

Direct effects of elevated temperature on oocyte
competence have also been demonstrated in vitro.
Exposure of bovine cumulus—oocyte complexes
(COCs) to elevated temperature during the first 12 h
of in vitro maturation (IVM) disrupted cytoskeleton
architecture, reduced oocyte nuclear maturation [12],
and induced oocyte death through apoptosis [13,14].
These deleterious effects of heat-shock decreased the
proportion of oocytes that became blastocysts following
in vitro fertilization [13,15].

Genotype is a major determinant of resistance to
heat-stress. Cattle breeds of Bos indicus origin are more
resistant to tropical conditions such as elevated
temperature and humidity than breeds that evolved in
a temperate climate. Most of this adaptation to elevated
temperature is due to the superior ability of thermo-
tolerant breeds to regulate body temperature [16—19].
However, breed differences in thermal resistance also
extend to the cellular level. The degree by which heat-
shock reduces endometrial [20], lymphocyte [21,22]
and embryonic function [22,23] is greater for Bos taurus
than B. indicus cattle.

Alhough B. indicus cattle are more resistant to HS,
there is evidence that their reproductive function can
also be compromised by elevated temperature. Retro-
spective analysis of 2395 ovum pick up (OPU) sessions
demonstrated that the rate of in vitro embryo production
was reduced when Nelore oocytes were collected during
the summer [24], indicating a deleterious effect of HS
on oocyte competence of B. indicus cattle. Therefore,
the objective of the current study was to determine

immediate and delayed effects of HS on follicular
dynamics, oocyte competence, and hormonal profiles of
Gir cows (B. indicus).

2. Materials and methods
2.1. Cattle

The experiment was conducted at the Santa Monica
experimental field of Embrapa’s Dairy Cattle Research
Center, located in Rio de Janeiro State (Brazil) using 10
multiparous non-lactating B. indicus cows (Gir breed)
with 2.5-4.0 (2.95 £+ 2.0 [25]) body condition score
(BCS) and 321476 kg (395.1 £16.5kg) of body
weight. Animals not previously subjected to follicular
aspiration were selected (with ultrasonography) for the
presence of a CL and number of follicles. The
experimental protocol was reviewed and approved by
the Bioethical Commission from the School of the
Veterinary Medicine and Animal Science of University
of Sdo Paulo, Brazil. One cow was removed from the
HS group due to an accident 21 days after the start of
heat-stress.

2.2. Experimental design

A schematic representation of the experimental
design is shown (Fig. 1). A group of 10 Gir cows were
initially kept in tie-stalls under thermoneutral tempera-
ture for management adaptation from Days —28 to —1
(Phase I). During this period, cows were subjected to
two weekly OPU sessions (Days —14 and —7). On Day
0, cows were randomly allocated into two treatment
groups: control (CG/n =5) and heat-stress (HS/n =35)
for 28 days (Phase II, Days 0-28). The HS cows were
placed in an environmental chamber at 38 °C and 80%
relative humidity (RH) under a cold fluorescent light
from 6:00 to 18:00 h, followed by 30 °C and 80% RH
from 18:00 to 6:00 h for 28 days. The CG group was
maintained in shaded tie-stalls under ambient thermo-
neutral temperature for 28 days. During this phase, cows
were subjected to weekly OPU sessions (five OPU
sessions/cow/group). On Day 28, HS cows were
removed from the environmental chamber (Phase III)
and maintained in tie-stalls for 14 days (Days 28-42)
under thermoneutrality. At Day 42, HS and CG cows
were placed on pasture (Brachiaria brizantha) supple-
mented with minerals and water ad libitum (Days 42—
147). During Phase III (Days 28-147), cows were
subjected to weekly OPU sessions (17 OPU sessions/
cow/group). In Phases I, II, and III, the number follicles/
ovary and the diameter of the two biggest follicles were
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Fig. 1. Schematic representation of the experimental design.

evaluated once a week in each OPU session. All
follicles >3 mm were aspirated and the oocytes were
morphologically evaluated, selected and subjected to in
vitro maturation (IVM), fertilization (IVF), and culture
avo).

2.3. Nutritional management and measurements

Cattle were fed corn silage and supplemented with
concentrate (2 kg/cow) and water ad libitum from Days
—14 to 42. During this period, dry matter intake was
individually monitored for three consecutive days every
week.

2.4. Environmental and physiological
measurements

Daily dry and humid bulb temperatures were
recorded at 08:00 and 15:00 h using a psychrometer.
Relative humidity was measured in CG and HS groups.
The temperature and humidity index (THI) was
calculated to measure thermal loading [26,27]. Respira-
tion rate (RR), rectal (RT), and cutaneous temperature
(CT) were recorded twice a week at 08:00 and 15:00 h.

2.5. Follicular measurements and OPU procedures

Ovum pick up procedures alternated between CG
and HS animals. Follicle population was identified,
measured, and recorded according to follicle diameter
(<6 mm, 6-9 mm, and >9 mm). Follicular codomi-
nance was characterized by the presence of two or more
follicles >9 mm in one or both ovaries from the same
donor cow [28].

Each OPU session was conducted with a portable
ultrasonographic device equipped with a sectorial
intravaginal 7.5 MHz probe (Scanner 200S, Pie
Medical, Maastricht, Netherlands) using disposable
1.0 mm x 40 mm 19-gauge needles (BD Precision
Guide®, Sdo Paulo, SP, Brazil) and a vacuum pressure
of 70 mmHg, equivalent to a flow rate of 10 mL/min.
Follicular aspirate was recovered via a 2 mm internal
diameter and 80 cm length Teflon circuit (Handlle
C00k®, Ribeirdo Preto, SP, Brazil) directly connected
to a needle and 50 mL conical tube containing 15 mL
Dulbecco’s phosphate buffered saline (DPBS; Nutri-
cell™ Nutrientes Celulares, Campinas, SP, Brazil)
supplemented with 1% (v/v) fetal calf serum (FCS)
and 125 IU/mL heparin (Liquemine™, Roche Labora-
tory, Sdo Paulo, SP, Brazil) at 35-37 °C. The conical
tube containing follicular aspirate was transported to the
laboratory and COCs were washed using an 80 pm filter
(Millipore®™, Bedford, USA). Cumulus—oocyte com-
plexes were harvested, washed once in DPBS supple-
mented with 1% (v/v) FCS at 37°C and
morphologically evaluated under stereomicroscope.

Cumulus—oocyte complexes were morphologically
classified based upon oocyte cytoplasmasmic charac-
teristics and the number of cumulus cell layers as
follows: Grade I, compact COCs with more than three
layers of cumulus cells and oocyte with homogeneous
cytoplasm; Grade II, compact COCs with three or less
layers of cumulus cells and oocyte with slightly
heterogeneous cytoplasm; partially denuded, oocytes
showing complete removal of cumulus cells from less
than 1/3 of zona pellucida (ZP) surface; denuded and/or
degenerated, oocytes with no cumulus cells over most
of ZP surface and/or vacuolization and shrinkage of
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cytoplasm, and expanded cumulus: COCs with expan-
sion of cumulus cells. Selected Grades I and IT COCs
were transported to in vitro production (IVP) laboratory
in 1.5 mL cryotubes containing tissue culture medium
(TCM) 199 supplemented with 25 mM HEPES
(Gibco™, Rockville, USA), 10% (v/v) FCS, 49.4 ug/
mL pyruvate, 100 IU/mL penicillin, and 0.1 mg/mL
streptomycin at 37-39 °C.

Unless otherwise stated, all chemicals and media
used for oocyte/embryo holding, manipulation, and
culture were purchased from Sigma® Chemical Co. (St.
Louis, MO, USA).

2.6. In vitro oocyte maturation, fertilization and
culture

For each replicate COCs were pooled per treatment.
Groups of 4-18 COCs (the number of COC was
balanced within replicates) were matured in 100 pL
drop TCM 199 supplemented with 20 pg/mL FSH and
10% (v/v) estrous cow serum overlaid with mineral oil
for 22 h at 39 °C in an atmosphere of 5% (v/v) CO, in
humidified air. After maturation, COCs were placed in
100 pL drop of IVF-medium [29] supplemented with
20 wg/mL heparin and 6 mg/mL of essentially fatty
acid-free BSA overlaid with mineral oil. Frozen—
thawed Gir or Holstein semen was purified by swim-up
procedure as described before [30]. The sperm pellet
was reconstituted in IVF-medium and oocytes were
fertilized with a sperm suspension solution
(~2 x 10° sperm/mL) at 39 °C in an atmosphere of
5% (v/v) CO, in humidified air. In vitro fertilization was
performed with same batch of frozen—thawed Gir or
Holstein semen for both treatments in each OPU
session. Approximately 18 h after fertilization, pre-
sumptive zygotes were partially stripped of cumulus
cells by mechanical pipetting in TALP medium [29].
Groups of 12-18 presumptive zygotes surrounded by
one or two cumulus cells layers were co-cultured in
50 pL drop CR2aa medium [31], supplemented with
10% (v/v) FCS and 1 mg/mL BSA covered by a
granulosa cell monolayer under mineral oil at 39 °C in
an atmosphere of 5% (v/v) CO, in humidified air. The
proportion of cleaved oocytes, 4-8 cell and >8-cell
stage embryos was recorded at 3 days and blastocyst
development at 7 days post-insemination.

2.7. Blood samples and hormonal assays
Blood samples were weekly collected 1 day prior to

each OPU procedure by venipuncture of the coccygenal
vessels using vacutainer tubes (Vaccutainer@, Becton-

Dickinson, Franklin Lakes, NJ, USA). Blood samples
were collected and centrifuged for 15 min at 750 x g at
4 °C. Serum samples were frozen and stored at —20 °C
until analysis. Serum progesterone (P,) and cortisol
concentrations were determined by radioimmunoassay
using specific 1'% RIA Kits (Coat-a-Count®, MedLab,
Sao Paulo, SP, Brazil) as previously validated at the
LDH laboratory (Laboratério de Dosagens Hormonais)
from the University of Sao Paulo. The intra-assay
coefficient of variation was 10.96 and 4.53% and assay
sensitivity was 0.05 ng/mL and 0.2 pg/dL for P, and
cortisol, respectively. Luteal activity during the
experimental period was evaluated. Females with
serum P, < 1.0 ng/mL were considered in a follicular
phase, whereas those with >1.0 ng/mL were considered
in a luteal phase. The estrous cycle was defined as the
period between two OPU sessions when serum P,
concentrations were <1.0 ng/mL.

2.8. Statistical analysis

The effect of the treatment on THI, feed intake,
physiological responses, ovarian follicular population,
endocrine pattern and COC number for each week and
experimental phase was analyzed by ANOVA for
repeated measures, using the MIXED model procedure
of SAS (SAS Institute Inc., Version 8.02) [32]. For
comparisons between treatments, the two-sample
Student’s t-test was used for continuous variables.
This analysis included fixed effects of treatment,
phase, OPU session week, and their interactions
(treatment x phase and treatment x week), as well
as the random effect of animal. A Chi-square test was
used to compare binomial variables, including COC
morphology and developmental potential; this analysis
included fixed effects of treatment, phase and OPU
session week. Oocyte competence was determined as
the percentage of oocytes that cleaved and reached
the blastocyst stage following in vitro fertilization.
Regression analyses were performed to determine
the best-fit line for COCs developmental potential
over experimental weeks. Results were expressed as
mean + S.E.M. Treatment differences with P < 0.05
were considered significant, whereas 0.05 < P < 0.10
were considered a tendency.

3. Results
3.1. Environmental and physiological responses

During Phases I and III, HS and CG cows were
maintained under the same environmental thermoneutral
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Fig. 2. Environmental dry bulb temperature in thermoneutral control (CG: solid gray line with solid circles) or heat-stress (HS: solid black line with
open circles) treatments and rectal temperature in thermoneutral control (CG: dotted gray line with solid circles) or heat-stress (HS: dotted black line
with open circles) treatments. Results are means = S.E.M. Dry bulb temperature means were higher for HS cows on Days 0, 7, 14, 21, and 28
(P < 0.05) and rectal temperature means were higher for HS cows on Days 0 (P =0.07), 7, 14, 21, and 28 (P < 0.05).

condition. Therefore, there was no difference bet-
ween HS and CG treatments for dry bulb temperature
(Fig.2) and THI (69.8 &+ 0.9 and 74.3 4 0.5) for Phases |
and III, respectively. However, during the stress period
(Phase II), the dry bulb temperature (Fig. 2; P < 0.05)
and THI (92.8 £ 0.2 vs. 70.7 £ 0.6, P < 0.0001) were
greater in the HS than CG group. Similarly, dry matter
intake (DMI) was similar between HS and CG groups
during Phases I (6.7 £ 04 vs. 6.9 % 0.4 kg/day,
respectively) and IIT (8.0 & 0.4 vs. 8.4 &+ 0.3 kg/day,
respectively). However, during the stress period
(Phase II), DMI was lower (P < 0.05) in HS versus
CG cows (6.9 £ 0.2 vs. 8.0 = 0.3 kg/day, respectively).
Heat-stress also increased (Fig. 2) RT (39.3 £ 0.05
vs. 38.7+£0.0°C, P <0.0001), CT (36.1 £0.1 vs.
31.0£0.2°C, P<0.0001) and RR (79.2+ 1.9 vs.
20.4 +£ 0.5 breaths/min, P < 0.0001) as compared to
CG cows.

3.2. Follicular measurements and endocrine
profiles

There was a negative effect of OPU session in the
number of visualized follicles and recovered COCs
along the trial period (P < 0.05). Heat-stress did not
affect follicular recruitment, since the population of
>3 mm follicles and the number of recovered COCs
were not affected by treatment (Table 1). There was no
effect of HS on the pattern of follicular growth in Phases
I and II. However, HS increased (P < 0.05) the number
of large follicles (Table 1) and diameter of the 1st and
2nd largest follicles in Phase III (Fig. 3). Indeed, HS
increased (P < 0.05) the number of follicles >9 mm
(characterized as follicular codominance; Table 1).
Follicular codominance and increased follicular dia-
meter were associated with a sustained reduction in
plasma P, for 21-28 days after cessation of HS

Table 1
Mean (£S.E.M.) follicular end points of Gir (Bos indicus) cows exposed to thermoneutral (CG) and heat-stress (HS) treatments
Variable Phase 1 Phase II Phase III
CG HS CG HS CG HS
Total follicles (>3 mm) 255425 28.5+2.8 242+ 1.1 240+1.9 153 +£0.6 158 £0.8
Small follicles (<6 mm) 239+24 26.9 + 3.1 22.6 £ 1.1 22.1+£2.0 13.8 £ 0.7 13.6 +£ 0.8
Medium follicles (69 mm) 05+£0.2 0.5+0.2 0.5+0.1 04 +£0.1 0.5+0.1 0.6 £0.1
Large follicles (>9 mm) 1.1+£0.2 1.0+04 1.0£0.2 1.5+0.1 1.0+0.1° 1.6+0.1°
Diameter of the 1st largest follicle (mm) 121 £15 11.1£1.7 13.3+0.8 13.0+£ 0.6 11.4 +0.4° 14.0 £ 0.4°
Diameter of the 2nd largest follicle (mm) 62+ 1.3 6.0+1.2 59+0.6 7.1+£0.8 6.3+ 0.3° 8.7+ 0.5°
Recovered COCs 11.2+28 143+25 9.6+ 1.0 11.0+ 1.3 8.6 +£0.7 79 +0.6
Recovery rate® 112/220 143/273 241/491 265/480 712/1076 535/897
(50.9%) (52.4%) (49.1%) (55.2%) (66.2%)" (59.6%)°

# Number of recovered COCs per number of aspirated follicles.

® Treatments differed (P < 0.05).
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Fig. 3. Diameter of the dominant follicle (DF: black line with solid circle) and the largest subordinate follicle (SF: black line with open circle) and
serum progesterone (P4) concentration (gray area) of Gir (Bos indicus) cows exposed to thermoneutral (CG) (bottom panel) or heat-stress (HS) (top
panel) treatments. Heat-stress increased (P < 0.05) the diameter of the dominant (Days 28, 35, 42, and 56) and largest subordinate (Days 28, 35, 42,
and 49) follicles and reduced P, concentration up to Day 28, as compared to thermoneutral control group.

treatment (Fig. 3). There was no effect of HS on Py
concentrations in Phases I and II (Table 2). However, P,
concentrations were reduced (P < 0.05) by HS in Phase
IIT (Table 2). Heat-stress reduced (P < 0.05) the
percentage of cows with 21-day estrous cycles and
increased (P < 0.01) the percentage of cows with short
(<21 days) cycles (Table 3). However, there was no
effect of HS on the proportion of cows with >21-day

Table 2

cycles (Table 3). Cows exposed to HS had longer
periods of non-cyclic activity (P4 < 1 ng/mL). The
reduction in the length of the estrous cycle in the HS
group occurred during Phase III, when P, concentra-
tions were the lowest (P < 0.05; Table 2). There was no
effect of HS on cortisol concentrations as compared to
CG (Table 2). However, overall cortisol concentration
was higher (P < 0.0001) in Phases I and II than Phase

Mean (£S.E.M.) of the estrous cycle length, serum P, and cortisol concentrations in Gir (Bos indicus) cows exposed to thermoneutral (CG) or heat-

stress (HS) treatments in each experimental phase

Variable Phase 1 Phase 11 Phase II1

CG HS CG HS CG HS
Estrous cycle (days) - - 198+ 1.2 21.0 + 0.0 207 405" 175+ 08"
Progesterone (ng/mL) 24407 31412 15403 17405 23402 1.7+03"
Cortisol (pg/dL) 234+05A 32408 A 24402 A 24+02A 19+02B 13+01B

A, B: Within a row, experimental phases without a common letter differed (P < 0.0001).

" Treatments differed (P < 0.05).
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Table 3
Length of the estrous cycle in Gir (Bos indicus) cows exposed to thermoneutral (CG) or heat-stress (HS) treatments
Estrous cycle (days) CG, no./total (%) HS, no./total (%) P-value
21 31/35 (88.6) 15/24 (62.5) 0.0200
<21 3/35 (8.6) 9/24 (37.5) 0.0086
>21 1/35 (2.9) 0/24 (0.0) 0.2018
Mean + S.E.M. 20.6 + 0.4 18.4+0.7 0.0048
Table 4
Distribution of COCs (various morphological categories) recovered from Gir (Bos indicus) cows exposed to thermoneutral (CG) or heat-stress (HS)
conditions
COCs Phase 1 Phase II Phase 111
CG, no./ HS, no./ CG, no./ HS, no./ CG, no./ HS, no./
total (%) total (%) total (%) total (%) total (%) total (%)
Grade 1 31 (27.7) 45 (31.5) 64 (26.6) 65 (24.5) 118 (16.6) 76 (14.2)
Grade 1T 38 (33.9) 63 (44.1) 100 (41.5) 107 (40.4) 308 (43.3) 229 (42.8)
Partially denuded 13 (11.6) 8 (5.6) 22 (9.1) 23 (8.7) 83 (11.7) 71 (13.3)
Denuded/degenerated 25 (223) a 18 (12.6) b 38 (15.8) b 61 (23.0) a 168 (23.6) 143 (26.7)
Expanded cumulus 5(4.5) 9 (6.3) 17 (7.1) x 934y 35 (4.9) 16 (3.0)
Selected for IVF 69 (61.6) b 108 (75.5) a 164 (68.0) 172 (64.9) 426 (59.8) 305 (57.0)
Total (no.) 112 143 241 265 712 535

Columns without a common letter differ (a, b: P < 0.05; x, y: P < 0.1).

III, indicating that cows kept in tie-stall or environ-
mental chamber had higher cortisol than those kept on
pasture (Table 2).

3.3. Follicular aspirations and oocyte recovery

The total number of follicles (18.3 0.6 vs.
19.6 + 0.9 for CG vs. HS, respectively), the percentage
of aspirated follicles [82.7% (1895/2292) vs. 83.9%
(1758/2094) for CG vs. HS, respectively] and oocyte
recovery rate [60.1% (2195/3653) vs. 60.0% (1137/
1895) for CG vs. HS, respectively] were not affected by
HS. However, HS reduced (P < 0.05) COCs recovery
rate in Phase III (Table 1). Heat-stress increased
(P < 0.05) the proportion of denuded and/or degener-
ated COCs (Table 4). There was no effect of HS on the
percentage of COCs selected for IVF.

3.4. Oocyte developmental capacity

The data shown in this section refers to 17 OPU-IVP
procedures. Out of 17 OPU-IVP sessions, seven were
disregarded due to laboratory problems. Cleavage rate
was not affected by OPU session (Fig. 4). There was no
effect of HS on cleavage rate or the proportion of
embryos reaching the 2-cell, 4-8 cell or >8-cell stages
at 3 days post-insemination in Phases I, II, and III
(Table 5). During Phase II, HS had no immediate effect

on the total blastocyst rate nor on the percentage of
embryos reaching the early, normal and expanded
blastocyst stages at 7 days post-insemination (Table 5).
However, HS reduced (P < 0.05) the total blastocyst
rate and the proportion of embryos reaching the normal
(P < 0.05) and expanded blastocyst (P < 0.1) stages in
Phase III (Table 5). There was a negative effect of HS
(P < 0.001) on blastocyst production and a tendency for
a greater difference between treatments over time
(Fig. 5).

4. Discussion

The current study demonstrated that HS exerted a
delayed deleterious effect on follicular development,
progesterone profile and oocyte competence in Gir cows
(B. indicus). Moreover, the lack of immediate effect of
HS on reproductive function suggested that suscept-
ibility of this thermotolerant breed to HS required long-
term exposure to elevated temperature. It is well known
that B. indicus cattle are more resistant to elevated
temperature and humidity than B. faurus cattle. Most of
this adaptation to elevated temperature is due to
superior ability of thermotolerant breeds to regulate
body temperature [16—19] as well as intrinsic cellular
resistance to elevated temperature [20-23].

The increased THI and animal physiological
responses, e.g. rectal and cutaneous temperatures as
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Fig. 4. Percentage (CG, open circles and HS, solid circles) and regression equation’s adjusted lines (CG, dotted lines and HS; solid lines) of cleaved

Gir (Bos indicus) COCs.

well as respiration rate, indicated that HS treatment
(38 °C and 80% RH from 6:00 to 18:00 h and 30 °C and
80% RH from 18:00 to 6:00 h) for 28 days effectively
induced hyperthermia in Gir cows. For example, rectal
temperature was 0.6 °C higher in the HS group than
control. As an immediate result of hyperthermia, there
was a reduction in feed intake. It has been widely
accepted that HS reduces immediate voluntary feed
intake under both experimental and field conditions
[33-35] as a primary mechanism to balance heat
production with heat loss.

There was no immediate effect of HS on the
population of small, medium, and large follicles in Gir
cows. However, exposure to HS increased the number
and diameter of large follicles during Phase III of the
trial. This pattern of follicular growth suggested a
delayed and ineffective mechanism of follicular

Table 5

Developmental potential of oocytes collected from Gir (Bos indicus) cows

selection and dominance resulting in follicular codo-
minance [7], delayed [7] or double ovulations [36], and
reduced fertility. Furthermore, HS caused an immediate
[3,37] as well as a delayed [6,11] effect on ovarian
follicular growth in Holstein cows. However, this is the
first study demonstrating a carry-over effect of HS on
follicular dynamics of B. indicus cattle.

Heat-stress also reduced the length of the estrous cycle
and P, concentration in Phase III. Earlier studies were
inconsistent regarding the effect of HS on steroidogenesis
[38—40]. However, in most recent studies, plasma steroid
concentrations were reduced during HS in lactating cows
and dairy heifers [41]. In vivo and in vitro studies
demonstrated that elevated temperature reduced theca
and granulosa cell viability, resulting in low androste-
nedione and estradiol production due to low androgen
substrate and aromatase activity [1].

exposed to thermoneutral (CG) and heat-stress (HS) treatments

Phase 1

Phase II

Phase 111

CG, no./
total (%)

HS, no./
total (%)

CG, no./
total (%)

HS, no./
total (%)

CG, no./
total (%)

HS, no./
total (%)

Early cleavage stages (Day 3)

2-Cell stage

4-8 Cell stage
>8-Cell stage
Cleavage rate

Blastocyst stage (Day 7)
Early blastocyst
Normal blastocyst
Expanded blastocyst
Blastocyst rate

No. embryos/donor (mean + S.E.M.)

9/59 (15.3)

19/59 (32.2)
16/59 (27.1)
44/59 (74.6)

11/59 (18.6)
8/59 (13.6)
4/59 (6.8)
23/59 (39.0)
38+13

9/105 (8.6)

36/105 (34.3)
39/105 (37.1)
84/105 (80.0)

16/105 (15.2)
17/105 (16.2)
8/105 (7.6)
41/105 (39.0)
46+09

21/101 (20.8)
37/101 (36.6)
14/101 (13.9)
72/101 (71.3)

2/31 (6.5)
6/31 (19.4)
3/31 (9.7)
11/31 (35.5)
37+£09

18/121 (14.9)
41/121 (33.9)
15/121 (12.4)
74/121 (61.2)

5/52 (9.6)
6/52 (11.5)
2/52 (3.8)
13/52 (25.0)
26409

27317 8.5) y
143/317 (45.1)
56/317 (17.7)

226/317 (71.3)

27/279 (9.7)
41/279 (14.7) a
8/279 (2.9) x
76/279 (27.2) a
30+05a

30/230 (13.0) x
88/230 (38.3)
41/230 (17.8)
1597230 (69.1)

117188 (5.9)
13/188 (6.9) b
1/188 (0.5) y
25/188 (13.3) b
1.7+£05b

Columns without a common letter differ (a, b: P < 0.05; x, y: P < 0.1).
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Fig. 5. Percentage (CG, open circles and HS, solid circles) and regression equation’s adjusted lines (CG, dotted lines and HS, solid lines) of Gir (Bos
indicus) COCs that reached the blastocyst stage following in vitro fertilization.

Steroidogenesis can also be affected by oxidative
status of follicular and/or luteal cells [42,43]. It has been
suggested that HS increased reactive oxygen species
(ROS) production due to the increased metabolic rates
associated with cellular hyperthermia. Elevated tem-
perature increased liver peroxidation [44] and activity
of enzymes involved in ROS production such as
cyclooxygenase [45] and xanthine oxidase [46]. More-
over, exposure of dairy cows to HS decreased total
antioxidant activity in blood [47]. This increase in ROS
affected P, production by impairment of LH receptors
[48,49] or inhibition of cholesterol translocation to the
mitochondria [50] or cytochrome P450scc enzyme
activity [51].

The endocrine profile of lactating Holstein cows was
also affected by steroid metabolism. High DMI
increased steroid metabolic rate in high-producing
cows [6,7,52,53]. Moreover, the deleterious effect of HS
on fertility was greater for high- versus low-producing
cows [54]. Perhaps the synergistic deleterious effect of
HS and lactation on fertility acted through different
mechanisms, with similar effects on follicular
dynamics, oocyte competence, and embryonic devel-
opment. Furthermore, HS may have reduced steroido-
genesis and inhibin synthesis due to damage in
follicular and luteal cells, compromising follicular
and oocyte development starting in the preantral period.
Reduced steroidogenesis and increased steroid meta-
bolism during follicular selection and dominance
reduced estradiol and P, availability in HS lactating
cows, and compromised FSH and LH secretion,
follicular dominance and the preovulatory LH surge.
In the present experiment, the reduced plasma P,
concentration in the HS group during Phase III may also

be explained by the reduction in ovulation rate and
subsequent CL formation [36].

The regular cyclic activity observed in thermoneutral
cows subjected to repeated OPU sessions was in
agreement with other studies [11,55,56]. In those
studies, the follicular phase interval was 20-22 days
following OPU sessions conducted between Days 3 and
15 of consecutive estrous cycles. Our hypothesis is that
the increase in P, concentration and cyclicity main-
tenance in the CG was due to the occurrence of
ovulations between aspiration sessions or luteinization
of aspirated follicles [11,55,56].

Blood cortisol profile was not affected by immediate
or delayed HS. However, the management conditions
had a major effect on this response. Cortisol concentra-
tion was higher in Gir cows kept in tie-stalls either
inside or outside the environmental chamber as
compared to cows grazing in pasture. Therefore CG
and HS cows were exposed to a similar management
stress load.

Exposure of Gir cows to HS did not affect oocyte
quality (Grades I and II) and cleavage rate. Indeed, a
series of in vivo [8,10,57] and in vitro [58-61] studies
demonstrated that elevated temperature did not affect
oocyte cleavage rate. In the present study, HS
compromised oocyte developmental capacity in Phase
II1, as reflected by reduced blastocyst production. This
carry-over effect of HS on blastocyst production was
maintained during the entire experimental period and up
to 105 days after the end of HS. In contrast, seasonal
experiments demonstrated that once the ovarian
follicular pool was damaged by summer HS, it took
two or three estrous cycle after HS ended to restore the
follicular pool and oocyte quality [11]; this difference
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was probably associated with the severity of HS
treatment between studies. The current study suggested
that HS exerted a negative effect on follicular growth
and oocyte function even before the antral phase (42
days [62]) or primary follicle (85 days [63]) reducing
oocyte developmental potential for a period longer than
two or three estrous cycles.

Roth et al. [11] demonstrated that the carry-over
effect of HS on the quality of Holstein oocytes was
reduced after removal of impaired follicles by repeated
OPU. However, in the current study, weekly OPU did
not restore oocyte quality. This lack of OPU beneficial
effect was probably due to the increased intensity and
duration of HS. Moreover, the number of ovarian
follicles was greater in B. indicus than B. taurus cattle
[64]. Therefore, the large number of follicles aspirated
over a prolonged interval might have caused morpho-
logical and functional alterations in the ovary, further
compromising oocyte competence [65,66].

The mechanisms by which HS compromised
function of Gir oocytes are not known. However, in
vitro studies demonstrated that elevated temperature
reduced oocyte protein synthesis [59], disrupted
microfilament, and microtubule architecture, disorga-
nized oocyte meiotic spindle, reduced oocyte nuclear
maturation [12], and induced oocyte death through
apoptosis [13,14]. Moreover, exposure of germinal
vesicle oocytes to heat-shock induced pre-mature
translocation of the cortical granules to the oolemma
and reduced the ability of the oocyte to reach the
metaphase II stage [60].

In conclusion, the present study demonstrated that
exposure of Gir cows to a 28-day period of HS exerted a
delayed effect on reproductive function, manifested by
an increased incidence of large follicles, more follicular
codominance, and reductions in estrous cycle length,
progesterone concentrations, and oocyte developmental
capacity.

Acknowledgments

The authors thank FAPESP (Process 04/06096-0,
Sao Paulo, SP, Brazil) for research grants and CAPES
for providing a scholarship for the first author.

References

[1] Wolfenson D, Roth Z, Meidan R. Impaired reproduction in heat-
stressed cattle: basic and applied aspects. Anim Reprod Sci
2000,60:535-47.

[2] Hansen PJ, Drost M, Rivera RM, Paula-Lopes FF, Al-Katanani
YM, Krininger III CE, et al. Adverse impact of heat stress on

embryo production: causes and strategies for mitigation. Ther-

iogenology 2001;55:91-103.

Badinga L, Thatcher WW, Diaz T, Drost M, Wolfenson D. Effect

of environmental heat stress on follicular development and

steriodogenesis in lactating Holstein cows. Theriogenology
1993;39:797-810.

[4] Wolfenson D, Thatcher WW, Badinga L, Savio JD, Meidan R,

Lew BJ, et al. Effect of heat stress on follicular development

during the estrous cycle in lactating dairy cattle. Biol Reprod

1995;52:1106-13.

Wilson SJ, Marion RS, Spain JN, Spiers DE, Keisler DH, Lucy

MC. Effect of controlled heat stress on ovarian function of dairy

cattle. 1. Lactating cows. J Dairy Sci 1998;81:2124-31.

[6] Roth Z, Meidan R, Braw-tal R, Wolfenson D. Immediate and
delayed effects of heat stress on follicular development and its
association with plasma FSH and inhibin concentration in cows.
J Reprod Fertil 2000;120:83-90.

[7] Sartori R, Haughian JM, Shaver RD, Rosa GJ, Wiltbank MC.
Comparison of ovarian function and circulating steroids in
estrous cycles of Holstein heifers and lactating cows. J Dairy
Sci 2004;87:905-20.

[8] Rocha A, Randel RD, Broussard JR, Lim JM, Blair RM, Roussel
JD, et al. High environmental temperature and humidity decrease
oocyte quality in Bos taurus but not in Bos indicus cows.
Theriogenology 1998;49:657-65.

[9] Al-Katanani YM, Paula-Lopes FF, Hansen PJ. Effect of season
and exposure to heat stress on oocyte competence in Holstein
cows. J Dairy Sci 2002;85:390-6.

[10] Putney DJ, Drost M, Thatcher WW. Influence of summer heat
stress on pregnancy rates of lactating dairy cattle following
embryo transfer or artificial insemination. Theriogenology
1989;31:765-78.

[11] Roth Z, Arav A, Boar A, Zeron Y, Wolfenson D. Improvement of
quality of oocyte collected in the autumn by enhanced removal
of impaired follicles from previously heat-stressed cows. Repro-
duction 2001;122:737-44.

[12] Roth Z, Hansen PJ. Disruption of nuclear maturation and
rearrangement of cytoskeletal elements in bovine oocytes
exposed to heat shock during maturation. Reproduction
2005;129:235-44.

[13] Roth Z, Hansen PJ. Involvement of apoptosis in disruption of
developmental competence of bovine oocytes by heat shock
during maturation. Biol Reprod 2004;71:1898-906.

[14] Roth Z, Hansen PJ. Sphingosine 1-phosphate protects bovine
oocytes from heat shock during maturation. Biol Reprod
2004;71:2072-8.

[15] Edwards JL, Ealy AD, Monterroso VH, Hansen PJ. Ontogeny
of temperature-regulated heat shock protein 70 synthesis in
preimplantation bovine embryos. Mol Reprod Dev 1997;48:
25-33.

[16] Adeyemo O, Heath E, Adadevoh BK, Steinbach J, Olaloku EA.
Some physiological and behavioral responses in Bos indicus and
Bos taurus heifers acclimatized to the hot humid seasonal
equatorial climate. Int J Biometeorol 1979;23:231-41.

[17] Bennett IL, Finch VA, Holmes CR. Time spent in shade and its
relationship with physiological factors of thermoregulation in
three breeds of cattle. Appl Anim Behav Sci 1985;13:227-36.

[18] Hammond AC, Olson TA, Chase Jr CC, Bowers EJ, Randel RD,
Murphy CN, et al. Heat tolerance in two tropically adapted Bos
taurus breeds, Senepol and Romosinuano, compared with Brah-
man, Angus, and Hereford cattle in Florida. J Anim Sci 1996;74:
295-303.

[3

=

[5

[t}



J.R.S. Torres-Junior et al./Theriogenology 69 (2008) 155-166 165

[19] Gaughan JB, Mader TL, Holt S, Josey MJ, Rowan KJ. Heat
tolerance of Boran and Tuli crossbred steers. J Anim Sci
1999;77. 2398-2405.

[20] Malayer JR, Hansen PJ. Differences between Brahman and
Holstein cows in heat-shock induced alterations of protein
synthesis and secretion by oviducts and uterine endometrium.
J Anim Sci 1990;68:266-80.

[21] Kamwanja LA, Chase Jr CC, Gutierrez JA, Guerriero VJ, Olson
TA, Hammond AC, et al. Responses of bovine lymphocytes to
heat shock as modified by breed and antioxidant status. J Anim
Sci 1994;72:438-44.

[22] Paula-Lopes FF, Chase CCJ, Al-Katanani YM, Krininger CE,
Rivera RM, Tekin S, et al. Genetic divergence in cellular
resistance to heat shock in cattle: differences between breeds
developed in temperate versus hot climates in responses of
preimplantation embryos, reproductive tract tissues and lym-
phocytes to increased culture temperatures. Reproduction
2003;125:285-94.

[23] Sartorelli ES, Satrapa RA, Barcelos ACZ, Potiens JR, Barros
CM. Influéncia do estresse térmico caldrico na taxa de apoptose
em embrides bovinos (indicus vs taurus) produzidos in vitro e na
capacidade dos mesmos em originarem gestagdes. Acta Scien-
tiae Veterinariae (Suplemento 1) 2006;34:5476.

[24] Ferraz ML, Watanabe YF, Sa Filho MF, Reis EL, Baruselli PS.
Influéncia dos meses do ano no nimero, na qualidade ovocitaria
e na produgdo in vitro de embrides em vacas Nelore (Bos
indicus). In: XVI Congresso Brasileiro de Reproducio Animal,
2005, Goiania. CBRA 2005. Belo Horizonte: Colégio Brasileiro
de Reprodugio Animal, 2005; 1: p. 16.

[25] Ferreira AM, Torres CAA. Perda de peso e cessacdo da atividade
ovariana luteinica ciclica em vacas mesticas leiteiras. Pesquisa
Agropecuaria Brasileira 1993;28:411-8.

[26] Kelly CF, Bond TE. Bioclimatic factors and their measurements.
In: A guide to environmental research on animals. Washington:
Sciences NAo (ed); 1971. pp. 71-92..

[27] Armstrong DV. Heat stress interaction with shade and cooling. J
Dairy Sci 1994;77:2044-50.

[28] Acosta TJ, Beg MA, Ginther OJ. Effects of modified FSH surges
on follicle selection and codominance in heifers. Anim Reprod
2005;2:28-40.

[29] Gordon I. Laboratory production of cattle embryos. London:
CAB International Cambridge Univ. Press edition; 1994.

[30] Parrish JJ, Susko-Parrish JL, Liebfried-Rutledge ML, Cristser
ES, Eyestone WH, First NL. Bovine in vitro fertilization with
frozen—thawed semen. Theriogenology 1986;25:591-600.

[31] Wilkinson R, Ming R, Anderson B, Bunch T, White K. The use
of neural networks in developing novel embryo culture media-
formulations. Theriogenology 1996;45:41-9.

[32] SAS. SAS User’s Guide, 4th ed, Cary, NC: Statistical Analysis
System Institute, Inc.; 1989.

[33] Blackshaw JK, Blackshaw AW. Heat stress in cattle and the
effect of shade on production and behavior: a review. Aust J
Exper Agric 1994;34:285-95.

[34] Collier RI, Beede DK, Thatcher WW, Israel LA, Wilcox CIJ.
Influences of environment and its modifidon on dairy animal
health and production. J Dairy Sci 1992;65:2213.

[35] Trout JP, McDowell LR, Hansen PJ. Characteristics of the
estrous cycle and antioxidant status of lactating Holstein cows
exposed to heat stress. J Dairy Sci 1998;81:1244-50.

[36] Lopez-Gatius F, Lopez-Béjarb M, Fenechb M, Huntera RHF.
Ovulation failure and double ovulation in dairy cattle: risk
factors and effects. Theriogenology 2005;63:1298-307.

[37] Wolfenson D, Thatcher WW, Badinga L, Savio JD, Meidan R,
Lew BJ, et al. Effect of heat stress on follicular development
during the oestrous cycle in lactating dairy cattle. Biol Reprod
1995;52:1106-13.

[38] Roman-Ponce H, Thatcher WW, Wilcox CJ. Hormonal inter-
relationships and physiological responses of lactating dairy cows
to shade management systemina tropical environment. Therio-
genology 1981;16:139-54.

[39] Rosenberg M, Folman Y, Herz Z, Flamenbaum I, Berman A,
Kaim M. Effect of climatic conditions on peripheral concentra-
tions of LH, progesterone and estradiol-17b in high milk-yield-
ing cows. J Reprod Fertil 1982;66:139-46.

[40] Gwazdauskas FC, Bibb TL, McGilliard ML, Lineweaver JA.
Effect of prepartum selenium-vitamin E injection on time for
placenta to pass and on productive functions. J Dairy Sci
1979;62:978-81.

[41] Wilson SJ, Marion RS, Spain JN, Spiers DE, Keisler DH, Lucy
MC. Effects of controlled heat stress on ovarian function of dairy
cattle:1. Lactating cows. J Dairy Sci 1998;81:2124-31.

[42] Kayo H, Sugino N, Takiguchi S, Kashida S, Nakamura Y. Roles
of reactive oxygen species in the regulation of luteal function.
Rev Reprod 1997;2:81-3.

[43] Ronchi B, Bernabucci U, Lacetera N, Verini Supplizi A, Nardone
A. Distinct and common effects of heat stress and restricted
feeding on metabolic status in Holstein heifers. Zoot Nutr Anim
1999;25:71-80.

[44] Ando M, Katagiri K, Yamamoto S, Wakamatsu K, Kawahara I,
Asanuma S, et al. Age-related effects of heat stress on protective
enzymes for peroxides and microsomal monooxygenase in rat
liver. Environ Health Perspect 1997;105:727-33.

[45] Malayer JR, Hansen PJ, Gross TS, Thatcher WW. Regulation of
heat shock-induced alterations in release of prostaglandins by the
uterine endometrium of cows. Theriogenology 1990;34:219-30.

[46] Skibba JL, Stadnicka A. Xanthine oxidase (XO) activity at
hyperthermic temperatures as a source of free radicals. Proc
Am Assn Cancer Res 1986;27:400.

[47] Harmon RJ, Lu M, Trammell DS, Smith BA, Spain JN, Spiers D.
Influence of heat stress and calving on antioxidant activity in
bovine blood. J Dairy Sci 1997;80:264 [abstr.].

[48] Gatzuli E, Aten RF, Behrman HR. Inhibition of gonadotropic
action and progesterone synthesis by xanthine oxidase in rat
luteal cells. Endocrinology 1991;128:2253-8.

[49] Vega M, Carrasca I, Castillo T, Troncoso JL, Videla IA, Devoto
L. Functional luteolysis in response to hydrogen peroxide in
human luteal cells. J Endo 1995;147:177-82.

[50] Behrman HR, Aten RF. Evidence that hydrogen peroxide blocks
hormone-sensitive cholesterol transport into mitochondria of rat
luteal cells. Endocrinology 1991;128:2958-66.

[51] Carlson JC, Sawada M, Boone DL, Stauffer JM. Stimulation of
progesterone secretion in dispersed cells of rat corpora lutea by
antioxidants. Steroids 1995;60:272-6.

[52] Inbar G, Wolfenson D, Roth Z, Kaim M, Bloch A, Braw-Tal R.
Follicular dynamics and concentrations of steroids and gonado-
tropins in lactating cows and nulliparous heifers. J Dairy Sci
2001;84:465.

[53] Sangsritavong S, Combs DK, Sartori R, Wiltbank MC. High feed
intake increases blood flow and metabolism of progesterone and
estradiol-178 in dairy cattle. J Dairy Sci 2002;85:2831-42.

[54] Al-Katanani YM, Webb DW, Hansen PJ. Factors affecting
seasonal variation in 90 days non-return rate to first service in
lactating Holstein cows in a hotclimate. J Dairy Sci 1999;82:
2611-5.



166

[55]

[56]

[57]

[58]

[59]

[60]

J.R.S. Torres-Junior et al./Theriogenology 69 (2008) 155-166

Kruip TA, Boni R, Wurth YA, Roelofsen MWM, Pieterse
MC. Potential use of ovum pick-up for embryo produ-
ction and breeding in cattle. Theriogenology 1994:42:
675-84.

Pieterse MC, Vos PLAM, Kruip TAM, Willmse AH, Taverne
MA. Characteristics of bovine estrous cycles during repeated
transvaginal ultrasound-guided puncturing of follicles for ovum
pick-up. Theriogenology 1991;35:401-13.

Rutledge JJ, LMR, Northey DL, Leibfried-Rutledge ML. Sea-
sonality of cattle embryo production in a temperate region.
Theriogenology 1999;330.

Edwards JL, Hansen PJ. Elevated temperature increases heat
shock protein 70 synthesis in bovine two-cell embryos and com-
promises function of maturing oocytes. Biol Reprod 1996;55:
340-6.

Edwards JL, Hansen PJ. Differential responses of bovine oocytes
and preimplantation embryos to heat shock. Mol Reprod Dev
1997;46:138-45.

Payton RR, Romar R, Coy P, Saxton AM, Lawrence JL, Edwards
JL. Susceptibility of bovine germinal vesicle-stage oocytes from
antral follicles to direct effects of heat stress in vitro. Biol Reprod
2004;71:1303-8.

[61]

[62]

[63]

[64]

[65]

[66]

Barros CM, Pegorer MF, Vasconcelos JLM, Eberhardt BG,
Monteiro FM. Importance of sperm genotype (indicus versus
taurus) for fertility and embryonic development at elevated
temperatures. Theriogenology 2006;65:210-8.

Lussier JG, Matton P, Dufour JJ. Growth rates of follicles in the
ovary of the cow. J Reprod Fertil 1974;81:301-7.

Picton H, Briggs D, Gosden R. The molecular basis of oocyte
development. Mol Cell Endocrinol 1998;145:27-37.

Carvalho JBP, Reis EL, Carvalho NAT, Nichi M, Baruselli PS.
Follicular Wave and Luteal Function in Bos taurus, Bos indicus
and Bos taurus x Bos indicus heifers treated with progesterone
device. In: 15th International Congress on Animal Reproduction
2004 (ICAR 2004), vol. 1, Porto Seguro. Belo Horizonte:
Brazilian College of Animal Reproduction; 2004. p. 112.
Gibbons JR, Beal WE, Krisher RL, Faber EG, Pearson RE,
Gwazdauskas FC. Effects of once versus twice weekly transva-
ginal follicular aspiration on bovine oocyte recovery and embryo
development. Theriogenology 1994;42:405-19.

Viana JHM, Nascimento AA, Pinheiro NL, Ferreira AM,
Camargo LSA, Sa WF, et al. Caracterizagdo de seqiielas sub-
seqiientes a puncio folicular em bovinos. Pesquisa Veterinaria
Brasileira 2003;23:119-24.



	Effect of maternal heat-stress on follicular growth and oocyte competence in Bos indicus cattle
	Introduction
	Materials and methods
	Cattle
	Experimental design
	Nutritional management and measurements
	Environmental and physiological measurements
	Follicular measurements and OPU procedures
	In vitro oocyte maturation, fertilization and culture
	Blood samples and hormonal assays
	Statistical analysis

	Results
	Environmental and physiological responses
	Follicular measurements and endocrine profiles
	Follicular aspirations and oocyte recovery
	Oocyte developmental capacity

	Discussion
	Acknowledgments
	References


