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Abstract.  During recent decades, milk production per cow has increased drastically due to improved management, 
nutrition, and genetic selection; however, the reproductive performance of high-producing dairy cows has been declining. 
One of the factors responsible for this low reproductive performance is negative energy balance (NEB). NEB affects the 
onset of first ovulation in early postpartum cows. It is generally accepted that early first ovulation positively relates to the 
resumption of normal ovarian function, first service, and conception rate in dairy cows. Hence, delayed first ovulation 
has a negative impact on subsequent fertility. The metabolic condition of cows in NEB shifts to catabolic metabolism, 
which in turn causes increased plasma growth hormone and non-esterified fatty acid concentrations and decreased plasma 
insulin-like growth factor-1, insulin, and glucose concentrations. On the other hand, plasma β-carotene concentrations 
decrease throughout the dry period and reach their nadir in about the first week postpartum, and this change reflects 
energy balance during the peripartum period. β-Carotene plays a role independently of vitamin A in the reproductive 
performance of dairy cows, and the positive relationship between supplemental β-carotene and reproductive function 
has been demonstrated in many studies during the past decades. However, β-carotene content in corn silage, which is a 
popular main feed in high-producing dairy cows, is very low. This review describes nutritional factors related to ovulation 
during the first follicular wave postpartum in dairy cows.
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Milk production per cow has steadily increased due to improved 
management and genetic selection. In the United States, 

the milk yield in Holstein cows has increased by approximately 
20% in the last 10 years  [1]. In Hokkaido, Japan, the milk yield 
in Holstein cows has increased from 7,114 kg/305 days in 1985 to 
9,053 kg/305 days in 2008 (Livestock Improvement Association 
of Japan). However, reproductive efficiency (e.g., calving interval, 
services per conception) has declined with the increase in milk 
production. For example, days open in Hokkaido have prolonged 
from 116 days in 1985 to 147 days in 2008 (Livestock Improvement 
Association of Japan). Likewise, in the United States, Butler [2] 
presented data showing a decline in first-service conception rate 
from approximately 65% in 1951 to 40% in 1996. A decline in 
reproductive efficiency in the modern dairy cow is not only oc-
curring in Japan and the United States. Equivalent decreases in 

conception rate at first service have been reported in Ireland [3], 
the United Kingdom [4], and Australia [5]. Therefore, modern 
high-producing dairy cows have lower reproductive performance 
compared to those in the preceding decades.

Although nutritional management has improved for high milk 
production, modern high-producing dairy cows undergo a period 
of severe negative energy balance (NEB) during early lactation. 
Because energy output via milk production exceeds energy intake 
via feed consumption, postpartum dairy cows have to resume 
normal ovarian cycles under NEB to optimize fertility during 
the postpartum period. However, recent reports in the scientific 
literature confirm trends for significantly longer intervals to first 
ovulation in postpartum dairy cows [6, 7].

It is generally accepted that cows with early resumption of 
ovarian function have higher fertility [8–10]. We observed pre-
viously that the recovery of ovarian function and subsequent 
reproductive performance by 3 weeks postpartum were superior 
in ovulatory cows to those of anovulatory cows [11]. Namely, this 
ovulation could be an early index of recovery of normal ovarian 
function and subsequent reproductive performance in dairy cows. 
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However, the factors that control the first ovulation postpartum 
have not been fully elucidated. This review reveals that postpartum 
ovarian activity, lactation characteristics, and nutritional factors 
relate to ovulation during the first follicular wave postpartum in 
high-producing dairy cows.

Postpartum Ovarian Activity and Changes of Repro-
ductive Hormones

In most dairy cows, several follicles appear by 5 days post-
partum and a dominant follicle develops by 10 days postpartum 
[12, 13]. Approximately half of all cows ovulate at the first fol-
licular wave postpartum [6, 10, 14]. However, in the other half, 
the dominant follicle during the first follicular wave postpartum 
becomes atretic or cystic, and the first ovulation occurs at about 
the fourth follicular wave after calving [15, 16]. In our previous 
study, we used color Doppler ultrasonography to monitor local 
blood flow during the growth of individual follicles in the first 
follicular wave postpartum [17]. The dominant follicle of the first 
follicular wave appeared at 7 days postpartum, and a dominant 
follicle with a diameter of approximately 10 mm and blood flow 
was observed by 14 days postpartum regardless of ovulation or 
anovulation (Fig. 1). In the ovulatory cows, a CL with blood flow 
was observed by 17 d postpartum (Fig. 1). On the other hand, the 
dominant follicle of the anovulatory cows continued to grow and 
maintain identifiable blood flow (Fig. 1). Thus, the rate of follicular 
growth did not differ between the ovulatory and anovulatory cows 
during the postpartum period, and local blood flow was detected in 
the dominant follicles of all cows despite ovulation or anovulation. 
Angiogenesis, the formation of a new network of blood vessels, is 
essential for follicular development and ovulation [18, 19]. In addi-
tion, a recent report suggests that the angiopoietin–tie system that 
acts on angiogenesis in concert with vascular endothelial growth 
factor controls the blood vessels to maintain active angiogenesis 
in developing bovine follicles [20]. The maintenance of follicle 
vasculature and appropriate blood supply to the large follicles 
is essential for follicle dominance [21]. However, an insufficient 
blood flow supply is not the cause of anovulation during the first 
follicular wave postpartum.

Follicle stimulating hormone (FSH) appears to be insensitive 
to metabolic status [22, 23]. The plasma FSH concentration did 
not differ between the ovulatory and anovulatory cows until 14 
days postpartum in our study [17]. On the other hand, the plasma 
estradiol-17β (E2) concentrations during the growth of the dominant 
follicle at the first follicular wave postpartum increased only in 
the ovulatory cows, while those in the anovulatory cows did not 
change [17, 23, 24]. Moreover, luteinizing hormone (LH) pulse 
frequency was reported to be greater in ovulatory cows than that 
in anovulatory cows [22, 25, 26]. Detailed endocrine profiles in 
ovulatory and anovulatory cows during the first follicular wave 
postpartum reveal that ovulatory cows show increased plasma E2 
with follicular growth followed by an E2 peak, LH surge (approxi-
mately 21 ± 7 h after the E2 peak), and ovulation (Fig. 2) [17]. On 
the other hand, an E2 peak and LH surge could not be confirmed 
in the anovulatory cows (Fig. 2) [17]. Thus, it is likely that an in-
sufficient ability of granulosa cells to secrete E2 is a determinant 

for anovulation rather than insufficient angiogenesis.

The Relationship Between Lactation Curve and Ovula-
tion During the First Follicular Wave Postpartum

A previous study showed that NEB was directly related to the 
postpartum interval to the first ovulation and that differences in 
energy balance were reflected in the milk yield [27]. In contrast, 
another study showed that cows having delayed resumption of 
luteal activity had greater NEB between the first and second week 
postpartum compared with cows displaying early luteal activity 
despite not differing in milk yield [28]. Therefore, NEB is not always 
affected by milk yield but relates to the resumption of estrous cycles. 
However, there is little information about the relationship between 
the milk yield and the resumption of postpartum ovarian function. 

Fig. 1. Representative images of dominant follicles during the first fol-
licular wave postpartum of ovulatory and anovulatory cows. 
Red represents blood flow towards the transducer, and blue in-
dicates blood flow away from the transducer. The color gain of 
the flow mode was set to detect movement of at least 2 mm/sec. 
Scale bars represent 5 mm. White dotted lines indicate follicular 
margins, and green dotted lines delineate margins of the corpus 
luteum. Modified from Kawashima et al. (2007) [17].

Fig. 2. We obtained blood samples 4 times/day for detection (presence 
or absence) of an LH surge, 2 times/day for detection of an E2 
peak, and 1 time/day for the P4 profile. E2 concentrations are 
shown at 12 h intervals from 10 d before to 10 d after the E2 peak 
in ovulatory cows (n = 5) and from 10 d to 20 d postpartum in 
anovulatory cows (n = 4) (mean ± SEM). E2 concentrations are 
indicated by triangles and P4 concentrations are indicated by 
circles—solid in ovulatory cows and open in anovulatory cows. 
The gray vertical bar in the graph for ovulatory cows indicates 
the range of the LH surge (21 ± 7 h after the E2 peak). Modified 
from Kawashima et al. (2007) [17].
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Thus, we examined the relationship between characteristics of the 
lactation curve, based on daily milk yield, and ovulation during 
the first follicular wave postpartum in dairy cows (Fig. 3) [29]. 
Consequently, the weekly increase in milk yield between the first 
and peak weeks (Fig. 3, index 7) in the ovulatory cows during the 
first follicular wave postpartum was less than that in the anovulatory 
cows (1.71 kg/week vs. 2.54 kg/week), although total milk yield did 
not differ between the ovulatory and anovulatory cows [29]. NEB 
usually reaches its nadir during the first or second week postpartum 
[27]. We hypothesize that the association between energy status 
and increased weekly milk yield during early lactation, despite 
comparative first-week and peak milk yield, may be associated 
with anovulation during the first follicular wave postpartum. It is 
proposed that the lactation curve may be utilized as a simple model 
to evaluate the physiological environment for the resumption of 
normal ovarian cycles in postpartum cows. Theoretically, an acute 
increase in milk yield in anovulatory cows appears to induce a 
drastic NEB during early lactation as compared to ovulatory cows. 
Further studies are necessary to investigate in detail the relation-
ship between energy balance and the proportional increase in milk 
yield during early lactation.

The Change of Nutritional Status During the Peripar-
tum Period and the Relationship Between Metabolic 

Factors and Ovulation During the First Follicular 
Wave Postpartum

The late pregnancy period, parturition, and lactation have drastic 
effects on metabolism in dairy cows during the peripartum period. 
A gradual decline in dry-matter intake begins 3 weeks prepartum, 
with the most dramatic decrease occurring during the final week 
prepartum [30, 31]. Thus, metabolic hormone concentrations 
before parturition change to promote glucogenesis and mobiliza-
tion of adipose tissue to provide sufficient energy for the fetus 
and mammary gland development [32]. Mobilized adipose tissue 

provides energy in the form of non-esterified fatty acid (NEFA) 
[33]. Elevation of plasma NEFA concentrations occurs from 10 
days prepartum to parturition [31, 33]. Thereafter, plasma NEFA 
concentrations are maximum at parturition due to the stress of 
calving and decrease rapidly after parturition, but concentrations 
remain higher than they were before calving [33]. A greater degree 
of fatty acid mobilization during the peripartum period, as indicated 
by evaluated plasma NEFA, is related to greater incidences of fatty 
liver and ketosis [34]. Plasma concentrations of growth hormone 
(GH) secreted from the pituitary increase from late gestation and 
an acute surge is observed at parturition [35]. GH acts on adipose 
tissue to stimulate lipolysis, namely, tissue mobilization is driven 
by increases in the rate of secretion of GH [36, 37]. Furthermore, 
in the physiological states of undernutrition and early lactation, 
the liver becomes GH resistant [38, 39]. The GH receptors in the 
liver are downregulated, and the normal stimulatory action of GH 
on the synthesis of insulin-like growth factor-1 (IGF-1) in the liver 
becomes uncoupled. Therefore, plasma concentrations of IGF-1 
decrease from about 3 weeks prepartum to 3 weeks postpartum 
despite the increase in GH [37, 40, 41]. Plasma concentrations of 
insulin from the pancreas decrease before and after parturition 
except for an acute surge at parturition [40, 42]. Insulin plays a 
central role in the homeostatic control of energy metabolism and 
its concentration is positively correlated with energy intake [43]. 
In addition, plasma glucose concentrations decrease until about 
2 weeks postpartum [37, 44]. Thus, the metabolic status changes 
dramatically during the peripartum period in dairy cows and af-
fects ovarian function.

Many studies have described the effect of metabolic hormones 
on ovarian function in dairy cows. Treatment with exogenous GH 
has a significant effect on ovarian follicle development [45, 46] 
and CL function [47] in cattle. Although GH receptor mRNA is 
not detected in bovine follicles, large luteal cells of the bovine CL 
express GH receptor and respond to GH treatment [47]. Thus, GH 
does not always act directly on ovarian function but interacts with 
other metabolic hormones. On the other hand, IGF-1 and insulin 
receptor mRNA were detected in bovine follicles [48–50] and 
luteal cells [51, 52]. Hence, IGF-1 and insulin directly stimulate 
both proliferation and steroidogenesis in bovine granulosa cells. 
Moreover, significantly increased IGF-1 and insulin concentra-
tions are associated with ovulation [53–55]. Further, the changes 
in the concentration of metabolites such as glucose and NEFA in 
serum is reflected in the follicular fluid of the dominant follicle; 
hence, NEB after parturition may affect the quality of both the 
oocyte and the granulosa cells [56]. A recent study has shown that 
higher plasma NEFA concentrations during the peripartum period 
are associated with delayed ovulation in postpartum dairy cows 
[57]. Therefore, it is likely that the changes in these metabolic 
factors during the peripartum period alter the pattern of ovarian 
follicle growth and development, resulting in reduced reproductive 
performance in dairy cows. In fact, liver-derived IGF-1 is a fac-
tor regulating the final maturation of the dominant follicle during 
the first follicular wave postpartum [23], and circulating IGF-1 in 
ovulatory cows at the first follicular wave postpartum is higher 
than that in anovulatory cows regardless of parity [17, 23, 58]. In 
addition, we investigated in detail the time-dependent relationship 

Fig. 3. The lactation curve was characterized by 8 indexes based on 
the weekly average of milk yield as follows: (1) the 1st-week 
milk yield, (2) the peak milk yield, (3) the actual 305-day milk 
yield, (4) the peak week, (5) the difference in milk yield be-
tween 1st week and peak week, (6) the difference in milk yield 
between peak week and last week (43rd week postpartum), (7) 
the proportional increase in milk yield between week 1 post-
partum and the week of peak yield, and (8) the proportional 
decline in milk yield between the week of peak yield and the 
last week. Modified from Kawashima et al. (2007) [29].
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between metabolic hormones including IGF-1, GH, and insulin 
and ovulation during the first follicular wave postpartum in dairy 
cows in early lactation by using a herd homogeneous for lactation 
ability [17]. In general, plasma IGF-1 concentrations in postpartum 
dairy cows decrease during the peripartum period when NEB is 
induced by limited amounts of feed intake and onset of lactation. 
Decreased plasma IGF-1 levels in the ovulatory cows during the 
first follicular wave postpartum occurred after the follicular growth 
phase (Fig. 4). On the other hand, IGF-1 levels in the anovula-
tory cows decreased before the follicular growth phase (Fig. 4). 
Therefore, follicular cell functions such as the steroidogenesis and 
proliferation in the ovulatory follicle may be stimulated by high 
IGF-1 levels. Subsequently, E2 secretion is stimulated, and the 
increase in insulin level together with the E2 peak may enhance 
the maturation of the dominant follicle (Fig. 4). Taken together, E2 
enhanced by IGF-1 induces an LH surge and resultant ovulation of 
the dominant follicle in ovulatory cows during the first follicular 
wave postpartum. Therefore, IGF-1 is an essential factor for the 
growth of the dominant follicle, and insulin may stimulate the 
dominant follicle to mature and reach ovulation.

Thus, higher IGF-1 and insulin during the peripartum period 
relate to postpartum ovarian activity. Propylene glycol has been 
assessed to decrease the delay of the first postpartum ovulation [59, 
60]; however, certain studies showed that propylene glycol treatment 
did not influence follicular dynamics and days to first ovulation 

[61] or ovulation during the first follicular wave postpartum [62]. 
Therefore, induction of an earlier first ovulation after parturition 
by improving energy status is problematic; hence, further studies 
are necessary to establish feeding management leading to higher 
IGF-1 and insulin during the peripartum period followed by the 
resumption of postpartum ovarian function in dairy cows.

Role of β-carotene on Ovarian Function and the Rela-
tionship Between β-carotene and Ovulation During 

the First Follicular Wave Postpartum

β-Carotene is abundant in pasture and good quality forage [63]; 
however, β-carotene content in hay and corn silage is very low [64]. 
In dairy cows, β-carotene plays a role in enhancing host defense 
mechanisms by lymphocyte and phagocyte functions, similar to 
vitamin A, and decreases incidence of mastitis [65] and retained 
placenta [66]. In addition, it functions independently of vitamin 
A in the reproductive performance of dairy cows, and the posi-
tive relationship between supplemental β-carotene and reproduc-
tive performance has been shown in many studies and reviewed 
during the past decades. The main transporters for β-carotene in 
the blood are high-density lipoproteins [67, 68]. The basement 
membrane of the blood-follicle barrier allows only the transfer of 
substances with a molecular weight of < 850,000 [69]. Therefore, 
only high-density lipoprotein-bound β-carotene can be detected 
in follicular fluid [70]. Moreover, the conversion rate of β-carotene 
to vitamin A in granulosa cells is enhanced by follicular growth, 
and intrafollicular concentration of vitamin A correlates positively 
with estradiol concentration and follicle diameter [71].

Plasma β-carotene concentrations decrease throughout the dry 
period and reach their nadir in about the first week postpartum; 
this change is similar to energy balance during the peripartum 
period. Thus, we hypothesized that not only the energy status 
but also plasma β-carotene concentrations during the peripartum 
period may affect ovulation in the first follicular wave postpartum 
in dairy cows, which led us to investigate the profiles of plasma 
β-carotene concentration during the peripartum period in ovulatory 
and anovulatory cows during the first follicular wave postpartum 
[72]. As a result, lower plasma β-carotene concentration during 
the close-up dry period was related to anovulation during the first 
follicular wave postpartum (Fig. 5). In addition, β-carotene supply 
during the close-up dry period induced ovulation during the first 
follicular wave postpartum in dairy cows [73]. In contrast, another 
study showed that β-carotene supply during the prepartum period 
had no effect on postpartum ovarian activity; however, β-carotene 
increased blood hydroxyproline, which is an indicator of uterine 
involution, and had a positive effect on immune function in the 
uterus and cervix [74]. Thus, β-carotene is one of the important 
nutritional factors for the resumption of reproductive function after 
parturition in dairy cows, and the role of β-carotene in modern 
high-producing dairy cows should be re-investigated.

Conclusion

This review reveals the following characteristics of nutritional 
status and lactation in ovulatory cows compared with anovulatory 

Fig. 4. We obtained blood samples 1 time/day for profiles of metabolic 
hormones. Solid in ovulatory (n = 5) and open in anovulatory 
(n = 4) cows (mean ± SEM). The dotted line in graphs of ovula-
tory cows indicates time of E2 peak, and the gray vertical bar 
indicates the range of the LH surge (21 ± 7 h after the E2 peak). 
Modified from Kawashima et al. (2007) [17].
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cows during the first follicular wave postpartum: (1) higher energy 
status (lower GH and NEFA and higher IGF-1) during the prepartum 
period, (2) higher β-carotene during the prepartum period, and (3) 
lower proportional increases in milk yield during early lactation (Fig. 
6). Furthermore, IGF-1 is an important factor in the development 
of the dominant follicle during the first follicular wave postpartum 
and subsequent increased insulin level and E2 peak, which ensure 
follicle maturation and ovulation (Fig. 6). Therefore, IGF-1 and 
insulin represent “metabolic signals” of the resumption of ovarian 
function postpartum in dairy cows. Moreover, β-carotene supply 
during the close-up dry period is effective in induction of ovulation 
during the first follicular wave postpartum in dairy cows. Thus, 
β-carotene is also one of the important nutritional factors for the 
resumption of postpartum ovarian function in dairy cows.

Because feed type and quality differ according to herd and season, 
feeding regimes for improvement of reproductive performance in 
high-producing dairy cows cannot be generalized. Therefore, the 
first step is to understand the nutritional status in the peripartum 
dairy cow, then compile suitable management strategies according 
to feed circumstances in each herd.

Acknowledgments

The authors wish to thank the Society for Reproduction and 
Development (SRD) for conferring the SRD Young Investigator 
Award 2011 to the first author of this paper for this series of re-
search.

The authors thank Dr K Okuda (Okayama University, Japan) 
for P4 antiserum, Dr Parlow (NIDDK) for FSH, LH, and GH 
standards and IGF-1 antiserum, and Dr FJ Schweigert (Univer-

sity of Potsdam, Germany) for β-carotene measurement. Further, 
the authors thank the researchers and undergraduate and gradu-
ate students of our laboratory members at Obihiro University of 
Agriculture and Veterinary Medicine for their help in checking 
the series of studies.

This study was supported by a Grant-in-Aid for Exploratory 
Research and Scientific Research (C) of the Japan Society for the 
Promotion of Science (JSPS); the 21st Century COE Programme 
(A-1) and Global COE Programme of the Ministry of Education, 
Culture, Sports, Science and Technology, Japan; the Secure and 
Healthy Livestock Farming Project of the Ministry of Agriculture, 
Forestry and Fisheries; and the Japan Livestock Technology As-
sociation.

References

 1. Lucy MC. Reproductive loss in high-producing dairy cattle: where will it end? J 
Dairy Sci 2001; 84: 1277–1293. [Medline]  [CrossRef]

 2. Butler WR. Review: effect of protein nutrition on ovarian and uterine physiology in 
dairy cattle. J Dairy Sci 1998; 81: 2533–2539. [Medline]  [CrossRef]

 3. Roche JF, Mackey D, Diskin MD. Reproductive management of postpartum cows. 
Anim Reprod Sci 2000; 60–61: 703–712. [Medline]  [CrossRef]

 4. Royal MD, Darwash AO, Flint APF, Webb R, Woolliams JA, Lamming GE. De-
clining fertility in dairy cattle: changes in traditional and endocrine parameters of 
fertility. Anim Sci 2000; 70: 487–502.

 5. Macmillan KL, Lean IJ, Westwood CT. The effects of lactation on the fertility of 
dairy cows. Aust Vet J 1996; 73: 141–147. [Medline]  [CrossRef]

 6. Lucy MC, Staples CR, Thatcher WW, Erickson PS, Cleale RM, Firkins JL, 
Clark JH, Murphy MR, Brodie BO. Influence of diet composition, dry matter 
intake, milk production and fertility in dairy cows. Anim Prod 1992; 54: 323–331.  
[CrossRef]

 7. de Vries MJ, Veerkamp RF. Energy balance of dairy cattle in relation to milk pro-
duction variables and fertility. J Dairy Sci 2000; 83: 62–69. [Medline]  [CrossRef]

 8. Spicer LJ, Tucker WB, Adams GD. Insulin-like growth factor-I in dairy cows: 
relationships among energy balance, body condition, ovarian activity, and estrous 
behavior. J Dairy Sci 1990; 73: 929–937. [Medline]  [CrossRef]

 9. Senatore EM, Butler WR, Oltenacu PA. Relationship between energy balance and 
postpartum ovarian activity and fertility in first lactation dairy cows. Anim Sci 1996; 
62: 17–23.  [CrossRef]

 10. Darwash AO, Lamming GE, Woolliams JA. The phenotypic association between 
the interval to post-partum ovulation and traditional measures of fertility in dairy 
cattle. Anim Sci 1997; 65: 9–16.  [CrossRef]

 11. Kawashima C, Kaneko E, Amaya Montoya C, Matsui M, Yamagishi N, Matsunaga 
N, Ishii M, Kida K, Miyake Y-I, Miyamoto A. Relationship between the first ovula-
tion within three weeks postpartum and subsequent ovarian cycles and fertility in high 
producing dairy cows. J Reprod Dev 2006; 52: 479–486. [Medline]  [CrossRef]

 12. Savio JD, Boland MP, Hynes N, Roche JF. Resumption of follicular activity in the 
early post-partum period of dairy cows. J Reprod Fertil 1990; 88: 569–579. [Medline]  
[CrossRef]

 13. Savio JD, Boland MP, Roche JF. Development of dominant follicles and length of 
ovarian cycles in post-partum dairy cows. J Reprod Fertil 1990; 88: 581–591. [Med-
line]  [CrossRef]

 14. Lamming GE, Bulman DC. The use of milk progesterone radioimmunoassay in the 
diagnosis and treatment of subfertility in dairy cows. Br Vet J 1976; 132: 507–517. 
[Medline]

 15. McDougall S, Burke CR, MacMillan KL, Williamson NB. Patterns of follicular 
development during periods of anovulation in pasture-fed dairy cows after calving. 
Res Vet Sci 1995; 58: 212–216. [Medline]  [CrossRef]

 16. Sakaguchi M, Sasamoto Y, Suzuki T, Takahashi Y, Yamada Y. Postpartum ovar-
ian follicular dynamics and estrous activity in lactating dairy cows. J Dairy Sci 2004; 
87: 2114–2121. [Medline]  [CrossRef]

 17. Kawashima C, Fukihara S, Maeda M, Kaneko E, Amaya Montoya C, Matsui M, 
Shimizu T, Matsunaga N, Kida K, Miyake Y-I, Schams D, Miyamoto A. Relation-
ship between metabolic hormones and ovulation of dominant follicle during the first 
follicular wave postpartum in high-producing dairy cows. Reproduction 2007; 133: 
155–163. [Medline]  [CrossRef]

 18. Yamada O, Abe M, Takehana K, Iwasa K, Hiraga T, Hiratsuka T. Microvascula-

Fig. 5. The concentrations of β-carotene in plasma from 3 weeks pre-
partum to 3 weeks postpartum in ovulatory cows (n = 13) or 
anovulatory cows (n = 9) during the first follicular wave post-
partum (mean ± SEM; solid, ovulatory cows; open, anovulatory 
cows). The first sampling week after parturition was regarded 
as week 0. There was an interaction between group and time 
(P<0.0001). *** indicates differences of P<0.001 and * indi-
cates differences of P<0.05 between ovulatory and anovulatory 
cows. a, b, and c indicate differences of P<0.05 among ovula-
tory cows. x and y indicate differences of P<0.05 among anovu-
latory cows. Modified from Kawashima et al. (2009) [72].

http://www.ncbi.nlm.nih.gov/pubmed/11417685?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(01)70158-0
http://www.ncbi.nlm.nih.gov/pubmed/9785246?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(98)70146-8
http://www.ncbi.nlm.nih.gov/pubmed/10844236?dopt=Abstract
http://dx.doi.org/10.1016/S0378-4320(00)00107-X
http://www.ncbi.nlm.nih.gov/pubmed/8660229?dopt=Abstract
http://dx.doi.org/10.1111/j.1751-0813.1996.tb10007.x
http://dx.doi.org/10.1017/S0003356100020778
http://www.ncbi.nlm.nih.gov/pubmed/10659965?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(00)74856-9
http://www.ncbi.nlm.nih.gov/pubmed/2345203?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(90)78749-8
http://dx.doi.org/10.1017/S1357729800014260
http://dx.doi.org/10.1017/S1357729800016234
http://www.ncbi.nlm.nih.gov/pubmed/16627955?dopt=Abstract
http://dx.doi.org/10.1262/jrd.18003
http://www.ncbi.nlm.nih.gov/pubmed/2182844?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0880569
http://www.ncbi.nlm.nih.gov/pubmed/2182845?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2182845?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0880581
http://www.ncbi.nlm.nih.gov/pubmed/963522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7659843?dopt=Abstract
http://dx.doi.org/10.1016/0034-5288(95)90104-3
http://www.ncbi.nlm.nih.gov/pubmed/15328224?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(04)70030-2
http://www.ncbi.nlm.nih.gov/pubmed/17244742?dopt=Abstract
http://dx.doi.org/10.1530/REP-06-0046


REVIEW: NUTRITIONAL FACTORS AFFECTING OVULATION IN DAIRY COWS 15

ture of mature bovine follicles and its changes with ovulation. J Reprod Dev 1994; 40: 
307–315.  [CrossRef]

 19. Jiang JY, Macchiarelli G, Tsang BK, Sato E. Capillary angiogenesis and degenera-
tion in bovine ovarian antral follicles. Reproduction 2003; 125: 211–223. [Medline]  
[CrossRef]

 20. Hayashi KG, Acosta TJ, Tetsuka M, Berisha B, Matsui M, Schams D, Ohtani M, 
Miyamoto A. Involvement of angiopoietin-tie system in bovine follicular develop-
ment and atresia: messenger RNA expression in theca interna and effect on steroid 
secretion. Biol Reprod 2003; 69: 2078–2084. [Medline]  [CrossRef]

 21. Acosta TJ, Hayashi KG, Matsui M, Miyamoto A. Changes in follicular vascularity 
during the first follicular wave in lactating cows. J Reprod Dev 2005; 51: 273–280. 
[Medline]  [CrossRef]

 22. Lamming GE, Wathes DC, Peters AR. Endocrine patterns of the post-partum cow. 
J Reprod Fertil Suppl 1981; 30: 155–170. [Medline]

 23. Beam SW, Butler WR. Energy balance, metabolic hormones, and early postpartum 
follicular development in dairy cows fed prilled lipid. J Dairy Sci 1998; 81: 121–131. 
[Medline]  [CrossRef]

 24. Beam SW, Butler WR. Energy balance and ovarian follicle development prior to the 
first ovulation postpartum in dairy cows receiving three levels of dietary fat. Biol 
Reprod 1997; 56: 133–142. [Medline]  [CrossRef]

 25. Canfield RW, Butler WR. Energy balance and pulsatile LH secretion in early postpar-
tum dairy cattle. Domest Anim Endocrinol 1990; 7: 323–330. [Medline]  [CrossRef]

 26. Jolly PD, McDougall S, Fitzpatrick LA, Macmillan KL, Entwistle KW. Physi-
ological effects of undernutrition on postpartum anoestrus in cows. J Reprod Fertil 

Suppl 1995; 49: 477–492. [Medline]
 27. Butler WR, Smith RD. Interrelationships between energy balance and postpar-

tum reproductive function in dairy cattle. J Dairy Sci 1989; 72: 767–783. [Medline]  
[CrossRef]

 28. Staples CR, Thatcher WW, Clark JH. Relationship between ovarian activity and 
energy status during the early postpartum period of high producing dairy cows. J 
Dairy Sci 1990; 73: 938–947. [Medline]  [CrossRef]

 29. Kawashima C, Amaya Montoya C, Masuda Y, Kaneko E, Matsui M, Shimizu T, 
Matsunaga N, Kida K, Miyake Y-I, Suzuki M, Miyamoto A. Short communica-
tion: a positive relationship between the first ovulation postpartum and the increasing 
ratio of milk yield in the first part of lactation in dairy cows. J Dairy Sci 2007; 90: 
2279–2282. [Medline]  [CrossRef]

 30. Bertics SJ, Grummer RR, Cadorniga-Valino C, Stoddard EE. Effect of prepartum 
dry matter intake on liver triglyceride concentration and early lactation. J Dairy Sci 
1992; 75: 1914–1922. [Medline]  [CrossRef]

 31. Vazquez-Anon M, Bertics S, Luck M, Grummer RR, Pinheiro J. Peripartum liver 
triglyceride and plasma metabolites in dairy cows. J Dairy Sci 1994; 77: 1521–1528. 
[Medline]  [CrossRef]

 32. Herdt TH. Fuel homeostasis in the ruminant. Vet Clin North Am Food Anim Pract 
1988; 4: 213–231. [Medline]

 33. Grummer RR. Impact of changes in organic nutrient metabolism on feeding the 
transition dairy cow. J Anim Sci 1995; 73: 2820–2833. [Medline]

 34. Grummer RR. Etiology of lipid-related metabolic disorders in periparturient dairy 
cows. J Dairy Sci 1993; 76: 3882–3896. [Medline]  [CrossRef]

Fig. 6. Schematic representation of the nutritional status during peripartum and lactation and reproductive 
function during early postpartum in ovulatory and anovulatory cows at the first follicular wave post-
partum. Ovulatory cows show higher energy status and β-carotene concentration during the prepartum 
period and lower proportional increases in milk yield during early lactation compared with anovula-
tory cows. In addition, higher IGF-1 levels stimulate follicular cell functions affecting growth of the 
dominant follicle during the first follicular wave postpartum, after which the levels decrease because of 
NEB. Subsequently, more E2 is secreted, and the E2 peak together with increased insulin enhances the 
maturation of the dominant follicle. Subsequently, E2 enhanced by IGF-1 induces an LH surge and the 
dominant follicle reaches ovulation. Modified from Kawashima et al. (2007) [17].

http://dx.doi.org/10.1262/jrd.40.307
http://www.ncbi.nlm.nih.gov/pubmed/12578535?dopt=Abstract
http://dx.doi.org/10.1530/rep.0.1250211
http://www.ncbi.nlm.nih.gov/pubmed/12954734?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.103.017152
http://www.ncbi.nlm.nih.gov/pubmed/15699584?dopt=Abstract
http://dx.doi.org/10.1262/jrd.16092
http://www.ncbi.nlm.nih.gov/pubmed/6820052?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9493087?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(98)75559-6
http://www.ncbi.nlm.nih.gov/pubmed/9002642?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod56.1.133
http://www.ncbi.nlm.nih.gov/pubmed/2202545?dopt=Abstract
http://dx.doi.org/10.1016/0739-7240(90)90038-2
http://www.ncbi.nlm.nih.gov/pubmed/7623336?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2654227?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(89)79169-4
http://www.ncbi.nlm.nih.gov/pubmed/2345204?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(90)78750-4
http://www.ncbi.nlm.nih.gov/pubmed/17430928?dopt=Abstract
http://dx.doi.org/10.3168/jds.2006-414
http://www.ncbi.nlm.nih.gov/pubmed/1500587?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(92)77951-X
http://www.ncbi.nlm.nih.gov/pubmed/8083410?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(94)77092-2
http://www.ncbi.nlm.nih.gov/pubmed/3061608?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8582873?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8132893?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(93)77729-2


KAWASHIMA et al.16

 35. Kunz PL, Blum JW, Hart IC, Bickel H, Landis J. Effects of different energy in-
takes before and after calving on food intake, performance and blood hormones and 
metabolites in dairy cows. Anim Prod 1985; 40: 219–231.  [CrossRef]

 36. Dominici FP, Turyn D. Growth hormone-induced alterations in the insulin-signaling 
system. Exp Biol Med (Maywood) 2002; 227: 149–157. [Medline]

 37. Andersen JB, Friggens NC, Larsen T, Vestergaard M, Ingvartsen KL. Effect of 
energy density in the diet and milking frequency on plasma metabolites and hor-
mones in early lactation dairy cows. J Vet Med A Physiol Pathol Clin Med 2004; 51: 
52–57. [Medline]  [CrossRef]

 38. Thissen JP, Ketelslegers JM, Underwood LE. Nutritional regulation of the insulin-
like growth factors. Endocr Rev 1994; 15: 80–101. [Medline]

 39. Lang CH, Frost RA. Role of growth hormone, insulin-like growth factor-I, and 
insulin-like growth factor binding proteins in the catabolic response to injury and 
infection. Curr Opin Clin Nutr Metab Care 2002; 5: 271–279. [Medline]  [CrossRef]

 40. Meikle A, Kulcsar M, Chilliard Y, Febel H, Delavaud C, Cavestany D, Chilibroste 
P. Effects of parity and body condition at parturition on endocrine and reproductive 
parameters of the cow. Reproduction 2004; 127: 727–737. [Medline]  [CrossRef]

 41. Taylor VJ, Cheng Z, Pushpakumara PG, Beever DE, Wathes DC. Relationships 
between the plasma concentrations of insulin-like growth factor-I in dairy cows and 
their fertility and milk yield. Vet Rec 2004; 155: 583–588. [Medline]  [CrossRef]

 42. Holtenius K, Agenas S, Delavaud C, Chilliard Y. Effects of feeding intensity dur-
ing the dry period. 2. Metabolic and hormonal responses. J Dairy Sci 2003; 86: 883–
891. [Medline]  [CrossRef]

 43. Chilliard Y, Bocquier F, Doreau M. Digestive and metabolic adaptations of rumi-
nants to undernutrition, and consequences on reproduction. Reprod Nutr Dev 1998; 
38: 131–152. [Medline]  [CrossRef]

 44. Harrison RO, Ford SP, Young JW, Conley AJ, Freeman AE. Increased milk pro-
duction versus reproductive and energy status of high producing dairy cows. J Dairy 
Sci 1990; 73: 2749–2758. [Medline]  [CrossRef]

 45. Gong JG, Bramley T, Webb R. The effect of recombinant bovine somatotropin on 
ovarian function in heifers: follicular populations and peripheral hormones. Biol Re-
prod 1991; 45: 941–949. [Medline]  [CrossRef]

 46. Gong JG, Bramley TA, Webb R. The effect of recombinant bovine somatotrophin 
on ovarian follicular growth and development in heifers. J Reprod Fertil 1993; 97: 
247–254. [Medline]  [CrossRef]

 47. Lucy MC, Bilby CR, Kirby CJ, Yuan W, Boyd CK. Role of growth hormone in 
development and maintenance of follicles and corpora lutea. J Reprod Fertil Suppl 
1999; 54: 49–59. [Medline]

 48. Spicer LJ, Alpizar E, Vernon RK. Insulin-like growth factor-I receptors in ovarian 
granulosa cells: effect of follicle size and hormones. Mol Cell Endocrinol 1994; 102: 
69–76. [Medline]  [CrossRef]

 49. Sudo N, Shimizu T, Kawashima C, Kaneko E, Tetsuka M, Miyamoto A. Insulin-
like growth factor-I (IGF-I) system during follicle development in the bovine ovary: 
Relationship among IGF-I, type 1 IGF receptor (IGFR-1) and pregnancy-associated 
plasma protein-A (PAPP-A). Mol Cell Endocrinol 2007; 264: 197–203. [Medline]  
[CrossRef]

 50. Shimizu T, Murayama C, Sudo N, Kawashima C, Tetsuka M, Miyamoto A. In-
volvement of insulin and growth hormone (GH) during follicular development in the 
bovine ovary. Anim Reprod Sci 2008; 106: 143–152. [Medline]  [CrossRef]

 51. Einspanier R, Miyamoto A, Schams D, Muller M, Brem G. Tissue concentration, 
mRNA expression and stimulation of IGF-I in luteal tissue during the oestrous cycle 
and pregnancy of cows. J Reprod Fertil 1990; 90: 439–445. [Medline]  [CrossRef]

 52. McArdle CA, Kohl C, Rieger K, Groner I, Wehrenberg U. Effects of gonadotro-
pins, insulin and insulin-like growth factor I on ovarian oxytocin and progesterone 
production. Mol Cell Endocrinol 1991; 78: 211–220. [Medline]  [CrossRef]

 53. Armstrong DG, McEvoy TG, Baxter G, Robinson JJ, Hogg CO, Woad KJ, Webb 
R, Sinclair KD. Effect of dietary energy and protein on bovine follicular dynamics 
and embryo production in vitro: associations with the ovarian insulin-like growth 
factor system. Biol Reprod 2001; 64: 1624–1632. [Medline]  [CrossRef]

 54. Gong JG. Influence of metabolic hormones and nutrition on ovarian follicle develop-
ment in cattle: practical implications. Domest Anim Endocrinol 2002; 23: 229–241. 
[Medline]  [CrossRef]

 55. Armstrong DG, Gong JG, Webb R. Interactions between nutrition and ovarian 
activity in cattle: physiological, cellular and molecular mechanisms. Reprod Suppl 
2003; 61: 403–414. [Medline]

 56. Leroy JL, Vanholder T, Delanghe JR, Opsomer G, Van Soom A, Bols PE, Dewulf 
J, de Kruif A. Metabolic changes in follicular fluid of the dominant follicle in high-
yielding dairy cows early post partum. Theriogenology 2004; 62: 1131–1143. [Med-
line]  [CrossRef]

 57. Giuliodori MJ, Delavaud C, Chilliard Y, Becú-Villalobos D, Lacau-Mengido I, 
De la Sota RL. High NEFA concentrations around parturition are associated with de-
layed ovulations in grazing dairy cows. Livestock Sci 2011; 141: 123–128.  [CrossRef]

 58. Kawashima C, Sakaguchi M, Suzuki T, Sasamoto Y, Takahashi Y, Matsui M, 
Miyamoto A. Metabolic profiles in ovulatory and anovulatory primiparous dairy 
cows during the first follicular wave postpartum. J Reprod Dev 2007; 53: 113–120. 
[Medline]  [CrossRef]

 59. Miyoshi S, Pate JL, Palmquist DL. Effects of propylene glycol drenching on energy 
balance, plasma glucose, plasma insulin, ovarian function and conception in dairy 
cows. Anim Reprod Sci 2001; 68: 29–43. [Medline]  [CrossRef]

 60. Chagas LM, Gore PJ, Meier S, Macdonald KA, Verkerk GA. Effect of mono-
propylene glycol on luteinizing hormone, metabolites, and postpartum anovulatory 
intervals in primiparous dairy cows. J Dairy Sci 2007; 90: 1168–1175. [Medline]  
[CrossRef]

 61. Rizos D, Kenny DA, Griffin W, Quinn KM, Duffy P, Mulligan FJ, Roche JF, 
Boland MP, Lonergan P. The effect of feeding propylene glycol to dairy cows dur-
ing the early postpartum period on follicular dynamics and on metabolic parameters 
related to fertility. Theriogenology 2008; 69: 688–699. [Medline]  [CrossRef]

 62. Butler ST, Pelton SH, Butler WR. Energy balance, metabolic status, and the first 
postpartum ovarian follicle wave in cows administered propylene glycol. J Dairy Sci 
2006; 89: 2938–2951. [Medline]  [CrossRef]

 63. Kamimura S, Tsukamoto T, Minezaki Y, Takahashi M. Effect of processing meth-
ods on beta-carotene contents in forages and supplementation of synthetic beta-caro-
tene on cows. Anim Sci Technol 1991; 62: 839–848.

 64. National Agriculture and Food Research Organization NARO (eds). Standard 
Tables of Food Composition in Japan (2009). Tokyo, Japan: Japan Livestock Industry 
Association (In Japanese).

 65. Chew BP, Hollen LL, Hillers JK, Herlugson ML. Relationship between vitamin 
A and beta-carotene in blood plasma and milk and mastitis in Holsteins. J Dairy Sci 
1982; 65: 2111–2118. [Medline]  [CrossRef]

 66. Michal JJ, Heirman LR, Wong TS, Chew BP, Frigg M, Volker L. Modulatory 
effects of dietary beta-carotene on blood and mammary leukocyte function in peri-
parturient dairy cows. J Dairy Sci 1994; 77: 1408–1421. [Medline]  [CrossRef]

 67. Ashes JR, Burley RW, Davenport JB, Sidhu GS. Effects of dietary supplements of 
protected lipids on the concentration and transport of beta-carotene and cholesterol 
in bovine blood and milk: unusual chromatographic behaviour of the high-density 
lipoprotein with high levels of beta-carotene. J Dairy Res 1982; 49: 39–49. [Medline]  
[CrossRef]

 68. Ashes JR, Burley RW, Sidhu GS, Sleigh RW. Effect of particle size and lipid com-
position of bovine blood high density lipoprotein on its function as a carrier of beta-
carotene. Biochim Biophys Acta 1984; 797: 171–177. [Medline]  [CrossRef]

 69. Shalgi R, Kraicer R, Rimon A, Pinto M, Soferman N. Proteins of human follicular 
fluid: the blood-follicle barrier. Fertil Steril 1973; 24: 429–434. [Medline]

 70. Schweigert FJ, Rambeck WA, Zucker H. Beta-carotene and vitamin A in the fol-
licular development of the bovine species. In: Follicular Growth and Ovulation Rate 
in Farm Animals, Kluwer Academic Publishers, Dordrecht, 1987: 55–62.

 71. Schweigert FJ, Zucker H. Concentrations of vitamin A, beta-carotene and vitamin E 
in individual bovine follicles of different quality. J Reprod Fertil 1988; 82: 575–579. 
[Medline]  [CrossRef]

 72. Kawashima C, Kida K, Schweigert FJ, Miyamoto A. Relationship between plas-
ma beta-carotene concentrations during the peripartum period and ovulation in the 
first follicular wave postpartum in dairy cows. Anim Reprod Sci 2009; 111: 105–111. 
[Medline]  [CrossRef]

 73. Kawashima C, Nagashima S, Sawada K, Schweigert FJ, Miyamoto A, Kida K. 
Effect of beta-carotene supply during close-up dry period on the onset of first post-
partum luteal activity in dairy cows. Reprod Domest Anim 2010; 45: e282–e287. 
[Medline]  [CrossRef]

 74. Kaewlamun W, Okouyi M, Humblot P, Techakumphu M, Ponter AA. Does sup-
plementing dairy cows with beta-carotene during the dry period affect postpartum 
ovarian activity, progesterone, and cervical and uterine involution? Theriogenology 
2011; 75: 1029–1038. [Medline]  [CrossRef]

http://dx.doi.org/10.1017/S0003356100025320
http://www.ncbi.nlm.nih.gov/pubmed/11856812?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15153073?dopt=Abstract
http://dx.doi.org/10.1111/j.1439-0442.2004.00605.x
http://www.ncbi.nlm.nih.gov/pubmed/8156941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11953652?dopt=Abstract
http://dx.doi.org/10.1097/00075197-200205000-00006
http://www.ncbi.nlm.nih.gov/pubmed/15175509?dopt=Abstract
http://dx.doi.org/10.1530/rep.1.00080
http://www.ncbi.nlm.nih.gov/pubmed/15573950?dopt=Abstract
http://dx.doi.org/10.1136/vr.155.19.583
http://www.ncbi.nlm.nih.gov/pubmed/12703625?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(03)73671-6
http://www.ncbi.nlm.nih.gov/pubmed/9638788?dopt=Abstract
http://dx.doi.org/10.1051/rnd:19980201
http://www.ncbi.nlm.nih.gov/pubmed/2283405?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(90)78960-6
http://www.ncbi.nlm.nih.gov/pubmed/1805998?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod45.6.941
http://www.ncbi.nlm.nih.gov/pubmed/8464017?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0970247
http://www.ncbi.nlm.nih.gov/pubmed/10692844?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7926275?dopt=Abstract
http://dx.doi.org/10.1016/0303-7207(94)90099-X
http://www.ncbi.nlm.nih.gov/pubmed/17116363?dopt=Abstract
http://dx.doi.org/10.1016/j.mce.2006.10.011
http://www.ncbi.nlm.nih.gov/pubmed/17507188?dopt=Abstract
http://dx.doi.org/10.1016/j.anireprosci.2007.04.005
http://www.ncbi.nlm.nih.gov/pubmed/2250243?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0900439
http://www.ncbi.nlm.nih.gov/pubmed/1663878?dopt=Abstract
http://dx.doi.org/10.1016/0303-7207(91)90125-C
http://www.ncbi.nlm.nih.gov/pubmed/11369588?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod64.6.1624
http://www.ncbi.nlm.nih.gov/pubmed/12142240?dopt=Abstract
http://dx.doi.org/10.1016/S0739-7240(02)00159-5
http://www.ncbi.nlm.nih.gov/pubmed/14635951?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15289052?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15289052?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2003.12.017
http://dx.doi.org/10.1016/j.livsci.2011.05.007
http://www.ncbi.nlm.nih.gov/pubmed/17043386?dopt=Abstract
http://dx.doi.org/10.1262/jrd.18105
http://www.ncbi.nlm.nih.gov/pubmed/11600272?dopt=Abstract
http://dx.doi.org/10.1016/S0378-4320(01)00137-3
http://www.ncbi.nlm.nih.gov/pubmed/17297091?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(07)71603-X
http://www.ncbi.nlm.nih.gov/pubmed/18262261?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/16840609?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(06)72566-8
http://www.ncbi.nlm.nih.gov/pubmed/6891390?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(82)82469-7
http://www.ncbi.nlm.nih.gov/pubmed/8046080?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(94)77079-X
http://www.ncbi.nlm.nih.gov/pubmed/7076944?dopt=Abstract
http://dx.doi.org/10.1017/S0022029900022111
http://www.ncbi.nlm.nih.gov/pubmed/6538098?dopt=Abstract
http://dx.doi.org/10.1016/0304-4165(84)90119-3
http://www.ncbi.nlm.nih.gov/pubmed/4122802?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3361492?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0820575
http://www.ncbi.nlm.nih.gov/pubmed/18359584?dopt=Abstract
http://dx.doi.org/10.1016/j.anireprosci.2008.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20002607?dopt=Abstract
http://dx.doi.org/10.1111/j.1439-0531.2009.01558.x
http://www.ncbi.nlm.nih.gov/pubmed/21196044?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2010.11.010

