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Abstract – This review addresses the suggestion that the decline in dairy reproductive performance,
as increasingly observed these days, may be due to a hampered process of metabolic adaptation in
early lactating cows. In our opinion, adaptation to the negative energy balance is a gradual process.
Because almost all cows do adapt in the long run, it is not possible to classify animals as adapted or
non-adapted. The use of risk factors is more appropriate in this case and is discussed in this review.
Among them are the body condition score and its derivatives, feed intake, the calculated negative
energy balance, and metabolic parameters like the plasma concentration of insulin or the
triacylglycerol content in the liver. Moreover, factors that play a role in the link between declined
reproductive performance and the metabolic situation of the cow during the early lactating period
are discussed. Among these are insulin, insulin-like growth factors, leptin, neuropeptide Y, nonesterified fatty acids, thyroïd hormones, urea, and ammonia.
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1. INTRODUCTION
In the dairy industry, fertility is crucial
for the genetic improvement in a herd and
the replacement of (un-) voluntarily culled
cows. Therefore, both farmers and
researchers have paid much attention to
decreased fertility in dairy cows [17, 77,
97]. Impaired fertility has a multifactorial
background. Factors that are related with
impaired fertility are for example the
imperfection of management leading to a
diminished estrus detection [27, 67, 72,
103] further hampered by an inadequate
cow identification system and record
keeping [11], the diminished amount of
time spent per animal due to intensification
[76], the use of semen from sub-fertile
bulls [74], the insemination of cows too
early after parturition leading to fewer
cycles preceding the first insemination of
the cow [22], the absence of an estrus
enhancing
sexually
active
group
(SAG) [2], the age composition of the
herd [51], the health of the cow in general
[5, 6, 56], and the housing conditions of the
cows [11, 30].
Another factor, not necessarily completely separated from the afore mentioned
factors, is the presence of comprehensive
metabolic changes around parturition and
in early lactation. These metabolic
changes, evoked by the difference between
energy uptake and energy requirements,
frequently referred to as negative energy
balance (NEB), call for a considerable
adaptive physiological capacity of the
cow. Both the metabolic changes and the
NEB as such may have repercussions on
subsequent fertility.
Some epidemiological studies have
been published about this subject. In one of
these studies an association between the
extent of the calculated NEB and the time
between parturition and first ovulation was
found [15]. In other studies, the amounts of
triacylglycerol in the liver were associated
with the time to first heat and the time to
conception [55, 58, 77, 80] and larger

losses in body condition score (BCS) in the
first month post partum was associated
with decreased likelihood for conception
[27]. No clear evidence exists for the suggestion that the higher milk production as
such has an important effect on conception
[34, 38]. Furthermore, suggestions are
made that lowered LH pulse frequency in
cows facing a large difference between
energy uptake and energy requirements,
could be responsible for a delay in the
onset of ovarian activity and that nonesterified fatty acids may have detrimental
effects on, among others, ovarian
function [20, 48, 85].
This review addresses the NEB and the
processes of physiological adaptation to
the NEB. Also, possible causal relationships between these processes and fertility
will be discussed, followed by options for
further research in this field.

2. NEGATIVE ENERGY BALANCE
AND ADAPTATION: DEFINITION,
QUANTIFICATION AND RISK
FACTORS
During early lactation, the energy
requirements for milk production and
maintenance of a dairy cow exceed the
available energy from feed intake. The net
shortage in energy resulting from the
imbalance between energy input and
energy output is called NEB. NEB is usually quantified by calculations, using general assumptions on energy requirements
for maintenance, given a certain body
weight [8, 16, 20], and a milk production
with a certain composition. Examples of
such systems are the NRC system in the
US, the VEM system in the Netherlands,
and the UFL system in France [98, 101].
However, the underlying assumptions in
these systems that are used in the calculation of the NEB, are based on feeding trials. As a result, they will reflect the situation of the average cow under the given
circumstances of those trials, which
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was also the objective of such systems.
Individual animals are as a rule different
from these average cows. These assumptions will therefore not apply to the individual cow, resulting in a more or less
incorrect quantification of the actual NEB
of these individual animals. Thus, misclassification of animals about the duration and
the size of their calculated NEB can be
anticipated when such systems are used.
Indeed, it has been reported that the systems are sensitive for differences in feed
composition and that the accuracy is different for individual cows [14, 96].
Apart from calculating the NEB, it can
also be described by a range of metabolic
changes arising from NEB.
Cases of cows with severe NEB leading
to the fatty liver syndrome illustrate which
parameters may change and to what extent
this may occur. Such fatty liver cases are
consequently characterized by low glucose
and insulin, and elevated beta-hydroxybutyric acid (BHBA) and non esterified fatty
acid (NEFA) concentrations in early lactation [3, 95]. Similar observations were
done in a study observing cows during
NEB [20]. Because the amount of stored
body fat and the mobilization of fat is
reflected in blood leptin concentrations,
changes with regard to the concentration of
this hormone in early lactation can be
anticipated too [9, 33]. Other hormones
that tend to decrease during feed restriction
and NEB are thyroid hormones [65] and
insulin-like growth factors (IGF) [63].
These changes reflect the adaptational system of the cow which is activated in order
to meet the demands for the increasing
milk production and maintenance.
Given the complexity of this adaptational system and the number of metabolites involved, it seems impossible to judge
whether this metabolic adaptation is, at a
certain point in time, successful or not.
Adaptation is a gradual process which is
different between animals. It is obvious
that the majority of cows will in the long
run reach the adapted stage, and a rigid
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final classification of cows in adapted and
non adapted at a certain point in time is
therefore meaningless. Providing risk factors that can inform about the degree of
adaptation contributes to a solution for this
problem. Such risk factors may refer to the
biochemical, endocrinological, subclinical
and clinical characteristics of the cow.
Moreover, these factors can be measured at
the time of interest, but also during several
days or weeks before this time point. So
far, no single specific risk factor is known
that informs adequately about the degree of
adaptation and due to the multifactorial
aspect of adaptation, it is unlikely that such
a risk factor will be found. Based on literature, it may be expected that a well chosen
combination of these factors will enable us
to quantify the extent to which a certain
cow is challenged to adapt. Because a more
extensive challenge requires a more comprehensive adaptation, these factors indicate the risk of being non adapted at a certain time post partum.
An important and frequently used risk
factor that challenges the metabolic adaptation of the cow, is the calculated NEB
(cNEB). The moment that the energy balance has reached the calculated most negative value, commonly referred to as the
nadir of cNEB, occurs on average between
2.5 and 12 days post partum (pp). The
equilibrium between energy from feed
intake and energy requirements is mostly
attained at approximately 72 days pp [20,
23]. Longer lasting or deeper cNEB, makes
non adaptation more likely. Thus, risk factors for the degree of the cNEB are consequently also risk factors for non adaptation. Among these are feed intake and milk
production.
The level of the cNEB depends to a
larger extent on the increase in feed intake
than on the increase in milk production
[102, 106]. Butler and Smith showed no
strong relationship between cNEB and
milk production [17]. These results show
that variation in cNEB between cows is a
result of differences in feeding management rather than differences in milk
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production. Higher producing cows are
more at risk for a deeper NEB, but differences in NEB are for a larger part
explained by feeding management [8, 16,
50, 102]. Concluding, milk production and
feed intake are both risk factors for non
adaptation, but the latter is more important.
Other risk factors for non adaptation are
obtained using body condition scores
(BCS) [32]. For example, cows that have a
higher BCS during the dry period tend to
have a slower increase in dry matter intake
during the first weeks post partum, after
the drop in feed intake just prior to parturition [40]. They also reach their maximum
dry matter intake, that usually occurs
between 12 to 16 weeks post partum [23],
later in lactation [40]. Also, a less pronounced depression of feed intake around
parturition has been related to restricted
feeding in the dry period and lower BCS of
dry cows [39, 59]. This means that high
BCS during the dry period, results on average in a more severe and probably also
longer lasting cNEB in these cows and
should therefore regarded as risk factor for
non adaptation. Monitoring BCS can also
be used to calculate BCS loss during lactation [32, 42]. A characteristic of this easy
applicable method is that the outcome of
this method may differ between observers.
Moreover, Heuer et al. showed that the
sensitivity of this method is low: standardized body condition scoring could only
detect about 25% of cows in calculated
severe cNEB [49]. The origin of this low
sensitivity may be that subtle changes in
BCS can not be detected. However, BCS
loss always represents the situation of the
individual cow, which is in contrast to the
calculated cNEB that reflects the situation
of the average cow under the same circumstances. Differences between the cNEB of
the average cow and the actual or real
NEB of a specific cow, may arise from differences in energy utilization. This is
possible, because energy efficiency and
consequently available energy depends on
the feed intake of the animal, but also on
the excretion level in faeces and urine and

the adaptation of both the ruminal
flora [45] and the ruminal papillae [26].
Indeed, evaluations of feed systems like
the dutch VEM system are on average
good, but large standard deviations do
occur [14, 96]. Concluding, it is likely that
BCS as well as rumen adaptation are risk
factors for non adaptation. The observation
that BCS truly detects only a small proportion of cows in a large cNEB, can be
explained by differences in feed utilization
as well as by a lack of sensitivity of measuring BCS.
Veerkamp et al. [99] stated that there are
probably differences between cows in how
they partition or reallocate their energy
among various destinations. They came to
their conclusion after assessing that differences in energy efficiencies for separate
functions, like lactation, maintenance, or
fertility, had not been found, but differences in gross energy efficiency (the energy
in produced milk divided by the total
energy uptake) were frequently reported
[99]. An explanation for this, is that there
are (genetic) differences between cows in
the partitioning of energy among body
functions. This so-called reallocation process, which has been suggested for other
species as well [36, 57], implies that there
is variation in the energy partitioning
among cows [100]. Following this hypothesis, it is possible that cows with the same
milk production and the same amount of
available energy may face a different level
of actual negative energy balance, because
they use less energy for processes like
maintenance, fertility, or immunity.
Whether this re-allocation process is not
only genetical but also plays a role in the
adaptation around parturition and early lactation, is unclear. Nevertheless, it should be
regarded as risk factor for non adaptation.
Typical changes in some well known
metabolic parameters are also used as risk
factors for non adaptation. Among these
are changes in the concentration of
non-esterified fatty acids (NEFA) in blood
[18] and the hepatic triacylglycerol

Metabolism and reproduction

(TAG) concentration obtained by liver
biopsy [55]. Such techniques are very
objective and can detect more subtle and
actual differences between cows. In resemblance with BCS loss, changes in these two
metabolic parameters do also reflect the
actual NEB instead of the cNEB, and the
adaptation of the individual cow to this
actual NEB. Furthermore, they provide
information about the balance between the
intensity of fat mobilisation and the fat utilization in among others liver metabolism.
A persistent high serum NEFA concentration indicates for example that the metabolism of NEFA, notably present in the liver,
is not able to keep up with the mobilization
of body fat. Also, it results in increased
hepatic uptake of NEFA’s and consequently in an increased hepatic TAG production. The relation between the plasma
NEFA concentration and the amount of
TAG accumulated in the liver is different
between cows [29, 54]. When this TAG
production exceeds the capacity of the
liver to excrete TAG in very low density
lipoproteins (VLDL), TAG is accumulated
in the liver. In fact, a high liver TAG content in the liver indicates a pathobiochemical course of the hepatic NEFA metabolism. TAG accumulation in the liver is an
anabolic process that conflicts from a
physiological point of view with the catabolic state of the cow [48]. The process
comprising of lipolysis, transport of NEFA
to the liver, synthesizing of TAG, and
accumulating this TAG in the liver costs
energy. Furthermore, serious TAG accumulation in the liver decreases a number of
crucial liver functions [78, 79, 90, 91, 105].
Accumulation of TAG in the liver and persistent high NEFA concentrations indicate
therefore a poor adaptation to the large
energy demands in early lactation. Persistent low blood glucose and insulin concentrations may indicate the same. Thus, a
range of metabolic parameters are risk factors of non adaptation.
Summarizing, physiological adaptation
to the shortage of energy in early lactation
is a complicated process, that proceeds
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differently between animals. It comprises
an integrated adjustment of the cow with
regard to, among others, gluconeogenesis,
glycogenolysis, protein metabolism, lipolysis, ketogenesis, but also with regard to
the ruminal flora and the ruminal papillae.
Adaptation is present as soon as essential
functions, among which are immunology,
maintenance and reproduction, are hampered. Completely adapted cows have used
their pathophysiological mechanisms to
such an extent that no negative consequences are present (Fig. 1). Therefore,
cows can not unambiguously be classified
as adapted or non adapted because the
majority of the cows will probably adapt in
the long run. Concerning the actual adaptational status, several risk factors are however suited to indicate to which extent a
certain cow is challenged to adapt and
therefore more at risk for being or becoming non adapted in early lactation. The
most important ones are feed intake, calculated NEB, BCS derived parameters, and
metabolic parameters like liver TAG content, concentrations of blood NEFA, and
blood insulin.

3. POSSIBLE CAUSAL
RELATIONSHIPS BETWEEN NEB
AND FERTILITY
What are the possible mechanisms
behind the relation between metabolic
(non-) adaptation and reproductive performance? Much research is being done in
order to investigate the relation between
NEB and fertility. We focussed on two
major groups:
1. The delayed start of post partum cyclicity.
2. The effect on oocyte quality or corpus
luteum quality.
3.1. A delayed start of cyclicity
Ovulation and cyclicity are required for
successful insemination. Because insemination is for economic reasons desired at
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Gradual loss of body
functions, complete recovery
often possible without
clinical disease

adaptation

adapted

More severe loss of body
functions, high risk of
clinical disease

non-adapted
clinical disease
death
Figure 1. Schematic representation of adaptation.

approximately 2–3 months post partum,
cows should ovulate in that period [25].
This is usually reached by the majority of
the cows [68]. Moreover, presence of ovarian activity during a certain period before
actual insemination is also important,
because conception ratio in lactating cows
increases when the period of ovarian activity preceding insemination is longer and
thus the number of preceding ovulatory
cycles is larger [17, 93]. Research is therefore focussed on the question whether nonadaptation resulting from NEB, delays the
start of ovarian activity. There are indications from in vivo studies that a lowered
energy uptake in early lactation and metabolic parameters that reflect a bad metabolic status of a cow are related with a
prolonged interval to first ovulation
[16, 35, 68].
3.1.1. Regulation of gonadotrophins
Gonadotrophins play a pivotal role in
the reproductive endocrine axis. The establishment of LH pulsatility is responsible
for the initiation of cyclicity in, for example, pubertal heifers [82]. The inhibition of
LH pulsatility before puberty, and consequently the inhibition of ovarian cyclicity,

is in these animals probably due to a negative feedback by estradiol secreted by the
ovary. Among the factors that are associated with onset of puberty, attainment of a
critical level of body fat is important [82].
This strongly suggests that there are links
between the reproductive endocrine system and metabolic status of the animal,
which could also apply to non-adaptive
cows in early lactation. In particular, LH
and not FSH seems to be the limiting factor
for resumption of ovarian activity post partum [60, 88].
For example, cows with artificially low
glucose concentrations, showed less high
amplitude LH pulses although the LH
pulse frequency and the sensitivity to
GnRH remained the same [81]. It is suggested that inadequate glucose supply in
ewes may fail the hypothalamic control of
pituitary gonadotrophin secretion, but
increased glucose supplementation does
not guarantee the opposite effect [28].
Similar results were found in beef cattle
[88]. Apparently, as long as blood glucose
concentrations are within the normal
range, LH pulsatility can be maintained.
The hypothalamo-pituitary ovarian axis
can be affected by many neuroendocrine
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factors. Endogenous opioid peptides,
related to stress situations, have for example an effect on LH pulsatility in cows and
may therefore also be responsible for a certain delay in the onset of ovarian activity
post partum [1]. Apart from these effects,
we focus on the linkage between the metabolic status and the hypothalamo-pituitary
ovarian axis.
Studies in mice revealed a possible candidate for the linking factor between reproduction and the metabolic state of an animal, by the discovery of leptin in ob/ob
mice in 1995. In mice, higher basal leptin
concentrations reflect higher body fat
reserves. Also in cows, changes in energy
balance are reflected in fluctuations around
their basal leptin concentrations, leading to
higher concentrations in case of positive
energy balance [9]. Both insulin and glucocorticoids stimulate the leptin concentration in blood and lower the release of neuropeptide Y (NPY) [53]. NPY is known as
a potent stimulator of feed intake, but NPY
may also be the connection between leptin
and the GnRH producing neurons. In addition, the connection between leptin and
GnRH may also be fulfilled by pro-opiomelanocortin (POMC) and also direct
actions of leptin on GnRH containing neurons have been suggested to explain the
effect of leptin on GnRH [21].
Although there is evidence for effects of
leptin on rodent reproduction, in vivo studies proving that leptin or NPY plays a role
in the regulation of bovine fertility in early
lactation are rare. An in vivo study in cows
showed that injection of NPY into the third
cerebroventricle of ovariectomized cows,
caused a decrease in amplitude of tonic LH
secretion [94]. Another study of the same
group revealed that NPY affected LH pulsatility in a dose-dependent manner,
accompanied by changes in the concentration of GnRH in cerebrospinal fluid
(CSF) [41].
In sheep, intracerebroventricular leptin
injection in ovariectomized ewes did not
result in altered LH pulsatility, while
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lowered feed intake, lowered NPY
concentrations in CSF and higher plasma
NEFA concentrations were present. The
authors suggest that as long as glucose and
insulin concentrations are maintained,
meaning that adaptation is fairly successful, leptin does not have a direct effect on
the neuroendocrine system [47]. A similar
explanation may be given for the observation that altered LH pulsatility in rats with
different energy balance was not reflected
in different leptin concentrations [13]. The
above mentioned reports suggest that there
is a relative small modulating effect of leptin and NPY on LH pulsatility, which is
probably only detectable when comprehensive aberrations from metabolic homeostasis due to negative energy balance do
occur. Again, the degree of adaptation,
represented by serum glucose and insulin
concentrations, seems to be important.
Although LH pulsatility itself is probably not the only factor that determines the
onset of ovarian activity in post partum
cows, in vivo studies in early lactating
dairy cows indeed show an increase in LH
pulsatility as energy balance post partum is
changing towards positive values [20].
3.1.2. A role for insulin and IGF-I
on ovarian function
Given the information that the hypothalamo-pituitary axis is functioning at a certain day post partum, there are other prerequisites necessary for a successful
ovulation. Among these is insulin, of
which the stimulatory effect on progesterone production has been demonstrated in
vitro on granulosa cells from pigs and
cows [70]. Another factor seems to be
IGF-I, which stimulates follicular growth
and has also a clear link with the metabolic
status of the cow. Therefore, the effects of
insulin and IGF-I are discussed below.
Cows that experience a severe NEB
post partum and acquire TAG accumulation in the liver were reported to have
lower insulin concentrations [95].
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Other studies reported that IGF-I
concentrations in blood of cows in cNEB
due to either fasting or lactating were
lower compared to animals in a less negative cNEB [63, 104] and that cows selected
for high milk production, thereby more at
risk of non adaptation, have lower insulin
concentrations during peak and mid lactation [10]. Although there are also less
promising studies, IGF-I seems one of the
reasonable candidates for possible fertility
disturbance due to non adaptation.
Before discussing the effects of IGF-I, it
should be noted that there is a link between
the leptin/NPY system and IGF-I. In fact,
growth hormone (GH) stimulates in cows
the systemic production, and not the ovarian production, of IGF-I. GH concentration
itself is, to some extent, positively affected
by elevated NPY concentrations [62].
Indeed, a study in cows showed that injection of NPY in the third cerebroventricle
tended to increase pituitary secretion of
GH [94]. Concluding, negative energy balance could lead by elevated NPY to elevated GH and IGF-I production, but adaptation to NEB may also result in lowered
insulin and consequently lowered GH and
IGF-I production. In addition, the stimulating effect of elevated GH concentrations
on IGF-I concentrations is probably diminished or vanished during fasting or NEB,
which results in a lowered IGF-I production [64].
Much research has been performed concerning the effect of insulin and IGF-I on
ovarian cells in vitro. In vitro studies on the
effect on bovine cells, reported that IGF-I
and insulin stimulate proliferation, progesterone production and oestradiol production of granulosa cells, and androgen production in theca cells [87]. It is therefore
not surprising that insulin and IGF-I receptors are present on various types of ovarian
cells, although there are differences in the
number of receptors with regard to the
stage of the ovarian cycle and the size of
the follicle and differences with regard to
the observed species [87]. How insulin

exactly affects the steroid production is
still not completely elucidated, and there
might be differences among species with
regard to the mechanism [69]. Another
important effect of IGF-I (and IGF-II)
observed in vitro, is the synergistic action
of IGF-I (and IGF-II) with both LH and
FSH [62], which is similar to the effect of
insulin on the sensitivity of the pituitary to
GnRH and the strengthening effect of
gonadotrophins on steroid production in
humans [69].
The effect of IGF-I in vivo in both follicular fluid and blood is moderated by
binding proteins (IGFBP) [62, 87]. The
resulting effect of a certain IGF-I concentration together with a certain concentration and composition of IGFBPs is however not known [62]. It is also unclear,
whether a high systemic IGF-I concentration always favors reproduction, because
studies in mice revealed that instead of systemically produced IGF-I, locally produced IGF-I may be more important for the
stimulation of the ovary [62]. This may be
important, because the size of the follicle is
important for the extent to which follicular
IGF-I reflects the systemic concentration
of IGF-I [31].
In vivo studies in cows about the effect
of higher systemic insulin and IGF-I concentrations on different aspects of fertility
are not equivocal. For example, some
researchers found an association between
plasma insulin concentrations in early lactation and ovulation of the dominant follicle of the first follicular wave [7], whereas
a relationship between the plasma insulin
concentration and the time to the first ovulation post partum has been confirmed as
well refuted [20, 44]. Perhaps, this indicates that the process of final follicular
maturation is more IGF-I and insulin
dependent than the initiation of follicular
growth. This suggestion would be in
accordance with Armstrong et al. [4], who
suggests that there is an important, gonadotrophin independent, stimulating effect
of insulin and/or IGF-I on follicular
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growth. This would also argue that insulin
and/or IGF-I is more important for stimulation of the growing follicle, rather than
for initialization of the process of follicular
growth.
Concluding, it is clear that there is still
discussion about the effect of IGF-I in
combination with a certain level of binding
proteins, which makes interpretation of
obtained data very difficult. In vivo studies
suggest that insulin and a combination of
IGF-I and its binding proteins is probably
most important for enhancing follicular
growth and, as a result, oocyte quality.
3.1.3. A role for thyroid hormones
Thyroid hormones tended to decrease
during feed restriction [65]. From recent epidemiological studies, thyroid hormones are
suggested to play a role in the onset of ovarian activity. For example, concentrations of
T3 and T4 were lower in animals without
ovarian activity [92]. Moreover, concentrations of T3 below 1.4 nM were associated
with lower concentrations of estradiol and
diminished estrus expression [92].
In vitro studies evaluating the effect of
thyroid hormones on bovine thecal and
granulosa cells, revealed that both T3 and
T4 may have direct stimulatory effects on
ovarian function. The major effects were
however observed in the presence of insulin or FSH and there were only minor
effects on aromatase activity [86]. Apparently, thyroid hormones are part of the
complex hormonal mechanism that regulates steroidogenesis in the ovary.
3.2. Effects on quality of the oocyte
and the corpus luteum
A totally different approach to the
observation that non-adaptation diminishes fertility in dairy cows is by observing
the quality of the oocytes at the time of
insemination. In this approach, the presence of a sufficient number of ovarian
cycles is taken for granted, but the quality
of the oocytes during a certain stage of
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lactation is discussed. A hypothetical
model that applies to this approach, has
been provided by Britt [12]. The underlying assumption of this model is, that the
time an antral follicle needs to reach its
preovulatory size requires approximately
80 days. Others estimated this time span at
about two oestrus cycles, while the time for
a follicle to grow from its primordial to
ovulatory state was calculated at
180 days [19].
3.2.1. A role for IGF-I
In addition to the previous section about
IGF-I, the IGF-I and its binding proteins
may be important for the quality of the
oocyte. The indications from the section
above are sustained by observations that
deviant follicular development (qualification based on concentration of steroids in
follicular fluid) coincide with increased
presence of low molecular weight IGFBPs,
that are known inhibitors of IGF-I [61]. In
these experiments, measurements of IGF
were done using a RIA described by Nap
et al. and IGFBP’s were measured using
the slightly modified Western blot analyses described by Hossenlopp et al. [52, 66].
3.2.2. A role for urea and ammonia
During adaptation, early lactating dairy
cows primarily mobilize body fat. Nevertheless, a limited amount of body proteins
will be mobilized as well and can result in
elevated plasma urea concentrations. Cows
with ruminal flora not adapted to lactational rations may also face higher plasma
urea concentrations due to a mismatch
between energy and protein at the level of
the rumen. In addition, accumulation of triacylglycerides in the liver of cows as
occurs during early lactation may result in
higher ammonia concentrations, because
ureagenesis is inhibited [105]. As a result,
especially during early lactation, elevated
urea or ammonia concentrations may
occur.
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Detrimental effects of both urea and
ammonia may occur at different stages of
oocyte development, including at the level
of the oocyte during the (pre)antral stage of
the follicle, but also during fertilization,
cleavage, and blastocyst formation.
With regard to ammonia, Sinclair et al.
suggested that exposure of oocytes in
antral follicles to high levels of ammonia,
hampers cleavage and blastocyst formation [83]. Not the actual ammonia concentration during fertilization, cleavage or
blastocyst formation was the explanatory
variable, but a carry-over effect of the
ammonia concentration during the follicular phase was related with the observation.
These suggestions are supported by results
of Hammon et al. [46].
Focussing on the effect of urea on this
process, epidemiological studies showed
that milk urea concentrations have limited
utility for predicting effects on reproductive performance [43]. More detailed studies found conflicting results with regard to
the effects of urea on the fertilization
ratio [24, 37]. In contrast, the effects of
urea on developmental characteristics of
the fertilized oocyte, measured as declined
cleavage ratios and lowered blastocyst formation, are similar for different studies
[24, 37].
Concluding, effects of urea on fertility
are most likely exerted during cleavage
and blastocyst formation of the fertilized
embryo, whereas effects of ammonia are
probably exerted before ovulation.
Whether these effects are due to alterations
in uterine environment with regard to pH
and ion concentrations, as is suggested by
Butler et al. [15], or have another mechanism, is not known. When accepting that
urea or ammonia can hamper oocytes during the follicular phase, the question arises
whether this is also present during earlier
stages of follicular development. This
would imply that the effect of high plasma
urea concentrations do have a time delayed
impact on fertility, thereby directly
addressing the hypothesis of Britt [12].

3.2.3. A role for non-esterified fatty acids
Elevated NEFA concentrations are an
important characteristic of the non-adaptive cow.
It has been suggested that NEFA have a
negative impact on fertility [20, 45]. There
are indications that NEFA in vitro have an
effect on fertility by depressing progesterone production and granulosa cell proliferation (unpublished observations). To
which degree plasma NEFA concentrations are reflected in follicular fluid, is not
known. Also, the uptake of NEFA by the
ovary during dioestrus is doubtful [71].
In vivo, increased NEFA concentrations
are correlated with lowered progesterone
concentrations and a decrease in CL
weight [104]. Other studies also found
lower CL weights in animals during NEB,
but did not find lowered plasma progesterone concentrations [75]. If these effects of
NEFA on progesterone are present, they
may lead to lower pregnancy ratios [89].
There was no effect of NEFA detectable on
the conception ratio after first service in
high genetic merit cows and on the interval
from parturition to first ovulation [73, 84].
Concluding, there is scarce evidence
from in vivo studies that NEFA have detrimental effects on fertility. There are also
flaws in the theoretical explanation of this
observation.

4. OPTIONS FOR FUTURE
RESEARCH
There is consistent information about a
decrease in fertility, measured as prolonged calving intervals or decreased pregnancy ratios. Among others, metabolic
changes in early lactation that are consequences of the difference between energy
uptake and energy requirements do most
likely exert effects on reproduction. There
are many suggestions and indications that
these changes are related to a postponement of first ovulation and to a diminished
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quality of oocytes that ovulate during a
certain period in early lactation. Because a
combination of many hormones and metabolic processes are involved in both adaptation and fertility, it is difficult to assess
which factors in the adaptational process
have a pivotal effect on a certain important
aspect of fertility. In other words, even if
epidemiological evidence is strong, it is
difficult to unravel the pathways that connect fertility problems with adaptation.
Possible solutions in order to re-establish
fertility especially urge for information
about such pathways. Therefore all studies
on the relation between fertility and adaptation should be executed with this objective in mind.
An inventory of possible mechanisms,
followed by a step by step univariate evaluation of the different factors involved, is
required. Although much research in this
respect had been conducted, many questions remain to be answered. For example,
the effect of NEFA on proliferation and
differentiation of luteinizing granulosa
cells, as well as its effect on the oocyte during maturation or on embryo development
is largely unknown. Also, it needs to be
clarified whether NEFA concentrations in
the follicular fluid do reflect the actual
NEFA concentration in plasma. Promising
results require a final evaluation using a
multilevel approach in which the importance of each of the univariate factors is
weighted within cows.
Characterisation of a cow with respect
to the adaptational stage or the extent to
which adaptation was successful, is also
difficult, resulting in different approaches
by different researchers. Likely, also a
multilevel approach is needed at this point.
This means that risk factors for adaptation
should be used at several stages in lactation, as is discussed in the second paragraph of the paper, instead of classifying
animals as either being in negative energy
balance or being adapted or not. The
importance of, for example, reallocation of
energy among different body functions
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during early lactation is one of the underlying univariate questions.
Despite the many unanswered questions, much progress has been made during
the last years. The persistent interest in and
demands for information about the relation
between metabolic adaptation and reproductive performance from both farmers
and veterinarians, stresses the importance
of the subject and encourages this research.
It will hopefully result in quantification of
this relation and provide directions to overcome the decrease in reproductive performance.
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