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ABSTRACT: Globally, high producing, young dairy cows often have health and fertility problems such as ovar-
ian, uterine and placental dysfunction, mastitis and impaired wound healing. These health issues can result in a 
shortened average lifespan of fewer than three lactations. We hypothesise that many of these health issues may 
be an effect of altered angiogenesis. Hence, the aim of this pilot study was to investigate the status of vascularisa-
tion in the corpus luteum of a high milk-producing cattle breed (Holstein Friesian) compared with that of low 
milk producing beef cattle (Limousin) and of dual purpose cattle (Fleckvieh, Rotbunt). The corpus luteum was 
chosen because as a transient endocrine gland it is one of the few tissues with physiological angiogenesis in the 
adult. Blood vessels were labelled in paraffin sections of corpora lutea with the lectin Bandeiraea simplicifolia 
agglutinin I and the following angiogenesis parameters were analysed morphometrically using image analysis: 
(a) number of blood capillaries per mm2, (b) intercapillary distance, (c) percentage area occupied by blood vessels 
and (d) area of blood vessel lumina (μm2). This analysis revealed that the extent of corpus luteal vascularisation 
is greater in high milk-producing cattle than in beef and dual purpose cattle as shown by a significantly higher 
number of blood capillaries per mm², significantly shorter intercapillary distances and a higher percentage of the 
corpus luteum area covered by blood vessels (non-significant). Only the average value of the luminal area of the 
luteal blood capillaries in the high milk-producing cattle is smaller than that measured in the low producing cattle.
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In recent years, there has been a significant in-
crease in milk production in all milk-producing 
countries worldwide due to the increased milk yields 
of high producing dairy cows (HPC), particularly 
of the dominant milk-producing breed Holstein 
Friesian (Boichard and Brochard 2012). Concurrent 
with this there has been a high frequency of complex 
health issues occurring in young Holstein Friesian 
cows. This is a major problem especially when one 
considers that the average lifespan of HPC is fewer 
than three lactations (Martens 2015).

HPC often suffer from health and fertility prob-
lems at a younger age than other cattle breeds, in 
which these typically occur at a later stage of life 
(Freyer et al. 2008; Sorensen et al. 2008). These 

observations might be due to feeding, management 
or individual differences. However, there appears to 
be a genetic relationship between the occurrence 
of specific diseases and high milk yields in Holstein 
Friesian cows (Pritchard et al. 2013).

The most significant health issues of HPC are 
clinical mastitis, cystic ovaries, and lameness 
(Koeck et al. 2014). Additional health issues include 
uterine and placental dysfunction, hepatopathy 
and impaired wound healing (Barbaro et al. 2016; 
Bernadotte et al. 2016). These diseases as well as 
impaired wound healing, frequently result in the 
premature loss of these animals from the dairy in-
dustry. This in turn has animal welfare implications 
because animals suffering from the early onset of 
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disease often have to be culled from the herd at a 
young age. Overall there is a major economic down-
side associated with the treatment of diseases and 
the replacement of cows. Consequently, research 
aimed at solving the health problems in these HPC 
herds is of great medical and economic importance 
(Egger-Danner et al. 2015).

Disruptions to the normal dynamics of vascular 
repair such as inadequate proliferation, reparation 
and regeneration of blood capillaries may underlie 
some of the health problems of HPC. Apart from 
exceptions such as hair follicle growth, physiologi-
cal blood vessel development in adult animals can 
be found only in females, e.g., in the uterus and 
ovaries as part of their reproductive cycle, particu-
larly during the development of the corpus luteum 
and during the development of the mammary gland 
and placenta in pregnant female animals. All other 
forms of neovascularisation in adult animals only 
occur as part of regenerative processes such as 
wound healing or pathological processes like tu-
mour growth (Kaessmeyer and Plendl 2009).

The main mechanisms underlying blood vessel 
development are vasculogenesis and angiogenesis. 
Whereas angiogenesis describes the formation of 
capillaries from pre-existing blood vessels by migra-
tion, proliferation and three-dimensional arrange-
ment of endothelial cells, vasculogenesis denotes the 
de novo formation of blood vessels by differentiation 
of endothelial stem and progenitor cells (Carmeliet 
2005). According to recent findings, vascular stem 
cells are found not only in prenatal animals but also 
in organs of adult animals, especially in the wall of 
blood vessels (Ergun et al. 2011).

Our group has identified adult endothelial stem 
cells in the ovaries and particularly in the corpora 
lutea of dairy cows predominantly situated within 
the tunica media of arterial vessel walls (Schoen 
et al. 2012).

Encouraged by the recent findings of Aragona et al. 
(2016) who reported that there is a close connection 
between the regeneration ability and the capabili-
ties of endothelial progenitor cells, we hypothesise 
that many health issues of high producing Holstein 
Friesian cows are an effect of altered angiogenesis or 
vasculogenesis. Consequently the objective of this 
pilot study was to investigate blood vessel develop-
ment in the corpus luteum of HPC (specifically high 
milk-producing Holstein Friesian dairy cows) and 
to compare this with that of beef and dual purpose 
cattle (non high-producing breeds [NHPC]).

MATERIAL AND METHODS

Corpora lutea from non-pregnant healthy cows 
were collected within 10 min of slaughter from six 
Holstein Friesian dairy cows (HPC) and from five 
NHPC cattle (Limousin (n = 1), Rotbunt (n = 1), and 
Fleckvieh (n = 3)) aged between 27 and 113 months, 
from a local slaughterhouse. One ovary was cut in 
half at the point of the greatest diameter of the corpus 
luteum (Cl). Cl were then dissected from the ovarian 
stroma, cut into 1 cm3 pieces and fixed in 10% neutral 
buffered formalin. The specimens were dehydrated 
using a series of ascending concentrations of ethanol 
solutions and processed for embedding in paraffin 
wax according to standard procedures. To prepare 
corpora lutea for histological staining, 6-μm-thick 
serial transverse sections were cut. These were de-
waxed using xylene, rehydrated through descending 
concentrations of ethanol and stained with haema-
toxylin and eosin, as well as using the Ladewig tech-
nique according to standard procedures (Bock 1989). 
The luteal stage was then confirmed by microscopic 
examination of the H&E-stained sections.

Bandeiraea simplicifolia agglutinin I lectin 
histochemistry. Endothelial cells of capillaries 
were identified using Bandeiraea simplicifolia  
agglutinin I (BSL1) labelling, as described by Plendl 
et al. (1996). The sections were dewaxed using xy-
lene, rehydrated using descending concentrations 
of ethanol and washed in distilled water. To inhibit 
endogenous peroxidase activity, sections were in-
cubated with 3% H2O2 in methanol for 15 min. In 
order to reduce non-specific lectin binding, sec-
tions were incubated in 1% normal bovine serum 
(Sigma-Aldrich, Taufkirchen, Germany) in phos-
phate-buffered saline (PBS, Sigma, Taufkirchen, 
Germany). Incubation with 10 μg/ml biotinylated 
BSL1 (Vector, Burlingame, USA) was subsequently 
carried out overnight in a humidity chamber at 
4 °C, whereupon the sections were incubated with 
StreptABC complex (Dako, Hamburg, Germany) 
and prepared for 45 min according to the manu-
facturer’s instructions. Visualisation of labelling 
was accomplished using diaminobenzidine (DAB)
solution (Dako, Hamburg, Germany) for 45 s. 
DAB solution was prepared by dissolving 10 mg 
DAB (tablet) in 50 ml PBS with 25 μl 30% H2O2. 
The sections were counterstained with Mayer’s 
haematoxylin, then dehydrated through ascend-
ing concentrations of ethanol, cleared in xylene 
and mounted in Canada balsam (Roth, Karlsruhe, 
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Germany). All dilutions and thorough washes be-
tween steps were performed using PBS. All steps 
were performed at room temperature. As a control, 
sections selected at random from the series were 
incubated using BSL1 solution in the presence of 
200mM galactose/200mM N-acetyl-galactosamine 
(Sigma, Taufkirchen, Germany) to detect evidence 
of competitive inhibition.

Morphometric analysis of luteal blood capil-
laries. In each cross-section of the corpus luteum, 
the areas of interest were defined by randomly 
choosing 10 visual fields under 400 × magnification. 
The total area analysed of each corpus luteum was 
185.176 μm2. To determine the density and the area 
of the luteal blood capillaries, the following param-
eters in BSL 1-labelled vasculature were measured 
using the image analysis system LUCIA 4.0 (Nikon, 
Duesseldorf, Germany) linked to a SONY DXC 930 
P camera (Sony, Munchen, Germany): number of 
blood capillaries per mm2, intercapillary distance, 
percentage area occupied by blood vessels, area of 
blood vessel lumina (in μm2).

Statistical analysis. The corpora lutea of HPC 
were compared to the corpora lutea of NHPC cows. 
Statistical analyses were performed using SPSS for 
Windows v. 20 software (SPSS, Chicago, IL). The 
mean values of the collected parameters, irrespective 
of corpus luteum phase, were compared between both 
groups (HPC vs NHPC) using the Mann-Whitney 
U-test. P < 0.05 was considered statistically signifi-
cant. Results were presented as Box-and-whisker 
plots (median, interquartile range, and range).

RESULTS

The labelling of the capillaries of endothelial cells 
was verified using Bandeiraea simplicifolia agglu-
tinin I (Figure 1).

The area of luteal blood capillaries

The area covered by luteal blood capillaries was 
larger in the HPC than in the NHPC (Figure 2). 
The average area of corpora lutea covered by blood 

Figure 3. Average of the luminal area of luteal blood cap-
illaries in the corpus luteum of HPC and NHPC cows

Figure 1. Bandeiraea simpicifolia I lectin-labelling (brown) 
of endothelial cells of capillaries of a mature corpus luteum 
in a Holstein Friesian cow (light microscopy, sections coun-
terstained with Mayer’s haematoxylin, × 400 magnification)

Figure 2. Average area covered by luteal blood capillaries 
as a percentage per cross-section of corpora lutea from 
HPC and NHPC cows
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capillaries was 8.93% in the HPC and 5.85% in the 
NHPC. However, this difference was statistically 
not significant (P = 0.052). The average value of the 
luminal area of the luteal blood capillaries in the 
HPC was smaller than that measured in the NHPC 
(74.71 and 96.25 µm, respectively; Figure 3). This 
difference was not significant (P = 0.329).

Density of the luteal blood capillaries

The number of luteal blood capillaries per mm2 
showed a significant difference between the groups 
(P = 0.017). The HPC animals have an average of 
1305.05 blood capillaries in each mm2 of the cor-
pus luteum, whereas the NHPC animals had about 
half the number of capillaries in each mm2 (630.16; 
Figure 4).

Similarly, the intercapillary distance of the cor-
pora lutea showed a significant difference between 
the groups (P = 0.009). The mean intercapillary 
distance was smaller in the HPC (20.27 µm) than 
in the NHPC (32.55 µm; Figure 5).

Details of the density and the area of the luteal 
blood capillaries are reported in Table 1.

DISCUSSION

The aim of this pilot study was to investigate 
the status of vascularisation in the corpora lutea 
of HPC compared with that of NHPC breeds. Our 
results reveal that there is greater corpus luteal 
vascularisation in HPC than in NHPC as shown 
by a significantly higher number of blood capil-
laries per mm² and significantly shorter intercapil-
lary distances. The overall blood vascular volumes 
within the corpora lutea of HPC, as indicated by a 
higher percentage of the Cl area covered by blood 
vessels, was significantly higher when compared 
to that of the NHPC.

Vascularisation is a general requirement for 
growth; be it physiological as found in the female 
genital tract during the oestrous cycle and in preg-
nancy, pathophysiological such as in wound heal-
ing, or pathological as found in tumours (Carmeliet 
2005). In warm blooded animals any tissue ex-
ceeding a diameter of 1 mm cannot be supplied 
by diffusion alone, but requires a capillary bed of 
its own (Folkman 1990). The Cl, a transient endo-
crine gland, is one of the most highly vascularised 
tissues in the body (Plendl 2000). Vascularisation in 

Table 1. Detailed information of the assessed density and area of the blood capillaries and mean ± SD of the measured 
parameters in the corpora lutea of HPC and LPC cows

Number of animals 6 HPC 5 NHPC
Number of blood capillaries per mm2 1305.05 ± 570.63   630.16 ± 208.50
Intercapillary distance in µm 20.27 ± 3.73 32.55 ± 5.98
Percentage area occupied by blood vessels   8.93 ± 1.78   5.85 ± 1.96
Area of blood vessel lumina μm2   74.70 ± 19.52   96.25 ± 27.57

Figure 5. Average intercapillary distance of the corpora 
lutea from HPC and NHPC cows

Figure 4. Average number of capillaries per mm2 of luteal 
tissue in HPC and NHPC cows
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the corpus luteum begins immediately after ovula-
tion and accompanies and sustains its development. 
Vascular processes in the Cl are strictly controlled and 
blood vessels regress completely within a short period 
of time. Due to the rapid development, remodelling 
and regression of its vascularisation the Cl is an excel-
lent model of blood vessel development in the adult 
animal (Amselgruber et al. 1999; Davis et al. 2003).

The dense vascularisation in the Cl of HPC com-
pared to NHPC may be due to an imbalance be-
tween the regulators of angiogenesis, i.e., between 
pro- and anti-angiogenic factors (Miyamoto et al. 
2010) resulting in either activation of angiogenesis 
and/or vasculogenesis, respectively, or defective 
anti-angiogenesis.

Physiological angiogenesis is regulated by a deli-
cate balance of pro- and anti-angiogenic stimulants 
(Rao et al. 2015). The most important proangiogen-
ic factor is VEGF (Ferrara et al. 2003). Blood vessels 
in the bovine Cl are under the control of VEGF, its 
receptors and its inhibitors, as shown by Hunigen 
et al. (2008) who investigated vascular dynamics 
during the development and regression of the bo-
vine Cl. These authors immunolocalised vascular 
endothelial growth factor A, vascular endothelial 
growth factor receptor 2, and angiopoietin 2 in 
different luteal cell types. Regression of the Cl is 
associated with anti-angiogenesis, i.e. the opposite 
of angiogenesis, orchestrated by the upregulation of 
prostaglandins, transforming growth factor beta 1, 
and additionally by the downregulation of the pro-
angiogenic factors (Maroni and Davis 2011).

Angiogenesis is initiated by tissue demands for 
oxygen and nutrients, resulting in a hypoxia/re-
oxygenation cycle that in turn promotes the for-
mation of reactive oxygen species (ROS) (Kim and 
Byzova 2014). One of the most important functions 
of ROS is the promotion of angiogenesis via the 
VEGF signalling pathway (Kim and Byzova 2014). 
Of necessity, HPC undergo massive metabolic 
adaptations at the onset of lactation, and it has 
been postulated that some of these physiological 
events may negatively impact the health of dairy 
cows (Sordillo et al. 2009; Sharma et al. 2011). 
Evaluation of the metabolic status of HPC showed 
an increased production of reactive oxygen species 
and reduced availability of antioxidant defences, 
resulting in increased oxidative stress (Sharma et 
al. 2011) during pregnancy and lactation.

Apart from angiogenesis, another reason for the 
increased vascularisation of the Cl of HPC could 

be the stimulation of vasculogenesis, i.e., the de-
velopment of blood vessels from vascular stem and 
progenitor cells (Asahara and Kawamoto 2004). 
Our group has identified adult endothelial stem 
cells in the ovaries and particularly in the corpora 
lutea of dairy cows in vitro and in situ. In vitro, 
endothelial cells isolated from the Cl showed in-
tense proliferation, built typical cellular clusters 
reminiscent of de novo vasculogenesis and organ-
ised into capillary-like tubes with an internal lu-
men as seen by electron microscopy (Kaessmeyer 
and Plendl 2009). In in situ specimens of bovine 
ovaries, endothelial stem cells were found to be 
predominantly within the tunica media of arterial 
vessel walls (Schoen et al. 2012). At this point, we 
can only speculate whether increased vascularisa-
tion in HPC is restricted to the Cl or whether it 
affects the vascular system of other organs or even 
the animal as a whole.

In the light of the many health problems of HPC 
the following considerations may be interesting. 
Generally Jersey cattle are long-lived and normally 
produce an average of 13 l of milk a day. This con-
trasts dramatically with the milk yield of today’s 
Friesian breeds that can reach about 33 l of milk a 
day (Dobson et al. 2007), making them comparable 
to high-performance human athletes.

High performance training in athletes has been 
found to induce angiogenesis, because vigorous ex-
ercise causes oxidative stress that in turn results in 
an increase in total VEGF mRNA (Jensen et al. 2004). 
Moreover, many high-performance athletes that are 
subject to intense training regimens are known to 
suffer from premature ageing (Wright 2012) includ-
ing health problems associated with accelerated se-
nescence (Kurz et al. 2004). For example, Rae et al. 
(2010) measured the DNA telomere length of skel-
etal muscle in experienced endurance runners and 
found that there is an inverse relationship between 
exposure to endurance exercise and minimum tel-
omere length, and by implication, the proliferative 
potential of skeletal muscle satellite cells (stem cells). 
They concluded that endurance running influenced 
the proliferative potential of stem cells negatively. 
Recent studies (Alt et al. 2012; Jung and Brack 2014) 
showed that ageing entails an impaired function of 
the somatic stem cells that partly corresponds to an 
exhaustion of stem cells and their resources. This 
affects the stem cell pool of various cell populations, 
such as haemopoietic cells, which are precursors of 
vascular endothelial cells (Alt et al. 2012).
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It is well known that HPC often succumb to poor 
health even relatively early in life. HPC are consider-
ably more prone to disease and their tissue regenera-
tion appears to be low. Their health issues frequently 
manifest as impaired wound healing and infertility, 
the main reasons leading to their premature slaughter 
by the time they are five years old. In contrast, cat-
tle over the course of the nineteenth century and up 
until the mid-1960s had lifespans generally reaching 
the mid-teens to late-teens and even above 20 years 
(Jones and Sadler 2012). Premature senescence after 
a short lifespan characterised by constant, maximum 
performance taking its toll on their bodies seems to be 
the fate of HPC. Metabolic reserves and the regenera-
tive capacity of Holstein Friesian at a young age seem 
to be exhausted, suggesting that their stem cell pool 
is depleted. The precise molecular mechanisms of the 
age-related decline in the function of (endothelial) 
stem and progenitor cells are still unclear and require 
further investigation.

CONCLUSIONS

Higher numbers of blood capillaries per mm² and 
a higher percentage of the corpus luteum area cov-
ered by blood vessels indicate either activated an-
giogenesis or defective anti-angiogenesis, probably 
resulting in the early exhaustion of the regenera-
tive capacity of high milk-producing cattle. Further 
studies are underway to determine whether this is 
a local ovarian or systemic phenomenon.
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