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ABSTRACT

The presence of mammary epithelial cells (MEC) in
the milk of ruminants indicates that some MEC are shed
from the mammary epithelium; however, the mechanisms that regulate the MEC exfoliation process are
not known. Through the release of oxytocin, prolactin,
and cortisol and through oxytocin-induced mechanical
forces on the mammary epithelium, milking could participate in regulating the MEC exfoliation process. The
aims of the present study were to determine the rate of
MEC exfoliation throughout milking and to investigate
its relationship to mammary epithelium integrity and
milking-induced hormone release. Milk samples from 9
Holstein dairy cows producing 40.6 ± 1.36 kg of milk/d
were collected at the beginning (after 1 and 2 min), in
the middle, and at the end of milking. Milk MEC were
purified using an immunomagnetic method. Blood samples were collected before, during, and after milking,
and the oxytocin, prolactin, and cortisol concentrations
in the samples were measured. Tight junction opening
was assessed by plasma lactose concentration and the
Na+:K+ ratio in milk. The somatic cell count in milk
varied during the course of milking; it decreased at the
beginning of milking and then increased, reaching the
highest values at the end of milking. Exfoliated MEC
were present in all milk samples collected. The presence of MEC in the milk sample collected during min
1 of milking, likely corresponding to the cisternal milk
fraction, suggests that MEC were exfoliated between
milkings. The observed increase in the Na+:K+ ratio in
milk and in the plasma concentration of lactose indicated that disruption of mammary epithelium integrity
occurred during milking. The MEC exfoliation rate at
milking was not correlated with the variables describing
milking-induced prolactin release but was negatively
correlated with cortisol release, suggesting that cortisol
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may play a role in limiting exfoliation. In conclusion,
milking induced a disruption of the mammary epithelial
barrier. Mammary epithelial cells may be continuously
exfoliated between milkings or exfoliated during milking as a consequence of the oxytocin-induced mechanical forces and the disruption of mammary epithelium
integrity.
Key words: dairy cow, mammary epithelial cell
exfoliation, milking, tight junction
INTRODUCTION

Milk is synthesized by mammary epithelial cells
(MEC), and milk yield is determined by the metabolic
activity and the number of these cells in the mammary
gland (Capuco et al., 2003; Boutinaud et al., 2004).
The number of MEC in the mammary gland depends
primarily on the balance between cell proliferation and
apoptosis (Capuco et al., 2003). The presence of MEC
in the milk of ruminants (Kitchen, 1981) indicates that
MEC are shed from the mammary epithelium into
milk. It was recently shown that the MEC exfoliation
process participates in the regulation of MEC number
in the udder and thus in milk yield variations (Herve et
al., 2016). The mechanisms that regulate the MEC exfoliation process, however, are currently unknown. The
MEC exfoliation process could be linked to a disruption
of mammary epithelium integrity. Indeed, the MEC exfoliation rate increases concomitantly with an increase
in the mammary epithelial permeability in response to
various physiological, breeding, and environmental factors (Herve et al., 2016). It is not yet clear, however,
whether the exfoliation of MEC is a consequence or a
cause of tight junction opening.
Hormones released at milking in response to teat
stimulation—namely oxytocin (OT), prolactin (PRL),
and cortisol (Cort)—are likely to be involved in the
regulation of mammary epithelium integrity (Nguyen
and Neville, 1998). However, it is not yet known
whether milking induces a disruption of the mammary
epithelium integrity. Exogenous OT administered at
supraphysiological doses was shown to induce tight
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junction opening in the bovine mammary gland (Allen,
1990; Wall et al., 2016), and it was speculated that tight
junction integrity is compromised as a result of the mechanical forces caused by myoepithelial cell contraction
(Stelwagen and Singh, 2014). The physiological OT
release induced by milking also induces the contraction
of myoepithelial cells and thus mechanical pressures
on the mammary epithelium, allowing the complete
removal of the alveolar milk. Prolactin also participates
in the regulation of tight junctions because PRL stimulates tight junction formation in vitro (Stelwagen et al.,
1999) and reduces tight junction permeability in rabbit
and rat mammary glands (Linzell et al., 1975; Flint
and Gardner, 1994). Finally, Cort is known to be a key
regulator of mammary epithelium integrity; it stimulates tight junction formation and maintenance in vitro
(Zettl et al., 1992; Singer et al., 1994), is necessary for
tight junction closure in vivo during the transition from
pregnancy to lactation in mice (Nguyen et al., 2001),
and reduces tight junction permeability in vivo in the
bovine mammary gland (Stelwagen et al., 1998).
The milking-induced release of OT could disrupt
mammary epithelium integrity during milking, whereas
PRL and Cort, which are also released upon milking,
could reduce mammary epithelial permeability. We
therefore hypothesized that milking, through the release
of OT, PRL, and Cort and the OT-induced mechanical
forces on the mammary epithelium, could play a role in
regulating the MEC exfoliation process by modulating
the integrity of the mammary epithelium. Thus, the aim
of the present study was to determine the rate of MEC
exfoliation during the time course of milking and to
investigate the relationships between milking-induced
hormone release, mammary epithelium integrity, and
the MEC exfoliation process in dairy cows.
MATERIALS AND METHODS

All procedures used on animals were approved by the
local Ethics Committee in Animal Experiment of Rennes
(France) in compliance with French regulations (decree
no. 2001-464; May 29, 2001; https://www.legifrance
.gouv.fr/eli/decret/2001/5/29/AGRG0001697D/jo/
texte).
Animals and Experimental Procedures

Nine multiparous Holstein dairy cows (lactation 2 to
5), at peak lactation (57 ± 5 DIM) and producing 40.6
± 1.36 kg of milk/d at the beginning of the experiment, were used in this study. The cows were selected
to have a low SCC; thus, they presented on average 36
± 11 × 103 cells/mL of milk before the beginning of
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the experiment. The experiment was conducted at the
INRA experimental farm (UMR PEGASE, Le Rheu,
France). Two weeks before the beginning of the experiment, the cows were housed in individual tiestalls to
allow them to adapt to their new environment. The
cows were fed according to the INRA recommendations
and milked twice a day at 0700 and 1700 h. The milking routine included teat cleaning for approximately 30
s and foremilk hand milking to confirm the absence of
mastitis, indicated by the absence of clotted milk. During one morning milking (after a routine 14-h milking
interval), milk samples were collected separately each
minute using 2 milking devices alternately. Milk yield
was recorded each minute, and a milk sample (50 mL)
was taken for SCC and milk composition (fat, protein,
and lactose content) determination using an infrared
method (Lillab, Châteaugiron, France).
Blood Sampling and Hormonal Assays

The cows were surgically equipped with permanent
catheters (Silclear medical-grade silicone tubing, 1.02
mm i.d., 2.16 mm o.d.; Degania Silicone, Degania Bet,
Israel) inserted into the jugular vein. The catheters were
inserted 4 d before the beginning of the experiment. On
the day of the experiment, blood samples were collected
before, during, and after the morning milking at −5
−2, 1, 2, 3, 4, 6, 8, 10, 15, 25, 35, and 45 min relative
to milking unit attachment. Monovette syringes coated
with sodium heparin (Sarstedt, Nümbrecht, Germany)
were used to collect samples for the measurement of
plasma OT and lactose concentrations, and Monovette
syringes coated with EDTA (Sarstedt) were used to
collect samples for the measurement of plasma PRL
and Cort concentrations. The plasma was separated by
centrifugation at 3,000 × g for 15 min at 4°C and stored
at −20°C until analysis. Plasma OT concentration
was measured using the ELISA method as described
by Marnet et al. (1994). The plasma concentration of
Cort was assessed using the ELISA method developed
by Komara and Marnet (2009). The ELISA plates
were coated with 200 µL/well of mouse monoclonal
antirabbit immunoglobulin antibody (Bertin Pharma,
Montigny-le-Bretonneux, France) dissolved at 10 mg/L
in 0.05 M phosphate buffer and incubated at 4°C overnight. The plates were then washed, and 300 µL of
ELISA buffer (0.1 M phosphate buffer containing 0.15
M sodium chloride and 0.1% BSA, pH 7.4) was added
to each well. Cortisol was extracted from the plasma
samples as follows: 100 µL of plasma was mixed with
1 mL of absolute ethanol and incubated for 10 min
on ice. After centrifugation at 8,000 × g for 10 min
at 4°C, 250 µL of the supernatant was desiccated in a
Journal of Dairy Science Vol. 100 No. 12, 2017
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vacuum concentrator (SpeedVac Savant; ThermoFisher
Scientific, Waltham, MA). The plates and plasma
samples were stored at 4 and −20°C, respectively, until
plasma Cort concentration analysis. After washing the
plates with 300 µL of washing buffer (0.01 M phosphate
buffer containing 0.05% Tween 20, pH 7.4) per well,
the plasma samples were reconstituted with 200 µL of
ELISA buffer. Then, 50 µL of anticortisol antiserum
(Sigma-Aldrich, St. Louis, MO) diluted 1:16,000 in
ELISA buffer, 50 µL of standard (ranging from 12,500
to 48 pg/mL) or reconstituted plasma sample, and
50 µL of Cort/peroxidase conjugate (diluted 1:2,000
in ELISA buffer) were dispensed into the plate wells.
The plates were incubated at 4°C for 24 h and then
washed twice. After 45 min of incubation with 200 µL
of 3-ethylbenzothiazoline-6-sulfonic-acid, the absorbance was read using a plate reader (VersaMax ELISA
microplate reader; Molecular Devices, Sunnyvale, CA).
Finally, plasma concentrations of PRL were measured
by RIA as described by Bruckmaier et al. (1992). For
the OT, Cort, and PRL assays, the detection limits
were 48.5, 19.5, and 500 pg/mL, respectively; the intraassay coefficients of variation were 1.9, 3.7, and 2.3%,
respectively; and the interassay coefficients of variation
were 3.5, 7.0, and 8.4%, respectively.
Estimation of Mammary Epithelium Integrity

Mammary epithelium integrity was estimated by
measuring the lactose concentration in plasma. Plasma
concentrations of lactose were measured using a multiparameter analyzer (Kone Instrument Corp., Espoo,
Finland) and a kit for the detection of lactose/dgalactose (Roche Diagnostics, Basel, Switzerland).
Mammary epithelium integrity was also assessed by
measuring the concentrations of various indicators in
milk. First, a 100-µL sample of milk was used for total milk Na+ and K+ analysis by atomic absorption
spectrophotometry (Spectra AA220, Varian, Palo Alto,
CA) as described by Murthy and Rhea (1967). Then, a
1.5-mL sample of skim milk was used for milk albumin
content determination by radial immune diffusion with
a specific kit (IDBiotech, Issoire, France) as previously
described (Yart et al., 2013).
Purification of Milk MEC

Fresh milk samples collected at min 1, min 2, and
the middle and end of milking were used for MEC
purification using the immunomagnetic separation
technique as described by Boutinaud et al. (2008) with
some modifications. For each cow, the middle sample
and the end sample differed depending on the duraJournal of Dairy Science Vol. 100 No. 12, 2017

tion of milking: the middle sample corresponded to min
5 ± 1 of milking, and the end sample corresponded
to min 7 ± 2 of milking. Fresh milk (1.8 kg for the
samples collected at min 1 and 2 and at the middle
of milking, and 0.9 kg for the sample collected at the
end of milking) was defatted by centrifugation, and the
skim milk was removed to recover the milk somatic
cell pellet. The total milk somatic cell suspension was
analyzed for cell count determination using a Vi-Cell
XR analyzer (Beckman Coulter, Brea, CA). The total
milk somatic cell suspension was then used for milk
MEC purification. First, Dynabeads (Pan Mouse IgG,
Dynal Biotech, Invitrogen, Carlsbad, CA) were coated
with a monoclonal mouse antibody directed against
human cytokeratins 1, 5, 10, and 14 (clone 34βE12;
Dako, Trappes, France); the total milk cell suspension
was then incubated with the antibody/beads complex.
After 1 h of incubation, specifically bound cells corresponding to MEC were collected by placing the sample
vials in a magnetic particle concentrator (MPC-S; Dynal Biotech, Invitrogen) for a few seconds followed by
aspiration of the supernatant containing nonbound cells
corresponding to leukocytes. The cell count and cell
viability of the purified MEC suspension was analyzed
using a Vi-Cell XR analyzer. The proportion of apoptotic cells in the purified milk MEC suspension was also
determined by flow cytometry after staining of the cell
suspension with the Annexin V/Dead Cell Apoptosis
Kit (Molecular Probes Inc., Eugene, OR) according to
the manufacturer’s instructions. The cell suspension
was diluted to approximately 5.0 × 105 cells per vial.
After centrifugation at 500 × g for 5 min at 4°C, the
supernatant was discarded, and the milk MEC were
resuspended in 60 µL of 1× annexin-binding buffer.
Each MEC sample was separated into one control and
one labeled sample of 25 µL each. The labeled MEC
samples were incubated with 25 µL of labeling solution
containing Alexa Fluor 488-annexin V and propidium
iodide (Molecular Probes Inc.), and the control samples
were incubated with 25 µL of 1× annexin-binding buffer. After incubation for 15 min at room temperature,
250 µL of 1× annexin-binding buffer was added to each
sample. Finally, flow cytometry analysis was performed
using a MACSQuant Analyzer 10 cytometer (Miltenyi
Biotec, Bergisch Gladbach, Germany), and forward
scatter, side scatter, and fluorescent staining properties
were recorded. The number of events was stopped at
20,000 counts. The data were analyzed using MACSQuantify analysis software (Miltenyi Biotec). After
exclusion of doublets and cell debris, the percentage
of apoptotic MEC was determined by dot-plot analysis
as the difference between the percentage of annexin
V/propidium iodide-stained MEC in the labeled and
control samples.
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Calculations and Statistical Analyses

The total number of somatic cells in the milk samples
collected at each time point of milking was determined
by multiplying the SCC by the milk yield. The MEC
exfoliation rate at milking was defined as the sum of
the number of exfoliated MEC obtained during each
minute of milking. To calculate the exfoliation rate at
milking, the number of MEC exfoliated during min 1,
min 2, and the middle and end of milking was determined by multiplying the measured MEC concentration in milk by the milk yield. The MEC concentration
in milk was not measured at each minute of milking;
thus, the number of MEC exfoliated during the remaining minutes was estimated by multiplying the average
measured MEC concentration in milk by the yield of
milk collected each minute.
The basal concentrations of OT, PRL, Cort, and
lactose were determined as the average plasma concentrations of these compounds at 5 and 2 min before attachment of the milking unit. The OT, PRL, Cort, and
lactose delta at milking were defined as the differences
between the maximal and the basal concentrations. To
describe the OT, PRL, and Cort release and the leakage of lactose at milking, we calculated the areas under
the curve (AUC) from the beginning of milking to 15
min after the beginning of milking for OT, 45 min for
PRL, 25 min for Cort, and 45 min for lactose after
subtracting the basal concentrations of the compounds.
Because the duration of milking was different for each
cow (the duration ranged from 7 to 13 min), we created
a 7-point time scale for the statistical analysis of milk
yield and milk composition variables. The first 3 points
corresponded to the first 3 min of milking of each cow,
and the last 3 points corresponded to the last 3 min of
milking of each cow. Point 4 in the scale corresponded
to the mean value obtained for the intermediate minutes. For milk cell variables, the time scale consisted of
4 points (min 1, min 2, the middle of milking, and the
end of milking). The SCC and cell variables were not
normally distributed; therefore, log10 transformation of
the data was performed before the analyses. The data
were analyzed by ANOVA using the SAS Mixed procedure with repeated statements (SAS Institute Inc.,
Cary, NC). Time was used as the repeated parameter,
and cow was used as the subject for repeated measures.
The duration of milking of each cow was used as the
covariate. In addition, for plasma hormone and lactose
concentration data, the basal concentration was also
used as the covariate. The time at which the hormone
and lactose concentrations returned to the basal level
was determined by the matched-pairs t-test using the
SAS T-Test procedure. The SAS Corr procedure was
used to generate the Spearman correlation coefficient

(r), which measured the strength of association between
pairs of variables describing hormone release (basal and
maximal concentrations, delta, and AUC), indicators of
mammary epithelium integrity, and the MEC exfoliation rate at milking without specifying dependencies.
All data are expressed as the mean ± standard error
of the mean. For data on milk yield and composition
and mammary epithelium integrity indicators, the
tables show the means estimated by the statistical
model. For plasma hormone and lactose concentration
data, the graphs show the means estimated by the statistical model, and the tables show the raw means. For
all variables, differences were considered statistically
significant when P < 0.05 and a tendency when 0.05 <
P ≤ 0.10.
RESULTS
Milking-Induced Hormone Release

The concentrations of OT, PRL, and Cort in plasma
varied with time relative to milking unit attachment
(Figure 1; P < 0.001). The concentration of OT rapidly
and markedly increased from 68.5 ± 5.8 pg/mL before
the beginning of milking to 380.4 ± 85.8 pg/mL at
4.3 ± 1 min after milking unit attachment. The OT
concentration remained high and stable until the end
of milking; it then markedly and quickly decreased,
returning to the basal concentration between 15 and
25 min after the beginning of milking. The AUC of
OT represented 2,527 ± 673 pg/mL × 15 min (Table
1). The plasma concentrations of OT were highly variable among cows during milking and slightly variable
after milking (see Supplemental Figure S1; https://
doi.org/10.3168/jds.2017-13166). The milking-induced
increase in the PRL concentration was slightly delayed
compared with the increase in OT concentration. The
concentration of PRL increased from 55.7 ± 10.4 ng/
mL before milking unit attachment to 171.2 ± 12.3 ng/
mL at 6.2 ± 0.8 min after milking unit attachment (P
< 0.001; Table 1). The PRL concentration then gradually decreased (P < 0.001) and tended to return to the
basal concentration 45 min after the beginning of milking (P = 0.054). The AUC of PRL represented 2,584
± 544 ng/mL × 45 min. Compared with OT and PRL,
the increase in Cort concentration occurred later relative to the beginning of milking. Every cow presented 2
Cort peaks at milking—a first peak at the beginning of
milking and a second peak after the end of milking. For
3 cows, the first peak was larger than the second peak.
Overall, as shown in Figure 1, the Cort concentration
increased from 6.7 ± 1.8 ng/mL before the beginning
of milking to 13.0 ± 2.0 ng/mL at 14.4 ± 0.6 min after
the beginning of milking (P < 0.001; Table 1). The
Journal of Dairy Science Vol. 100 No. 12, 2017
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Cort plasma concentration then decreased (P < 0.001)
until, at 25 min after the beginning of milking, it had
returned to the basal concentration (P > 0.10). The
AUC of Cort represented 69 ± 28 ng/mL × 25 min.
Thereafter, the Cort concentration tended to decrease
to a level below the basal level until 45 min after the
beginning of milking (P < 0.10).
Indicators of Mammary Epithelium Integrity

The lactose concentration in plasma gradually increased from 29.1 mg/L before the beginning of milking
to 34.1 mg/L at the end of milking (Figure 2; P <
0.001). After the end of milking, the plasma lactose
concentration gradually decreased until it had returned
to the basal concentration 35 min after the beginning
of milking (P > 0.10). At milking, on average, 95 mg/L
× 45 min of lactose crossed the mammary epithelium
from the milk to the blood (Table 2). The Na+ concentration in milk did not vary between time points 1 and
4 of milking, but it was higher at time points 5, 6, and
7 (Table 3; P < 0.01). The concentration of K+ in the
milk remained stable between time points 1 and 3 and
decreased thereafter, reaching its lowest value at time
point 6 (P < 0.05). As a result, the Na+:K+ ratio did
not vary at the beginning of milking and was greater at
time point 6 (P < 0.01). The maximal concentration of
plasma lactose and the maximal Na+:K+ ratio in milk
were positively correlated (r = 0.67; P < 0.05). Finally,
the milk albumin content was lower at time point 5 of
milking than at the first 3 time points of milking.
Milk Yield and Composition

The volume and composition of milk varied greatly
during milking (Table 4; P < 0.001). Milk yield increased until time point 3 and then gradually decreased
as milking progressed. The fat content of the milk progressively increased from 6.9 to 78.9 g/kg (P < 0.001),
whereas the protein content of the milk progressively
decreased from 28.1 to 25.9 g/kg (P < 0.001). The lactose content decreased from time point 3 until the end
of milking (P < 0.001).
Milk Somatic Cells and Exfoliated MEC

The SCC decreased between time points 1 and 2 of
milking. The SCC then progressively increased from
25 × 103 cells/mL at time point 2 to 126 × 103 cells/
mL at the end of milking, representing a 500% increase
over the course of milking (Table 4; P < 0.001). The
concentration of MEC in milk tended to vary during
the course of milking. The concentration of MEC first
decreased between time points 1 and 2 of milking and
Journal of Dairy Science Vol. 100 No. 12, 2017

Figure 1. Plasma concentrations of (A) oxytocin, (B) prolactin,
and (C) cortisol before, during, and after milking relative to milking
unit attachment (t = 0) in 9 Holstein dairy cows. Data were analyzed using the SAS Mixed procedure with repeated statements (SAS
Institute Inc., Cary, NC). Time was used as the repeated parameter,
and cow was used as the subject for repeated measure. The duration of
milking of each cow and the basal concentration of oxytocin, prolactin,
or cortisol (calculated as the average concentration at 5 and 2 min
before the onset of milking) were used as covariates. Time effect: P
< 0.001. Data are presented as the means estimated by the statistical
model ± SEM.
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Table 1. Characteristics (raw means ± SEM) of oxytocin, prolactin, and cortisol release at milking in 9 Holstein dairy cows
Item

Oxytocin
1

Basal concentration
Maximal concentration
Delta2
Time of maximal concentration
AUC3

68.5
380.4
312.0
4.3
2,527

±
±
±
±
±

5.8 pg/mL
85.8 pg/mL
82.1 pg/mL
1.0 min
673 pg/mL × 15 min

Prolactin
55.7
171.2
115.5
6.2
2,584

±
±
±
±
±

Cortisol

10.4 ng/mL
12.3 ng/mL
12.6 ng/mL
0.8 min
544 ng/mL × 45 min

6.7
13.0
6.5
14.4
69

±
±
±
±
±

1.8 ng/mL
2.0 ng/mL
1.2 ng/mL
0.6 min
28 ng/mL × 25 min

1

Corresponds to the average plasma concentration of oxytocin, prolactin, and cortisol at 5 and 2 min before attachment of the milking unit.
Corresponds to the differences between the maximal and basal concentrations of oxytocin, prolactin, and cortisol.
3
Area under the curve from the beginning of milking to 15 min after the beginning of milking for oxytocin, 45 min for prolactin, and 25 min for
cortisol after subtracting the basal concentration.
2

then increased by 230% from time point 2 to the end
of milking (Table 5; P = 0.10). However, this increase
was lower than the increase in the SCC, resulting in a
progressive decrease in the percentage of MEC among
the total milk somatic cells during the time course of
milking (Table 5; P < 0.05). In parallel, the number
of leukocytes as a percentage of the total somatic cells
increased. The total number of somatic cells in the milk
increased between min 2 and the middle of milking and
decreased at the end of milking (P < 0.05; Table 4).
In parallel, the number of MEC in the milk remained
stable until the middle of milking and was the lowest at
the end of milking (P < 0.01; Table 5). The proportion
of viable MEC and apoptotic MEC exfoliated in milk
did not vary during milking (P > 0.10; Table 5) and

represented on average 50 and 35% of the total exfoliated MEC, respectively.
Association Between Hormonal Status, Mammary
Epithelium Integrity, and Exfoliation
Rate During Milking

The rate of MEC exfoliation at milking was negatively correlated with the AUC of Cort 25 min after
the beginning of milking and with the Cort delta (r
= −0.70 and −0.77, respectively; P < 0.05). No correlation was found between the MEC exfoliation rate
at milking and PRL and OT release or indicators of
mammary epithelium integrity.
DISCUSSION

Consistent with the results of several previous studies, in the present study OT was found to be released
into the blood during milking in response to tactile
stimulation of the teat (Bruckmaier et al., 1993; Lollivier and Marnet, 2005). The plasma concentration of
OT dramatically increased at the beginning of milking
and remained elevated throughout milking. As previously reported, the plasma concentration of PRL increased to its maximal value approximately 6 min after
the beginning of milking, whereas the maximal plasma

Table 2. Characteristics of plasma lactose at milking in 9 Holstein
dairy cows
Item
1

Figure 2. Plasma concentrations of lactose before, during, and
after milking relative to milking unit attachment (t = 0) in 9 Holstein
dairy cows. Data were analyzed using the SAS Mixed procedure with
repeated statements (SAS Institute Inc., Cary, NC). Time was used
as the repeated parameter, and cow was used as the subject for repeated measure. The duration of milking of each cow and the basal
lactose concentration were used as covariates. Data are presented as
the means estimated by the statistical model ± SEM. Time effect: P
< 0.001.

Basal lactose concentration (mg/L)
Maximal lactose concentration (mg/L)
Lactose delta2 (mg/L)
Time of maximal concentration (min)
AUC3 (mg/L × 45 min)

Mean

SEM

29.1
34.1
4.9
13.7
95

3.5
3.6
0.7
3.5
26

1
Corresponds to the average plasma concentration of lactose at 5 and
2 min before attachment of the milking unit.
2
Corresponds to the difference between the maximal and basal concentrations of lactose.
3
Area under the curve from the beginning of milking to 45 min after
the beginning of milking after subtracting the basal concentration.
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Means within a row without a common superscript differ (P < 0.05).
A 7-point time scale was used for the statistical analysis. The first 3 points corresponded to the first 3 min of milking, the last 3 points corresponded to the last 3 min of milking,
and point 4 corresponded to the mean value obtained for the intermediate minutes of milking of each cow.
2
The data were analyzed using the SAS Mixed procedure with repeated statements (SAS Institute Inc., Cary, NC). Time was used as the repeated parameter, and cow was used
as the subject for repeated measures. The duration of milking of each cow was used as the covariate. The data are presented as means estimated by the statistical model ± SEM.
1

Na concentration (mg/kg)
K+ concentration (mg/kg)
Na+:K+ ratio
albumin concentration (µg/mL)
Milk
Milk
Milk
Milk

a–d

0.09
0.59
0.21
0.79
<0.01
<0.05
<0.01
<0.05
21.7
56.2
0.0211
7.10
371
1,605bc
0.237ab
156.1ab
388
1,583c
0.254a
158.1ab
361
1,612bc
0.230ab
142.9b
335
1,616bc
0.211bc
157.6ab
307
1,663ab
0.184c
171.6a
307
1,686a
0.186c
170.6a
352
1,664ab
0.214abc
167.4a

Milking duration
Time
SEM
7

ab
a

6
5

ab
bc

4
3

c
c

2
1

+

Item

Time scale1

Table 3. Evolution of albumin, Na+, and K+ concentrations in milk during the course of milking in 9 Holstein dairy cows

abc

P-value2
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Cort concentration occurred after the end of milking
(i.e., 14 min after the beginning of milking; Bruckmaier
et al., 1993; Rushen et al., 2001; Negrão et al., 2004;
Lollivier and Marnet, 2005). We hypothesized that
the release of hormones during milking might regulate
tight junction permeability. The tightness of the mammary epithelial barrier was assessed through several
indicators. Lactose, which is synthesized exclusively by
MEC, can be transferred from milk to blood only via
a paracellular pathway through disrupted tight junctions (Kuhn and Linzell, 1970). The Na+:K+ ratio in
milk is known to be inversely correlated with mammary
epithelium integrity during lactation (Sorensen et al.,
2001). In the present study, the observed variations in
the albumin concentration in milk during milking were
not consistent with the observed variations in plasma
lactose and milk Na+:K+ ratio. This result confirms
that milk albumin content is not a valuable marker for
assessing mammary epithelium integrity, especially because albumin is synthesized by MEC and secreted into
milk (Shamay et al., 2005). During milking, the lactose
concentration in plasma and the Na+:K+ ratio in milk
increased progressively, and both reached maximal values at the end of milking, showing for the first time
that the opening of tight junctions occurred throughout
milking. The degree of tight junction opening may be
greater during milk accumulation than during milking
because greater basal concentrations of plasma lactose
were observed when milk accumulation occurred over
a long milking interval (Guinard-Flament et al., 2011).
Interestingly, variations among individuals in the degree of tight junction opening were suggested by the
positive correlation between the maximal concentration
of plasma lactose and the maximal Na+:K+ ratio in
milk. The opening of tight junctions during milking
occurred when OT concentrations were high. Given
that exogenous and supraphysiological OT treatment is
known to induce tight junction opening in dairy cows
(Allen, 1990; Werner-Misof et al., 2007), the milkinginduced OT release could be responsible for the disruption of mammary epithelium integrity during milking.
The fact that the lactose concentration returned to its
basal concentration after the end of milking shows that
the integrity of the mammary epithelium was recovered
after the end of milking. The recovery of mammary
epithelium integrity occurred after the observed increase in Cort concentration. Thus, Cort may induce
the recovery of the mammary epithelium integrity after
the end of milking; this is consistent with the known
positive effects of Cort on tight junction closure in
vitro (Zettl et al., 1992; Singer et al., 1994) and in
vivo (Stelwagen et al., 1998; Nguyen et al., 2001). This
study demonstrates for the first time that milking is
associated with a transitory increase in the mammary
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Table 4. Evolution of yield and composition of milk collected each minute separately during the course of milking in 9 Holstein dairy cows
Time scale1
Item

1

Milk yield (kg)
Milk fat content (g/kg)
Milk protein content (g/kg)
Lactose content (g/kg)
Log10 SCC
Log10 somatic cell number

2
e

2.9
6.9f
28.1a
51.8a
4.7a
8.1ab

3
ce

3.6
13.1df
27.5b
52.2a
4.4b
7.9ac

4
cd

3.9
21.6de
27.4b
51.6a
4.5b
8.0ab

P-value2
5

ce

3.3
38.0c
27.1bc
50.0b
4.8ac
8.3b

6
b

7
ab

1.2
57.0b
26.7cd
48.4c
4.8ac
7.7cd

a

0.5
64.3b
26.4de
47.9c
5.0cd
7.5de

0.3
78.9a
25.9e
47.2d
5.1d
7.4e

SEM

Time

Milking duration

0.28
4.05
0.36
0.39
0.20
0.17

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.01
0.03
0.27
0.95
0.98
0.74

a–f

Means within a row without a common superscript differ (P < 0.05).
A 7-point time scale was used for the statistical analysis. The first 3 points corresponded to the first 3 min of milking, the last 3 points corresponded to the last 3 min of milking, and point 4 corresponded to the mean value obtained for the intermediate minutes of milking of each cow.
2
The data were analyzed using the SAS Mixed procedure with repeated statements (SAS Institute Inc., Cary, NC). Time was used as the repeated parameter, and cow was used as the subject for repeated measures. The duration of milking of each cow was used as the covariate. The
data are presented as means estimated by the statistical model ± SEM.
1

epithelial permeability that is likely regulated by the
release of OT and Cort.
The variations in the composition of milk during
milking observed in our study are consistent with the
data reported in the literature (Vangroenweghe et al.,
2002; Ontsouka et al., 2003; Sarikaya et al., 2005).
The fat content of milk gradually increased from the
beginning to the end of milking, whereas the protein
and lactose contents of the milk decreased throughout
milking. Milk also contains a variety of somatic cell
types, namely MEC and leukocytes (lymphocytes, macrophages, neutrophils, and eosinophils). The observed
variations in SCC during milking (i.e., a decrease at
the beginning of milking followed by a marked increase
at the end of milking) were also in agreement with reports from previous studies in which SCC was shown
to be high in the cisternal fraction and lowest in the
first alveolar fraction and to increase gradually during
alveolar milk ejection (Ontsouka et al., 2003; Sarikaya

et al., 2005). To our knowledge, this experiment is the
first one describing the variations of the number and
the concentration of MEC during the time course of
milking. An average of 125 × 106 MEC were exfoliated in 1 milking, a value that is consistent with the
reported daily exfoliation rate of between 200 and 390
× 106 MEC exfoliated per day with 2 milkings (Lollivier et al., 2015; Herve et al., 2016). Moreover, half
of the MEC exfoliated during milking were living cells,
indicating that the exfoliation process makes it possible
to eliminate not only apoptotic but also living MEC.
During min 1 of milking, an average of 17 × 106 MEC
were exfoliated into the milk; this represented 13% of
the total MEC exfoliated during milking. The milk
obtained during min 1 of milking is likely to have been
cisternal milk that accumulated between 2 milkings.
Indeed, milk yield averaged 2.9 kg, which represents
the average yield of cisternal milk in dairy cows (Ayadi
et al., 2003). Therefore, the presence of MEC in the

Table 5. Evolution of concentration, number, and viability of milk mammary epithelial cells (MEC) during the course of milking in 9 Holstein
dairy cows
Time scale1
Item

1
3

Milk MEC (10 cells/mL)
Log10 milk MEC number3
MEC in milk cells (%)
Milk MEC viability (%)
Apoptotic cells (%)

2
a

7.2
7.1a
26.3ab
54.3
33.0

b

3.3
6.9a
32.4a
50.2
33.4

P-value2

Middle

End

SEM

Time

Milking duration

ab

a

2.65
0.15
4.86
5.49
6.11

0.10
<0.01
<0.05
0.52
0.51

0.57
0.14
0.43
0.68
0.96

5.1
7.0a
21.1bc
50.2
34.9

7.5
6.7b
14.1cd
45.0
38.2

a–d

Means within a row without a common superscript differ (P < 0.05).
A 4-point time scale corresponding to the sample collected at min 1, min 2, the middle of milking (corresponding to min 5 ± 1 of milking), and
the end of milking (corresponding to min 7 ± 2 of milking) was used for the statistical analysis.
2
The data were analyzed using the SAS Mixed procedure with repeated statements (SAS Institute Inc., Cary, NC). Time was used as the repeated parameter, and cow was used as the subject for repeated measures. The duration of milking of each cow was used as the covariate. The
data are presented as means estimated by the statistical model ± SEM.
3
The milk MEC number was determined by multiplying the milk MEC concentration by the milk yield. The data were not normally distributed;
therefore, log10 transformation was performed before the analyses.
1
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milk sample taken during min 1 of milking suggests
that MEC could have been left over from the previous
milking or exfoliated as a result of the shedding from
the epithelium into the cisternal milk between milkings in the absence of mechanical pressure caused by
milking-induced OT release. The remaining fraction of
the exfoliated MEC (i.e., 87% of the total number of
exfoliated MEC) was present in the milk collected from
min 2 to the end of milking, which likely corresponded
to the alveolar milk.
At this time, the mechanisms that result in the presence of MEC in alveolar milk are not clear. The first
hypothesis is that these MEC are continuously exfoliated between each of 2 successive milkings, trapped in
the alveolar lumen, and transferred along the mammary duct to the cistern only during the alveolar milk
ejection process. Indeed, the MEC exfoliation process
could be comparable with that suggested for fat globule delivery due to the size of MEC (i.e., 20 µm on
average) or to capillary and adhesive forces that occur
during the milking process; the latter could influence
MEC transfer by positive and negative membrane
potentials (Sarikaya et al., 2005). Mammary epithelial
cell ejection could also occur during the ejection of fat
globules due to the hydrophobic properties of somatic
cells (Nielsen et al., 2005). These phenomena could explain why most of the MEC are present in the alveolar
fraction. The second hypothesis regarding the presence
of MEC in alveolar milk is that MEC exfoliation occurs during milking as a consequence of the mechanical forces exerted on the mammary epithelium and a
disruption of the mammary epithelium integrity, both
of which are caused by milking-induced OT release.
In support of this hypothesis, we previously showed
that greater exfoliation rates are associated with mammary epithelium disruption (Herve et al., 2016). In the
present study, we showed that milking induces mammary epithelium disruption in response to OT release.
However, no relationship could be established between
any variable describing OT release (basal or maximal
concentrations, delta, or AUC), indicators of mammary
epithelium disruption, and the MEC exfoliation rate at
milking. It has recently been shown that fat globules
are secreted following OT stimulation (Masedunskas et
al., 2017), suggesting that the progressive increase in
fat content in consecutive milk fractions during milking
is attributable to active secretion of fat globules during
milking. If again we may draw a parallel between fat
content and MEC concentration in milk, these findings
argue in favor of MEC exfoliation during milking and
against the accumulation of MEC in the alveolar milk
fraction between milkings. Administration of an OT
receptor antagonist such as atosiban, which is known
Journal of Dairy Science Vol. 100 No. 12, 2017

to inhibit the OT-induced contraction of myoepithelial
cells in dairy cows (Bruckmaier et al., 1997), could offer
a tool for investigating the role of OT in regulating
the MEC exfoliation process during milking. These 2
hypotheses concerning MEC exfoliation, one viewing
it as a continuous mechanism and the other viewing it
as a process stimulated by milking, are not mutually
exclusive.
The presence of MEC in milk throughout the milking process was concomitant with the release of PRL.
The MEC exfoliation process could be partly regulated
by PRL; however, no correlation between PRL release
and the MEC exfoliation rate at milking was observed.
Nevertheless, the MEC concentration in milk increased
during milking even when the plasma concentration of
PRL was high. This finding contrasts with the known
inhibitory effect of PRL on MEC exfoliation during lactation (Lollivier et al., 2015) and mammary involution
(Boutinaud et al., 2013). The release of PRL following
OT release could limit the stimulatory effect of OT
on the MEC exfoliation process via stimulation of the
expression of genes involved in tight junction formation, as has been previously suggested in rodents (Gass
et al., 2003).
Finally, to date, there is no evidence that Cort plays
a role in regulating the MEC exfoliation process. The
Cort concentration peaked at the end of milking;
therefore, Cort may limit MEC exfoliation by reducing
mammary epithelial permeability following the end of
milking. Furthermore, in the present study, the MEC
exfoliation rate at milking was negatively correlated
with the AUC for Cort and with the Cort delta, suggesting that Cort may play a role in limiting the MEC
exfoliation process. Further investigations are needed
to study the potential role of Cort in regulating MEC
exfoliation.
CONCLUSIONS

This study demonstrated that a transitory disruption of the mammary epithelium integrity that could
be induced by OT and restored by Cort occurs during
milking. A small proportion of MEC were exfoliated
into cisternal milk, left over from the previous milking
or as a result of the shedding from the epithelium in the
absence of the mechanical pressures caused by milkinginduced OT release. However, most of the exfoliated
MEC were present in the alveolar fraction. These MEC
could have been either continuously exfoliated and delivered from the alveolar lumen during the milk ejection
process or exfoliated during milking as a consequence of
the OT-induced mechanical forces and a disruption of
the mammary epithelium integrity or both.
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