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Somatic cell count (SCC) is a widely used marker of udder health and a predictor of inflammation
caused by an immune response. The objective of this study was to determine whether selected
measures of mammary gland health as well as milk fatty acid profile were altered by an increase
in milking frequency using a unilateral frequent milking (UFM) model. Holstein cows at parturition
were assigned to UFM, in which the left udder half of each cow was milked four-times daily (4X)
and the right udder half was milked twice daily (2X) for the first 21 days in milk (DIM). Milk yields
from each udder half were measured from 1–21DIM and samples were collected on days 3, 7, 10, 14
and 21 for determination of SCC and milk composition. Flow cytometric analysis with bovine
monoclonal antibodies was used to identify milk immune cell populations and milk fatty acid (FA)
composition was determined using gas chromatography. Gene expression analysis was used to
determine whether there was an alteration in mRNA expression of genes involved in milk fat
production including lipoprotein lipase (LPL) and FA-binding protein 3 (FABP3) with ribosomal
protein S9 (RPS9) as a house-keeping gene. No difference was detected for milk SCC or cell
populations between the udder halves milked 4X as compared with the udder halves milked 2X.
In addition, no difference was detected for any FA in milk from the udder half milked 4X as
compared with the udder half milked 2X. Overall, using a UFM model, increased milking frequency
for the first 21 DIM did not affect selected measures of mammary gland health or milk FA,
but was associated with greater milk yield, milk fat percent and yield, and milk protein and lactose
yields.
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Increasing milking frequency to improve milk production
has become an effective management tool for dairy farmers.
Increasing milking frequency has been shown to enhance
milk yield when cows were milked three (3X) or four (4X)
times daily, compared with milking two (2X) times daily
(Campos et al. 1994; Erdman & Varner, 1995; Österman &
Bertilsson, 2003). Factors associated with intensive manage-
ment practices, such as increased milking frequency, can
affect mammary gland defence mechanisms and may
decrease the ability to resist infections. This is especially
important during the periparturient period, when dairy cows
are most susceptible to infections (Sordillo et al. 2009) and
are experiencing oxidative stress (Aitken et al. 2009). An

increase in milk production will cause an increase in the
metabolic load, possibly weakening defences and nega-
tively affecting the health of the mammary gland (Ingvartsen
et al. 2003).
Consisting of several cell types, somatic cell count (SCC) is

a widely used marker of udder health. In the healthy mam-
mary gland, predominant SCC types are macrophages fol-
lowed by lymphocytes, polymorphonuclear cells (PMN) and
epithelial cells (Concha et al. 1986). A few reports (Smith
et al. 2002; Dahl et al. 2004; Österman et al. 2005) demon-
strated a reduction in total SCC with increased milking fre-
quency, suggesting that increased milk production may
improve milk quality and udder health contrary to that sug-
gested by Ingvartsen et al. (2003). In contrast, others have re-
ported no effect on SCC due to increased milking frequency
(Klei et al. 1997; Hale et al. 2003; Wall & McFadden, 2007).*For correspondence; e-mail: rezamand@uidaho.edu
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Currently, no research has characterized alterations of milk
cell populations in response to increased milking frequency
from 2X to 4X.

The specific aim of this study was to determine whether
selected measures of mammary gland health and milk FA
profile were affected by increased milking frequency during
the first 21 DIM, using a unilateral frequent milking (UFM)
model. Use of the UFM model is important because it
eliminates environmental, nutritional and genetic variation
in cows and exposes both udder halves to the same systemic
factors. Therefore, any treatment differences are expected to
be related to intramammary factors.

Materials and Methods

Animals and treatments

Sixteen Holstein cows were assigned at parturition to a UFM
scheme; 4-times daily milking (4X; at 5·00, 9·00, 16·00 and
20·00) of the left udder half and 2-times daily milking (2X; at
5·00 and 16·00) of the right udder half for 21 d. Uneven
milking intervals were practised because of logistics at the
research facility. Milk yields were recorded daily with milk
samples collected from udder halves for determination of
nutrients, FA profile and immune cell populations at days 3,
7, 10, 14 and 21 post partum. Milk components (fat, protein
and lactose via infrared spectroscopy; solids-not-fat and SCC
by Fossomatic analysis) were determined by a certified dairy
herd improvement association laboratory (Burlington WA
98233, USA). The Fossomatic counter uses flow cytometry
to recognize DNA from the cells, the fluorescent light pulses
at a different wavelength, and the pulses are counted and
displayed. During the course of the experiment, a single
milker was responsible for milking times and milking order.
Pre-milking procedures included pre-wiping of the teats,
forestripping each teat three times, pre-dipping each teat
with 0·5% iodine and allowing it sit for at least 20 s, and
wiping the teats once more with a dry towel before attaching
the milking machine. After milking was completed, sani-
tation of the teats were followed by a 1% iodine post-dip. All
cows were offered water and a common lactation ration that
consisted of alfalfa hay, alfalfa baleage, triticale silage, grass
hay, corn, barley, canola meal, and commercial concentrate
containing mineral/vitamin premix, soybean meal, mol-
asses, beet pulp, wheat middlings and dicalcium phosphate.
This total mixed ration contained 17·6% crude protein,
23·2% acid detergent fibre, 37·5% neutral detergent fibre,
3·4% crude fat, and 1·62Mcal/kg NEL (on a dry matter basis)
for ad-libitum consumption. All procedures involving
animals were approved by the University of Idaho Animal
Care and Use Committee.

Milk cytometric flow analysis

Milk cells were processed for flow cytometric analysis as
previously described (Riollet et al. 2000) with minor
modifications. After the milk cells were obtained, the cell

pellet was re-suspended in phosphate-buffered saline (PBS)
with 0·1% bovine serum albumin (BSA; Sigma Aldrich;
St. Louis MO 63103, USA), and 50 μl of the cell suspension
was added to 96-well V-bottom plates (Corning; Corning NY
14831, USA). Monoclonal antibodies (mAb) specific to
bovine leucocyte differentiation molecules were used to
characterize the composition of leucocyte subpopulations
from mammary gland secretions. Fifty μl of the appropriate
primary mAb (VMRD, Pullman WA 99163, USA) were
added to the wells. Plates were incubated on ice for 15–
30min to allow binding of specific mAb, then washed twice
with PBS. Appropriate secondary antibodies conjugated
with flourescein isothiocyanate (goat anti-mouse IgG1,
IgGM, IgG2a, or IgG2b) were added to the wells. After 15–
30-min incubation on ice, one wash with PBS and one wash
with PBS with 0·1% BSA, the cells were suspended in 200 μl
of 2% paraformaldehyde in PBS for flow cytometric analysis
using a FACSAria flow cytometer equipped with FACSdiva
software (V. 2.0 Becton Dickinson Immunocytometry
Systems, San Jose CA 95131, USA) and Flojo (V. 7.5 Tree
Star Inc., Ashland OR 97520, USA).

Fatty acid analysis

Milk lipids were extracted using a modified protocol (Clark
et al. 1982) of the Folch method (Folch et al. 1957) and
methylated using base-catalysed transesterification (Christie,
1982). Fatty acid methyl esters were analysed on a GC
(Hewlett-Packard 6890 series with auto injector) fitted with a
flame-ionization detector and a 100m × 0·25 mm (0·2 μm
film) capillary column coated with CP-Sil 88 (Chrompack,
Middelburg, The Netherlands). After sample injection, the
oven temperature was 70 °C for 3 min and then increased to
175 °C at a rate of 3 deg/min and held for 3min. Oven
temperature was then increased to 185 °C at a rate of 1 deg/
min and held for 20min, increased to 215 °C at a rate of
3 deg/min, and then increased to 230 °C at a rate of 10 deg/
min and held for 5 min. To quantify FA, response correction
factors were determined by the analysis of a butter oil
standard with certified values (CRM 164; European
Community Bureau of Reference, Brussels, Belgium).

Milk cell isolation for mRNA studies

Total RNA was isolated from milk samples and prepared
using a procedure developed by Boutinaud et al. (2002).
After the milk cells were obtained, the cell pellet was treated
with 600 μl of buffer RLT+ (Qiagen, Valencia CA 91355,
USA) and β-mercaptoethanol (100:1) and transferred to a
Qiashredder spin column (Qiagen) and centrifuged at
8000 g for 2 min. The liquid collected from the column
was stored at �80 °C.

Gene expression analysis

The RNA isolated was processed using the RNeasyMini Plus
Kit (Qiagen) according to the manufacturer’s instructions.
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The quality and concentration of RNA were determined
using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Rockland DE 19732, USA). Total RNA was
converted into complementary DNA using Applied Bio-
systems High Capacity Reverse Transcriptase Kit (Applied
Biosystems, Foster City CA 94404, USA). Single-stranded
cDNA was synthesized by reverse transcription using a PCR
Sprint Thermal Cycler (Thermo Electron Corp., Milford MA
02139, USA). The single-stranded cDNA was then used
as the template for quantitative PCR to evaluate relative
expression of lipoprotein lipase (LPL), fatty acid binding
protein 3 (FABP3), and ribosomal protein S9 (RPS9) as a
house-keeping gene. Primers for PCR amplification of LPL
and RPS9 were designed by Primer Express (Version 1.5,
Applied Biosystems) generating the following primers:
bovine LPL forward primer: GGAAGAAAGAACAGCA-
TATGAATTCTATG, and reverse primer: GGGTTAATACT-
CCGGAAAATCCACAT; bovine RPS9 forward primer:
GGCGGCTCGTCCGTATC, and reverse primer: AATCTTC-
AGGCCCAGGATCTAATC. Bovine FABP3 gene expression
assay was designed by Applied Biosystems (assay
#Bt03213817_g1). Gene expression of LPL, FABP3, and
RPS9 was measured using the 7500 Fast Real-Time PCR
System (Applied Biosystems).

Statistical analysis

Statistical analyses were performed using the PROC MIXED
procedure of SAS (V. 9.2 SAS Inst. Inc., Cary NC 27511,
USA). The model used was: Yij=μ+ci+Dj+eij where Yij was
the dependent variable for cow i, at DIM j measuring the
difference between the responses of 4X milking of the left
udder half and 2X milking of the right udder half. The overall
mean was given by μ and measured the main effect of 2X v.
4Xmilking, ciwas the random effect due to cowi,Dj the fixed
effect of DIM on the treatment differences, and eijwas the ex-
perimental error where eij * N (θ, σ2). DIM were recorded
as days 3, 7, 10, 14 and 21 post partum. Repeated measures
analysis was used to account for the effect of DIM within
each individual cow, assuming compound symmetry vari-
ance covariance structure. Significant effects were declared
at P<0·05. Data are presented as means±SEM. Gene ex-
pression data were statistically analysed using original ΔCt
values as responses (normalized with RPS9) and significance
was declared at P <0·05. For gene expression data, least
squares means (± SEM) are reported as fold change (2�ΔΔCt) of
4X milking relative to 2X. Correlation analysis was used to
assess any association between milk fat percentage and
mRNA expression of genes involved in milk lipid uptake and
synthesis.

Results

All 16 Holstein cows assigned to the UFM scheme
completed the experiment without clinical disease. As
expected, SCC started at greater levels during the first days
in lactation and decreased with time (data not shown);

however, milking frequency did not affect overall milk SCC
or SCC linear score (P>0·9 for both; Fig. 1). No effect of
milking frequency was detected on percentages of milk total
leucocytes (45·5 v. 40·5% ±0·52 for 4X v. 2X, respectively;
Fig. 2a), granulocytes (12·7 v. 8·8%±0·89 for 4X v. 2X, res-
pectively; Fig. 2b), mononuclear cells (30·0 v. 29·3% ±0·83
for 4X v. 2X, respectively; Fig. 2c), cluster of differentiation
(CD) 4 to CD8 ratio (2·90 v. 2·75±0·29 for 4X v. 2X,
respectively; Fig. 2d), T cells (14·72 v. 14·10±0·58 for 4X v.
2X, respectively; Fig. 2e) or B cells (2·86 v. 2·53±0·13 for 4X
v. 2X, respectively; Fig. 2f) for the udder halves milked 4X as
compared with that of udder halves milked 2X (P50·46 for
all). Further, cell population quantities (percent of milk
cells×SCC/100) were statistically analysed to determine
whether there was a treatment effect on the absolute number
of leucocytes, granulocytes and mononuclear cells of milk
somatic cells. No difference in any of cell populations tested,
however, was detected (P>0·29 for all).
Several components of milk were greater during the first

21 DIM for the udder halves milked 4X as compared with
those for the udder halves milked 2X including milk yield
(13·3 and 9·91±0·55 kg/d, P <0·001), milk protein yield
(0·42 and 0·31±0·006 kg/d, P <0·001; Fig. 3a), milk lactose
yield (0·58 and 0·42±0·004 kg/d, P <0·001; Fig. 3b), milk fat
yield (0·60 and 0·39±0·01 kg/d, P <0·001; Fig. 3c), andmilk
fat percent (4·96 and 4·57±0·28%, P <0·02; Fig. 3d). Milk
protein percentage did not differ between treatments (3·50
and 3·53±0·17% for 4X v. 2X, respectively, P=0·15). Simil-
arly, lactose percentage did not differ in milk from udder
halves milked 4X v. 2X (4·42 and 4·32±0·04%, P=0·07).
Even though milk fat percentage and yield were greater in

milk from udder halves milked 4X v. 2X, no difference was
observed in gene expression of LPL or FABP3 in cells
obtained from milk. However, a weak correlation (r=0·29;
P=0·04) between FABP3 and milk fat percent on days 7,
14 and 21 was detected. Lastly, no difference was detected
in milk total saturated FA (52·32 and 52·37±0·16%, res-
pectively, P=0·79); monounsaturated FA (33·29 and
33·23±0·16%, respectively, P=0·79); polyunsaturated FA
(5·32 and 5·35±0·01, respectively, P=0·68), products of the

Fig. 1. The difference in somatic cell count linear score in milk
between udder halvesmilked four-times daily (4X) and udder halves
milked two-times daily (2X) during the first 21 days in milk. Data are
presented as means±SEM.
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Δ9-desaturase enzyme (27·38 and 27·42±0·77%, respect-
ively, P=0·75) or products of de-novo synthesis (17·32 and
17·46±0·28%, respectively, P=0·25) obtained from the
udder halves milked 4X as compared with that from udder
halves milked 2X.

Discussion

Although the usefulness of increased milking frequency in
improving milk yield has been reported, to our knowledge,
no research has been conducted characterizing mammary
or milk cell populations exposed to increased milking

frequency during the periparturient period, in a UFM
model. It is possible that an increase in the metabolic load
associated with increased milk production, weakens
defences and negatively affects the health of the mammary
gland (Ingvartsen et al. 2003).
Previous research reported no increase in milk total SCC

when milking frequency increased from 2X to 4X daily using
a UFM model (Wall & McFadden, 2007), in agreement with
the present study. This is also similar to results from Hale
et al. (2003) and Smith et al. (2002) who compared SCC from
cows milked 4X with those milked 2X and 3X daily.
At the onset of an inflammatory reaction, proportions

of cells can change as they are recruited to the site of the

(a) (d)

(b) (e)

(c) (f)

Fig. 2. The difference in flow cytometric analysis of somatic cells between milk samples obtained from udder halves milked four times daily
(4X) and udder halves milked two-times daily (2X) during the first 21 days in milk: (a): Total leucocyte cells as a percentage of total cells
(b): Granulocyte cells as a percentage of total cells (c): Total mononuclear cell as a percentage of total cells (d): Ratio of CD4 to CD8 stained
cells (e): Total T cells as a percentage of total cells (f): Total B cells as a percentage of total cells. Data are presented as means±SEM.
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inflammation. In the current study, milk cell populations
were consistent with those in a healthy mammary gland.
PMN leucocytes and macrophages are the phagocytic cells
and comprise an important line of defence against patho-
gens. Macrophages are similar to neutrophils in their
phagocytic capabilities and are capable of ingesting
bacteria, debris and accumulated milk components. Macro-
phages together with epithelial cells initiate the inflamma-
tory response needed to eliminate the invading pathogen
(Sordillo & Nickerson, 1988). In the healthy mammary
gland, macrophages constitute 35–79% of cells (Lindmark-
Mansson et al. 2006). This value is consistent with the
proportion of leucocytes in the total cell population reported
in the current study except for mononuclear cells for
which the number was lower than in the healthy mammary
gland.

Neutrophil granulocytes are found in mammary tissues
and milk secretion during early inflammation and can
constitute >90% of total mammary gland leucocytes (Paape
et al. 2002; Sordillo & Babiuk, 1991; Sordillo et al. 1997).
Recruitment of neutrophils to the site of infection is a normal
defence response and is effective in eliminating many
pathogens known to cause mastitis (Selsted et al. 1993). In
the healthy mammary gland, granulocytes constitute 3–26%
of the total number of cells (Lindmark-Mansson et al. 2006)
consistent with the proportion of granulocytes in the total
cell population reported in the current study.

Generation of specific immunity involves both lympho-
cytes and antigen-presenting cells. Lymphocytes recognize
antigens through membrane receptors specific for infectious
pathogens (Sordillo et al. 1997). In the healthy mammary
gland, lymphocytes constitute 16–28% of total cells
(Lindmark-Mansson et al. 2006) consistent with the pro-
portion of T cells in the total cell population reported in the
current study. The proportion of B cells reported in the
current study was lower than the proportion of lymphocytes
in the total cell population found in the healthy mammary
gland (Park et al. 1992). CD8+ cells have been shown
(Ismail et al. 1996) to be the predominant phenotype in
healthy mammary gland tissue and secretions; with the ratio
of CD4 to CD8 less than one. Lindmark-Mansson et al.
(2006) reported a CD4 to CD8 ratio of 0·60–3·29 in the
health mammary gland consistent with the CD4 to CD8 ratio
reported in the current study.
The results reported here for SCC, SCC linear score, and

milk cell populations imply that increasedmilking frequency
had no adverse or beneficial effect on selected measures of
mammary gland health under our experimental conditions.
Research (Allen et al. 1986; Barnes et al. 1990; Smith et al.

2002) demonstrated a decrease in milk fat percentage when
milking frequency was increased. Additionally, Klei et al.
(1997) reported a lower milk protein content in cows milked
3X compared with that of cows milked 2X. Results for
milk protein percent and yield in the present study are in
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(b) (d)
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Fig. 3. The difference in milk composition between udder half milked four-times daily (4X) and udder half milked two-times daily (2X) during
the first 21 days in milk: (a): Milk protein yield (kg/d) (b): Milk lactose yield (kg/d) (c): Milk fat yield (kg/d) (d): Milk fat percentage. Data are
presented as means ±SEM. Asterisks indicate differences (P<0·05) observed at specific time points.

Milking frequency and mammary health 305

https://doi.org/10.1017/S0022029911000410 Published online by Cambridge University Press

https://doi.org/10.1017/S0022029911000410


agreement with those of others (Allen et al. 1986; DePeters
et al. 1985; Campos et al. 1994; Wall & McFadden, 2007)
who found no effect on milk protein percent but increased
milk protein yield in cows or udder halves milked more
frequently. Results for lactose percentage are similar to those
reported by Patton et al. (2006) who detected no difference
in lactose concentration when milking frequency increased
from 1X to 3X. Increased milk fat yield in the present study is
similar to previous studies (Campos et al. 1994; Erdman &
Varner, 1995; Klei et al. 1997) where fat yield from cows
milked 3X was greater than that for cowsmilked 2X. Overall,
increased milk yield associated with 4X milking may explain
the increases in milk protein, lactose and fat yields.

In the present study, milk fat percent was increased with
the 4X daily milking v. 2X daily, which is contradictory to
some reports (Hale et al. 2003; Dahl et al. 2004; Patton et al.
2006). Uneven milking intervals were practised because of
logistics at the research facility, which may have affected the
milk fat percentage via alteration in size of milk fat globules
(Wiking et al. 2004). Others (DePeters et al. 1985; Wiking
et al. 2006; Wall & McFadden, 2007) reported no effect of
increased milking frequency on milk fat percentage. This
discrepancy may be related to the varying length of each
experiment: DePeters et al. (1985) compared 2X and 3X
milking over the entire lactationwhereasWiking et al. (2006)
compared 2X and 4X milkings in mid and late lactation for 2
weeks, and Wall & McFadden (2007) compared 2X and 4X
daily milkings during the first 21 DIM.

Other factors may have been involved in the increased
milk fat content in the udder halves milked 4X compared
with that of cows milked 2X. Specifically, genes involved in
the regulation of milk fat synthesis could have contributed to
an increase in milk fat concentration. In particular, genes
such as LPL and FABP3 that encode for enzymes involved in
the uptake and transport of FA could be important regulators
of milk fat synthesis. The major contribution to milk lipid
from plasma originates from hydrolysis of the triacylglycerol
(TAG) components of VLDL and chylomicrons, catalysed by
mammary LPL (Clegg et al. 2001). Fatty acid binding protein
is involved in the intracellular transport of FA as well as
providing FA for stearoyl-CoA desaturase, which can then
contribute FA to other enzymes involved in TAG synthesis
(Bionaz & Loor, 2008). In the present study, the increase in
milk fat percent detected between udder halves milked 4X
compared with 2X daily was not reflective of any detectable
difference in mRNA expression of LPL or FABP3. There was
approximately a 0·5-fold increase in LPL and a 0·6-fold in-
crease in FABP3 (on day 7) but no significance was detected
for either gene. The lack of response to increased milking
frequency in mRNA expression of either LPL or FABP3 may
not reflect enzyme activity if some form of post-translational
modification is important (Ollier et al. 2009). It is possible
that there may have been an up-regulation of other genes in
milk cells that were not tested. For instance, Ollier et al.
(2009) observed changes in milk composition without any
effect onmammary mRNA expression from cells collected in
milk of key enzymes involved in lactose, protein and lipid

metabolism. These synthetic mechanisms could involve
translational or post-translational regulation, affecting en-
zyme quantity or activity. Additional research needs to be
conducted to fully understand the mechanisms responsible
for the alteration in milk fat percentage in response to
increased milking frequency.
Klei et al. (1997) reported that increasing milking

frequency from 2X to 3X may increase the ratio of de-novo
synthesized to preformed FA in milk fat, particularly during
early and mid lactation. In the mammary gland of ruminants,
short- and medium-chain saturated FA are the major pro-
ducts of de-novo lipogenesis, whereas plasma lipids
contribute to longer-chain and monounsaturated FA (Clegg
et al. 2001). Results reported here are similar to previous
studies (Svennersten-Sjaunja et al. 2002; Wiking et al. 2006)
in which increased milking frequency did not alter milk FA
composition. These results indicate that de-novo synthesis
or use of preformed FA in milk fat was not differently affected
by increased milking frequency.
Milk yield results were similar to those reported byWall &

McFadden (2007) showing an increase in milk yield when
milking frequency was increased during the first 21 DIM
using a UFM model. Others (Hale et al. 2003; Österman &
Bertilsson, 2003) have also shown this effect in cows milked
with greater milking frequency.

Conclusion

Previous research indicated that increased milking fre-
quency during early lactation increased milk production,
and may alter mammary gland health and milk composition.
Overall, the present study shows for the first time, that
increased milking frequency from 2X to 4X using a UFM
model for the first 21 d post partum did not affect selected
measures of mammary gland health, such as milk immune
cell populations or SCC. Further, increased milking fre-
quency did not alter milk FA profile. The present study
confirms that increasing milking frequency resulted in
greater milk yield, milk fat percent and yield, milk protein
yield and milk lactose yield. Increased milking frequency,
however, did not affect milk protein and lactose percentages.
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