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Introduction 

In dairy cows, increased milking frequency (MF) has 
a positive effect on daily milk yield (MY), providing 
dietary energy intake is sufficient to maintain the 
increase in production (Phillips et al. 1980). Short-
term increases in MF during early lactation may have 
both an acute effect and a carry-over effect on MY 
once the animals have returned to less frequent 
milking (Hale et al. 2003). The critical period for 
increased MF to generate a carry-over effect on MY 
is within the first three weeks of lactation and may 
only need to be applied for as little as 14 days (Hale 
et al. 2003; Wall & McFadden 2007). In contrast, 
decreased MF for the first three weeks of lactation 
does not result in a negative carry-over in MY, which 
can be obtained if the treatment is extended for six 
weeks (Rémond et al. 1999). Furthermore, unilateral 
milking experiments where opposing udder halves 
are milked differentially have demonstrated that both 
the acute changes in MY and the carry-over effect are 
regulated, at least in part, locally within the 
mammary gland (Knight et al. 1992; Stelwagen & 
Knight 1997; Wall & McFadden 2007). The 
mechanisms underlying this MY response are not 
well understood, but may be due to either an increase 
in the number of secretory mammary epithelial cells 
and/or the activity of these cells (Stelwagen 2001). 
The objective of this study was to establish a MF 
model to investigate molecular mechanisms that 
regulate changes MY within the mammary gland. 

Materials and methods 

Animals and manipulations 
Seventeen multiparous Holstein-Friesian and 
Holstein-Friesian x Jersey cows were milked twice 
daily (2x) until the experiment commenced (2–7 days 
in milk). Udders halves were randomly assigned to 
milking once a day (1x) or four times a day (4x) for 
14 days, with 1x at 1100 h and 4x at 0500, 1100, 
1700 and 2300 h. For the entire treatment period 
cows were grazed on pasture ad libitum and 
supplemented with 2 kg of a commercial concentrate 
(12.9 MJ/kg ME, 12.0% CP based on DM) per day. 
On Day 14, 3–5 hours after the 1100 h milking both 
rear quarters of 10 animals were biopsied as 
described by Farr et al. (1996). Cows were then 
returned to normal farm practice of 2x milking. Half-
udder MY data were collected daily during the 

treatment period. Following treatment period, 
monthly half-udder MY data and milk samples were 
collected until Day 200 post-treatment. Milk samples 
were analysed by infrared spectrometry for fat, 
protein and lactose (Fossomatic equipment, 
Livestock Improvement Corporation Herd Testing 
Station, Hamilton, New Zealand). 

RNA extraction and real-time polymerase chain 
reaction 
Mammary biopsy tissue samples were snap frozen in 
liquid nitrogen and stored at -80°C until processing. 
Total RNA was extracted, purified and converted to 
cDNA as described by Singh et al. (2005). 
Abundance of milk protein mRNA for αS1-casein, 
β-casein, α-lactalbumin, and lactoferrin were 
quantified by real-time polymerase chain reaction 
(RT-PCR) using the comparative quantification 
method, with SYBR Green master mix in the 
Rotogene 6000 system (Qiagen, Hilden, Germany) as 
described by Smith et al. (2007). The geomean of 
ubiquitin and β2-microglobulin mRNA abundance 
was used as an internal control. 

Statistical analysis 
Differences between udder half MY, calculated as the 
mean of two adjacent days, and log10-transformed 
normalised mRNA abundance were analyzed using 
ANOVA (Minitab 2006) by treatment with cow as a 
random effect. Differences were considered to be 
significant at P < 0.05. 

Results and discussion 

The pre-treatment MY for 1x and 4x udder halves 
were not statistically different at 8.4 kg/d and 8.5 
kg/d respectively. By Day 2 of treatment, the MY of 
the 4x udder halves was 5.2 kg/d (P < 0.001) higher 
than that of the 1x udder halves (Fig. 1). Following 
this initial increase, the difference between 4x and 1x 
udder halves steadily increased by 0.3 kg/d per day 
through the treatment period, culminating in a 
maximal difference of 7.6 kg/d (P < 0.001) by Day 
14. During the 2x milking post-treatment period from 
Day 50 to Day 200, the MY of the 4x udder halves 
was 1.4 kg/d (P < 0.001) greater than the 1x udder 
halves. There was no difference in milk composition 
during the post treatment period (R Murney, 
Unpublished data). The results were consistent with 
similar unilateral differential milking experiments 
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Figure 1 Mean milk yield of udder halves for cows differentially milked for 14 days in early lactation. Cows were
milked twice daily (2x) (Day -1) and then udder halves were milked either once a day (1x) (dotted line) or four
times a day (4x) (solid line) (Days 1–14), and post-treatment 2x milking period (Days 50–200). Bars indicate
standard error of the difference. 
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Figure 2 Relative mRNA abundance of milk protein genes in tissue samples collected from udder halves
differentially milked once a day (1x) (open bars) and four times a day (4x) (solid bars) for 14 days during early
lactation, expressed as log10-transformed means. Bars indicate standard error of the difference and asterisks
indicate levels of significance. 
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and demonstrate that pasture-fed cows have the ability 
to respond to increases in MF similarly to more 
intensively managed cows (Wall & McFadden 2007). 
 The initial response to MF occurred rapidly and 
by Day 2 the differential MY response between the 
udder halves was 61%, suggesting that cellular 
activity increased in 4x halves and decreased in 1x 
halves, rather than cell number was driving the MY 
response (Stelwagen 2001). 
 The milk protein mRNA levels were greater (P 
< 0.01) in 4x milked tissue samples for αS1-casein by 
eight-fold, β-casein by nine-fold and α-lactalbumin 
by 12-fold than in 1x milked tissue samples (Fig. 2). 
In contrast, the level of lactoferrin mRNA was 

decreased four-fold (P < 0.01) in the 4x milked 
glands compared with 1x milked glands (Fig. 2). 
Molenaar et al. (1996) observed that mammary 
epithelial cells switch between expressing αS1-casein 
and lactoferrin suggesting that these genes are 
reciprocally controlled. The increase in mRNA 
abundance of αS1-casein, β-casein and α-lactalbumin, 
and the decrease in mRNA abundance of lactorferrin 
in the 4x milked tissue samples may indicate a switch 
of non-secretory quiescent mammary epithelial cells 
to a secretory state, as postulated by Vetharaniam et 
al. (2003). 
 In conclusion, a MF model has been established 
that clearly demonstrates a treatment effect, which 
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can now be utilised to further explore the molecular 
mechanisms within the mammary gland of dairy 
cows that respond to changes in MF. 
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