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SUMMARY

1. Injection of citrate or EGTA solutions into the lumen of the mammary gland
of goats in quantities sufficient to reduce ionized calcium to less than one-tenth of
normal, led to increases in milk concentrations of Na and Cl and decreases in K and
lactose.

2. Subsequent milk yields were decreased in glands treated with citrate but not
in those treated with EGTA.

3. Blood-milk potential difference decreased (i.e. towards zero) in glands in which
citrate was present.

4. In goats milked hourly with the aid of oxytocin, milk Na and Cl concentrations
increased while K and lactose decreased; there was no apparent decrease in Ca2+
concentration.

5. It is suggested that ionized calcium in milk is essential to preserve the integrity
of the mammary epithelium during lactation.

INTRODUCTION

When tissues are exposed to low-calcium media, the integrity of the zonulae
occludentes between cells is not maintained (see, for example, Amsterdam & Jamieson,
1974; Galli, Brenna, Camilli & Meldolesi, 1976). In confluent cultures of mid-pregnant
mouse mammary gland, Pitelka & Hamamoto (1977 and personal communcation)
used morphological techniques to show that exposure to calcium-free mnedia
containing EGTA caused the appearance of discontinuities in the occluding zones
within 5 min. Other changes included cytoplasmic contraction beneath junctional
belts with development of long interdigitating filopodia and gradual endocytosis of
junction patches. In these studies, calcium was removed, of necessity, from both
baso-lateral and apical surfaces of the mammary epithelium.
The partition of calcium in milk is complex: some calcium is protein-associated

(about 70% in the goat, Neville & Peaker, 1979) while the majority of that in the
soluble fraction occurs as the monovalent anion, calciocitrate (see Holt, Muiir, Ormrod,
Zammit & Peaker, 1980). Nevertheless, chemical and electrochemical determinations
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indicate that there is some free Ca2+ in milk (see Jenness, 1974; Baumrucker, 1978)
and, in the goat, determinations using a calcium electrode give a value ofapproximately
1 mM in a total calcium concentration of 27 mm (see Neville & Peaker, 1979).
The question therefore arises of whether the ionized calcium in milk is important

for the maintenance of the integrity of the mammary epithelium. Since integrity of
the occluding junctions is vital for milk of normal composition to be produced (see
Peaker, 1978) we have investigated whether chelation of the Ca2+ in milk has effects
on milk composition and on transepithelial potential difference (p.d.) which are
compatible with an effect on junctional integrity. To achieve chelation, we have added
either additional citrate or ethyleneglycol-bis (,f-amino-ethyl ether) N,N'-tetra-acetic
acid (EGTA) to milk within the mammary gland of goats.

METHODS

Animals. Experiments were conducted on lactating goats in which a mammary ('milk' or caudal
superficial epigastric) vein was exteriorized in a loop of skin (Linzell, 1960). The goats were milked
at approximately 09.00 and 16.00 hr each day; the time of milking and the yield of each gland were
recorded.

Conduct of experiments. For studies on milk yield and composition, sterile solutions of sodium
citrate (50 mm, Na3C6H5O, .5H20) in sucrose (240 mM) and of 300 mM-Na-EGTA (pH 6 8) were
prepared and Millipore-filtered immediately before use. In three goats, 250 ml. of the citrate-sucrose
solution was injected aseptically into the lumen of one mammary gland (via the teat canal)
approximately 3 hr after morning milking. In two goats, 26 and 67 ml. of the EGTA was injected.
Three hours later both glands were milked; normal twice-daily milking was then continued.
For studies on blood-milk p.d. (determined as described by Peaker, 1977), goats were milked

approximately 4 hr after morning milking; the initial p.d. was recorded and 250 ml. of the
citrate-sucrose solution injected.
For studies on the effect of frequent milking on milk composition, goats were milked hourly for

6 hr, starting at morning milking; 100 mu. oxytocin was injected i.v. each time (Linzell & Peaker,
1971).
Analytical methods. For the citrate and frequent milking experiments, milk Na, K, Cl and lactose

were determined as described by Fleet, Linzell & Peaker (1972). For the EGTA experiments similar
methods for Na, K and Cl were adapted to a Technicon auto-analyzer II; lactose (as total reducing
sugar by an alkaline ferricyanide method) was also determined in the auto-analyzer as described
in Technicon industrial method no. 120-71A. Milk Ca2+ was estimated using a Radiometer
(Copenhagen) electrode (model F2112Ca) (where possible allowing for total ionic strength of
standards and milks), and electrical conductivity as described by Linzell, Peaker & Rowell (1974).

RESULTS

Milk yield and composition
Effects of citrate
The changes induced by the sucrose--citrate solution in three goats were similar.

Therefore, data have been pooled in Figs. 1 and 2 as means +S.E. of means.
In Fig. 1 are plotted the mean milk yields of the treated glands as percentages of

the yields of the untreated glands. For the afternoon milk yield on the day of the
experiment, the value shown is the combined yield from the milking when the
citrate-sucrose solution was removed and the normal afternoon milking minus the
volume of solution injected. There was a tendency for yield to be increased during
and immediately after the experiment. In the 2 days following treatment, the yield
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Fig. 1. Effect on milk yield of introducing 250 ml. citrate-sucrose solution into one
mammary gland of each of three goats (see text for details). Mean +S.E. The first point
shown after treatment is the combined yield from the milking when the solution was
removed and that of the normal afternoon milking.

of the treated glands appeared to be decreased, the main fall occurring in the period
from 2-18 hr after removal of the solution.
At the milking when the citrate-sucrose solution was removed, milk Na concentration was

increased while K, Cl and lactose were decreased (Fig. 2). However, it is difficult to interpret changes
at this milking because of four complicating factors: (i) the presence of the additional volume of
liquid in the gland would tend to depress concentrations by a dilution effect; (ii) the presence of
additional Na in the citrate-sucrose solution, although when this is allowed for the Na concentration
was still increased; (iii) the tendency for Na, K and Cl to pass into the diluted milk from the cell
as a result of altering the concentration gradients (Linzell, Mepham & Peaker, 1976); (iv) the
additional citrate could affect anion movements by a Donnan or other effect. Therefore, interpretation
of the effects of the solution is not based on changes at this milking.

At the milking approximately 2 hr after the solution was removed, the milk had
a markedly different composition from that obtaining before treatment and from that
ofthe untreated gland (Fig. 2). Mean milk Na and Cl concentration were approximately
40 and 20 m-mole/l. respectively higher than in the untreated gland, while K and
lactose were approximately 20 and 57 m-mole/l. respectively lower. Therefore, it
appears that treatment with the citrate-sucrose solution increased milk Na and Cl
and decreased K and lactose concentrations (even with the small number of animals,
these differences were significant (P < 0'05) with respect to the untreated gland). This
tendency was still apparent at the milking 18 hr after removal of the solution.

It is pertinent to consider the immediate effect of adding 250 ml. citrate-sucrose
solution on the ionized Ca2+ of the milk within the gland. The effect is not simply
one of chelating the Ca2+ in milk. Holt & Muir (1979) have shown that when citrate
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Fig. 2. Effects on milk composition of introducing 250 ml. citrate-sucrose solution into a
mammary gland of three goats (see text for details). * *, treated glands: O --- 0.
untreated glands. Mean +S. E.

is added to milk in vitro, the proportion of 'soluble' calcium increases, indicating that,
the calcium being chelated is drawn from the protein-associated pool to a great
extent; they also showed that Ca2+ concentration is not affected by small additions
of citrate. We have therefore added larger amounts of citrate to milk in evitro to
determine the likely concentration of Ca2+ in 'milk' after addition of 250 ml. of the
citrate-sucrose to the 210 ml. of milk we calculated from previous milk yields to be
in the gland. It can be seen from Fig. 3 that this addition would have reduced the
concentration of Ca2+ by a factor of approximately 12 to about 0-1 mM.
At the end of the 3 hr period with the solution in the gland. the mean volume of

milk as a percentage of the total liquid in the gland was 59 + 28 (S.E.). If io additional
movement of calcium occurred into milk during this period, the likely Ca2+
concentration within the lumen would have been approximately 0 45 mm (Fig. 3).
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Fig. 3. Effects of adding citrate-sucrose solution (50 mM; 240 mM-sucrose) or 300 mM-
Na-EGTA to milk in vitro on Ca2+ at 25 'C. The calcium electrode was calibrated against
CaCI2 solutions of similar ionic composition to normal goat's milk, and showed a 37 mV
change per tenfold change in Ca2+ concentration (expressed as mM). The arrows show the
approximate dilutions used for the experiments in vivo.

Effects of EGTA
In the two goats given EGTA, it was calculated from the previous rates of milk

secretion (see below), as well as the amounts of 300 mM-EGTA given (26 and 67 ml.)
and the curve showing the effects of adding the EGTA solution to milk in vitro (Fig.
3), that the immediate effect on Ca2+ concentration in the lumen would have been
a reduction to < 0 01 mm.
The effects on milk composition, again judged from the milking after the solution

was removed, were qualitatively similar in both goats to those achieved with citrate,
i.e. Na and Cl concentrations increased while K and lactose decreased; the results
for one goat are shown in Fig. 4. However, in contrast to the results obtained with
citrate, in neither goat was the milk yield of the treated gland apparently decreased
after treatment, the yields being 54 and 140 ml./hr respectively before treatment and
55 and 140 ml./hr in the 2 days after treatment.

In these studies, additional small milk samples were taken immediately before
treatment and Ca2+ concentrations estimated in these and in the milk obtained when
the solution was removed. In view of the difficulties involved in calibrating a calcium
electrode in conditions when ionic strength has changed, the results in Table 1 are
presented simply as mV readings. It can be seen that Ca2+ concentration was still
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TABLE 1. Effect of 300 mM-EGTA introduced into the mammary lumen (i) on milk [Ca2+] 3 hr later
and at the milking following removal of the solution (see Fig. 4) in two goats, and (ii) on mammary
venous plasma 2-5 hr later. The results are expressed as mV (see text) and estimations were made
at 25 'C. The electrode used showed a 25 mV change per tenfold change in concentration of Ca2+.
A value of 40 mV was approximately equivalent to a concentration of 16 mM-Ca2+

Milk

Goat 1 Goat 2

Treated Untreated Treated Untreated

Before
After 3 hr
Next milking

39
27
38

39
39
39

40
19
40

40
39
40

Mammary venous plasma

Goat 1 Goat 2

21
25

24~
27

I I I l
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4
Time from injection of citrate solution (min)

Fig. 5. Effects of introducing 250 ml. 50 mM-citrate/240 mM-sucrose solution into the
lumen of a mammary gland in two goats on blood-milk p.d. (blood = 0).
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apparently decreased at the end of the 3 hr period but was restored to pre-treatment
values at the milking approximately 2 hr later. Also shown in Table 1 are Ca2+
estimations from mammary venous plasma taken immediately before and 2 5 hr after
the solution was injected; it is clear that there was no apparent decrease in the
concentration of Ca2±.

Blood-milk p.d.
In the two goats treated with the citrate-sucrose solution, the initial blood-milk

p.d. was -17 and -24 mV (milk negative) respectively. After treatment p.d.
decreased (i.e. milk became less negative). The maximum fall over the 20-23 min
recordings were made was 6 mV in one goat and 18 mv in the other (Fig. 5).

Changes in milk composition during hourly milking
During hourly milking with the aid of oxytocin (100 mu. each time), we found

previously that milk Na and Cl concentrations increased while K and lactose
decreased (Linzell & Peaker, 1971). The changes were interpreted as due to a decrease
in junctional integrity. To determine whether this was due to an alteration in the
milk ionized Ca2+, we milked goats at hourly intervals for 6 hr, injecting 100 mu.
oxytocin i.v. at each time. The Na and Ca2+ concentrations were determined on each
sample. While the mean maximum increase in Na was 16 m-mole/l. at the fourth hour
(an approximate doubling) there was no apparent change in Ca2+ apart from a
tendency for a slight increase at the first hour. Taking all the data from the three
goats for the first to sixth hour there was no significant correlation between the change
in Na concentration and that of Ca2+ (r = 0 012).

In studies of this type with Ca2t determinations made on fresh milk with a calcium electrode
it is difficult to compensate for changes in ionic strength at the time of measurement. However,
as judged from electrical conductivity measurements, the maximum rise was equivalent to a mean
rise of 6 m-mole/I. of a NaCI solution. Moreover, there was no correlation, using the same samples
as above, between conductivity and Ca2+ concentration (r = 0 276).

DISCUSSION

The results strongly indicate that the presence of citrate-sucrose or EGTA
solutions in the mammary gland disrupts the integrity of the epithelium. In all other
circumstances in which milk Na and Cl concentrations are increased while K and
lactose are decreased there is evidence from for example, movements of isotopically
labelled disaccharides, that the junctions between cells are leaky (see Peaker, 1978).
Moreover, the decrease in transepithelial (blood-milk) p.d. is also compatible with
the view that the two sides of the epithelium are partially short-circuited in the
presence of citrate or of EGTA (Peaker, 1977, 1980).

While Pitelka & Hamamoto (1977) have shown in vitro that chelation of Ca2+ leads
to disruption of the occluding junctions, the present results indicate that, in vivo, Ca2+
is required on the milk (luminal) side to maintain epithelial integrity. Whether the
decrease in milk yield after treatment with citrate-sucrose is related to long-term
effects of chelation of Ca2+ is open to question since this effect was not observed with
EGTA. The effect of treatment on intracellular calcium was not assessed.

It is not possible to assess, from the present studies, the magnitude of the decrease
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in milk Ca2+ concentration required for epithelial integrity to break down. While
substantial dilution of milk in vivo with isosmotic sucrose or lactose solutions does
not lead to the changes observed with citrate included (Linzell et al. 1976; Peaker,
1977; Neville & Peaker, 1979), it seems likely that Ca2+ could be replenished by
re-equilibration of reactions between Ca2±, calciocitrate and protein-associated
calcium under these circumstances.

If Ca2+ in milk is important for epithelial integrity, the question arises of whether
calcium movements or binding control milk composition when the proposed epithelial
paracellular pathway through leaky junctions (see Linzell & Peaker, 1971; Peaker,
1978) opens or closes. While the present results indicate that this is not a likely means
of control in the effect of frequent milking on epithelial permeability and milk
composition, the possibility of control by this means at such times as the onset and
cessation of lactation cannot be ruled out; experiments are in progress to investigate
the Ca2+ concentrations in mammary secretions at these times.

There is circumstantial evidence that changes in the concentration of Ca2+ on the
blood or milk side might be important in altering junctional permeability in
pathological conditions. Linzell & Peaker (1972) noted that milk Na and Cl concent-
rations increased and K and lactose decreased in a lactating cow suffering from
hypocalcaemia, and a similar effect has been observed in a case of hypocalcaemia
several days after parturition (M. Peaker & F. M. Maule Walker, unpublished).
Thus while the ionized Ca2+ is a small proportion of the total calcium content of

milk and is of negligible nutritional importance, it appears to have a major biological
role in preserving the integrity of the mammary epithelium. In a wider context, it
may be pertinent to consider whether Ca2+ in other exocrine secretions plays a similar
role.

W'e are most grateful to Mr I. R. Fleet, Mrs J. A. Goode and Mr R. Proudfoot (Institute of Animal
Physiology) and Mr D. R. Blatchford, Dr I'. L. Clarke, Mr T. F. Hutchinson and Mr R. M. Mabon
(Hannah Research Institute) for assistance and care of the animals.
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