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GENERAL INTRODUCTION 

The presence of a sodium and potassium stimu

lated adenosine triphosphatase (Na-K ATPase) system 

and its function as a cation pump has been demon

strated in a great number of tissues from various 

species (Bonting, 1970). Its role has been shown in 

various secretory processes, such as the exocrine 

pancreatic secretion of fluid and electrolytes (Rid-

derstap and Bonting, 196Э), the secretion of aqueous 

humor (Bonting and Becker, 1964; Simon and Bonting, 

1962), the secretion of cerebrospinal fluid (Vates 

et al, 1964) and gastric acid secretion (Hansen et 

al, 1972). 

There are some indications that it might also 

play a role in the secretory function of the mamma

ry gland. In milk of all mammals investigated the 

sodium concentration is lower and the potassium con

centration higher than in blood plasma. During the 

late period of lactation there is an increase in the 

sodium and a decrease in the potassium concentration 

in the milk of several soecies (Konar et al, 1971). 

Mastitis also causes a rise in milk sodium and a 

fall in potassium (Linzell and Peaker, 1971a and 

1972). These observations suggest that active cation 

transport takes place in the process of milk secre

tion. 

The purpose of our studies was to investigate: 

1) the presence and properties of the Na-K ATPase 

13 



system in the guinea pig mammary gland during 

lactation (chapter II) and during periods with

out lactation as in the immature and involuted 

states (chapter III); 

2) the influence of the Na-K ATPase system on the 

intracellular sodium, potassium and chloride con 

centrations in the lactating mammary gland (chap 

ter IV); 

3) the relative permeabilities of the cell mem

branes for these ions by means of ion movement 

studies with radio isotopes (chapter V); 

4) the influence of frequent milking and of ouabain 

on milk yield and composition (chapter VI); 

5) the possible role of the Na-K ATPase system and 

the intracellular sodium and potassium concen

trations on the processes of lactose synthesis 

and secretion. Several authors (Barry and Rowlan 

1953; Konar et al, 1971; Silcock and Patton, 

1972) have found a positive relation between the 

lactose and potassium concentration in milk (cha 

ter VII); 

6) the problem whether Na-K ATPase is localized on 

the apical cell membrane of the lactating alveo

lar cell or not. This was studied by isolating 

fat globule membranes, which appear to derive 

from the apical membrane, and determining the 

presence of Na-K ATPase activity in these mem

branes (chapter VIII). 

14 



C H A P T E R I 

STRUCTURES OF THE LACTATING MAMMARY GLAND AND THE 

MECHANISM OF MILK SECRETION 

I.1. ANATOMY OF THE MAMMARY GLAND. 

Evolution of the mammary gland 

The mammary gland is a skin gland formed by in

vagination of the ectoderm. Already during the fetal 

stage it develops into a simple tubular gland. From 

birth to puberty the development of the mammary 

gland is characterized by the progressive prolife

ration of the duct system (Mayer and Klein, 1961) 

and generally it remains in this state until gesta

tion. 

During pregnancy an extensive growth and evolu

tion into a compound tubulo-alveolar structure takes 

place (Fig. 1). This process of cell proliferation 

and differentiation is regulated by several hor

mones: prolactin (lactogenic hormone), insulin, Cor

tisol and progesteron (Cowie and Tindal, 1971; Holl-

mann and Verley, 1970). 

15 



BLOOD VESSEL 
ALVEOLUS 

Fig. 1, Microscopic section of the mammary gland, 

showing the lobular arrangement of the 

alveoli as well as the duct system. (From 

Fatten, 1969 ] . 

Morphology of the laatating mammary gland 

The number of lactating mammary glands, their 

localisation and gross structure vary with the spe 

cies of the mammals, but the principle anatomy is 

the same. 

Each gland is connected with a teat by means 

the main ducts, which empty into the cistern, the 

cavity within the teat (Fig. 2]. The narrow openin 

in the end of the teat, called the streak canal, i 

lined by a stratified SL jamous epithelium and sur

rounded by a sphincter composed of circular smooth 

muscle fibers (Frandson, I^BS). 
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SECRETORY 
TISSUE 

DUCTS 

CISTERN 

Fig. 2. Longitudinal section of the distal part of 

the mammary gland and the teat with cistern 

and streak canal Cs) (From Patton, 1969]. 

The mammary tissue itself consists of a large num

ber of lobules, separated and surrounded by connec

tive tissue. Each lobule is composed of many alveoli 

or acini. The alveolus (Fig. 3) is the secretory u-

nit of the gland. It is lined by a layer of epithe

lial cells, which are cuboidal to columnar depending 

on the milk content of the cell. The alveolus is 

surrounded by a network of blood capillaries and 

myoepithelial cells. The myoepithelial cells con

tract under the influence of oxytocin, a hormone of 

1/ 



the posterior hypophysis. This causes a discharge 

of the accumulated milk from the alveolus. This pro

cess takes place at the moment of suckling or milk

ing and is called milk ejection. 

ARTERIAL BLOOD 

VENOUS 
BLOOD 

MYOEPITHELIAL 
CELL 

DUCT 

Fig. 3. A single alveolus consisting of an ellip

tical arrangement of lactating cells sur

rounding the lumen, A network of capil

laries and myoepithelial cells surrounds 

the alveolus. (From Patton, 1969). 

Blood aivaulation of the mammary gland 

The circulatory system of the mammary gland de

pends on the localisation of the gland, which varies 

18 



with the species. The guinea pig» whose mammary 

glands have been used in most of our experiments, 

has two mammary glands in the inguinal region. 

These glands receive the arterial blood supply gen

erally from the external pudic artery [Davis and 

Mepham, 1972]. The artery follows the interlobular 

connective tissue septa and then it forms within 

the intralobular connective tissue a capillary net

work which surrounds the alveoli (Fig. 3). There 

are generally two veins draining the mammary gland: 

the external pudic and the superficial epigastric 

vein. 

Innervation of the mammary gland 

The mammary gland is of cutaneous origin and 

its innervation is the same as that of the contig

uous skin. The mammary nerves contain somatic sen

sory and sympatic motor fibres (Cowie and Tindal, 

1971). The sympatic innervation supplies the smooth 

muscle of the blood vessels, of the teat and the 

very limited smooth muscle on the ducts and the cis

ternal wall. The sensory fibres are important for 

several phenomena of lactation, like the milk eject

ion reflex mechanism. 

Morphology of the secretory cell 

The secretory mammary cell shows all the signs 

of great metabolic activity and synthesis (Fig. 4 

and 5). The nucleus is spherical, there is a large 

19 



amount of rough endoplasmic reticulum, free ribo-

somes and mitochondria. The Golgi apparatus is well 

developed and located between the nucleus and the 

cell apex. Some of the products of synthesis (e.g. 

fat globules and protein granules) can be seen. 

·· 
ΐ ~ t. • *• 

i' ». 

-
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л 
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Fig. 4. Ε le etronmlcrograph of the lactating mammary 

gland cell. At the apical membrane of the 

cell a fat droplet is pinched off. The dark 

region is the cell, the light region is the 

lumen of the alveolus. Mitochondria and 

Golgi vesicels with protein granules (small 

dark circles) are shown. Magnification 

40,000 x. (From Patton, 1969). 
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There are very few microvilli on the apical surface 

and the basal cell membrane is folded. The cells 

are joined near the apex by tight junctions and 

desmosomes (Fig. 5 and Б, Linzell and Peaker, 1971b' 

F i g 

N B A S E M E N T ^ M Y O E P I T H E L I A L ' ^HtMIDESMOSOME 
MEMBRANE CELL 

A lactatlng cell discharging fat droplets, 

with an without amounts of cytoplasm. Into 

the lumen. Dark circular bodies in the vac

uoles of Golgi apparatus are granules of 

protein being discharged into the lumen. At 

the lateral membrane of the cell the junc

tional complex between two secretory cells 

is shown. At the basal cell membrane a myo

epithelial cell with hemidBsmos orne s is shown 

(From Linzell and Peaker, 1971b)· 
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Fig. 6. Junctional complex in 

an electronmicrograph 

of the region between 

two secretory cells. 

Tight junction at the 

top, near lumen (a); 

desmosome with asso

ciated ton of i 1 aments 

(t] below. Duct cells 

and secretory and 

duct cells are joined 

by similar structures 

(From Linzell and 

PeaKer, 1971b] . 

X 
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1.2. MECHANISM OF MILK SECRETION. 

Terminology and hormonal regulation 

It is customary and convenient to regard milk 

secretion as consisting of two sequential proces

ses (Cowie and Folley, 19Б1; Cowie and Tindal, 

1971} a] the synthesis of milk by the alveolar 

cells and b] the passage of milk from the cytoplasm 

of the alveolar cell into the alveolar lumen (ex

cretion). Moreover it is customary to differentiate 

between the initiation of milk secretion (lacto-

22 



genesis) and the maintenance of an established milk 

secretion, the lactopoiesis (Mayer and Klein, 1961). 

Lactogenesis appears towards the end of pregnancy 

and is obvious at the time of parturition. Under 

physiological conditions lactopoiesis follows rapid

ly on lactogenesis. The second phase is the period 

which we have mainly studied. This process is the 

result of an interplay of nervous and hormonal fac

tors of which the chief mechanism is a neuro-hor-

monal reflex from the teat sensory fibres to the pi

tuitary causing a release of anterior pituitary hor

mones, like prolactin, ACTH and growth hormone, and 

of posterior pituitary hormones like oxytocin. The 

anterior pituitary hormones are responsible for cel

lular secretion and excretion, while oxytocin causes 

contraction of the alveoli by means of the myoepi

thelial cells resulting in milk ejection. 

General aspects of the meahanism of milk secretion 

Most authors studying the process of milk se

cretion agree that milk secretion is not an apocrine 

process, envisaged as the loss of the apex of the 

cell, but a merocrine process, i.e. a passage of 

milk components through the apical cell membrane in

to the alveolar lumen without the loss of cytoplasm 

(Linzell, 1959; Richardson, 1947). The electronmi-

croscopic studies of Kurosumi (1961), however, in

dicate that the mammary gland secretes in two ways. 

Most of the secretion takes place by means of an 

scorine process, in which the secreted substance 

23 



passes the apical membrane without carrying part of 

this membrane or cytoplasm with it. A minor part of 

the secretion utilizes a micro apocrine process, in 

which small amounts of cytoplasm are pinched off, 

being surrounded by a fragment of the apical mem

brane . 

Milk composition 

The milk composition varies with the species 

of the mammal. Since milk is the natural food of 

the new born mammal, its composition has to be a-

dapted to the needs of the young. In general, milk 

can be considered as a mixture of water, lipid and 

non-lipid constituents. In addition to water, which 

represents in most species 70-90% of the milk, the 

main constituents are lipids, proteins, lactose and 

several minerals (Tables I and II). 

Milk fat synthesis and mechanism of milk fat 

secretion 

The precursors of milk fat show a large spe

cies variation. Most studies of milk fat synthesis 

have been carried out in the mammary gland of cow 

(in vivo) and rat (in vitro). A striking difference 

between rat and cow (and other ruminants) is that 

the rat can incorporate glucose carbon into fatty 

acids, but the ruminants can only utilize carbon 

from plasma acetate and β-hydroxybutyrate (Folley 

and Mc Naught, 1961). These two compounds are the 
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TABLE I 

REPRESENTIVE VALUES FOR THE MAJOR COMPONENTS OF 

THE MILK OF DIFFERENT SPECIES 

species 

man 

cow 

sheep 

goat 

horse 

dog 

Pig 

rabbit 

guinea pig 

rat 

fat 

4.5 

3.5 

7.5 

4.5 

1 .6 

B.3 

B.5 

13 

7.0 

13 

protein 

1.1 

3.2 

5.В 

3.3 

2.2 

9.5 

5.8 

12 

7.5 

12 

lactose 1 

6.В 

4.6 

4.4 

4.4 

6.0 

4.0 

4.6 

2.0 

3.0 

3.0 

botai ash 

0.20 

0.75 

0.B7 

0.80 

0.40 

1 .2 

0.94 

2.3 

0.B0 

1.5 

wat 

B7 

B7 

B2 

B7 

90 

76 

B1 

71 

Θ2 

73 

All values are expressed in g/100 g and are com

piled from several sources: Ling et al (1961], 

Blaxter (1961] and Altman and Dittmar (1961]. 
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TABLE II 

REPRESENTIVE VALUES FOR SEVERAL IONS IN 

THE MILK OF DIFFERENT SPECIES 

species 

man 

cow 

sheep 

goat 

horse 

dog 

Pig 

rabbit 

guinea pig 

rat 

Fe 

17.9 

5.4 

3.6 

161 

32 

22 

125 

Ca 

7.4 

32 

49 

35 

21 

71 

62 

144 

43 

98 

Na 

7.6 

23 

31 

20 

9 

50 

29 

58 

23 

К 

14 

41 

23 

44 

21 

33 

23 

48 

16 

Cl 

11 

31 

39 

42 

6 

25 

4.6 

35 

46 

40 

18 

61 

53 

128 

41 

112 

All values are expressed in mmoles/1 and are com

piled from several sources: Ling et al (1961), 

Blaxter [1961] and Altman and Dittmar (1961). 
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precursors of the short chain fatty acids with 4-14 

carbon atoms, which are therefore present in rumi

nant milk in relatively high percentage. The long 

chain fatty acids, chiefly stéarate and oleate, 

have been shown, at least in goat udder, to be 

largely taken up from the plasma both from the free 

fatty acids and triglycerides (Linzell, 1968). A-

bout 99% of milk fat are triglycerides. It is gen

erally believed that the fatty acids are esterified 

in the rough endoplasmic reticulum. Stein and Stein 

(1967) have shown that only 1 minute after intra-

3 

venous injection of Η-labeled oleic acid or palmi

tic acid into lactating mice, more than 95% of the 

labeled fatty acid in the alveolar cell is in the 

esterified form. The label is at this time located 

in the rough endoplasmic reticulum and in the lipid 

droplets. After 10-60 minutes all the label in the 

alveolar cell had moved to the lipid droplets. 

The mechanism of milk fat secretion into the 

alveolar lumen has been clarified by Bargmann and 

Knoop (1959) by means of electronmicroscopic stud

ies of lactating rat mammary gland tissue. Small 

fat droplets from near the basal lamella migrate to

ward the apical region of the cell, increasing in 

diameter. These fat globules range in size from 

1-θ μ and average 3-4 y diameter. These droplets 

are progressively enveloped by the apical plasma 

membrane and ultimately pinched off into the alveo

lar lumen. About 1-5% of the fat globules may have 

portions of cytoplasm attached (Wooding et al, 

1970) and are called "signets" (Fig. 5). Patton and 
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Fowkes (1967) explained the envelopment of the drop

let as being due to Londen-van der Waals attractive 

forces. This mode of fat secretion suggests that 

the milk fat globule membrane is directly derived 

from the apical cell membrane. This would mean that 

the membranes isolated from milk fat globules should 

be very useful for obtaining information about the 

apical cell membrane (see chapter VIII). 

Synthesis of milk protein and mechanism of protein 

secretion 

The major milk proteins are casein, a-lactal-

bumin and ß- lactoglobulin. Casein occurs in four 

distinct types called α,β,γ and K-casein (Patton, 

19Б9). These proteins are synthesized from amino a-

cids derived from the blood plasma (Barry, 1961 and 

1964). There is no biochemical evidence to suggest 

that the mechanism of protein synthesis in the mam

mary gland differs significantly from that described 

for proteins from a range of tissues of different 

species (Jones, 1969). The results of electronmicro-

scopic autoradiographic experiments (Fiske et al, 

1967; Stein and Stein, 1967) with labeled amino a-

cids indicate that milk proteins are synthesized in 

the rough endoplasmic reticulum and that they are 

then transferred to the Golgi vesicles. The exact 

nature of the latter process is not clear, but pro

tein granules are visible in Golgi vesicles by elec-

tronmicroscopy (Bargmann and Knoop, 1959). These 

protein granules are transported in the Golgi vesi-
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cíes to the alveolar lumen by means of an inversed 

pinocytosis process (Fig. 4 and 5). 

Synthesis of lactose and mechanism of lactose 

secretion 

About the pathway of the lactose synthesis in 

the lactating mammary gland the following way is 

generally accepted: d-glucose gives by way of 

d-gl-6-P, d-gl-1-P, UDP-gl ultimately UDP-galactose. 

Under the influence of the enzyme lactose synthetase 

(i.e. galactosyItransferase and a-lactalbumin) lac

tose is formed from UDP-galactose and d-glucose. 

This was shown by Watkins and Hassid (1962), who 

thereby corrected the theory of Gander et al (1956 

and 1957) implying that UDP-galactose would react 

with d-glucose-1-P to give lactose-1-P. Keenan et 

al (1970b) have proved that the synthesis of lactose 

takes place in the Golgi system of the lactating 

cell, because the membrane bound component of the 

enzyme lactose synthetase, galactosyItransferase, is 

localized in the Golgi membrane. 

The secretion of lactose occurs most likely by 

way of the Golgi vesicles (Brew et al, 1968 and 

1969), in the same way as the secretion of protein 

granules takes place. This is supported by the find

ing that the apical membrane of the lactating cell 

has a very low permeability to lactose (Linzell and 

Peaker, 1971b and 1971c). 
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Mechanism for the secretion of water and water-sol

uble components in milk, except lactose 

Hardwick et al (1961 and 1963] have found that 

glucose is essential for milk secretion. They have 

shown by experiments with perfused goat udders that 

as soon as glucose is added to the perfusion fluid 

the secretion of the aqueous phase begins. No other 

sugar or metabolite can substitute for glucose in 

stimulating milk secretion. This is understandable, 

since glucose is the essential precursor of lactose. 

It also indicates that the presence of lactose is 

required for milk secretion. In this sense lactose 

behaves differently from other major components of 

milk: in the absence of fatty acids and amino acids 

from the perfusion fluid the isolated perfused goat 

udder secretes milk, which is deficient in fat and 

protein (Hardwick et al, 1961). In the absence of 

glucose only a very small amount of fluid is pro

duced . 

The aqueous phase of milk is isotonic with 

plasma and lactose is the main osmotic component of 

milk. Sodium, potassium, chloride, calcium, magne

sium, phosphate and citrate are present in smaller 

concentrations (Davies and White, 1960; Table II). 

There are still many unanswered questions concerning 

the secretion of water and the water-soluble compo

nents other than lactose. It appears that protein 

granules and lactose are secreted via the Golgi 

vesicles with part of the water and ions, while the 

remaining water and ions of milk are secreted di-
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rectly through the apical cell membrane. 
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C H A P T E R I I 

PRESENCE AND PROPERTIES OF NA-K ATPASE IN THE 

LACTATING GUINEA PIG MAMMARY GLAND 

II.1. INTRODUCTION 

The presence of Na-K ATPase activity and its 

function as a cation pump system has been demonstra

ted in a great number of tissues from various spe

cies (Bonting, 1970]. The role of this enzyme has 

also been shown in various secretory processes, 

such as the exocrine pancreatic secretion of fluid 

and electrolytes (Ridderstap and Bonting, 1969), 

the secretion of aqueous humor (Bonting and Becker, 

1964; Simon and Bonting, 1962), the secretion of 

cerebrospinal fluid (Vates et al, 1964) and the gas

tric acid secretion (Hansen et al, 1972). 

There are some indications that the Na-K ATPase 

system might also play a role in the secretory func

tion of the mammary gland. In milk of all mammals 

investigated the sodium concentration is lower and 

the potassium concentration higher than in blood 

plasma. During the late period of lactation there is 

an increase in the sodium and decrease in the potas

sium content in milk of several species (Konar et 

al, 1971). Mastitis also causes a rise in milk so

dium and a fall in potassium (Linzell and Peaker, 
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1971a and 1972]. Howevar, the pressnee of Na-K 

ATPase activity in the mammary gland has not yet 

been demonstrated by biochemical assay. On the ba

sis of a histochemical staining technique Kinura 

(1969) has claimed its presence in the mammary 

gland cell on the basal and lateral cell membrane, 

but the reliability of the histochemical method is 

subject to serious doubt (Bonting, 1970, p. 275). 

In this chapter the presence of Na-K ATPase 

activity and its characteristics have been investi

gated in the lactating guinea pig mammary gland by 

biochemical methods. Since the Na-K activated part 

of the ATPase activity in mammary tissue homoge-

nates is low (16%), a microsomal fraction of the 

homogenized tissue was prepared for the study of 

the properties of the Na-K ATPase system. The re

sults reported here indicate that the properties of 

the Na-K ATPase in the lactating mammary gland are 

very similar to those of the enzyme in other tis

sues and species. 

II.2. MATERIAL AND METHODS. 

Chemical reagents 

Adenosine 5' triphosphate disodium salt (ATP); 

Boehringer, Mannheim, Germany. 

Ouabain (strophanthin-g); E. Merck AG, Darmstadt, 

Germany. Tris-ATP was prepared by converting the di

sodium salt of ATP into the Tris salt by ion ex-
p 

change chromatography on Amberlite 120 (Tris form). 
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All other rsagEnts were of analytical grade. 

Animals 

Female suckling albino guinea pigs (Central In

stitute for Breeding of Laboratory Animals, T.IM.D., 

Zeist, The Netherlands) were taken 5-1G days after 

giving birth. They were immediately killed by cer

vical dislocation and the mammary glands were re

moved within 5 minutes and homogenized. 

Tissue preparation 

Aqueous homogenates, usually 10% (w/v), were 

prepared with double distilled water at 0-4 С in 

Potter-Elvehjem glass tissue grinders. Aliquots of 

D.5 ml of this homogenate were shell-frozen and lyo-

philized at -20 С and stored at this temperature un

der vacuo. 

A microsomal fraction of the lactating mammary 

gland tissue was prepared by centrifuging tissue ho

mogenates in 0.3 M sucrose for 10 minutes at 

10,000 g in a Sorvall RC 2B centrifuge. The su-b
max

 ь 

pernatant was centrifueed for 1 hr at 144,000 g 

in a Spinco L 50 ultracentrifuge. The resulting pel

let was washed three times with twice-distilled wa

ter. This pellet was shell-frozen and lyophilized at 

-20 С and stored at this temperature under vacuo. 
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ATPase assay 

The ATPase assay method of Bonting (1970, 

p. 260) was used with minor modifications. The sub

strate media are listed in table III. 

TABLE III 

COMPOSITION OF SUBSTRATE I4EDIA 

Medium D 

ATP* 
+ + 

Mg 
+ 

К 
+ + 

Na 

EDTA 

2 

4 

4 

50 

0.1 

2 

4 

54 

0.1 

2 

4 

4 

0.1 

2 

4 

4 

50 

0.1 

Tris buffer pH 7.5 100 100 100 100 

Ouabain - 0.1 

2 

4 

54 

0.1 

100 

0. 1 

All concentrations are expressed in mmoles/1. 

The only other anion present is CI . 

* Medium A, B, D and E: disodium salt was used, but 

in medium С Tris ATP was used. 

The ATPase activity was measured in medium A. Mg 

stimulated, ouabain insensitive ATPase activity was 
+ + -4 

measured in media B, (no К ), С (no Na ), D (+ 10 
+ -Δ 

M ouabain) and E (no К , + 10 Μ ouabain). The ly-
ophilized enzyme preparations were reconstituted 
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with twice distilled water to final concentrations 

of 3-4 mg dry weight per ml. Aliquots of 20 yl were 

mixed with 300 μΐ of each substrate medium. From 

each mixture six 20 yl aliquots were placed in test 

tubes, three of these were incubated for 30 min at 

37 C, the others remained in ice. To all tubes 60 

ul 10% TCA and 80 μΐ colour reagent were added and 

after mixing and centrifugation the 700 nm absorb-

ance was read in a Zeiss PMQ II spectrophotometer. 

The colour reagent was prepared by dissolving S g 

FeSO. in 100 ml 1% molybdate solution in 1.15 N 

Н^ЗОд. Phosphate standards were prepared by mixing 

5 μΐ 50 mM KFUPCL with 500 and 1000 μΐ medium A. En

zyme activity was expressed as moles ATP hydrolyzed 

per kg dry weight per hour at 37 С (MKH), unless 

otherwise indicated. 

II. 3. RESULTS 

Presence of Na-K ATPase activity 

ATPase activities in guinea pig lactating mam

mary gland homogenates were determined in media A 

(complete), В (no K
+
) , С (no N a

+
) , D (+ 1θ"

4
 M oua-

+ -4 
bain) and E (no К + 10 M ouabain). Table IVa 

shows that there is no significant difference be

tween the activities in media В - E, which may 

thus be taken to represent the Mg ATPase activity. 

The additional activity in medium A should then by 

definition represent the Na-K ATPase activity. 

In further experiments the Na-K ATPase activity has 
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been determined as the difference between the acti

vities in media A and E, unless otherwise indicated, 

TABLE IVa 

ATPASE ACTIVITY IN HOMOGENATES OF LACTATING 

GUINEA PIG MAMMARY GLANDS 

medium relative activity 

A (complete) 

В (no K
+
) 

С (no Na
+
) 

D (ΙΟ
- 4
 M ouabain) 

E (no K
+
, 10"

4
 M ouabain: 

100 

79.0 ^ 2.9 (n=10) 

72.1 _+ 3.5 (n = 8) 

77.5 _+ 2.5 (n = 10) 

77.9 + 3.4 (n=9) 

Average B-E 76.6 + 1.5% 

Mg ATPase 

Na-K ATPase 

absolute activity 

moles/kg dry weight/hr. 

1 .23 _+ 0.09 (n = 6) 

0.23 + 0.02 (n=6) 

Mean values with standard errors of the mean, while 

π represents number of assayed samples of the same 

gland in upper part of table, and number of assayed 

mammary glands in lower part of table. 
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TABLE IVb 

ATPASE ACTIVITY IN MICROSOMAL FRACTIONS OF 

LACTATING GUINEA PIG MAMMARY GLANDS 

medium relative activity 

A (complete) 

В (no K
+
) 

С (no Na
+
) 

D (10"
4
 M ouabain) 
+ -4 

E (no К , 10 M ouabain) 

100 

53.3 _+ 1.9 (n = B) 

57.0 _+ 3.2 (η = θ) 

62.2 _+ 1 .1 (n = B) 

57.3 + 2.1 (n=21) 

Average B-E 59.0 + 1.2% 

Mg ATPase 

Na-K ATPase 

absolute activity 

moles/kg dry weight/hr. 

1.29 _+ 0.07 (n=4) 

1.2Θ + 0.22 (n=4) 

Mean values with standard errors of the mean, while 

η represents number of assayed samples of the same 

gland in upper part of table, and number of assayed 

mammary glands in lower part of table. 
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The average Na-K ATPase activity in homogenates 

of several glands amounts to D.23 MKH which is 15.В 

[^ 1.8) 4 of the total ATPase activity at pH 7.5. 

Since this low relative activity makes it rather 

difficult to determine the properties of this en

zyme in homogenates, a microsomal fraction was pre

pared in which the absolute and the relative Na-K 

ATPase activity were increased to 1.28 MKH and 50%, 

respectively (Table IVb). 

Properties of Na-K ATPase 

The effect of the К concentration on the Na-K 

ATPase activity is shown in figure 7. The ATPase 

activity was measured in medium B, to which KCl was 

added in final concentrations ranging from 0-10 mM, 

while the Na concentration was kept constant at 

54 mM. The activity in medium E was deducted. Opti

mal activity was obtained at a concentration of 
+ + 

4 mM К and half-maximal activation at 1.Б mM К . 

This value falls within the range of 0.4 to 1.8 mM 

observed in a variety of animal tissues (Bonting, 

1970, p. 267). 

+ 

Figure 8 shows the effect of the Na concen

tration on the Na-K ATPase activity. The enzyme ac

tivity was measured in medium C, to which NaCl was 

added in final concentrations ranging from 0 to 
100 mM, with the К concentration kept constant at 

+ 
4 mM. Optimal activity is reached at 40 mM Na and 
half-maximal activation at В mM Na . The latter 

value also falls within the range of 4.5 to 12.5 mM 
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Fig. 7. Effect of К concentration on Na-K ATPase 

activity in microsomal fractions of lac-

tating mammary gland of the guinea pig. 
+ 

The enzyme was 50% activated at 1.6 mM Κ , 

observed for a variety of animal tissues (Bonting, 

1970, p. 267). 

The effect of Mg concentration on the activi

ties of both Mg ATPase and Na-K ATPase was deter

mined by measuring total activity in medium A with 

MgCl-, added in final concentrations from 0 to 6 mM 

(ATP level 2 mM in all cases), while Mg ATPase ac

tivity was measured in medium E with MgCl^ again 
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Fig. 8. Effect of Na concentration on Na-K ATPase 

activity in microsomal fractions of lac-

tating mammary gland of the guinea pig. At 
+ 

B.O mM Na 50% activation of the enzyme was 

found. 

added in final concentrations from 0 to 6 mM. The 

Na-K ATPase activity was calculated as the differ

ence between the activities in media A and E. For 

Na-K ATPase an optimum at 4 mM Mg
+ +
 and for Mg 

ATPase an optimum at 2.5 mM Mg was obtained. An 

activity of 504 was found for Na-K ATPase at 1.0 mM 

M g
+ +
 and for Mg ATPase at 0.5 Mg

+ +
 (Fig. 9 b Hence, 

the optimal Mg : ATP ratio for Na-K ATPase activi-
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Fig. 9 Effect of Mg concentration on the activi

ties of Mg ATPase (1 A] and Na-K 

ATPase Ca ·] in microsomal fractions 

of lactating mammary gland of the guinea pig, 

Half maximal activation of Mg ATPase was 

found at 0.5 mM Mg 

1.0 mM. 

and of Na-K ATPase at 

ty was about 2, which is at the upper level of the 

range observed in a variety of animal tissues (Bon-

ting, 197Q, p. 267). 

Figure 10 shows the effect of the pH of the 

incubation medium on the two enzyme activities. For 
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(
A A

)
 a n d

 ма-к; ATPase activity 

(· ·) in microsomal fractions of 

the lactating mammary gland of the guinea 

Pig. 

the pH range from 6.0-7.5 a Tris-Histidine-HCl buf

fer (50 mPI each) and for the range from 7.5-9.3 

Tris-HCl buffer (100 mM) was used. ATPase activity 

was measured at each pH in media A and E. The Mg 

ATPase activity was calculated from the activity in 
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medium E and the Na-K ATPase activity from the dif

ference between the activities in media A and E. An 

optimum for Mg ATPase was found at pH 9.0, for Na-K 

ATPase at pH 7.B. Both pH optima are on the high 

side of the range of pH optima for both enzymes 

(7.0-8.0 and 8.4-3.9) observed in a variety of ani

mal tissues (Bonting, 1970, p. 267). 

Figure 11 shows the inhibitory effect of oua

bain on the Na-K ATPase activity. Ouabain was added 

to medium A in final concentrations ranging from 

θ 6 4 
- І о ^ . т о і з г ouabain concentratiOKi 

Fig. 11. Effect of ouabain on Na-K ATPase activity 

in microsomal fractions of the lactating 

mammary gland of the guinea pig. The pi 

value (5.6) is the negative logarithm of 

the molar ouabain concentration giving 50% 

inhibition. 
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10 to 10 M. The inhibition is expressed as per

centage of the uninhibited Na-K ATPase activity, 

which was calculated from the difference between the 

activities in media A and E. Half-maximal inhibition 
- R 

occurs at 2.5 χ 1G M ouabain (pl
c
-

n
 = 5.6) and com-

plete inhibition at 10 M ouabain. The pl,-
n
 value 

of 5.В falls within the range of 3.9 to 6.8 observed 

for a variety of animal tissues (Bonting, 1970, 

p. 267]. 

II.4. DISCUSSION 

The presence of the Na-K ATPase system in the 

lactating mammary gland of the guinea pig has been 

established. The activity of 0.23 +_ 0.02 moles ATP 

hydrolyzed per kg dry weight per hour is comparable 

to that found in other secreting tissues like pan

creatic gland (Ridderstap and Bonting, 1969), cilia

ry body in the eye (Bonting and Becker, 1964) and 

the gastric mucosa (Hansen et al, 1972). The Na-K 

ATPase activity in the lactating mammary gland of 

the guinea pig represents about 16% of the total Mg-

activated ATPase activity. 

The properties of the Na-K ATPase system in the 

lactating guinea pig mammary gland are similar to 

those of the enzyme system in other tissues and spe

cies (Bonting, 1970). All parameters fall within the 

ranges found in a variety of animal tissues. Half-
+ + 

maximal activities are found at 1.6 mM Κ , θ mM Na 
+ + 

and 1 mM Mg , respectively. Optimal activities are 

obtained at pH 7.0, 2 mñ ATP and sodium, potassium 
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and magnesium concentrations of 40mM, 4 mΠ and 

4 mM, respectively. The Na-K ATPase activity is to-
-4 

tally inhibited by 10 M ouabain, while 50% inhi-
- R 

bition occurs with 2.5 χ 10 M ouabain. 
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C H A P T E R I I I 

OCCURRENCE OF NA-K ATPASE ACTIVITY IN IMMATURE AND 

INVOLUTED MAMMARY GLAND COMPARED WITH ITS ACTIVITY 

IN THE LACTATING MAMMARY GLAND 

ITI.1. INTRODUCTION 

After establishing the presence of the Na-K 

ATPase activity in the lactating mammary gland 

(chapter II), the question arises whether there is 

also a Na-K ATPase activity in the non-lactating 

mammary gland. Therefore the immature and involuted 

mammary gland of the guinea pig have been investi

gated. In these states the mammary gland is func

tionally inactive. Compared with the lactating mam

mary gland the morphology of the immature and invo

luted gland is also very different. For that reason 

the Na-K ATPase activity has not only been compared 

on the basis of dry weight, but also on the basis 

of the DNA, protein and phospholipid content of the 

mammary gland tissue in the various morphological 

states. 

In this chapter the results of this compara

tive investigation are reported. 
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III. 2. MATERIALS ANO METHODS 

Chemical reagents 

ATP disodium salt; Boehringsr, Mannheim, Ger

many. Ouabain [strophanthin-g); E. Merck AG, Darm

stadt, Germany. Bovine serum albumin; Sigma Chemi

cal Company, St. Louis, Missouri, USA. 

Desoxyribonucleic acid-sodium salt (DNA) type III 

from salmon; Sigma Chemical Co. Silicagel H.R.; 

E. Merck AG, Darmstadt, Germany. Tris-ATP was pre

pared by converting the disodium salt of ATP into 

the Tris salt by ion exchange chromatography on 
R 

Amberlite' 120 (Tris form). All other reagents were 

of analytical grade. 

Animals 

Female albino guinea pigs (Central Institute 

for Breeding of Laboratory Animals, T.N.O., Zeist, 

The Netherlands) were killed by cervical dislocation 

and the mammary glands were removed within 5 minutes 

and homogenized. Immature glands were taken from a-

dult, female guinea pigs, which had never been preg

nant. Lactating mammary glands were obtained from 

suckling guinea pigs, taken from their litter 5-10 

days after giving birth. Involuted glands were ob

tained from suckling guinea pigs, which had been 

taken from their litter 15 days after giving birth 

and had been kept isolated for 20 days. 
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Tissue preparation and ATPase assay 

The mammary gland tissue was homogBnized and 

treated as described before (chapter II.2). 

The ATPase assay was carried out according to 

the method of Bonting (1970), as described in chap

ter II.2. 

Protein determination 

The protein content of the lyophilized homo-

genates was determined according to the method of 

Lowry et al (1951) . 

To 0.4 ml properly diluted sample, 2 ml of an 

alkaline copper solution (1 ml 0.5% CuS0..5 H^O in 

a mixture of 50 ml 2\ Na CG and 0.02% Na-K-Tartrate 

in 0.10 N NaOH) was added and the resulting solution 

was mixed. After 10 minutes 0.20 ml of a diluted 

(1.0 l\l ) Folin-Ciocalteu phenol reagent was added and 

mixed rapidly. After at least 30 minutes the extinc

tion was read at 500 mn in a Zeiss spectrophotome

ter. As a blank 0.4 ml distilled water was used. A 

calibration curve, established with bovine serum 

albumin, was used to convert the extinction into mg 

protein. The protein content of tissue is expressed 

in g protein/100 g dry weight tissue. 

Desoxyribonucleic acid (DNA) determination 

The DNA content of mammary gland homogenate was 

determined by means of the diphenylamine reaction 
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according to Schneider (1959). To remove acid solu

ble compounds circa 3 mg frozen-dried homogenate was 

mixed with 100 μΐ water. Then 250 pi of cold 1G% TCA 

(trichlooracetic acid) was added and after mixing 

the suspension was centrifuged. The sediment was 

washed once with 250 pi of cold TCA. The final se

diment was extracted twice with 500 pi of 96% etha

nol to remove lipids. The lipid-free tissue residue 

was suspended in 125 pi water and 125 pi 10% TCA, 

mixed and heated at 90 С for 15 minutes with occa

sional stirring. Then this mixture was centrifuged 

and the supernatant was collected. The sediment was 

washed with 250 pi 5% TCA. The combined supernatant 

constitutes the nucleic acid fraction. 

For estimation of the DNA content 100 pi of 

the extract was mixed with 200 pi of diphenylamine 

reagent, heated for 10 minutes in boiling water and, 

after immediate cooling, the extinction was read at 

600 nm in a Zeiss spectrophotometer. 

A standard curve was prepared with aliquots of 

20-100 pi of salmon DNA solution (1 g/1), treated 

in the same way as the homogenate samples. DMA con

tent in mammary gland tissue is expressed in g DNA/ 

100 g dry weight tissue. 

Lipid extraction 

Lipid extraction from mammary gland homogenate 

was carried out according to Folch et al (1957), 

but a chloroform-methano1-H^O mixture (60:30:3.6) 

was used to correct for the amount of water, that 
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had been removed from our preparation by the 

lyophilization. 

In a Potter-Elvehjem glass tissue grinder 

5-10 mg of lyophilized homogenate was homogenized 

in circa 1.5 ml of the solvent, described above. The 

suspension was shaken for 30 minutes by a Griffin 

shaker under [\L· and then centrifuged for 10 minutes 

in a Sorvall SS-34 centrifuge at 7000 RPM (= about 

4000 g ) . The supernatant was collected and replaced 

by 3 ml of fresh solvent and the sediment was ex

tracted as described above, but was now shaken for 

60 minutes. Three extraction periods were sufficient 

for complete lipid extraction. The total lipid ex

tract was washed with 0.2 vol 0.1 Ά KCl and concen

trated by evaporation under nitrogen. The roncentra-

ted extract was dissolved in 0.2 ml benzene-ethanol 

(4:1). This solution was used for phospholipid ana

lysis by thin-layer chromatography and for determina

tion of total lipid phosphate content. 

Phospholipid analysis 

Phospholipid analysis was carried out by two-

dimensional thin-layer chromatography, according to 

the method of Broekhuyse И96В]. Aliquots of the 

lipid extract were applied to chromatographic plates, 

coated with 0.30 mm thick layer of purified silica-

gel H.R. + 1% Mg silicate. A ohloroform-methanol-7 N 

ammonia mixture (90:54:11) was used as solvent for 

the first dimension. Thereafter the plate was dried 

for 1 hr in vacuo. For the second dimension a chlo-
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roform-methanol-acetic acid-water mixture (90:40: 

12:4) was used. After this development the plate 

was dried for 5 minutes in the air and coloured 

with iodine vapour in order to make the lipid spots 

visible. 

Lipid phosphate determination 

The phosphate content of the total lipid ex

tract and of the chromatographic spots was deter

mined by means of a modified Fiske-Subbarow method 

(Broekhuyse, 1968). In order to determine the phos

phate content of the chromatographic spots, each 

spot was scraped off quantitatively. Two non-col

oured areas were taken to serve as blanks. The 

scraped spots and the dried samples of the total 

lipid extract were digested by heating at 1Θ0 С in 

0.2 ml of a mixture of 96% H-SO and 70% HC10 (10: 

2) during 45 minutes. After cooling at room tempera

ture the phosphate determination followed. 

The phospholipid content was calculated from 

the phosphate content by multiplying with 750/31. 

For the phospholipid analysis the sum of the phos

phate contents of the phospholipid spots was set 

at 100%. 

III. Z. RESULTS 

The ATPase activities in the immature and the 

involuted mammary gland were determined in the same 

way as in the lactating mammary gland (chapter II). 

52 



Since a change in functional state is accompanied by 

morphological changes, it is not sufficient to de

termine the enzyme activities on dry weight basis 

only. Therefore protein, DNA and phospholipid con

tents have also been determined. 

Table Va presents the ATPase activities and 

these chemical parameters on a dry weight basis in 

the three functional states. Both ATPase activities 

on dry weight basis are significantly lower in the 

immature gland, while in the involuted gland only 

the Mg ATPase activity has decreased significantly. 

There is no significant difference between the 

protein content of the lactating and involuted mam

mary gland, while in the immature gland the protein 

content is only 30% of these values. The DNA content 

is 52% higher in the involuted gland and 57% lower 

in the immature gland than in the lactating gland. 

The total phospholipid content is highest in the 

lactating gland, as is also observed for the Mg 

ATPase activity. 

Expressed on the basis of DNA, protein and 

phospholipid content, the ATPase activities show 

striking differences in the three functionally dif

ferent states of the mammary gland (Table Vb, Fig. 

12). On DNA basis Mg ATPase activities are the same 

in the immature and the involuted gland, while in 

the lactating gland this activity is much higher. 

Na-K ATPase activity on DNA basis in the involuted 

gland has decreased to 50% of its activity in the 

lactating gland, while in the immature gland its ac

tivity is the same as in the lactating state. Ex-
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TABLE Va 

SEVERAL COMPONENTS IN HOMOGENATES OF GUINEA PIG MAMMARY GLANDS 

Immature gland 

Mg ATPase 

Na-K ATPase 

Protein 

DNA 

Phospholipids 

0.27 

0.09 

16.5 

0.97 

1.Θ 

+ 

+ 

+ 

+ 

+ 

0. 

0, 

3, 

0. 

0, 

.06 

,02 

,4 

.28 

,36 

(8] 

(8) 

(10 

(6) 

(7) 

Lactating gland 

1 .23 +_ 0.09 (6) 

0.23 +_ 0.02 (6) 

52.5 _+ 3.4 (6) 

2.3 _+ 0.23 (5) 

8.8 + 1.ü (5) 

Involuted gland 

0.75 +_ 0.07 (θ) 

0.20 +_ 0.03 (8) 

46 .8 _+ 3.6 (7) 

3.6 _+ 0. 19 (6) 

5.0 + 0.36 (6) 

Mean values with standard errors of the mean. In parentheses number of as

sayed mammary glands. ATPase activities are expressed in moles ATP hydrolyzed 

per hour per Kg dry weight. The other components are expressed as g per 100 g 

dry weight. 



TABLE Vb 

ATPASE ACTIVITIES IN HOMOGENATES OF GUINEA PIG MAMMARY GLANDS 

Immature gland 

Mg ATPase /DNA 

Na-K ATPase/DNA 

Mg ATPase /protein 

Na-K ATPase/protein 

Mg ATPase /PL 

Na-K ATPase/PL 

28 ^ 

g ^ 

1.6 j ^ 

0 . 5 5 *_ 

15 + 

5 

10 

3 . 4 

0 . 5 0 

0 . 1 7 

4 . 4 

1 .5 

53 _* 6 . 5 

10 _+ 1 . 3 

2 . 3 ^ 0 . 2 3 

0 . 4 4 _+ 0 . 0 5 

1 4 . 1 jf 1.9 

2 . 6 + 0 . 3 7 

Lactating gland Involuted gland 

21 1 2.3 

5.6 +_ 0.90 

1.6 +_ 0. 19 

0.43 _+ 0.07 

15 _+ 1 .8 

4 + 0.67 

Mean values with standard errors of the mean. 

ATPase activities are expressed in moles ATP hydrolyzed per hour per kg 

DNA, or per kg protein, or per kg phospholipid (PL). All values are cal

culated from the results given in Table Va. 



pressed on protein basis the Mg ATPase activity is 

also significantly higher in the lactating gland, 

while the Na-K ATPase activities are not different 

in the three functional states. Expressing the ac

tivities on a phospholipid basis leads to a remark

able result. While the Mg ATPase activity is the 

same in all three states, the Na-K ATPase activity 

in the lactating gland is about 60% of the activi

ties in the immature and involuted gland. 

7 6 0 -
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υ 

β 

АО 

2 0 -

ί. ...l immature ¿land 
Ш \acbatin¿ ¿land 
Е23 involuted ¿land 
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Na-K ATPase 

li 

AT ν 
ψ/ 

l i¿ ATPase 

Fig. 12. Na-K ATPase and Mg ATPase activities in 

immature, lactating and involuted mamma

ry gland, expressed as moles ATP hydro-

lyzed per Kg DNA per hour. 

The phospholipid composition is given in Table 

VI, both in percent of total phospholipids and in 
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percent of dry weight. The most striking differences 

are the high phosphatidyIserine (PS) content in the 

involuted gland, the low phosphatidylinositol (PI) 

content in the immature gland and the low sphingomy

elin (Sph) content in the lactating gland, when ex

pressed in percent of total phospholipids. Expressed 

in percent of dry weight, all phospholipid compo

nents are very low in the immature gland, while in 

the involuted gland compared with the lactating 

gland there is a decrease in phosphatidylcholine 

(PC), pnosphatidylethanolamine (PE), phosphatidyli-

nositol (PI) and cardiolipin, but an increase in 

phosphatidylserine (PS) and sphingomyelin. 

III.4. DISCUSSION 

The presence of the Na-K ATPase system has been 

established also in the immature and involuted mam

mary gland of the guinea pig. There is no signifi

cant difference between Na-K ATPase activity on dry 

weight basis in the lactating gland (0.23 *_ 0.02 MKH) 

and the involuted gland (0.20 +_ 0.03 MKH), but in 

the immature gland it is only 50% of this activity. 

However, considering the morphological change during 

pregnancy and, in reversed direction, during invo

lution it is not rational to compare the Na-K ATPase 

activity of the mammary gland in the three different 

states of activity on dry weight basis only. There

fore other components have been determined. 

The DNA content of the mammary gland represents 

the number of cells, because the DNA content per 
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1_Л 
CD TABLE VI 

PHOSPHOLIPID COHPOSITION OF GUINEA PIG MAMMARY GLAND HOMOGENATES 

Percentage of total phospholipid g per 100 g dry weight 

(4] (5) [6] (4) [5) CB] 

Immature Lactating Involuted 
gland gland gland 

PC 

PE 

PS 

PI 

Sph 

Cardio-
lipin 

50.3 _+ Б.4 50.5 

29.4 +_ 1.8 32.7 

4.4^1.3 2.9 

3.5^1.3 7.7 

9.0+2.1 4.2 

1.7 43, 

1.0 25, 

o.a a, 

1.0 Ö.3 

0.7 13.6 

3.2 

0.8 

0.4 

2.2 

0.7 

Immatu re 
gland 

Lactating 
gland 

Involuted 
gland 

0.92 ^ 0.22 4.46 _+ 0.54 2.14 +_ 0.22 

0.54 +_ 0.11 2.89 +_ 0.34 1.25 _+ 0.10 

0.08 ĵ  0.03 0.26 ĵ  0.08 0.41 *_ 0.04 

0.06 ^_ 0.03 0.68 2. 0 · 1 2 0- 4 1 1 0 · 1 1 

0.16 + 0.05 0.37 + 0.08 0.67 + 0.06 

3.4 + 1.4 2.0 + 1.3 1.3 + 0.8 0.06 + 0.03 0.18 + 0.12 0.07 + 0.04 

Mean values with standard errors of the mean. 

In parentheses number of assayed glands. 

For abbreviations see text. 



nucleus in this tissue does not change during preg

nancy, lactation and involution (Griffith and Tur

ner, 1957). Hence, the higher DNA content per gram 

dry weight in the involuted gland relative to that 

in the lactating gland indicates cell shrinkage dur

ing involution. During the reverse process in the 

period of pregnancy and particularly at the time of 

parturition there is a fall in the number of alveoli 

per unit area and a corresponding rise in alveolar 

diameter, while the number of nuclei in the average 

alveolus remains relatively constant. This indicates 

an increase in cell volume during evolution of the 

mammary gland cell and during lactation, in agree

ment with electronmicroscopic investigations (Mun-

ford, 1963). Thus ATPase activities in the mammary 

gland expressed on DNA basis are proportional to 

ATPase activities per mammary gland cell. 

Both ATPase activities expressed on DNA basis 

decrease upon involution of the gland: 60% for Mg 

ATPase and 43% for Na-K ATPase (Table Vb, Fig. 12). 

This suggests that the secreting mammary gland cell 

has a higher cation pump activity than the resting 

cell. On the other hand, the Na-K ATPase activity on 

DNA basis in the immature gland is the same as that 

in the lactating gland, while the Mg ATPase activity 

is only 53% of that in the lactating gland. 

The protein content on dry weight basis does 

not change during involution, while in the immature 

gland it is only 30% of the protein content in the 

lactating gland. This result is understandable, 

since the bulk of immature mammary gland tissue is 
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fatty tissue. It should, however, be noted that the 

protein content per g DNA in the involuted gland 

(13.0 g/g DNA) is 43% lower than in the lactating 

gland (22.4 g/g DNA), while in immature gland (17.0 

g/g DNA) it is 25% lower, suggesting a loss of cel

lular protein during involution and an increase dur

ing pregnancy. Results of electronmicroscopiс inves

tigations of the mammary gland cells during pregnan

cy and secretion (Hollman and Verley, 1970) support 

this conclusion. During involution there may also 

be an increase in connective tissue protein. Hence, 

expressing ATPase activities on a protein basis is 

not useful, because the protein content in the mam

mary gland does not represent the same tissue com

ponent in the several states of activity. 

The total phospholipid content of 6.В g/100 g 

dry weight, observed in the lactating guinea pig 

mammary gland is about the same as that found in the 

lactating gland of the sow (Keenan et al, 1970a) and 

the cow (Parsons and Patton, 1967). In the involuted 

gland the total phospholipid content is 43% less and 

in the immature gland 80% less than in the lactating 

gland. The analysis of the phospholipid composition 

per g DNA in the mammary gland during the three 

states permits the following observations (Fig. 13). 

Total phospholipid, phosphatidylcholine, phosphati-

dylethanolamine, phosphatidylinositol and cardioli-

pin per cell decrease by 65, 72, 59, 69 and 75% res

pectively during involution. However, phosphatidyl-

serine and sphingomyelin contents per cell do not 

change. The same phospholipid composition, at least 
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Fig. 13. Content of total phospholipid (PL] and in

dividual phospholipid components in imma

ture, lactating and involuted mammary 

glands respectively, expressed as g PL per 

g DNA. 

PC = phosphatidylcholine 

PE = phosphatidy lethano lamine 

PS = phosphatidyIserine 

PI = phosphatidy linosito 1 

Sph = sphingomyelin 

Card. = cardiolipin 

not significantly different, is found in the imma

ture gland. The decrease in total phospholipid con-
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tent and in the four components during involution 

are roughly of the same size. These four components 

are the major phospholipids of the mitochondrial and 

microsomal membranes. In mitochondria of guinea pig 

liver (Rouser et al, 196Θ) and beef heart no phos-

phatidyIserine and sphingomyelin are found, while 

phosphatidylcholine and phosphatidylethanolamine are 

present in roughly equal amounts and comprise about 

76-78% of total phospholipid and cardiolipin (20%) 

and phosphatidylinosito1 (3-5%] are the only other 

phospholipids. The percentage of phosphatidyIserine 

and sphingomyelin in microsomes differs considera

bly for different organs (Rouser et al, 196Θ). Our 

phospholipid analysis suggests that there is a major 

loss of intracellular membranes, particularly of mi

tochondria and endoplasmic reticulum during mammary 

gland involution, but a relatively minor decrease in 

plasma membrane material. 

When Mg ATPase activity is expressed on total 

phospholipid basis no difference is found between 

the three states of the mammary gland (Table Vb). 

The loss of 60% of Mg ATPase activity, when expres

sed on DNA basis (Table Vb, Fig. 12) and its con

stancy on total phospholipid basis are in agreement 

with our conclusion that there is a major loss of 

mitochondrial membranes, since Mg ATPase is present 

in mitochondria as well as in plasma membrane. Na-K 

ATPase activity, expressed on total phospholipid ba

sis, increases during involution and the activity in 

the involuted gland is the same as found in the im

mature gland. This result is understandable, since 
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Na-K ATPasB is a plasma membrane enzyme, while the 

phospholipids represent all membranes. When Na-K 

ATPase is expressed on phosphatidylserine or sphin

gomyelin basis, which ohospholipids occur primarily 

in plasma mrmbranes, a loss of 52% is found after 

involution of the gland. This loss is about equal 

to the loss of Na-K ATPase activity expressed on DNA 

basis. Similarly, there is no significant difference 

between Na-K ATPase activity on sphingomyelin basis 

in immature and lactating mammary gland, as is also 

the case for the Na-K ATPase activity on DNA basis. 

Thus, it can be concluded that a comparison of 

Na-K ATPase activities in the mammary gland in the 

three different states is only meaningful, when the 

activities are expressed on the basis of cell num

ber (DNA basis), or of plasma membrane content 

(sphingomyelin basis). It then becomes clear that 

Na-K ATPase activity is about equal in the immature 

and the lactating mammary gland cell, while the cell 

of the involuted gland has only about half of this 

activity. Moreover, the lactating cell has more in

tracellular organelles than the immature and invo

luted cell (Chapman and Leslie, 1969), which agrees 

with the conclusion drawn from the phospholipid com

position on DNA basis and indicates that the meta

bolic activity of the lactating cell is higher than 

that in the other two states. 

Linzell and Peaker (1971b) suggest that during 

lactation Na-K ATPase is absent from the apical mem

brane of the cell, but that it would be present 

there in the involuted state. The decrease in Na-K 
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ATPase activity on DMA basis, which we find during 

involution, does not support their hypothesis, since 

this would require an even larger decrease in acti

vity in the basal and lateral membrane simultaneous

ly with an increase in the apical membrane. While 

our biochemical investigations definitely show the 

presence of the enzyme in the mammary gland, both in 

lactating and inactive states, knowledge of the lo

calization of the enzyme and its exact role in the 

process of milk secretion requires further investi

gations, which will be described in the next chap

ters . 
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C H A P T E R I V 

RELATION BETWEEN NA-K ATPASE AND INTRACELLULAR ION 

CONCENTRATIONS IN THE LACTATING 

GUINEA PIG MAMNARY GLAND 

IV. 1. INTRODUCTION 

In chapter II and III we have demonstrated the 

presence and determined the properties of the Na-K 

ATPase system in guinea pig mammary gland. In this 

chapter we report the results of a study of the re

lation of the Na-K ATPase system to the intracellu

lar ion concentrations in the lactating guinea pig 

mammary gland. 

Previously, Linzell and Peaker (1971c) have 

measured the intracellular concentrations of sodium, 

potassium and chloride in this organ and reached 

certain conclusions with regard to the ion pumps re

quired to explain the concentrations. There are, 

however, some contradictions in their results and 

conclusions. They observed an increase in chloride 

and sodium concentrations during incubation in the 
-4 presence of 10 M ouabain and anoxic conditions, 

while in the absence of glucose or in the presence 
-2 

of 10 M acetazolamide a decrease in chloride con
tent was found without accompanying change in sodium 
concentration. They also observed an increase in 
cell water content during anoxia, but a decrease in 
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the presence of 10 П ouabain, while in the absence 

of glucose no change in cell water content was found. 

This led us to reinvestigate this matter. Gur 

results indicate that the Na-K. ATPase system con

trols the intracellular sodium and potassium con

centrations in the lactating mammary gland. The Na-

K ATPase system appears to effect an equimolar ex

change of potassium for sodium. No indications were 

found for the presence of an energy dependent chlo

ride pump mechanism. 

IV. 2. MATERIAL· AND METHODS 

Chemioat reagents 

Ouabain [strophanthin-g); Merck, Darmstadt, 

Germany. Depolymerized dextran (Rheomacrodex); 
1 4 

Pharmacia, Uppsala, Sweden. Inulin- С (carboxylic 

acid), code CFA 399; The Radiochemical Centre, 

Amersham, England. Hyamine hydroxide 10-X; Packard, 

Zurich, Switzerland. Omnifluor (98% PPO + 2% bis 

MSB); (MEN Chemicals, Frankfurt, Germany. 

Oxytocin (Piton-S); Organon, Oss, The Netherlands. 

Pentobarbitone sodium salt (Nembutal); Abbott, 28 

Saint Rémy-sur-Avre, France. 

All other reagents were of analytical grade. 

Animals 

Female suckling albino guinea pigs (Central In

stitute for Breeding of Laboratory animals, TNO, 
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Zeist, The Netherlands) were taken 5-10 days after 

giving birth. They were immediately killed by cervi

cal dislocation and the mammary glands were removed 

within 5 minutes. These glands were used for the 

preparations of slices. 

Incubation of mammary gland slices 

Slices of 0.5 mm thickness were prepared with 

a Stadie-Riggs hand microtome. These slices were in

cubated at 37 С or 0 С in a modified Krebs-Ringer 

bicarbonate solution (Table VII) containing glucose 

(1 g/1) and depolymerized dextran (50 g/1). During 

TABLE VII 

COMPOSITION OF THE INCUBATION SOLUTION 

mmol/1 mmol/1 

Na 
+ 

К 
^ 

Ca 

Mg' 

150.6 

4.6 

3.3 

1 .7 

Cl 

Н С 0
з " 

H
2
PD

4
-

Ac 

136.3 

26.2 

1 .5 

1 .2 

glucose 1 g/1 

depolymerized dextran (Mw 40,000) 50 g/1 

pH 7.3-7.6 

measured osmolarity 310-320 m osmoles 

incubation 95% D
2
-5% CO- (carbogene) or 95% N

2
-5% 

CO- was continuously passed through the medium. At 
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various times slices were removed, lightly blotted 

and weighed on a preweighed piece of aluminum foil. 

The weighed slices were dried to constant weight at 

100 С and weighed again. The difference between wet 

and dry weight was assumed to represent the tissue 

water content. 

Normally 50 slices were prepared per gland, 10 

slices being used for each set of incubation condi

tions in the 1 hr incubation experiments. The value 

per gland is the average of the results from 10 

slices. 

Determination of sodium and potassium in slices 

+ + 

Na and К were determined by the method des

cribed by Peaker (1971) and expressed in mmol/kg 

tissue fluid. Dried slices were placed in screw-

stoppered reagent tubes, 2 ml 10% (w/v) redistilled 

acetic acid were added, the tubes were tightly stop

pered and heated for 6 hr in a bath of boiling water. 

After digestion of the tissue the tubes were left 

overnight at room temperature. To each digest 10 ml 

twice distilled water was added and after mixing 
and centrifugation for 10 minutes at 5000 g , the 

+ +

 ь ь
тах 

Na and К concentrations in the supernatant were 

measured by flamephotometry. For these measurements 

standards (0.2-0.θ mmol/1 NaCl and KCl) were pre

pared in 1.7% (w/v) acetic acid. 

Determination of chloride in slices 

Chloride in tissue was determined by means o-
r 

the coulometric amperometric silver ion titration 
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method of Cotlove (1963). Dried slices were placed 

in screw-stoppered reagent tubes and, after adding 

3 ml 0.6 N NaOH, heated for 30 minutes in a bath of 

boiling water to digest the tissue. After cooling 

to room temperature 3 ml 4% ZnSG .7H
2
0 in 0.4 N HI\I0

3 

were added to precipitate the protein. After shaking, 

the tubes were set aside for 1 hr, then centrifuged 

for 20 minutes at 1000 g . The suoernatant was 

transferred to another tube, 2 ml aliquots of the 

supernatant were pipetted into titration vials and 

treated with a freshly prepared alkaline 0.2 M so

dium perborate solution in order to oxidize sulfhy-

dryl or sulfide groups released by the alkaline di

gestion of the tissue. This solution of sodium per

borate is prepared by dissolving 0.3 g of NaBG_.4H
7
0 

in 5 ml of 0.5 IM HNO and then adding 5 ml of 6 N 

NaOH. The vials with samples in perborate solution 

were left for 20-24 hr at room temperature. Before 

titration 3 drops of gelatin indicator solution 

were added, whereupon 0.5 ml 1.3 N HNO., in 50% ace

tic acid was added to dissolve the precipitate of 

zinc hydroxide. During titration the mixture was 

continuously stirred. Chloride standards consisting 

of 3 ml 2 mM NaCl solution in 0.6 N NaOH were used. 

The chloride concentration in the incubation medium 

was determined in an aliquot of 20 μΐ, which was 

treated in the same way as the tissue. 

Determination of ion aonoentrations in milk 

Milk from the lactating guinea pig mammary 
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gland was obtained by cannulating the nipple of the 

mammary gland with a polyethylene cannula (PT 47, 

Tallas, Zwolle, The Netherlands] after anaesthetiz

ing the guinea pig by intraperitoneal injection of 

D.5 ml pentobarbitone sodium salt (60 mg/ml) per kg 

body weight. Milk flow was initiated by injection 

of 0.1 ml oxytocin (1 U/ml) into the carotid artery. 

Pi Ik proteins were precipitated by adding 5 ml 

20% TCA to a mixture of 2 ml milk and 10 ml twice 

distilled water. After 10 minutes the suspension was 
+ + 

centnfuged. The Na and К concentrations in the 

diluted supernatant were determined by flamephoto-

metry. Standard solutions of 0.2-0.8 mM NaCl and 

KCl, containing 6% TCA, were used. 

The chloride concentration in milk was deter

mined in 100 μΐ aliquots by means of the method of 

Cotlove (1£БЗ), described in the previous section. 

Determination of extracellular space 

The mammary gland slices were preincubated for 

10 minutes in the Krebs-Ringer bicarbonate solution. 

They were then transferred to another vessel, con

taining the same Krebs-Ringer bicarbonate solution 
1 4 

to which 0.1 pC/ml C-inulin had been added. After 

incubation at 37 С for the desired length of time 

(usually 2 hr) 50 μΐ medium was transferred for 

counting. The slices were then quickly removed, 

blotted, placed in a glass counting vial and weighed. 

Thereupon 2 ml hyamine hydroxide 10-X was added to 

the slices as well as to the 50 μΐ medium samples. 
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After 15 hr at 50 С the vials were thoroughly mixed. 

After cooling to room temperature 10 ml 0.4% of 

Omnifluor in toluene was added and after mixing ra

dioactivity was measured by liquid scintillation 

spectrophotometry. Quenching was corrected for by 

means of the external standard method. The inulin 

spacefV ), expressed as percentage of total tissue 

water, was calculated from the counts per minute of 
1 4 

C-inulin in 50 yl incubation fluid (C J, counts 
1 4 

per minute of C-inulin in the mammary gland slice 

(C ), the wet weight of the slice (W, in mg) and 

the average dry weight percentage (D) by means of 

the formula: 

г 
4 s 1 1 

V = 50 χ 10 χ χ _ χ _ _ _ _ e С W 100-D 
m 

IV. Ζ. RESULTS 

Water content 

The role of the Na-K ATPase system in the main

tenance of the sodium and potassium gradients across 

the cellular membranes in the lactating mammary 

gland was investigated by subjecting slices of this 

gland to various conditions, which are known to be 

inhibitory to the Na-K ATPase system. For all slices 

the dry weight and wet weight were determined. In 

fresh slices the dry weight was 24.0 _̂  0.5% of the 

wet weight (n=27), while slices incubated for 1 hr 

in an incubation fluid without dextran had a dry 
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weight percentage of only 17.7 ^_ 0.5% (n = fl). After 

incubation in a medium containing 50 g/1 dextran the 

dry weight percentage was 23.9 _+ 0.5% (n = 17). This 

suggests that during incubation in a medium without 

macromolecules like dextran, the slices take up 

water by colloid osmotic activity. The dry weight 

percentages, determined after 1 hr incubation under 

various conditions inhibitory to Na-K ATPase, were 

not significantly different from that after incu

bation under optimal conditions, if the dextran-con-

taining medium was used (Table VIII). 

Effect of incubation on ion levels 

During incubation at 37 С in the medium, des

cribed in Table VII, gassed with 95% 0^-5% C0_, 

values for the sodium content of 87.4 mM (mmol/kg 

tissue water), for potassium of 64.0 mM (Table IX, 

line 1) and for chloride of 61.1 mM (Table X, line 

1) were found in the slices. These values were 

reached in 5-10 minutes of incubation and were then 

constant for at least 1 hr (Fig. 14). 

Sodium, potassium and chloride concentrations 

of fresh, non-incubated slices were also determined. 
+ 

In these slices the content of Na was 43.5 mM, of 

K
+
 106.4 mM and of Cl" 54.5 mM (Table IX and X). 

The difference between these concentrations and 

those found in the incubated slices can, at least 

in part, be explained by the fact that in the first 

5 minutes of incubation an equilibration occurs be

tween the medium and the extracellular compartments 
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of the slices, one of which is the milk space. The 

Na and CI concentrations in milk are lowere and 

the К concentration is higher than in plasma and 

in the incubation medium. 

Effect of ouabain on ion levels 

-4 
Addition to the incubation medium of 10 M 

ouabain, which fully inhibits the Na-K ATPase ac

tivity of the guinea pig mammary gland, led after 
+ 

1 hr incubation to an increase of the Na content 

of the slices to 136.5 mM and to an equimolar de

crease of the К content to 27.1 mM (Table IX, line 

2 and Fig. 14). 

Effect of anoxia on ion levels 

Flushing the incubation medium with 95% N-,-5% 

C0_ also caused an exchange of sodium for potassium, 

although the rate of exchange was smaller than with 

ouabain. After 1 hr the Na content had increased 

to 115.9 mM the K
+
 content decreased to 46.5 mM 

(Table IX, line 3). In the absence of oxygen the 

ATP production in the cells is apparently decreased 

to such an extent that the activity of the Na-K 

ATPase system is severely curtailed. 

Effect of cooling on ion levels 

Incubation for 1 hr at 0 С gave the same rise 
+ + 

in Na content and fall in К content as obtained 
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TABLE Vili 

INULIN SPACE AND DRY WEIGHT PERCENTAGE IN GUINEA PIG MAMMARY GLAND SLICES, 

AFTER 1 HR INCUBATION UNDER VARIOUS CONDITIONS 

Incubation conditions inulin space 
percentage of 
tissue water 

dry weight 
percentage of 
total weight 

1 . 

2, 

3. 

4. 

37 C, 95° 02-5' CG, 

as 1 . + 1 С Г 4 M o u a b a i n 

3 7 D C , 954 N 2 -5% C 0 2 

0 O C , 95% 0 2 - 5 % C 0 2 

40.4 _+ 1.3 (7) 

40.6 +_ 1.4 (6) 

4G.5 +_ 2. 1 [6) 

41.3 + 1.3 (6) 

23.9 _+ 0.5 (17) 

23.5 +_ 0.Θ (12) 

2 3 . 1 ^ 0 . 7 (12) 

22.5 + 0.7 (12) 

Mean values with standard arrors of the mean. 

In parentheses number of assayed mammary glands (10 slices per gland for each 

set of conditions). 
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Fig. 14. Sodium and potassium content in the lac-
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TABLE IX 

SGDIUM AND POTASSIUM CONCENTRATIONS IN GUINEA PIG 

ΜΑΜΙΊΑΡΥ GLAND SLICES, BEFORE AND AFTER 1 HR 

INCUBATION UNDER VARIOUS CONDITIONS 

Na К 

mmol/kg mmol/kg 

tissue water tissue water 

Fresh tissue 

(7) [7] 

43.5 + 2.7 106.4 + 3.4 

Slices incubated at 

1. 37 C, 95% G
2
-5% C0

2 
87.4 + 3.9 

2. as 1 . + 10 ΙΊ ouabain 136.5 + 3.0 

3. 37 C, 95% N
2
-5% CD

2 

4. 0
O
C, 95% 0

2
-5% CG

2 

5. 0
O
C •* 37

0
C, 

95% 0
2
-5% C0

2 

115.9 _+ 5.6 

113.1 _+ 4.0 

100.7 + 1.5 

84.0 +_ 2.9 

27. 1 _+ 2.6 

46.5 _+ 3.1 

43. 1 _+ 2.3 

74.9 + 4.5 

Mean values with standard errors of the mean. In 

parentheses number of assayed mammary glands (10 

slices per gland for each set of conditions]. 
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during incubation under N-, (Fig. 15). At this temp

erature the Na-K ATPase system is virtually inactive 

-4 
as in the presence of 10 Π ouabain. However, the 

permeability of the cell membrane for Na and К 

ions is lowered at this temperature, hence the Na 
+ 

and К contents of the slices do not reach the same 

•5 
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« 
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« 
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without ouabain 
with.10"4M ouabain 

**"-.I 

•oec- •37'C· 

[Na+] 

1 - 1 

20 АО 60 в0 100 120 

time of incubation (min) 

Fig. 15. Sodium [ ι ι] and potassium ( 0- -o) 

content of lactating guinea pig mammary 

gland slices during 1 hr incubation at 0 C, 

followed by 1 hr incubation at 37 C, with

out inhibitor (solid line), or in the 

presence of 10 И ouabain (broken line). 
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levels as obtained after incubation for 1 hr in a 

-4 
medium containing 10 M ouabain (Table IX, line 4]. 

When after 1 hr incubation at О С the slices were 

further incubated at 37 C, there was a reversal of 

the К and Na levels to nearly normal values (Table 

IX, line 5 and Fig. 15}. When at the start of the 

о -4 

incubation at 37 С ouabain (10 ) was added, the 

reversal did not occur and a further increase in 

Na and decrease in К took place (Fig. 15). 

Chlovide concentrations 

Under none of the incubation conditions, 

inhibitory to the Na-K ATPase system, did the chlo

ride content of the slices change significantly 

during 1 hr incubation (Table X). Since this ob

servation tends to conflict with the existence of 

an active chloride pump system, as proposed by Lin-

zell and Peaker (1971c), further experiments were 

carried out. The influence of inhibition of glyco-
- 3 

lysis (iodoacetate, 10 Μ), anion activated ATPase 

(thiocyanate, 10 M (de Pont et al, 1972)) and 

-2 

carbonic-anhydrase (acetazolamide, 10 M) on chlo

ride content of the slices was investigated. None 

of these three inhibitors changed the chloride con

tent (Table X). 

Intracellular ion concentrations 

Knowledge of the sodium and potassium gra

dients across the cellular membranes requires that 
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TABLE Χ 

CHLORIDE CONCENTRATIONS IN GUINEA PIG ИАИИАЯ GLAND 

SLICES, BEFORE AND AFTER 1 HR INCUBATION 

UNDER VARIOUS CONDITIONS AND IN THE 

PRESENCE OF VARIOUS INHIBITORS 

CI , mmol/kg 

tissue water 

Fresh tissue 54.5 + 2.0 (9) 

Slices incubated at 

1. 37
0
C, 95% D

2
- 5 % C 0

2
 81 . 1 ĵ  1.7 (11 

2. as 1. + 1 0 "
4
 M ouabain 2.8 _+ 2.3 {5) 

3. 37
0
C, 95% N

2
-5% C0

2
 62.0 _+ 3.5 (5) 

4. 0
O
C, 95% Q

2
-5% C0

2
 78.5 _+ 2.0 (5) 

5. as 1. + 10"
2
 M thiocyanate 80.Б _+ 3.B (2) 

6. as 1. + 10~
3
 M iodoacetate 84.0 _+ 3.0 (3) 

-2 

7. as 1. + 10 M acetazolamide 87.8 + 1.4 (2) 

Mean values with standard errors of the mean. In 

parentheses number of assayed mammary glands C10 

slices per gland for each set of conditions]. 

their intracellular concentrations be known. These 

concentrations can be calculated from the tissue 
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contents per kg tissue water, the extracellular con

centrations and the extracellular space in the 

slices of the lactating mammary gland of the guinea 

pig after 1 hr incubation. 

20 40 60 90 
t ime of ¡Kicubation (min.) 

1 4 

Fig. 16. Uptake of C-inulin by guinea pig mam

mary gland slices during incubation under 

optimal conditions. The uptake is ex

pressed as volume of tissue water, con-
1 4 

taining C-inulin, divided by total 

tissue water χ 100. 

The extracellular space was determined by means of 

14 14 

C-inulin. The C-inulin concentration in the 

slices reached a constant value after 1 hr incu

bation (Fig. 16), suggesting that the 
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space thus obtained represents the extracellular 

space. There was no significant effect of the vari

ous incubation conditions on the extracellular 

space [Table VIII). With this value for the extra-
+ + 

cellular space and the Na , К and CI contents 

given in table IX and X, the intracellular concen

trations after 1 hr incubation under various con

ditions can be calculated. These values are given 

in table XI and figure 17. Under all conditions in

hibitory to Na-K ATPase there was an equimolar ex-
+ + 

change of К ions for Na ions. There was, however, 

no significant change in intracellular CI concen

tration under these conditions. 

Fig. 17. Intracellular sodium, potassium and chlo

ride concentrations in guinea pig mammary 

gland slices after 1 hr incubation under 

different conditions. The concentrations 

are expressed as mmol/1 intracellular 

fluid. 
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TABLE XI 

INTRACELLULAR ION CONCENTRATIONS IN GUINEA PIG MAMMARY GLAND SLICES, 

AFTER 1 HR INCUBATION UNDER DIFFERENT CONDITIONS 

Incubation conditions Na mmol/l К mmol/1 CI mmol/l 

1. 37
0
C, 95% 02-5% CG

2
 45.0 +_ 7.0 (7) 137.8 ^ 5.3 (7) 43.9 _+ 3.5 (11) 

2. as 1. • Ю
- 4
 M ouabain 127.3 *_ 6.7 (7) 42.5 _+ 4.5 (7) 46.4 + 4.8 (5) 

3. 37
0
C, 95% 0_-5% CO_ 92.7 + 9.3 (7) 75.0 + 5.7 (7) 45.2 + 6.7 (5) J

2 "" " 2 
4. 0

O
C, 95% 0

o
-5% Ca

o
 87.1 _+ 7.2 (7) 70.2 +_ 4.2 (7) 38.0 *_ 3.8 (5) 

5. 0
O
C •+ 37

0
C, 95% 0

o
-5% C0

o
 67.3 + 3.2 (7) 122.6 + 7.8 (7) 

Mean values with standard errors of the mean. 

These values are calculated from the contents per Kg tissue water С С. ), 

extracellular concentrations (C ) and inulin space (V ): 

e e 

1D0 С - V . C 
с. =

 t e e 

1
 100 - V 

e 



IV. 4. DISCUSSION 

During incubation under optimal conditions the 

intracellular sodium,potassium and chloride concen

trations are constant from 5 to 5D minutes after 

the start of incubation. For the calculation of the 

intracellular concentrations in fresh mammary gland 

slices the ionic concentrations in blood and milk 

as well as the size of the blood and milk spaces in 

vivo must be known. Using the in vivo values for 

blood and milk space, determined by Linzell and 

Peaker (1971c), and our own values for the ion con

centrations in these spaces (Table XII), we find, 

within the experimental error, the same values for 

the three ions in the fresh slices as in those in

cubated for 1 hr under 95% 0-5% CO at 37
0
C. The 

error in the calculated sodium concentration is 

rather large, since this quantity is affected more 

than the potassium and chloride concentrations by 

the variability in the milk and blood spaces. 

The measured dry weight percentage is equal in 

fresh tissue and in the incubated slices and does 

not change with the incubation conditions. Neither 

does the inulin space vary with the latter. Hence, 

we may conclude that conditions which inhibit the 

Na-K. ATPase system do not change the cell water 

content. Neither do these conditions affect the in

tracellular chloride concentration. The only, but 

important effect of inhibition of the Na-K ATPase 

system by ouabain or by other means is an equimolar 

exchange of potassium by sodium. This finding per-
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CD 
-fc. TABLE XII 

SODIUM, POTASSIUM AND CHLORIDE CONCENTRATIONS IN MILK, BLOOD AND CELLS OF 

FRESH AND INCUBATED TISSUE OF LACTATING GUINEA PIG MAMMARY GLANDS 

milk 

m 

blood fresh mammary gland tissue incubated slices 

(C, ) per kg tissue intracell. 
water (C.) cone. (C.) 

(Table XI,line 1) 

Na mmol/1 16.В ĵ  1.4 140 43.5 ĵ  2.7 (7) 30.5 ĵ  5.0 45.0 *_ 7.0 [7) 

K
+
 mmol/1 23.4 <_ 0.7 4.5 106.4 _+ 3.4 (7) 136.2 +_ 6.7 137.8 _+ 5.3 (71 

Cl" mmol/1 37.7 + 1.Ö 100 54.5 + 2.0 (9) 49.0 + 4.1 43.9 + 3.5 (11) 

The intracellular concentrations of fresh mammary gland tissue are calculated 

by means of the formula: 

C, 
100 C,. - 11.4 С 

t m 13.3 C
L 

75. 3 

In vivo values for milk space (11.4 _+ 2.0» η = 7] and blood space 

(13.3 + 1.8; η = 5) are taken from Linzell and Peaker (1971c]. 



mits the conclusion that the Na-K ATPase system 

plays a primary role for the maintenance of the in

tracellular Na and К concentrations, but not for 

that of the Cl~ level. 

The equimolar Na-K exchange without change in 

the intracellular CI concentration would not lead 

to a change in the cell water content, assuming 

that no important changes in the levels of other 

ions take place. If inhibition of Na-K ATPase would 
+ + 

lead to non-equimolar changes in the Na and К 

levels, changes in cell water content and in intra

cellular CI concentration would be expected. This 

was indeed observed by Linzell and Peaker (1971c), 

but their results are contradictory. During incu

bation of guinea pig mammary gland slices in the 
-4 

presence of 10 M ouabain they found a significant 
+ 

increase in intracellular Na by 100 mM and in CI 

by 50 mM and a decrease in К by 70-BO mM. Theore

tically this should result in an increase in cell 

water, but the authors report a significant decrease. 

Gn the other hand, during anoxia there was an in-
+ -

crease of intracellular Na and CI concentrations 
+ 

by 20 mM and a decrease of К by 50 mM, accompanied 

by an increase in cell water. 

It is possible to compare the Na transport in 

the incubated slices with the Na-K ATPase activity, 

determined in the same tissue (chapter II). We have 

shown (Fig. 15) that reincubation for 1 hr at 37 С 

nearly reestablishes the original gradients for 

sodium and potassium, decreased during 1 hr incu-

o -4 

bation at 0 С When 10 M ouabain is present during 
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the incubation at 37 C, there is a further decrease 

of the gradients. During the first 20 minutes of the 

second incubation period the ionic exchange oroces-

ses are linear with respect to incubation time. As

suming that in the presence of ouabain only passive 

transport occurs and the passive fluxes in the pres

ence and absence of ouabain are the same, then the 

difference between the slooes of the two curves re

presents the active transport rates. These rates, 

expressed on intracellular concentration basis, are 

50 mmol/1/20 min for Na and 45 mmol/1/20 min for 
+ 

K. . Averaging these two values gives a net active 

transport of 143 mmol/1 intracellular fluid/hr. The 

maximal l\!a-K ATPase activity found in homogenates 

was 230 mmol ATP hydrolyzed/kg dry weight/hr (chap

ter II], which is equivalent to 120 mmol/1 intra

cellular fluid/hr. This yields a Na/ATP transport 

ratio of 1.2. This value is somewhat low compared 

with values of 1.6-3.0 found in a variety of other 

tissues (Bonting, 1970, p. 272). 

Our results with regard to chloride do not sup

port the presence of an inwardly directed chloride 

pump on the oasal and apical sides of the cell, as 

postulated by Linzell and Peaker (1971b and c). 

Such a pump would be expected to require metabolic 

energy. In our experiments, however, we were unable 

to find any changes in the intracellular chloride 

concentration, even in the absence of 0^ or at 0 С 

Neither did addition of the glycolytic inhibitor 
- 3 

iodoacetate (10 M), the carbonic anhydrase inhi-
-2 

bitor, acetazolamide (10 Π), or the inhibitor of 
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the anion-activated ATPase, thiocyanate (10 M) 

(de Pont et al, 1972), change the chloride concen

tration during 1 hr incubation. Linzell and Peaker 

(1971b and c) based their conclusion with regard to 

the existence of a chloride pump on a comparison of 

the observed membrane potentials and the Nernst po

tentials calculated from the ion ratio's across the 

basal and apical cell membrane. In our opinion this 

approach is hazardous in the case of the mammary 

gland, where large amounts of negatively charged 

proteins are present in the cell. Moreover this ap

proach presupposes that the chloride permeability 

is large compared to that of the other ions, which 

is apparently not true, as shown in the next chap

ter. 

Θ7 



C H A P T E R V 

ION PERMEABILITIES OF MAMMARY GLAND PLASMA 

MEMBRANES IN RELATION TO THE MEMBRANE POTENTIAL 

V.l. INTRODUCTION 

As described in chapter І .З, the intracellular 

chloride concentration of guinea pig mammary gland 

slices is rather invariable. This is true when the 

intracellular sodium and potassium concentrations 

are nearly completely reversed by inhibition of the 

-4 

Na-K ATPase system with 10 M ouabain. It also ap

plies under conditions inhibitory to cell metabolism 

like anoxia, cooling to 0 C, or the presence of 10 

M iodoacetate. The inhibitors of anion activated 

ATPase (thiocyanate 10"
2
 M; de Pont et al, 1972) and 

-2 

of carbonic anhydrase (acetazolamide 10 M) do not 

change the intracellular chloride concentration ei

ther. These results do not support the presence of 

an energy dependent, inwardly directed chloride pump 

mechanism on the basal and apical sides of the lac-

tating mammary gland cell, as postulated by Linzell 

and Peaker (1971c). 

In many cells the magnitude of the electrical 

potential across the cell membrane can be calculated 

satisfactorily by means of the "constant field" e-

quation (Goldman, 1943; Hodgkin and Katz, 1949). 

This equation is presented normally in the following 



form, given by Hodgkin and Katz (1949: 

RT К 
In 

F P
K 

Na 
Na 

CI 
CI. 

Na 
Na. 

ι 
CI 

CI 
(1) 

where E is the membrane potential, R the gas con

stant, Τ the absolute temperature, F the Faraday 

constant. Ρ,., Ρ and P
r 1
 the permeability coeffi-

\\ IN] a L 1 

cients of the ions and K., Na., CI., К , Na and 
1 1 1 0 0 

Cl the activities of these ions inside and outside 
D 

the cell, respectively. Normally instead of the ac

tivities the ion concentrations are used. 

In many tissues chloride ions are found to dis

tribute themselves passively over the cell membrane, 

i.e. the concentration ratio is determined by the 

membrane potential. This means that in that case the 

two chloride terms can be omitted from equation (1). 

Moreover, in the tissues investigated most extensive

ly like nerve (Hodgkin and Katz, 1949) and muscle 

(Casteels, 1967a and b), the permeability for potas

sium is much larger than that for sodium, and conse

quently the membrane potential behaves as a diffu

sion potential for potassium in those cases. 
The fact that an important change in the intra-

+ + 
cellular Na and К concentrations does not lead to 

a measurable change in the intracellular CI concen

tration (Table XI), can be explained in several 

ways. First, one could pose that the concentration 

of this ion deviates strongly from its activity. 

Secondly, the chloride ion may not distribute itself 

according to the membrane potential in the mammary 

B9 



gland cell. Thirdly, the ratio of the potassium and 

sodium permeabilities may be close to one, in which 

case an equimolar exchange of potassium for sodium 

would not lead to an important change in membrane 

potential, and thus not in chloride concentration. 

In this chapter we describe experiments with 

the isotopes CI , Na and Rb , aimed at in

vestigating the exchangeability and the permeabili-

- + + 86 + 

ties for CI , INia and К . The isotope Rb was used 
42 + 

instead of Κ , because of its longer half life and 

its closely parallel behavious (Duncan, 1969; Duncan 

et al, 1971]. These experiments lead to the conclu

sion that the third explanation can explain the fact 

that the distribution of chloride does not change 

significantly under various incubation conditions. 

7.2. MATERIALS AND METHODS 

Chemical reagents 

Ouabain (strophanthin-g); Merck, Darmstadt, 

Germany. Depolymerized dextran [Rheomacrodex); Phar

macia, Uppsala, Sweden. Sodium-22 SKS 3P (217 mCi/ 

mg; 0.92 yg/ml). Rubidium- б RGS IP (3.3 mCi/mg; 

0.69 mg/ml). Chlorine-36 CIS 3 (0.0071 mCi/mg; 

7.23 mg/ml). These isotopes were received from The 

Radiochemical Centre, Amersham, England. 

Hyamine hydroxide 10-X; Packard, Zurich, Switzerland. 

Instagel; Packard, Zurich, Switzerland. 

Omnifluor (98% PPO + 2% bis MSB); NEN Chemicals, 

Frankfurt, Germany. All other reagents were of ana-
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lytical grade. 

Preparation and incubation of mammary gland slices 

Mammary glands were ODtained from female suck

ling albino guinea pigs and slices were prepared as 

described in chapter IM.2. 

In the modified Krebs-Ringer bicarbonate solu

tion (Table VII, chapter IV) mammary gland slices 

(about 3 g/100 ml] were incubated for 15 minutes at 

37 C, gassing the medium with carbogene (95% 0„-5% 

CG
7
) , in order to equilibrate the extracellular 

fluid of the slices with the incubation medium. Af

ter this equilibration period the slices were trans

ferred to another vessel, containing the same incu

bation medium, to which
 2 2

N a
+
 (1D yl/100 ml),

 8 6
R b

+ 

(10 pl/100 ml) or
 3 6

с Г (100 yl/100 ml) had been 

added respectively. 

In uptake experiments the slices were incubated 

for various times (maximally 2 hr) at 37 С under 

carbogene and then removed for radioactivity measure

ments . 

In efflux experiments the slices were first in

cubated in radioactive solutions containing either 
2 2
N a

+
 (1 yl/ml),

 8 6
R b

+
 (1 μΐ/ml) or

 3 6
с Г (10 μ 1/ 

ml). For Na and Cl a 1-hr incubation and for 
DC

 + 

Rb a 2-hr incubation was used. The incubation pe

riods were sufficient to obtain complete equili

bration for Na and CI , but not for Rb (Fig. 

1B). After loading, the slices were transferred 

through a succession of glass counting vials con-

91 



120 

tiYne (min) 

Fig. 13. Uptake of 
36 

22 
Na С ι) , 

Β6 
Rb [Ι Α ] and 

Cl (α ο] by guinea pig mammary gland 

slices during incubation for 2 hr under 

conditions, described in the text. 

taining 10 ml isotope-free Krebs-Ringer bicarbonate 

solution at 37 C, gassed with carbogene. The inter

vals of incubation varied from 15 sec in the begin

ning to 10 minutes after an half hr efflux period. 

The incubation media and the slices were subjected 

to radioactive counting. 
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Determination of radioactivity in slioes 

The slices, removed after incubation, were 

lightly blotted and weighed in a preweighed glass 

counting vial. To slices containing Rb or CI 

2 ml hyamine hydroxide 10-X was added and these 

slices were digested for 15 hr at 50 C. After di

gestion the suspension was mixed, cooled to room 

temperature and 10 ml 0.4% Gmnifluor, dissolved in 

toluene, was added and the suspension was mixed a-

gain. The radioactivity was measured in a liquid 

scintillation spectrophotometer. Quenching was cor

rected for by means of the external standard method, 

22 + 
To slices containing Na 2 ml water was added and 

radioactivity was measured in a Geiger counter. 

Determination of radioactivity in incubation media 

During uptake experiments samples of 50 μΐ me

dium were taken in order to measure the radioacti-
flfi + 

vity of the medium. To samples containing Rb or 
"ìfi -

CI , 2 ml hyamine hydroxide 10-X was added. After 

mixing, 10 ml of 0.4% of Omnifluor dissolved in to

luene was added and radioactivity was measured in a 
liquid scintillation spectrophotometer. To samples 

. . 22 + 
containing Na only 2 ml water was added and ra
dioactivity was measured in a Geiger counter. 

In the incubation media, used to investigate 

the efflux ratio of the ions, the radioactivity was 

measured in the total volume (10 ml), in which the 

slices were incubated for a short period. To these 

93 



10 ml aliquots 10 ml Instagal was added and radio

activity was measured in a liquid scintillation 

spectrophotometer. 

V.3. RESULTS 

Exchangeability of the ions in the lactating mamma

ry gland cell 

In order to obtain information about the ex

changeability of the ions, the uptake of l\la , 

Rb and CI was determined by incubation of the 

mammary gland slices in media containing one of 

these isotopes. The uptakes are shown in figure 18. 

After 1 hr incubation an eouilibrati on was reached 

for Na and CI at concentrations which were a 

little higher than found in isotope-free incubation 

experiments after 1 hr incubation (Table IX and X; 

Na : 66.1 mmol/kg wet weight and CI 51.6 rrmol/kg 

wet weight). Even after two hours of incubation no 
86 + 

equilibration was reached with Rb . 

These uptake results show that intracellular 

sodium and chloride are completely exchangeable. Af

ter two hours equilibration has been nearly reached 
86 + 

for Rb . From the straight part of the uptake 

curve of rubidium (Fig. 18) the influx rate can be 

+ + 

calculated, since the extracellular Rb (К ) concen
tration is only 5 гпМ. This calculated influx is 

-9 
1.22 χ 1G mmol/kg wet weight per min, giving an 

_ Q Τ 

influx value of 3.05 χ 10 χ V/A moles/cm .sec, 
3 

where V represents the volume of cell water (cm ) 
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and A the cell surface (cm ). 

Efflux of ions 

B6
 + 

Although equilibration for Rb is not com-
86 + 

pletely achieved after 2 hr incubation, the Rb 

content of the slices is sufficiently high to deter

mine the Rb efflux rate. Between 5 and Θ0 minutes 

of incubation a linear relation existed between the 

B6
 + 

logarithmic percentage of Rb in the slices and 

the efflux time (Fig. 19). This figure indicates 

that more than 90% of the radioactivity in the 

X 

г S ίσο 
-ρ υ 
υ ^ 

•8 Ι 
5 Í 50 

4- с 
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ъУ 
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, 
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-

^ _ _ _ _ ^ +І=б2.5тіи 
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. 

20 40 60 80 

•кіспе ^ т і " ) 

86 + 
Fig. 19. Efflux of Rb from guinea pig mammary 

gland slices, incubated for 2 hr in a Krebs 

Ringer bicarbonate solution, containing 
AR + 

Rb . The percentage radioactivity left 

in the slices during efflux incubation has 

been plotted logarithmically against time. 
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slices is present intracellularly, which is in a-

greement with the ratio intracellular/extrace1lular 

К concentration observed in isotope-free incubation 
+ 

experiments (chapter І .З). The Rb efflux curve 

(Fig. 19) shows a half time of 62.5 minutes. Calcu-
_ D 

lation yields an efflux rate of 2.55 χ 10 χ V/A 
2 

moles/cm .sec (Table XIII]. 

TABLE XIII 

EFFLUX RATES FGR SODIUM, RUBIDIUM AND CHLORIDE AND 

THEIR HALF TIMES, IN GUINEA PIG MAMMARY GLAND SLICES 

Na 

Rb' 

Cl' 

t i 

(mir 

1 0 . 

6 2 . 

9 . 

ι ) 

2 

5 

3 

efflux rate 
2 

[mol/cm .sec) 

5.10 χ V/A χ 10 

2.55 χ V/A χ 10" 

5.46 χ V/A χ 10" 

V = volume of cell water (cm ) 
2 

A = surface of the cell (cm ) 

The efflux rates have been calculated with the for

mula: 
In 2 Ci V 1 

efflux =• 

ti 
χ — χ moles/cm .sec 

A 60 

С = intracellular ion concentration as given in 
3 

table XI, chapter IV, but expressed in moles/cm , 
+ 

assuming that the Rb concentration is equal to 

that of K
+
. 
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Я fi _ 
The efflux rate for CI was determined after 

1 hr incubation in the presence of this isotope 

(Fig. 20). Plotted the percentage radioactivity in 

the slices logarithmically against time a linear re

lation was found between 10 and 30 minutes, repre

senting a half time of 9.3 minutes. The calculated 

efflux rate is 5.46 χ 10 χ V/A moles/cm .sec (Ta

ble XIII) . 

100r CI ' 

10 20 30 

unie (min) 

36 
Fig. 20. Efflux of CI from guinea pig mammary 

gland slices, incubated for 1 hr in a Krebs 

Ringer bicarbonate solution, containing 
op _ 

CI . The percentage radioactivity left in 

the slices during efflux incubation has 

been plotted logarithmically against time. 
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22 

The efflux rate for Na was determined after 

1 hr incubation in the presence of this isotope. In 

contrast to the efflux curves for Rb : F i g . 19: 
Я Fi — 7 *? + 

and Cl (Fig. 20), the Na content of the slices, 

plotted logarithmically against time, does not yield 

a linear relation over an extensive efflux period 

(Fig. 21). The short linear part of the curve be

tween 10 and 20 minutes of incubation yielded a half 

time of 10.2 minutes, which gives a calculated ef

flux rate for
 2 2

N a
+
 of 5.1 χ 1θ"

8
 χ V/A moles/cm

2
. 

sec (Table XIII). 
"T 1 • I 

100 Г Ν Λ * 

ti = 10.2 min 

Ыте (min) 

22 + 
Fig. 21. Efflux of IMa from guinea pig mammary 

gland slices, incubated for 1 hr in a Krebs 

Ringer bicarbonate solution, containing 

22 + 

Na . The percentage radioactivity left in 

the slices during efflux incubation has 

been plotted logarithmically against time. 
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This method of calculating the half time of 

22 + 

Na efflux is somewhat dubious, but the resulting 

value is in good agreement with the half time found 

by another method, described by Casteels (1969a). 

According to this metnod Lhe loaded slices are first 

incubated for 15 minutes at О С to remove tne extra

cellular isotopes and are then immediately incubated 

at 37 C. By this method logarithmic efflux curves 

show linearity between 25 and 60 minutes with a half 

time of 10.3 minutes. 
22 + 

Moreover, preliminary Na influx experiments, 
carried out to the method described by Casteels 

(1969b), show a
 2 2

N a
+
 influx rate of 6.6 χ 10"

S
 χ 

2 
V/A moles/cm .sec, which is in good agreemert with 

the efflux rate found in our experiments. The Na 

influx was determined by loading the slices with 

22 + о 

Na for 1, 2 or 3 minutes at 37 C, followed by ef

flux incubations at 0 С Extrapolation of the 

straight parts of these efflux curves obtained at 

о 22 + 

0 С to time 3 gives the intracellular Na concen

trations after an uptake period of 1, 2 and 3 min

utes, respectively, at 37 C. From these values the 

influx rate was calculated. 
V.4. DISCUSSION 

For several tissues it appears possible to cal

culate the theoretical value of the membrane poten

tial by means of the intra- and extracellular con

centrations of sodium, potassium and chloride and 

the permeability coefficients for these ions, like 
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in smooth muscle (Keynes, 1954; Casteels, 1969a and 

b) and in liver (Claret and Mazet, 1972). 

Several assumptions have to be made before thi 

method can be applied ta mammary gland slices. In 

the first place, it has to be assumed that the 

slices are in the steady state condition. This as

sumption seems to be valid, since it has been shown 

that the intracellular sodium, potassium and chlori 

de concentrations are constant from 5 to 60 minutes 

during incubation in a Krebs-Ringer bicarbonate so

lution at 37 С (Fig. 14, chapter IV.3). Secondly, 

the tissue should be homogeneous in cell type. This 

condition seems to apply, since the alveolar cell 

is the predominant cell type in che lactating mam

mary gland of the guinea pig. Thirdly, it has to be 

assumed that the plasma membrane of the lactating 

cell is homogeneous with regard to ionic permeabili 

ty. If the permeability at one part of the membrane 

(e.g. the basal membrane) is much higher than at an 

other part (e.g. the apical membrane), the permea

bility constants of the membrane part with the 

highest permeability will be determined. However, 

this method is not valid, when the highest permea

bility coefficients for different ions are present 

at different membrane parts. Since the transepi

thelial potential in the lactating mammary gland 

cell is small, varying between -3 mV and + 2 mV 

(rat, Evans et al, 1971; guinea pig. Vreeswijk, un

published), this suggests that no important differ

ences in ionic permeabilities between basal and api 
B6 + 

cal side exist. Finally, since Rb has been used 
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+ 

instead of К , it must be assumed that these ions 

behave identically. 

When making all these assumptions, it is possi

ble to calculate the theoretical permeability coef-
+ + 

ficients for Na , Rb and CI from the efflux rates 

given in table XIII. Assuming that the inward and 

outward movements of an ion species are independent 

of each other and that the passive fluxes of Na , 

Rb and CI are due only to their own electrochemi

cal forces (Casteels, 1969a), "constant field" con

ditions (Goldman, 1943; Hodgkin and Katz, 1949) may 

be considered to exist. In that case the following 

relation applies for each ion: passive flux=permea-

bility coefficient χ concentration χ Goldman factor, 

or expressed mathematically: 

EF/RT 
J = Ρ χ С χ ( 2 ) 

1-exp(-EF/RT) 

In this formula J represents the passive ion flux, 

Ρ the permeability coefficient and С the ion concen

tration in the compartment, from which the flux is 

derived. The Goldman factor represents the influence 

of the electric field on the movement of the ion a-

cross the membrane. Knowing the intra- and extracel

lular ionic concentrations we can calculate the e-

quilibrium potential for each ion with the Nernst 

equation (3): 

RT С 
E = In — (3) 

zF С 
о 
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In this formula ζ indicates the sign and valence of 

the ion. The other symbols are given in the intro

duction of this chapter. Substituting the values for 

Na
+
, K

+
 and Cl~ from tables VII and XI (chapter IV), 

+ + -
gives equilibrium potentials for Na , К and CI of 

+ 32 mV, -90 mV and -30 mV, respectively. For intra

cellular potentials between -90 mV and + 32 mV, the 
+ 

inward movement of Na and the outward movement of 

Rb (K ) are passive. When the intracellular poten

tial is more negative than -30 mV the outward move

ment of CI is passive, whereas in all other cases 

the inward movement is passive. The values for Pp,, 

in the case that the membrane potential is more ne

gative than -30 mV, and for P
R h
 can be calculated 

directly with the formula [2]. Assuming that the 

efflux of the ions under steady state conditions is 

equal to their influx, the values for Pp.. , in cases 

that the membrane potential is more positive than 

-30 mV and for P.. can also be calculated by means 

Na
 J 

of formula (2], as has been done by Casteels (1969a 

and b) for smooth muscle and Duncan (1969) for am

phibian eye lens. 

the 1 

of th 

Since the val 

act 

is 

permeabi 

(2), 

range 
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we 
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-20 -40 -60 
aeaumed membrane potent ia l (mV) 

F i g . 2 2 . P e r m e a b i l i t y c o e f f i c i e n t s o f Na ( о о , 
a ) , R b + С· · , b) and C l " CA A, с o r 
Δ Δ, d) as a function of the assumed mem
brane potentials. The coefficients have 
been calculated with the following equa
tions ! 

, , ρ ρ EF/RT 
Na Na о 

Rb Rb 1 

c) J,, =P
o n
.C . !

F / R T , r.r^-r, (valid at E^-30 mV ] 
CI CI о 

d) J ^ - P ^ . C , . - i i ; ^ (-EF/RT)
 I v a l l d a t E

« -
3 0 m V ) 

1-exp 
EF/RT 
1-exp 
EF/RT 
1-exp 
EF/RT 

(-EF/RT) 

( EF/RT) 

( EF/RT) 

The ion concentrations given in tables VII and XI 
(chapter IV), expressed in mol/cm

3
, and the fluxes 

given in table XIII are used for these calculations 
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given in table VII and XI (chapter IV) but expressed 

3 

in mol/cm . With the calculated permeability coeffi

cients for the three ions for each assumed membrane 

potential a range of theoretical membrane potentials 

has been calculated by means of the Goldman equa

tion (1) (Fig. 23). Assuming that the membrane po-

-20 -40 -60 

aeaumed membrane potential ( m V ) 

Fig. 23. Membrane potentials calculated by means of 

the Goldman equation (1). Each calculated 

membrane potential was obtained using the 

set of permeability coefficients, as shown 

in figure 22, belonging to a certain as

sumed membrane potential. The calculated 

potentials were plotted against the as

sumed membrane potentials. 
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tential is a "pure" diffusion potential only that 

set of permeability coefficients is valid, which up

on solving the Goldman equation result in the same 

potential as has been assumed in calculating these 

permeability coefficients. Figure 23 indicates that 

this is only the case for a membrane potential of 

-19 mV. The validity of this approach for calcula

ting the membrane potential is supported by prelim

inary potential measurements, carried out by Drs. 

C.H. van Ds (department of Physiology] in incubated 

mammary gland slices, in which a value of -17.3 ĵ  

2.5 mV (n = 5) was found. The values for P., , P
ni
_ and 

Na Rb 

P
r l
 obtained for a membrane potential of -19 mV are 

shown in table XIV. This table shows that the ratio 

PM /Pni_ is 0.66, which is much larger than found in 
Na Rb

 ь 

nerve CO.04, Hodgkin and Katz, 1949) and also larger 

than in smooth muscle cells of guinea pig vas 

deferens (0.24, Casteels, 1969b) and in liver cells 

(0.52, Claret and Mazet, 1972). 

TABLE XIV 

PERMEABILITY COEFFICIENTS FOR SODIUM, RUBIDIUM AND 

CHLORIDE IN THE MAMMARY GLAND CELL, ASSUMING 

A MEMBRANE POTENTIAL OF -19 mV 

cm/sec 

P
N a
 2.4 χ 10"

4
.V/A 

P
R b
 2.8 χ 10"

4
.V/A 

Р
с 1
 6.1 χ 10"

4
.V/A 
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Assuming that ouabain does not markedly in

fluence the membrane permeability for these ions, 

we calculate the effect of ouabain on the membrane 

potential by substituting in the Goldman equation 

the intracellular concentrations measured after in-
-4 

cubaticn in the presence of 10 M ouabain for 1 hr 

(Table XI]. This calculation gives a membrane po

tential of -17 mV, only 2 mV different from the val

ue in the absence of ouabain. Tnis result indicates 
+ 

that an equimolar exchange of intracellular К for 
+ 

extracellular Na changes the membrane potential 

very little. Assuming that the intracellular chlo

ride concentrations would change according to the 

membrane potential, this result explains the fact 

that the intracellular chloride concentration does 

not noticeable change during an equimolar sodium-

potassium exchange. 
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C H A P T E R V I 

EXPERIMENTS ON HILK SECRETION BY THE GOAT UDCER 

VI.1. INTRODUCTION 

After the establishment of the presence of Na-K 

ATPase activity in the lactating mammary gland (chap

ter II] and of its regulating effect on the intra

cellular Na and К concentrations (chapter IV], 

there is still the question of the overall effect of 

the Na-K ATPase system on milk secretion and milk 

composition. 

It occurred to us that this problem could best be 

studied in the isolated perfused mammary gland by 

determining the effect of ouabain on milk secretion 

and milk composition. Several authors (Barry, 1952; 

Tindal, 1957; Hardwick et al, 19Б0; 1961; 1963] have 

described the perfusion of the cow and goat udder. 

Although this method is technically rather compli

cated, we preferred it to in vivo studies, since in

vestigation of the effect of ouabain in the intact 

animal is complicated by the possible occurrence of 

systemic circulatory effects. 

In this chapter the milk composition after 

hourly milking of the intact animal and during per

fusion of the isolated goat udder will be described, 

as well as the influence of ouabain on blood flow 

and milk composition during perfusion of the iso-
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lated udder. It will be shown that ouabain has a 

pronounced vasoconstrictive effect on the vessels 

of the gland, so that the experiments on the iso

lated perfused udder do not supply a clear answer 

as to the role of the Na-K activated ATPase system 

in milk secretion. 

VI. 2. MATERIALS AND METHODS 

Chemical reagents 

Ouabain (strophanthin-g); Merck, Darmstadt, 

Germany. Depolymerized dextran (Rheomacrodex); Phar

macia, Uppsala, Sweden. Oxytocin (Piton-S); Organon, 

Oss, The Netherlands. Heparin (Thromboliquine); Or

ganon, Oss, The Netherlands. Thiopental sodium; 

Specia, Paris, France. Aminosol-Glucose; Vitrum, 

Stockholm, Sweden. 

All other reagents were of analytical grade. 

Animals 

Goats of about 40 kg body weight 

clusively for these experiments. They 

a stable and were fed with sheep corn 

and hay and water ad libitum. 

Milking 

The goats were milked by hand twice daily at 

B.30 a.m. and 5 p.m. or hourly. In the case of hour-

were used ex-

were kept in 

(700 g/day) 
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ly milking the goat was injected intravenously with 

0.2 ID oxytocin before each milking, starting at 

8.30 a.m. On the morning of the perfusion the goat 

was milked out completely, after injection of 0.2 

IU oxytocin and before being anaesthetized. Thus, 

the residual milk obtained at the start of perfusion 

(about 2 hr later) gave the secretion rate and com

position of the milk being secreted during the sur

gical procedure, immediately preceding perfusion of 

the isolated udder. 

At the start of perfusion and every hour there

after, the udder was milked by massage after intra

arterial injection of 0.2 ID oxytocin, the teats 

having been cannulated previously. 

Isolation of the udder 

Anaesthesia. The glands were removed under gen

eral anaesthesia, so that the long preparatory dis

section could be done with the blood supply remain

ing intact. Just before anaesthesia the goat was 

milked out and 0.5-1 litre blood was removed from 

the jugular vein of the heparinized goat (3 mg/kg). 

Anaesthesia was induced by intravenous injection of 

thiopental sodium (15 mg/kg body weight). After in

tubation anaesthesia was maintained with oxygen-N?0-

fluothane mixture in a closed respiratory system. 

Surgical procedure. The skin was desinfected 

with 70% alcohol and iodine. The entire udder was 

dissected free from the fascia of the abdominal 

wall, leaving the main blood vessels intact to main-
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tain the circulation until just before removal of 

the udder. At this moment the external pudic arte

ries, left and right, were cannulated by heparinized 

cannules, which were pinched off. The external pudic 

veins, accompanying the arteries, and the main veins 

at the cranial side of the udder were pinched off 

without cannulation. 

The udder was weighed (800-1200 g] and placed 

in the perfusion system and the arterial cannules 

were connected with the circulatory system of the 

perfusion apparatus. The circulatory system had been 

filled previously with the perfusion fluid. The 

Kocher clamps on the veins were removed, so that the 

veins drained freely into the collecting reservoir. 

Perfusion fluid 

The perfusion fluid consisted of a mixture of 

70% heparinized goat blood, obtained from the oper

ated animal just prior to anaesthesia, and of 30% 

depolymerized dextran (10% in 0.15 M NaCl). The a-

mount of perfusion fluid, circulating through the 

perfusion system, was about 1.5 litre. Aminosol, a 

solution containing 33 g/1 of a mixture of amino a-

cids and short peptides and 50 g/1 glucose was con

tinuously added to the perfusion fluid at a rate of 

20 ml/hr. The fluid was gassed in an oxygenator with 

carbogene (95% 0у-5Ч CO^), which maintained the pH 

of the fluid between 7.2 and 7.4. 
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Perfusion apparatus 

The perfusion experiment was carried out with 

the original perfusion apparatus from Travenol La

boratories USA, which has been described in detail 

by van Нее (1973). The perfusion circuit consisted 

of a serial arrangement of reservoir - pump - oxy

genator - heat exchanger - mammary gland. The udder 

was connected to the circuit by means of the 

cannules in the pudic arteries. The perfusion fluid 

returns to the open collecting reservoir after cir

culation through the udder. The heat exchanger 

served to maintain the perfusion fluid at a con

stant temperature of 35 C. Through one side of the 

heat exchanger water was pumped from a water bath 

thermostatically maintained at 37 C, while through 

the other side the perfusion fluid was circulating. 

The circuit components consisted mainly of Perspex 

and silicone rubber. 

During perfusion the tension was continuously 

measured by means of an electromanometer EMT 31 

(Elema Schönander, Stockholm, Sweden), which was 

connected to the arterial part of the circuit, i.e. 

on the entry side of the udder. 

Analytical methods 

Milk proteins were precipitated by addition of 

5 ml 20% TCA to a mixture of 2 ml milk and 10 ml 

twice distilled water, followed by centrifugation 

for 10 minutes. Ion concentrations were determined 

111 



in the supernatant; sodium and potassium by flame-

photometry and chloride by the method of Cotlove 

(1963), as described in chapter I\l.2. 

The lactose content of the protein-free milk 

fluid was determined, after appropriate dilution, 

by the colorimetrie phenol-sulfuri с acid method of 

Dubois et al (1956), modified by Marier and Boulet 

(1959). This method is based on the fact that the 

phsnol-H^SG^, mixture and carbohydrates cause a col

our reaction. Though the method is not specific for 

lactose it is suitable in this case, since no other 

sugars are present in nilk in quantitatively impor

tant amounts. To 2.0 ml of the deproteinized milk 

100 μΐ phenol reagent was added. Thereafter 6.0 ml 

of 96% sulfuric acid was added slowly, allowing the 

acid to run down the side of the tube. After swirl

ing, the mixture was left standing for 10 minutes 

at room temperature. The extinction was then read 

at 490 nm in a Zeiss spectrophotometer. The phenol 

reagent was prepared by dissolving 80 g phenol in 

20 ml water at 50 С A lactose solution, serving as 

standard, and water, serving as blank, were treated 

in the same way as the milk samples. The calculated 

lactose concentration was expressed in g/1. 

VI. 3. RESULTS 

The influence of ouabain on milk yield and 

milk composition was investigated by means of per

fusion of the isolated goat udder. In order to re

late the perfusion situation to the situation in the 
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intact animal, the yield and composition of milk, 

received by hourly milking of intact animals, were 

first investigated and compared to yield and com

position upon twice daily milking. Hourly milking 

was always preceded by intravenous injection of 0.2 

IU oxytocin. 

The milk yield seems to be a little higher af

ter hourly milking, but this difference is only sig

nificant (P< 0.05) when it is expressed as percent

age of the milk yield from the morning milking at 

the same day (Table XV). The sodium, potassium, 

chloride and lactose concentrations in the milk 

showed no significant differences between hourly and 

twice daily milking (Table XVI). Moreover, these 

concentrations are comparable to those given by oth

er authors (Tables I and II, chapter 1.2). 

During perfusion of the isolated goat udder the 

milk yield and milk composition were determined at 

hourly intervals. The milk received during the first 

two hours of perfusion has been formed during the 

surgical procedure (Tindal, 1957; Hardwick, 1960). 

Hence, only the milk received after the second 

hour of perfusion represents the results of perfu

sion. Therefore, the effect of ouabain on the milk 

composition during the perfusion was not investi

gated until at least 2.5 hr after the start of per

fusion . 

The hourly milk yields varies strongly during 

perfusion, as is the case in vivo, but the average 

milk yield after the second hour was less than 50% 

of the in vivo yield. 
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•t» TABLE XV 

INFLUENCE OF MILKING FREQUENCY ON GOAT MILK YIELD 

Frequency of milking twice daily hourly during 

the day 

(1) 24-hr milk yield, ml 

(2) day time milk yield, ml 

milk yield (2) as \ of С1) 

milk yield {2) as % of the morning milk 

1567 +_ 238 

557 +_ 84 

35.7 *_ 0.9 

55.7 + 2.1 

1668 _+ 254 

65Θ ?_ 1G3 

39.7 ^ 1.6 

66.6 + 4.4 

Mean values with standard errors of the mean for 8 goats. The milk yield as 

percentage was calculated separately for each animal and then averaged. 



TABLE XVI 

INFLUENCE OF MILKING FREQUENCY 

ON GOAT MILK COMPOSITION 

Frequency of twice daily hourly during 
milking the day 

Na
+
 mmol/1 18.7 + 1.3 21.4 + 1.5 

K
+
 mmol/1 49.0 + 2.3 47.8 + 2.1 

Cl~ mmol/1 48.0 + 2.7 50.θ + 2.2 

lactose g/1 40.5 + 2.4 40.7 + 1.9 

Mean values with standard errors of the mean for 8 

goats. 

The sodium and chloride concentrations in the milk 

samples, received during perfusion were a little 

higher, the potassium concentration a little lower 

than in the milk obtained in vivo (Fig. 24). 

After addition of ouabain to the perfusion 

-4 

fluid in a final concentration of 10 Π, the so

dium and chloride concentrations in the milk in

creased from 48 to 80 mM and from 59 to 76 mM res

pectively, while the potassium and lactose concen

trations decreased from 48 to 26 mM and from 42 to 

18 g/1 respectively (Fig. 24). At the same time 

there was a fall in blood flow through the perfused 

goat udder from 240 to 120 ml/min within 30 minutes 

(Fig. 25) and finally to 70 ml/min, resulting in a . 
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Fig. 24. 
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Fig. 24. Milk yield (ml/hr) and the sodium, potas

sium, chloride (mmol/1) and lactose (g/1) 

concentrations in milk samples, collected 

during perfusion of the goat udder before 

and after addition of ouabain [final con-
- 4 

centration 10 M). The broken line shows 

the average value in vivo, upon hourly 

milking. The arterial tension was kept con

stant during the perfusion, while the blood 

flow decreased [Fig. 25]. 
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Fig. 25. Blood flow (ml/min, о a) through the 

udder during perfusion before and after 

addition of ouabain, while the arterial 

tension (mm Hg, • ·) in the perfusion 

system was kept constant at 110 mm Hg. 

117 



250 

200 

150 

100 

50 

С 

stai •t of per 

- ^ 

^ ^ 

f u s i o n 

blood f l o w / 

/ 

^ - - ^ ^ tension / 

• 
ouabatin 

250 

200 

150 

100 

50 

2 3 

t i m e o f perfusion ( h r ) 

Fig. 26. Arterial tension (mm Hg, -· 3 in the per

fusion system before and after addition of 

ouabain, while the blood flow (ml/min, 

о o] was kept constant at 180 ml/min. 

Fig. 27. Milk yield (ml/hr) and the sodium, potas

sium, chloride Cmmol/l] and lactose (g/1) 

concentrations in milk samples, collected 

during perfusion of the goat udder before 

and after addition of ouabain. The broken 

line shows the value in vivo upon hourly 

milking. The blood flow during the per

fusion was kept constant at 1 0 ml/min by 

increasing the arterial tension (Fig. 26], 

118 



F i g . 2 7 . 

s t a r t of 

milk yield 

- Cf 

perfusion ouabain 
• 

J -η_Γ 

• 

• 

I 

_Γ 

- ; 

• Μ Λ

+ 

-

• К + 

• 

• Lactose 

• 

_ 

• 

«i 

_ Γ ^ 

• 

I 

• 

— 

-η 

ι 1 

• 

I 

I I I ! 

-

• 

- ; 

0 1 2 3 4 

t ime of perfneion ( h r ) 

119 



decrease of temperature of the perfusion fluid from 

37
0
C to 28

0
C. 

From these results it cannot be concluded that 

ouabain changes the milk composition by a direct in

hibition of the Na-K ATPase system, since neither 

the flow rate of the perfusion fluid nor the temper

ature remained constant after addition of ouabain. 

Therefore, an attempt was made to keep the blood 

flow constant at 1Θ0 ml/min after addition of oua

bain by increasing the tension in the perfused ud

der. After about 1 hr a tension of 180 mm Hg was 

reached (Fig. 2Б). Unfortunately, it was impossible 

to increase the pressure in the perfusing system 

any further, since the pump system could not de

liver a pressure higher than 180 mm Hg. Therefore, 

at this point the perfusion had to be stopped. The 

composition of the milk samples before addition of 

ouabain was aoout the same in the experiment, in 

which the tension was kept constant (Fig. 24 and 

25), as in the experiment, in which the blood flow 

was kept constant (Fig. 26 and 27). After ouabain 

addition the milk composition showed a much more 

marked change in the former experiment (Fig. 24) 

than in the latter experiment (Fig. 27). This sug

gests that the marked change in the milk composition 

during falling perfusion rate is due to a lacking 

blood supply rather than to a direct effect of oua

bain on the Na-K ATPase system of the gland. 
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VI. 4. DISCUSSION 

Linzell and Реакег (1967а, 1971e) have empha

sized that even physiological doses of oxytocin 

(0.050-0.100 ID), injected intravenously just before 

milking may in some instances influence the milk 

composition of the goat in the sense that the sodium 

and chloride concentrations increase, while the pc-

tassium and lactose concentrations decrease. A pos

sible explanation of this effect would be a dilution 

of milk by an entry of extracellular fluid into the 

milk. On the other hand, Linzell and Реакег (1967a] 

concluded that frequent milking of the goat (40 kg 

body weight) after administration of minor doses of 

oxytocin (0.050-0.400 ID) does not change the aver

age milk yield and is a valid method for studying 

factors controlling milk secretion. Mielke et el 

(1967) do not find any effect, either on milk yield 

or on ion and lactose concentrations in milk of 

cattle (about 700 kg body weight) after intravenous 

injection of as much as 6.0 IU oxytocin. Injection 

of 20 IU oxytocin in cattle has the same effect on 

the milk composition as described above for the 

goat. 

In our investigations no difference was found 

in the sodium, potassium, chloride and lactose con

centrations in milk between twice daily milking and 

hourly milking after 0.2 IU oxytocin i.v. The milk 

yield seems to increase slightly during hourly milk

ing. These results make it useful to compare the 

results for milk samples, obtained during perfusion 
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by massaging the udder after giving 0.2 ID oxytocin, 

with the normal concentrations in goat milk. 

During six out of the eight udder perfusion ex

periments, which we performed, complications due to 

technical imperfections in the perfusion equipment 

arose, such as embolisms in the circulatory system, 

particularly in the very narrow capillaries in the 

oxygenator; the appearence of blood in the milk 

samples, possibly caused by excessive heparinisation 

of the perfusion fluid; a very low blood flow, in 

spite of a relatively high tension, during the en

tire perfusion period. These complications are the 

reason that we can only report results from two per

fusion experiments. 

In spite of these restrictions in our investi

gation we have obtained one important result, name

ly the effect of ouaoain on blood flow through the 

udder during perfusion. Previous investigations 

have shown that the milk yield is linearly related 

to the blood flow (Linzell, 19Б0) and that an ade

quate blood flow through the udder is necessary in 

order to obtain milk of normal composition (Hardwick 

et al, 1960). The milk yield after the first two 

hours of perfusion was approximately half the aver

age in vivo yield, as was also found by Hardwick et 

al (1960). This is understandable, since the blood 

flow during perfusion, 1Θ0-240 ml/min, was only a-

bout half the in vivo blood flow of 400 ml/min/kg 

udder (Linzell, 1960 and 1966). Both milk yield and 

milk composition are dependent on blood flow. More

over, the temperature of the udder is also dependent 
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on the blood flow during perfusion. 

When after several hours of perfusion ouabain 
-4 

was added in a final concentration of 10 Π, there 

was a strong decrease in the blood flow, which could 

only be prevented by increasing the tension in the 

circulatory system. This observation can be ex

plained by the vasoconstrictive effect of ouabain, 

which occurs at concentrations below those necessa

ry for full inhibition of the (Va-K ATPase system 

(Mason et al, 1964; Harrison et al, 1969; Treat et 

al, 1971]. An increase in arterial pressure and a 

simultaneous decline in blood flow were observed by 

Mason et al (1964) in the forearm of normotensive 

men after intravenous injection of 8.5 yg ouabain 

per kg body weight, which could give a maximal 

blood level of only 1.4 χ 10 M. A similar effect 

of ouabain, injected intravenously on mesenteric he

modynamics was observed in monkey (Shanbour and 

Treat, 1971) and dogs (Harrison et al, 1969). Intra

arterial infusion of 50 yg/kg ouabain in dogs (max-

imal blood level: 10 M) caused a decrease in 

blood flow in the mesenteric and carotid arteries 

for at least 1 hr (Treat et al, 1971). 

After addition of ouabain, with concomitant 

fall in blood flow, the sodium and chloride concen

trations in the milk samples were increased, while 

the potassium and lactose concentrations were de

creased. The milk yield seems to be decreased too, 

although the large variation in the hourly milk 

yield prevent a definite conclusion. When the blood 

flow through the udder was kept constant by increas-
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ing the arterial pressure after addition of ouabain, 

the change in milk composition was much smaller 

(Fig. 27). 

Our results indicate that ouabain does indeed 

cause an increase in sodium and chloride concentra

tions and a decrease in potassium and lactose con

centrations in milk, as previously reported by Lin-

zell and Peaker (1970) and Silcock and Patton (1972). 

However, this effect of ouabain appears to be due 

both to vasoconstriction in the udder and to a par

tial direct inhibition of Na-K ATPase. The vasocon

strictive effect of ouabain has not been reported 

by the authors, who have described the effect of 

ouabain on the milk composition. 

124 



C H A P T E R V I I 

ABSENCE DF NA-K ATPASE INVOLVEMENT Il\' LACTDSE 

PRDDUCTIGN BY LACTATING GUINEA PIG MAMMARY GLAND 

VII.l. INTRODUCTION 

In recent years several authors have emphasized 

that there is a relation between the lactose and po

tassium concentrations in milk. An inverse relation

ship between potassium and lactose content in milk 

from different cows has been reported by Rook and 

Wood (1959], Walsh and Rook C1964) and in milk from 

cattle, sheep and pig by Konar et al (1971). On the 

other hand, a positive relationship has been shown 

by Barry and Rowland (1953) during the lactation pe

riod of cows. When certain conditions lead to a de-
+ 

crease in milk К concentration, the lactose content 

in milk is also decreased, whereas sodium and chlo

ride concentrations increase at the same time. This 

effect has been described by Konar et al (1971) in 

milk of several species during the last part of the 

lactating period. Linzell and Peaker (1971a and 

1972) observed this effect in milk of the goat dur

ing mastitis. Ouabain administration in vitro (Lin

zell and Peaker, 1970) or in vivo (Silcock and Pat-

ton, 1972) causes the same result in milk of the 

goat. The latter authors suggested that this implies 

that lactose production is regulated by the intra-
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cellular ion concentrations. 

IP chapter II we have reported the presence and 

properties of Na-K ATPase in guinea pig mammary 

glands. We have also investigated the effect of Na-K 

ATPase inhibition on intracellular ion concentrations 

in slices of the lactating guinea pig mammary gland. 

In this chapter we have used mammary gland 

slices also to investigate whether the lactose pro

duction is indeed regulated by intracellular ion con

centrations or possibly even directly by the Na-K 

ATPase system. In this study we have tried to dis

tinguish between the two component processes of lac

tose synthesis and secretion. Gur results indicate 

that such a regulation is absent. 

VII.2. MATERIALS AND METHODS 

Chemiaal reagents 

Ouabain (strophanthin-g]; E. Merck, Darmstadt, Ger

many. Depolymerized dextran [Rheomacrodex); Phar

macia, Uppsala, Sweden, β galactosidase; Boehringer, 

Mannheim, Germany. 6 galactose dehydrogenase; 

Boehringer, Mannheim, Germany. NAD (free acid); 

Boehringer, Mannheim, Germany. 

All other reagents were of analytical grade. 

Preparation and incubation of mammary gland slices 

Mammary glands were taken from female suckling 

albino guinea pigs and slices were prepared as des-
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cribed in chapter IM.Ζ. The slices were incubated at 

О С and at 37 C, as described also in chaotsr IV.2. 

After incubation the slices were removed, lightly 

blotted and weighed on preweighed pieces of aluminum 

foil. The slices were then homogenized and centrif-

uged for 15 minutes at 5000 g . In the supernatant 

the lactose content was determined. At various times 

of incubation samples of the incubation medium were 

taken for lactose determinations. 

Lactose determination 

Lactose content of the mammary gland slices and 

of samples of the incubation medium were determined 

by means of the enzymatic method of Wallenfells and 

Kurtz (1962). Lactose is hydrolyzed to β galactose 

and glucose by the enzyme 3 galactosidase. The re

sulting 3 galactose is oxidized by the enzyme 3 

galactose dehydrogenase in the presence of the coen-

+ 

zyme NAD , which is reduced to NADh. The latter com

ponent is determined spectrophotometrically at 340 

nm in a Zeiss PMQ II spectrophotometer. Prior to the 

lactose determination all samples were centrifuged 

and the supernatants were used for analysis. 

To 10 μΐ of the supernatant 150 μΐ phosphate 

buffer (pH 7.5), 5 yl NAD
+
 (10 g/1) and 5 μΐ 3 ga

lactose dehydrogenase (1 g/1) were added. The phos

phate buffer consists of Na^PO. (24 g/1), NabUPO. 

(4.3 g/1) and MgSO. (1 g/1). After incubation for 

30 minutes at room temperature the samples were cen

trifuged and the extinction was read at 340 nm. This 
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extinction (E,.) represents a blank value and NADH 

formed by oxidation of galactose, present before the 

enzymatic hydrolysis of lactose. To the mixture is 

then added 5 μΐ β galactosidase (1 g/1] and the tube 

is incubated for an additional 30 minutes at room 

temperature. After centrifugation the extinction 

[Ey) was read at 340 nm. The extinction difference 

(E^-E.) represents the concentration of NADH, formed 

by oxidation of the galactose derived from lactose. 

Solutions of lactose (50-500 mg/1] were used as 

standards. Aliquots of standard solution were 

treated in the same way as the medium samples. The 

lactose content was expressed in g lactose per kg 

wet weight of mammary gland tissue. 

VII.3. RESULTS 

Kinetics of lactose production 

When slices of the lactating mammary gland of 

the guinea pig were incubated in a Krebs Ringer bi-

carbonate solution at 37 С under aerobic conditions, 

there was an increase of the lactose content in the 

incubation medium (Fig. 28, upper curve). The curve 

suggests that two processes can be distinguished. 

In the first few minutes there is a rapid release 

of lactose, which presumably was present in the 

slices before the start of incubation. After 60 min

utes the lactose increase in the incubation medium 

is linear with time. This increase may reflect the 

secretion of lactose synthesized during incubation, 
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tiene of ¡псиЬаЪ'ои (min) 

Fig. 28. Lactose content in the incubation medium, 

expressed in g/kg wet weight of the incu

bated slices, during incubation at 37 С un

der aerobic conditions (95% 0 - 5 % CO 3 with 

- 4 

out ouabain Ca •) and with 10 M oua

bain CA i ) . The number of investigated 

glands is 4 for each curve. 
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assuming that synthesis rather than secretion is the 

rate-limiting step. In this period there is a lac

tose increase in the medium of 1.95 [SE: 0.07, n=4) 

g/kg wet weight oer hr. 

Effect of ouabain on lactose production 

-4 

When 10 M ouabain was present in the incu

bation fluid (Fig. 28, lower curve] the appearance 

of lactose in the medium followed a similar time 

course and the amounts of lactose appearing in the 

medium were not significantly different from the 

results obtained in the absence of ouabain. The lac

tose concentration in the medium was again linear 

with time after 60 minutes, indicating a lactose 

production of 1.5Б [SE: 0.20, n=4) g/kg wet weight 

per nr. 

The influence of ouabain on lactose production 

in vitro was further investigated by measuring not 

only the amount of lactose secreted in the incu

bation fluid, but also the amount of lactose present 

in the slices before and after 150 minutes of incu

bation. From these values (Table XVII), all ex

pressed as g lactose per kg wet weight, the lactose 

production can be calculated as the sum of the lac

tose contents in the incubation medium (C, ) and in 
the slices (C ) after 150 minutes of incubation, 

г 

minus the lactose content of the slices before in

cubation (C
n
)· A small correction has to be applied 

for the amount of lactose present in the extracel

lular space of the slices after incubation (КС ). 
e 

ІЭ0 



TABLE XVII 

LACTOSE CONTENT OF MAMMARY GLAND SLICES AND INCU

BATION FLUID BEFORE AND AFTER INCUBATION FOR 150 

MIN AT 37
0
C 

no ouabain 10 M ouabain 

C, g/kg w.wt. 

С g/kg w.wt. 

С g/kg w.wt. 

С g/1 incubation 
e
 ь 

fluid 

Lactose production 

g/kg w.wt. hr 

1 0 . 85 _+ 1 . 2 2 9 . 4 3 _+ 1 . 1 В 

1 . 6 2 _+ 0.2G 1.65 _+ 0 . 16 

6 . 5 2 _+ 1 . 1 4 

0 . 2 7 + 0 . 0 4 

0 . 0 B 3 *_ 0 . 0 1 3 

2 . 3 5 + 0 . 6 7 

0 . 0 8 4 +_ 0 . 0 1 3 

1 . 7 9 + 0 . 6 6 

Mean values with standard errors of the mean. Number 

of assayed glands is 4 In each column. The lactose 

production has been calculated by means of the 

formula: 
C. + 

lactose production 

(С -КС ) - C
n г e 0_ 

2. 5 
g/kg w.wt. hr 

С = total lactose content in the medium after incu
bation 

С = lactose content left in the slices after incu-
b at ι on 

C_ = lactose content in the slices before incubation 

e 
lactose concentration in the medium after in
cubation . 

К = 4 inulin space χ 4 tissue water χ 10 (chap
ter IV.3) 

КС = extracellular lactose content in slices after 
e incubation, 
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It must be deducted from the total content of the 

incubated slices (C ) since it is already contained 

г 

in the lactose content of the medium (C,). The cal

culation in table XVII shows that there is no sig

nificant difference between the lactose production 
-4 

in the presence or in the absence of 10 M ouabain 
in the medium. 

Effect of ouabain on lactose secretion 

The lactase production is composed of the syn

thesis of lactose and its secretion from the 

alveolar cell to the alveolar lumen. Hence, from th 

absence of an effect of ouabain on the over-all lac 

tose production it cannot yet be concluded that Na-

ATPase is not involved in one of the two component 

processes. Therefore, we attempted to study the se

cretion process separately by incubating mammary 

gland slices under a nitrogen atmosphere, so as to 

exclude synthesis of lactose. There is no increase 

of the lactose content in the incubation medium af

ter 40 minutes (Fig. 29), which in conjunction with 

the results given in figure 2Θ indicates that no 

synthesis takes place. This is also shown by the 

following calculation. The total amount of lactose 

appearing in the incubation fluid under these con

ditions is 5.45 (SE: 0.31, n=9) g lactose per kg 

wet weight. The sum of this amount and that remain

ing in the slices after anaerobic incubation (0.43 

g/kg wet weight) is equal to the amount of Б.0 _+ 

0.13 g/kg wet weight, which was derived for aerobic 
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Fig. 29. Lactose content in the incubation medium, 

expressed in g/kg wet weight of the incu

bated slices, during incubation at 37 С un

der anaerobic conditions (95% N -5% CO ] 
- 4 

without ouabain Co o) and with 10 M 

ouabain ( A- -A) 
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Fig, 30. Lactose content of incubated slices of the 

lactating mammary gland during incubation 

at 0 С (· •] and 37 С (о о) under anae

robic conditions. The number of investi

gated glands at 0
O
C is 3 and at 37

0
C 9. 
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incubation by extrapolation of the straight part 

of the upper curve in figure 28 to t=0. These find

ings prove that under anaerobic conditions we are 

indeed measuring only secretion of lactose. 

In figure 29 the anaerobic efflux of lactose 
-4 

in the presence and absence of 1С Π ouabain is 

shown. The fact that no significant difference ex

ists between these two conditions indicates that 

[\Ia-K ATPase has no effect on lactose secretion. How

ever, we must consider the possibility that the de

crease in the intracellular ion concentration gra

dients during anaerobic incubation (Linzell and 

Peaker, 1971c; chapter IV.3) may have affected the 

results. Therefore, we calculated the amount of lac

tose present in the slices after each incubation 

period and plotted these amounts semi logarithmically 

against time (Fig. 30). After 10 minutes the slope 

of the curve is linear with time for at least 30 

minutes, which suggests that during this period the 

lactose efflux obeys first order kinetics. This 

means that declining cation gradients do not seem 

to affect lactose efflux. There was again no differ

ence between incubation with and without ouabain 

(10~
4
 M b The tè values of the lactose efflux at 0° 

(42 min) and 370C (15 min) indicate a Q 1 0 of 1.32 

for the secretion process. 

Effect of ouabain on lactose synthesis 

We attempted to study the synthesis separately 

by first incubating the slices at 0 С for 1 hr, in 
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order to remcive preformed lactose and thereafter at 

о -4 

37 С in the presence and absence of 10 M ouabain. 

Although the lactose content of the medium had 

become constant after 1 hr incubation at 0 C, there 

was still as much as 1.58 g/kg wet weight lactose 

present in the slices. This represents an intracel

lular lactose concentration, which is 17 χ as high 

as the lactose concentration in the incubation me

dium, assuming homogeneous intracellular distribu

tion of the lactose. In spite of the large amount 

of lactose remaining in the slices after 1 hr incu

bation at 0 C, we incubated the slices for 2 hours 

at 37 С in fresh medium in order to determine the 

rate of synthesis. The results in figure 31 indi

cate that there is during this incubation at 37 С a 

lactose production of 1.64 (SE: 0.21, n=16) g/kg 

wet weight per hour without ouabain and of 1.52 

(SE: 0.19, n=14) g/kg wet weight per hour in the 
-4 

presence of 10 M ouabain. The amounts of lactose 

present in the slices remains unchanged during in

cubation at 37 C, both in the presence and absence 

of ouabain. (Table XVIII and Fig. 31) 

These findings indicate that Na-K ATPase is 

not involved in lactose synthesis, either directly 

or indirectly. 

Lactose production in vivo 

In 4 lactating guinea pigs milk was collected 

in three hourly intervals according to the method 

described in chapter IV.2. The animals were anaes-
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TABLE XVIII 

LACTOSE LEVELS IN TISSUE AND HEDIUn DURING INCU

BATION AT 37GC UNDER AEROBIC CONDITIONS, AFTER 

PREINCUBATION FOR 1 HR AT 0OC 

lactose increase lactose content 

in medium in slices 

after (g/kg w.wt. hr) 

1 s t hr at 370C 1 .64 _+ 0. IB (16) 

2 n d hr at 370C 1.54 + 0.18 (16) 

(g/kg w.wt.) 

1 .66 +_ 0.20 (7) 

1.50 + 0.39 (7) 

with 10 M ouabain 

after 

1 s t hr at 370C 1 .56 +_ 0.17 (14) 

2 n d hr at 370C 1.47 + 0.27 (13) 

1.67^0.16 (7) 

1.31 + 0.20 (7) 

Mean values with standard errors of the mean of 

the lactose increase and of the lactose content 

left in the slices after incubation. In paren

theses number of the investigated mammary glands, 
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Fig. 31. Lactose content of slices (shaded bars) 

after 1 hr preincubation at 0 С only and 

after preincubation and 1 or 2 hr incu

bation at 37 C. Lactose content of incu

bation medium [open bars) after 1 or 2 hr 

incubation at 37 С of slices, which have 

been preincubated for 1 hr at 0 C. 

thetized, the nipple of the mammary gland was can-

nulated and the milk flow was initiated by injec

tion of 0.1 IU oxytocin into the carotid artery. The 

average milk yield was 0.74 _+ 0.12 ml/hr per gland. 

The average wet weight of the mammary gland was 20 g, 

The lactose content of the milk was 41.8 _̂  0.7 g/1. 

Hence, the average hourly lactose production was 

1.6 g/kg wet weight.hr. The in vitro production of 

lactose by guinea pig mammary gland slices in the 
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above experiments ranged from 1.5 to 2.4 g/kg wet 

weight.hr, which is the same as or slightly more 

than the in vivo production. 

VII. 4. DISCUSSION 

Just as for milk production in vivo (Cowie and 

Folley, 1961; Cowie and Tindal, 1971), the release 

of lactose from slices of guinea pig mammary gland 

can be divided into two processes: lactose synthe

sis and the secretion of lactose from the alveolar 

cell to the alveolar lumen. The latter process 

could be studied separately by incubating the tis

sue slices in the absence of oxygen, while the syn

thesis could be studied by determining the release 

of lactose in a normal incubation medium at 37 С 

under aerobic conditions after a preincubation for 

1 hr at Q
0
C. 

Ouabain was always applied in a concentration 

-4 

of 10 П, since at this concentration it is com

pletely inhibitory to Na-K ATPase in guinea pig mam

mary gland homogenates (chapter II.3) and leads to 

a large equimolar exchange of intracellular potas

sium for extracellular sodium in slices (chapter 

IV.3). 

There was no effect of ouabain on either the 

secretion or synthesis of lactose, whether studied 

separately or when studied jointly as total lactose 

production. One could argue against the experiment 

in which secretion was studied separately that the 

intracellular ion concentrations were not constant 
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during the incubation, since under anaerobic con

ditions there is an exchange of intracellular po

tassium for extracellular sodium. Nevertheless the 

secretion process obeys first order kinetics from 

10 to 40 minutes after the start of incubation, sug

gesting that the lactose efflux remains constant 

during this period of time. This appears to exclude 

an effect of the intracellular cation levels on lac

tose secretion. 

Neither was there an effect of ouabain in those 

experiments in which lactose synthesis was studied. 

This was true both when total lactose production was 

followed (where lactose synthesis is apparently the 

rate-limiting step) and when lactose production was 

observed after 1 hr preincubation at 0 C. In the 

latter case there was no difference in lactose pro

duction during the subsequent 2 hr incubation at 

37 C, whether or not ouabain was present. During 

preincubation at 0 С there is a large change in the 

intracellular cation concentrations, which is re

versed during 1 hr incubation at 37 С without oua

bain, but which increases still further during in

cubation at 37 С in the presence of ouabain (chap

ter І .З). However, both with and without ouabain, 

lactose synthesis is the same during the first and 

the second hour of incubation at 37 C. Moreover, 

this lactose production in the incubated mammary 

gland slices is of the same size as the production 

in vivo. Hence, it appears justified to conclude 

that Na-K ATPase is not involved, directly or in

directly, either in lactose synthesis or in lactose 
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secretion. 

How shall we then explain the positive corre

lation between the potassium and lactose contents 

in milk, which has been reported by several authors 

(Konar et al, 1971; Linzell and Peaker, 1971a and 

1972; Silcock and Patton, 1972)? It is evident that 

both the synthesis of lactose and the functioning 

of the Na-K ATPase system require energy expendi

ture. We should like to suggest that the positive 

correlation between the lactose and potassium con

tents in milk is due to the fact that both para

meters are positively correlated with the energy 

expenditure of the mammary gland cells. 

In the case of an energy deficiency both pro

cesses will slow down, leading to a lowering of the 

lactose and potassium levels in milk. In order to 

maintain an adequate energy supply the mammary glan 

must have an ample blood supply and must have opti

mal metabolic activity. During involution and masti 

tis these conditions will not be fulfilled, hence 

both lactose and potassium levels in milk will de

crease. 

The finding by Linzell and Peaker (1970), by 

Silcock and Patton (1972) and by ourselves (chapter 

І.З) that ouabain also causes a decrease in lac

tose and potassium levels in milk, can be explained 

in a similar way. Ouabain in concentrations below 

those necessary for full inhibition of the Na-K 

ATPase system causes vasoconstriction, as we have 

found in the perfused goat udder and as described 

by several authors (Mason et al, 1964; Harrison et 
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al, 1969; Treat et al, 1971). The vasoconstrictive 

effect of ouabain has been described in detail in 

chapter VI.4. Silcock and Patton (1972] have des

cribed an increase in sodium and chloride contents 

of goat milk and a simultaneous decrease in lactose 

and potassium contents after intra-arterial injec

tion of 14-Θ0 vg ouabain per kg body weight. This 

amount of ouabain will give a blood concentration 

of maximally 10 M. This concentration is insuffi

cient for full inhibition of the Na-K ATPase system 
-4 

in mammary gland (1G0% inhibition by 10 M, 30% 
- R 

inhibition by 10 M; chapter II.3], but is able to 

cause peripheral vasoconstriction (chapter VI.4). 

Hence, the effect of ouabain, described by Silcock 

and Patton (1972) and by ourselves in chapter VI.3, 

will be due both to vasoconstriction in the udder 

and to a partial inhibition of the Na-K ATPase sys

tem. 

Summarizing it can be concluded that there is 

no influence of Na-K ATPase directly or indirectly 
+ + 

through the intracellular I\la and К concentrations 

on lactose synthesis and secretion. The positive 

correlation between lactose and potassium levels in 

milk can be explained by the fact that both lactose 

synthesis and potassium transport require energy 

expenditure, which in turn requires an adequate 

blood flow and cellular metabolism. The in vivo ef

fect of ouabain on lactose and potassium levels in 

milk is probably due partly to the vasoconstrictive 

effect and partly to the inhibitory effect on the 

Na-K ATPase system. 
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C H A P T E R V i l i 

PRESENCE GF NA-K ATPASE ACTIVITY IN ISOLATED FAT 

GLOBULE MEMBRANES FROM COW AND GOAT MILK 

VIII.1. INTRODUCTION 

The results of our investigations, described 

in chapter II and IV, indicate that Na-K AT
p
ase ac

tivity is present in the lactating namnary gland 
+ 

and is involved in the active transport of Na and 

К ions in the alveolar cell. The results of ear

lier incubation experiments of mammary gland slices 

(Linzell and Peaker, 1971c] are in agreement with 

this finding. However, there is still the question 

of the localization of the Na-K ATPase activity in 

the mammary gland cell. Linzell and Peaker (1971c) 

concluded from their incubation experiments that it 

is not necessary to postulate the presence of a 

Na-K ATPase pump mechanism on the apical plasma mem

brane. They cited as supporting evidence a paper by 

Kinura (1969) who could by hi stochemical technique 

demonstrate Na-K ATPase activity only in the basal 

and lateral cell membrane but not in the apical mem

brane. Unfortunately, the histochenical technioue 

for Na-K ATPase activity is still unreliable (Bon-

ting, 1970, p. 276). On the other hand, biochemical 

investigation of Na-K ATPase activity on apical 

plasma membranes would require separation of this 

143 



part of the plasma membrane from basal and lateral 

plasma membranes, which is technically not yet fea

sible. 

A solution to this problem appeared to us to 

be offered by the observation of Bargmann and Knoop 

(1959) that fat droplets in the alveolar cell mi

grate to the apex of the cell and are pinched off 

into the alveolar lumen, while the droplets are en

veloped by part of the apical cell membrane [Fig. 4 

and 5, chapter 1.2). This would imply that the milk 

fat globule membrane (MFC7!) represents apical cell 

membrane, and that the absence or presence of Na-K 

ATPase activity in the former would permit to con

clude the same for the latter. 

Several authors have investigated the ^FGM. A 

great similarity with plasma membranes of the same 

animal has been found in the phospnolipid composi

tion (Keenan et al, 1970c; Huang and Keenan, 1972a) 

and in the enzymes present in the MFGM, such as 

5'nucleotidase (Patton and Trams, 1971), glucose-6-

phosphatase (Dowben et al, 1967; Huang and Keenan, 

1972a) and also Mg ATPase (Dowben et al, 1967; Pat-

ton and Trams, 1971; Huang and Keenan, 1972b). 

There are still conflicting opinions about the 

presence of Na-K ATPase activity in the MFGN. Dow

ben et al (1967) have reported the presence of an 
+ + + + 

ouabain sensitive Na -K -Mg activated ATPase in 

bovine MFGM, but Patton and Trams (1971) and Huang 

and Keenan (1972b) could not confirm this. In view 

of this disagreement we have reinvestigated the 

presence of the enzyme in MFGM from cow and goat 
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milk. In both types of MFGM we have found apprecia

ble Na-K ATPase activity. 

VIII. 2. MATERIALS AND METHODS 

Isolation of milk fat globule membranes 

MFGM were isolated from goat and cow milk by 

means of a method derived from reports of Dowben et 

al (1967) and Keenan et al (1970c). Milk cream was 

recovered from fresh goat or cow milk by centrifug-

ine the milk at 90,000 g for 1 hr in a Spinco ь b
max

 r 

L30 ultracentrifuge at 5
0
C. The milk cream was col

lected and subjected to three cycles of rapid 

freezing and thawing in order to lyse the fat glob

ules. The cream was then suspended in a 0.25 И su

crose solution containing 2 mM MgCl- at 35 С and 

centrifuged again at 90,000 g for 1 hr at 5 C. 
ГПЗ X 

The resulting pellet was washed twice with double 

distilled water to remove the sucrose. The pellet 

was then shell-frozen, lyophilized at -20 С and 

stored at the same temperature in vacuo. 

Chemical reagents and analytical methods 

The chemical reagents reported in chapter II.2 

and III.2 were used; all other reagents were of 

analytical grade. The ATPase assay and the protein 

and phospholipid determinations and also the phos

pholipid analysis were carried out as described in 

chapter II.2 and III.2, respectively. 
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Vili. г. RESULTS 

To be sure that the pellet does indeed consist 

of isolated MFGM, the phospholipid content and com

position and the protein content have been deter

mined. As shown in table XIX and XX the phospholi

pid composition is comparable to that reported by 

TABLE XIX 

PHOSPHOLIPID COMPOSITION IN GOAT AND BOVINE 

MILK FAT GLOBULE MEMBRANES 

total phospholipid 

goat MFG4 bovine MFGM 

(61 (3) 

g/kg dry weight 

133 + 1 0 97 + 19 

percent of total phospholipid 

phosphatidylcholine 24.5 ^_ 1.3 2B.7 +_ 1.1 

phosphatidylethanolamine 31.С ^ 1.6 31.2 ^ 1.7 

phosphatidylserine 10.8 ^_ 0.9 10.3 _+ 1.0 

phosphatidylinositol 9.0 _̂ 0.9 5.8 ^_ 0.2 

sphingomyelin 23.1 ?_ 0.9 23.3 *_ 1.8 

unidentified 1.6 0.7 

Mean values with standard errors of the mean. In 

parentheses number of milk samples, from which the 

MFGM have been isolated. 
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other authors (Keenan et al, 1970c; Huang and 

Keenan, 1972a) for bovine МРСЧ. It is also compara

ble to the phospholipid composition of plasma mem

branes of the bovine mammary gland as repcrted by 

Keenan et al (1970c) and shown in table XX. We find 

no significant difference in phospholipid composi

tion between bovine and goat ^FGH (Table XIX). The 

TABLE XX 

PHOSPHOLIPID COMPOSITION IN BOVINE MFGM 

AND PLASMA MEMBRANES 

PC 

PE 

PS 

PI 

Sph 

MFGM 

our ob-
servations 

(T able XIX) 

2Θ.7 

31.2 

10.3 

5.В 

23.3 

v,
FG
rv| 

Keenan 
et al 

(1970)* 

28.7 

27.5 

11.5 

10.7 

21 .9 

MFGM 

Huang and 
Keenan 

(1972a) 

37.1 

29.2 

4.4 

6.5 

22.θ 

plasma 
membranes 

Keenan 

et al 

(1970) 

28.9 

25.3 

8.4 

12.8 

24.5 

All phospholipid components are expressed as 

percentage of total phospholipid content. 

For abbreviations see Table XIX. 

* Values for two cows given in this paper 

have been averaged by us. 
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phospholipid/protein ratio's in goat MFGN (0.20) 

and in bovine MFGM (0.10] are also equal to those 

found by Kobylka and Carraway (1972) in bovine MFGM 

(0.20). 

The ATPase activities in MFGM were determined 

by the method described for the ATPase assay in mam

mary gland homogenates (chapter II.2). In bovine 

+ -4 

MFGM, in the absence of К and the presence of 10 

M ouabain (medium E, Table III, chapter II), a Mg 

ATPase activity of 1.16 MKH on protein basis was 

found (Table XXI), while in the goat MFGM the acti-

TABLE XXI 

ATPASE ACTIVITIES AND PROTEIN CONTENT IN GOAT 

AND BOVINE MFGM 

goat MFGM 

(4) 

bovine MFGM 

(6) 

Mg ATPase /dry wt. 

Na-K ATPase/dry wt. 

protein g/100 g 

dry weight 

Mg ATPase /protein 

Na-K ATPase/protein 

0.17 +_ 0.03 

0.14 _·_ 0.02 

66.7 _+ 1 .7 

0.26 _+ 0.05 

0.21 + 0.03 

0.61 +_ 0. 1Θ 

0.07 +_ 0.01 

54.В 1 3.7 

1.16 +_ 0.34 

0.12 + 0.C2 

Mean values with standard errors of the mean. 

In parentheses number of milk samples, from which 

the MFGM have been isolated. ATPase activities 

are expressed in mole ATP hydrolyzed per hour per 

kg dry weight or per kg protein. 
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vity was only 0.2Б ІЧКН. The Mg ATPase activity in 

bovine MFGM is about the same as that found by 

Dowben et al (1967), Huang and Keenan (1972b) and 

Patton and Trams (1971) (Table XXII). 

TABLE XXII 

ATPASE ACTIVITIES ON PROTEIN BASIS IN BOVINE ПРСМ 

Na-K ATPase 

Our observations 1.16 0.12 

Dowben et al (1967) 0.71 0.20 

Huang and Keenan (1972b) 

Patton and Trams (1971) 

All values are expressed in mole ATP hydrolyzed 

per hour per kg protein. 

Na-K ATPase activity was determined as the dif

ference between total Mg-activated ATPase activity 

and the Mg-activated ATPase activity described a-

bove. This difference was in goat MFGM 0.14 +_ 0.02 

and in bovine MFGM 0.07 ^ 0.01 mole ATP hydrolyzed 

per kg dry weight per hour. Both differences were 

significant (P < 0.0025 and < 0.005 respectively), 

indicating that goat and bovine MFGM both have a 

significant Na-K ATPase activity, in agreement with 

the results of Dowben et al (1967) for bovine MFGM, 

but in contrast to the negative findings of Patton 

and Trams (1971) and Huang and Keenan (1972b). 
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There is a reasonable quantitative agreement be

tween the activities on protein basis of Dowben et 

al (1967) and ours. 

VIII.4. DISCUSSION 

It appears rather likely that the membrane sur

rounding milk fat globules is derived from the api

cal membrane of the secretory mammary gland cell, 

both on morphological (Bargmann and Knoop, 1959) 

and on chemical grounds (Keenan et al, 1970c). The 

fact that the material obtained by our isolation 

procedure has the same phospholipid composition and 

phospholipid/protein ratio as reported for MFGM by 

other authors (Keenan et al, 1970c; Huang and Keenan, 

1972a; Kobylka and Carraway, 1972) indicates that 

it indeed represents MFGM. It is somewhat surorising 

that two studies from the same laboratory show such 

a large difference in phospholipid composition of 

MFGM (Keenan et al, 1970c; Huang and Keenan, 19723, 

Table XX). The Mg ATPase activities in our bovine 

MFGM preparation were about the same as those re

ported by Dowben et al (1967) and Huang and Keenan 

(1972b). The Mg ATPase activity in goat MFGM was 

significantly less than in bovine MFGM. 

We find a significant Na-K ATPase activity both 

in goat and bovine MFGM, about 2 χ as much in the 

former as in the latter. The activity on protein 

basis in bovine MFGM is about the same as that re

ported by Dowben et al (1967), in spite of the fact 

that they did not lyophilize the isolated membranes 
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prior to assay and that they used an assay medium 

which was not of optimal composition. Lyophilization 

of tissue usually results in a higher yield of Na-K 

ATPase activity (Bonting, 1970, p. 260). The incu

bation medium, which was used by Dowben et al 

(1967), contained 80 mM l\la
+
 and 40 mM K

+
, which 

gives a low Na /K ratio (2 instead of our ratio of 

10). Huang and Keenan (1972b) did not observe Na-K 

ATPase activity in their preparation of bovine Î FGM, 

possibly because they performed their assay at pH 

8.0 rather than at pH 7.5 and with an abnormally 

high К concentration (100 mM). A slight activation 
+ 

by 100 mM К was found by these workers. Then they 

determined whether a further activation was given 
+ 

by adding up to 160 mM Na . In concentrations up to 
+ 

70 mM Na they found no effect and above 80 mM they 

found a slight inhibition by Na . Since optimal 

Na-K ATPase activities are usually found at a Na /K 

ratio of 10 and at pH 7.5 (Bonting, 1970), it is 

not surprising that Huang and Keenan (1972b) did 

not observe any activation by Na ions. An optimal 

ATPase activity was found at pH 8.5 by these authors, 

which is typical of the Mg ATPase. It is clear that 

under the conditions used by Huang and Keenan 

(1972b) only Mg activated, Na-K-insensitive ATPase 

activity has been estimated. Hence it is not sur

prising that no inhibition by as much as 0.75 mM 
+ 

ouabain was found. Moreover, high К concentrations 

antagonize Na-K ATPase inhibition by ouabain (Bon

ting et al, 1964). Patton and Trams (1971) did not 

even state the composition of their incubation me-
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dium. No reports about ATPase activities in goat 

MFGM have been found in the literature. 

Having thus established the presence of Na-K 

ATPase activity in MFGM from both cow and goat milk 

and assuming the theory of the milk fat secretion 

(Bargmann and Knoop, 1959) to be correct, it is 

reasonable to conclude that Na-K ATPase must be 

present in the apical plasma membrane of the mamma

ry gland cell. Dowben et al (1967) have shown that 

the milk fat globules do not need Na-K ATPase acti

vity, so that this enzyme can only have a function 

in the apical cell membrane. Moreover, the milk fat 

globules do not have the apparatus for protein syn

thesis, so that no enzyme can have been formed af

ter their secretion. 

The comparability of the isolated milk fat 

globule membrane, derived from the apical plasma 

membrane, with the total isolated plasma membrane 

suggests that there is no great difference in com

position between different areas of the cell mem

brane. This is in agreement with the presence of 

Na-K ATPase activity in the apical cell membrane as 

well as in the basal and lateral membrane. 

However, there is still the question of the 

function of the Na-K ATPase activity in the apical 

plasma membrane. Linzell and Peaker (1971c) con

cluded that no sodium-potassium pump system was nec

essary on the apical side of the lactating mammary 

gland cell, since they measured the same membrane 

potential across the apical membrane as they had 

calculated for Na and К by means of the Nernst 
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S U M M A R Y 

The presence of a sodium and potassium acti

vated adenosine triphosphatase (Na-K ATPase) activi

ty and its function as a cation pump system have 

been demonstrated by now in a great number of tis

sues of different species. The role of this enzyme 

system in several secretory processes has been also 

shown. 

In the milk of all animal species investigated 
+ + 

so far the Na concentration is lower and the К 

concentration higher than in blood plasma. Moreover, 

during the lactation period of several species an 

increase of sodium content and a decrease of potas

sium content in milk have been found. These facts 

led us to investigate the presence and role of the 

Na-K ATPase system in the mammary gland, especially 

in the lactating state. 

In chapter I the anatomy of the mammary gland 

and the physiology of milk secretion are described 

briefly. 

The enzyme Na-K ATPase in guinea pig lactating 

mammary glands is characterized in chapter II. In 

homogenates an activity of 0.23 MKH is found, while 

the enzyme shows the following properties: half max

imal activities at 1.6 mM K
+
, В mM Na

+
 and 1 mM 

Mg , respectively; optimal activities at pH 7.θ and 
+ + + + 

2 mM ATP and at Na , К and Mg concentrations of 
40 mM,4mM and 4 mM, respectively. Total inhibition 

-4 
of Na-K ATPase activity is caused by 10 M ouabain, 

— R 

while 50% inhibition occurs with 2.5 χ 10 M oua-
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bain (pl
t
-

n
 = 5.6 ) . Both the Na-K ATPase activity and 

its properties in the lactating guinea pig mammary 

gland fall within the range found in a variety of 

animal tissues. 

After this study of the Na-K ATPase activity 

in the lactating state the activities of the enzyme 

have also been determined in the non-lactating state, 

viz. the immature gland (0.09 MKH) and the involuted 

gland (0.20 MKH) (chapter III). Since change of func

tional state is accompanied by morphological changes, 

the Na-K ATPase activities in mammary glands in dif

ferent functional states are expressed on the basis 

of DNA, protein and phospholipid contents of tissue. 

Expressed on DNA basis, which is proportional to ac

tivity per cell, there is a decrease of Na-K ATPase 

by 43% upon involution, indicating a reduced pump 

function in the resting cell. Analysis of phospho

lipids shows upon involution a decrease of 60-75% 

in all phospholipid components, except phosphatidyl-

serine and sphingomyelin, indicating loss of mito

chondrial membranes, and little change in plasma 

membrane content of the cell. These biochemical re

sults indicate a lower pump function and a lower 

energy metabolism in the resting mammary gland cell. 

The influence of the Na-K ATPase system on the 

intracellular ion concentrations in the lactating 

mammary gland is described in chapter IV. Mammary 

gland slices have been incubated in Krebs-Ringer bi

carbonate solution under various conditions. After 

1 hr incubation at 37 С the intracellular concentra

tion of Na
+
 (45 mM), of K

+
 (13Θ тП) and of Cl~ 
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(44 mM) are equal to those found in -fresh mammary 

gland slices. Inhibition of the Na-K ATPase system 

-4 о 

by 10 M ouabain, anoxia or cooling to 0 С causes 
+ + 

an equimolar gain of Na and loss of К without con

comitant change in water content (76.5% of wet wt) 

and extracellular space (40.5% of tissue water). The 

intracellular chloride concentration remains remark

ably constant under these conditions, and also in 

the presence of iodoacetate, thiocyanate and aceta-

zolamide. These results permit the conclusion that 

the Na-K ATPase system is responsible for the main-

+ + 

tenance of the intracellular Na and К concentra

tions, but do not support the presence of an energy 

requiring chloride pump as suggested by Linzell and 

Peaker (1971c). 

Investigations to explain the rather constant 

intracellular chloride concentration are reported 

in chapter V. By means of Na , Rb and CI the 

total exchangeability of these ions has been estab

lished and their efflux rates have been determined 

in lactating mammary gland slices. The half times 
+ + -

for the efflux of Na , Rb and CI are 10.2 m m , 

Б2.5 min and 9.3 min, respectively. In the absence 

of a known value for the membrane potential a range 

of theoretical permeability coefficients have been 

calculated for a range of assumed membrane potential 

values. Substitution of these permeability coeffi

cients into the Goldman equation yields values for 

the membrane potential. This potential is about e-

qual to the assumed membrane potential at a value of 

-19 mV. With the parameters thus obtained and the 
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intracellular ion concentrations observed after oua

bain treatment, the Goldman equation yields a mem

brane potential of -17 mV. The fact that ouabain 

changes the membrane potential very little can ex

plain the rather constant intracellular CI concen

tration under conditions inhibitory to the cation 

pump. 

In chapter VI we describe the effect of oua

bain on milk composition, investigated in the per-

-4 

fused isolated goat udder. Addition of 10 M oua

bain to the perfusion fluid results in a decrease of 

lactose and potassium contents and an increase of 

Na and CI contents in milk, but in this experiment 

the blood flow through the udder decreases also 

strongly from 1B0 to 70 ml/min. The last effect has 

not been reported by Linzell and Peaker (1970) and 

Silcock and Patton (1972), who also investigated the 

effect of ouabain on milk composition. Such a vaso

constrictive effect of ouabain has been reported in 

the literature. When the blood flow is kept constant 

by increasing the arterial pressure, the change in 

milk composition after addition of ouabain is much 

smaller, indicating that the effect of ouabain is 

due more to vasoconstriction than to a direct inhi

bition of Na-K ATPase activity in the udder. 

A positive relation between lactose and potas

sium concentrations in milk, as shown in chapter VI, 

has been reported by several authors. Since Silcock 

and Patton (1972) have suggested that the lactose 

production is regulated by intracellular ion concen

trations, the role of Na-K ATPase in lactose produc-
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tion has been investigated in incubation experiment 

with mammary gland slices (chapter VII). During in

cubation a lactose production ranging from 1.5 to 

2.4 g/kg wet wt. hr is found, which is in agreement 

with the in vivo production (1.6 g/kg wet wt. hr] . 

No influence of ouabain on lactose synthesis and se 

cretion is found, either when the total process of 

lactose production is studied, or when the two pro

cesses are studied separately. Thus, it is more 

likely that the positive correlation between lactos 
+ 

and К levels in milk can be explained by the fact 

that both lactose synthesis and the maintenance of 

+ 

intracellular К concentration require energy expen

diture, which in turn requires an adequate blood 

flow and cellular metabolism. 

A significant Na-K ATPase activity has been es 

tablished in isolated milk fat globule membranes 

from cattle (G.12 MKH) and from goat (0.24 MKH), as 

reported in chapter VIII. This finding contradicts 

some recent publications (Patton and Trams, 1Э71; 

Huang and Keenan, 1972b). In view of the theory of 

Bargmann and Knoop (1959) for the mechanism of milk 

fat secretion it can thus be concluded that Na-K 

ATPase activity must be present in the apical mem

brane of the lactating mammary gland cell, sugges

ting that a Na-K ATPase pump system functions also 

on the apical side of the cell, and not only on the 

basal side, like has been suggested by Linzell and 

Peaker (1971c). 
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SAMENVATTING 

De aanwezigheid van een door natrium en kalium 

gestimuleerd adenosinetrifosfatase (Na-K ATPase] ak-

tiviteit en de funktie van dit enzym als een kation 

pomp systeem zijn tot nu toe in een groot aantal 

weefsels van verschillende diersoorten aangetoond, 

evenals de rol welke dit enzym speelt in verscheide

ne sekretieprocessen. 

In de melk van alle tot nu toe onderzochte die-
+ 

ren blijkt het Na gehalte in de melk lager te zijn 
+ 

dan in het bloedplasma en het К gehalte hoger. Bo

vendien blijkt dat bij verschillende diersoorten ge-
+ 

durende de laktatie periode het Na gehalte in de 
+ 

melk toeneemt terwijl het К gehalte daalt. Deze 

feiten hebben ons ertoe gebracht na te gaan of het 

Na-K ATPase een rol speelt in de melkklier, met na

me in de laktatie fase. 

Na een korte beschrijving van de anatomie van 

de melkklier en de fysiologie van de melk sekretie 

in hoofdstuk I, wordt in hoofdstuk II de aanwezig

heid van Na-K ATPase aktiviteit CO.23 mol/kg.uur) 

in de melkklieren van zogende cavia's vastgesteld. 

Dit enzym blijkt de volgende eigenschappen te heb

ben: 50% van de optimale aktiviteit wordt bereikt in 

aanwezigheid van 1,6 mM K
+
, 8 mM Na

+
 en 1 mM l

v
lg

 + +
. 

Een optimale enzym aktiviteit wordt gevonden bij pH 

7,8, 2 mM ATP, 4 mM K
+
. 40 mM Na

+
 en 4 mM Mg

+ +
. De 

Na-K ATPase aktiviteit w-rdt volledig ge-remd door 
-4 

10 M ouabaine, terwi j 1 ы п 50% remming wordt be-
— R 

reikt met 2,5 χ 10 M oja
u
aine (pl

c
-

n

 =
 5,6). Zowel 
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de aktiviteit van het Na-K ATPase in de lakterende 

melkklier alsook de eigenschappen van dit enzym val

len binnen de reeks van waarden welke in een ver

scheidenheid van dierlijke weefsels zijn gevonden. 

Na het vaststellen van dit enzym in de lakte

rende melkklier, is ook de Na-K ATPase aktiviteit 

in niet lakterende melkklieren bepaald, nl. in de 

nog niet volledig ontwikkelde melkklier (0,09 mol/ 

kg.uur] en in de geïnvolueerde melkklier (0,20 mol/ 

kg.uur) (hoofdstuk III). Aangezien een veranderde 

funktionele toestand van de melkklier gepaard gaat 

met morfologische veranderingen is de aktiviteit van 

het Na-K ATPase in de funktioneel verschillende 

melkklieren uitgedrukt op basis van het DNA, eiwit 

en fosfolipiden gehalte in het meIkklierweefse 1. 

Uitgedrukt op basis van het DNA gehalte, hetgeen een 

maat is voor de aktiviteit per cel, daalt het Na-K 

ATPase gehalte gedurende de involutie met 43%. Dit 

wijst op een verminderde pomp funktie in de rusten

de cel. Uit fosfolipiden analyses blijkt dat na in

volutie het gehalte van alle fosfolipiden is gedaald 

met 60 tot 75%, behalve het gehalte aan fosfatidyl-

serine en sfingomyeline. Dit wijst op een afname van 

mitochondriale membranen met slechts een geringe 

wijziging in het gehalte aan plasma membranen in de 

cel. Deze biochemische resultaten wijzen op een la

gere pomp funktie en een lagere energiestofwisseling 

in de cellen van de rustende melkklier. 

De invloed van het Na-K ATPase systeem op de 

intracellulaire ionen koncentraties in de lakterende 

melkklier is beschreven in hoofdstuk IV. Melkklier-
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coupes zijn geí'nkubeerd onder verschillende omstan

digheden in een met bicarbonaat gebufferde Krebs-

Ringer oplossing. Na 1 uur inkubatie bij 37 С blij

ken de intracellulaire koncentraties van Na (45 mM), 

van K
+
 (13Θ mM) en van Cl~ (44 mM) gelijk te zijn 

aan die welke in verse, niet geïnkubeerde, coupes 

worden gevonden. Remming van het Na-K ATPase systeem 
-4 

door middel van 10 M ouabaine, afwezigheid van 

zuurstof, of afkoeling tot 0 C, veroorzaakt een e-
+ 

quimolaire stijging van intracellulair Na en daling 

van К , zonder dat dit gepaard gaat met een veran

dering in het water gehalte van het weefsel·(76,5% 

van het natgewicht) en in de extracellulaire ruimte 

(40,5% van het weefselvocht). De intracellulaire 

chloride koncentratie blijft onder alle omstandighe

den opmerkelijk konstant, zelfs in de aanwezigheid 

van joodacetaat, thiocyanaat en acetazolamide. Uit 

deze resultaten wordt gekonkludeerd dat het Na-K 

ATPase systeem verantwoordelijk is voor het instand 

+ + 

houden van de intracellulaire Na en К koncentra

ties. Deze resultaten steunen echter niet de sugges

tie van Linzell en Peaker (1971c], dat er een ener

gie vereisende chloride pomp aanwezig zou zijn in 

de lakterende melkklier. 

Ter nadere verklaring van de vrij konstante in

tracellulaire chloride koncentratie zijn verdere on

derzoekingen gedaan, welke zijn beschreven in hoofd

stuk V. Met Na , Rb en Cl is vastgesteld 

dat deze ionen volledig uitwisselbaar zijn in de 

lakterende meIkklierce1len. De effluxen van deze 

ionen zijn bepaald en half waarde tijden voor de 
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efflux van Na , Rb en Cl zijn respektievelijk 

10,2, 62,5 en 9,3 minuten. Daar de juiste waarde 

voor de membraanpotentiaal niet bekend was, is een 

serie van theoretisch mogelijke permeabi li teitsco-

efficienten berekend voor een reeks van veronder

stelde potentialen. Substitutie van deze perrreabili-

teitscoëfficienten in de Goldman vergelijking levert 

waarden voor de membraan potentiaal. Deze potentiaal 

is gelijk aan de veronderstelde potentiaal bij een 

waarde van -19 mV. Het dezelfde parameters, maar nu 

met intracellulaire ionenkoncentraties, gevonden na 

inkubatie in aanwezigheid van ouabaine, levert de 

Goldman vergelijking een potentiaal van -17 mV. Het 

feit dat ouabaine de membraan potentiaal nauwelijks 

verandert kan verklaren dat bij remming van de ka-

tionen pomp de intracellulaire Cl koncentratie 

vrijwel konstant blijft. 

In hoofdstuk VI beschrijven we het effekt van 

ouabaine op de melksamenstelling. Dit effekt is on

derzocht in geperfundeerds geïsoleerde geite-uiers. 
-4 

Wanneer 10 M ouabaine aan de perfusievloeistof 

wordt toegevoegd, daalt het laktose en kalium ge

halte in de melk en stijgt het gehalte aan natrium 

en chloride. In dit experiment daalt echter ook de 

bloedstroming door de uier sterk van 180 ml/min tot 

70 ml/min. Dit laatste effekt wordt niet vermeld 

door Linzell en Peaker (1970) en Silcock en Patton 

(1972), die ook het effekt van ouabaine op de melk-

samenstelling hebben onderzocht. Een dergelijk vaat-

vernauwend effekt van ouabaine is in de literatuur 

beschreven. Wanneer de bloeddoorstroming konstant 
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gehouden wordt door verhoging van de artériels druk 

is de verandering in de melksamenstelling na toevoe

ging van ouabaine veel geringer. Dit wijst erop dat 

het effekt van ouabaine in deze experimenten meer 

toegeschreven moet worden aan de vaatvernauwing dan 

aan een direkte remming van de Na-K ATPase aktivi-

teit in de uier. 

Verscheidene auteurs hebben een positieve rela

tie tussen het laktose en het kalium gehalte in de 

melk beschreven, zoals ook in hoofdstuk VI is aange

toond. Daar Silcock en Patton (1972) suggereerden 

dat de laktose produktie onder een regulerende in

vloed zou staan van de intracellulaire ionenkoncen-

traties, is onderzocht in hoeverre het Na-K ATPasi 

een rol speelt in de laktose produktie. Dit is gì 

daan met behulp van inkubatie experimenten met melk-

kliercoupes (hoofdstuk VII). Tijdens inkubatie wordt 

een laktose produktie gevonden tussen 1,5 en 2,4 g/ 

kg.uur, wat in .overeenstemming is met de produktie 

in vivo (1,6 g/kg.uur). Er is geen invloed van oua

baine gevonden op de laktose synthese en sekretie, 

noch als het totale proces wordt bestudeerd, noch 

als de twee processen gescheiden worden bekeken. Dit 

betekent, dat geen van beide processen gereguleerd 

wordt door een kationen pomp, direkt of via de kati-

onen gradiënten. Waarschijnlijker is, dat de posi

tieve relatie tussen laktose en kalium spiegels in 

de melk verklaard kan worden door het feit dat zo

wel de laktose synthese alsook het in stand houden 

van de intracellulaire kalium koncentratie energie 

nodig hebben. Dit vereist weer een voldoende bloer' 
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voorziening en cellulaire stofwisseling. 

In hoofdstuk VIII wordt vermeld dat een signi

fikante Na-K ATPase aktiviteit is vastgesteld in ge-

isoleerde membranen van vetbolletjes in koemelk 

(0,12 mol/kg.uur) en geitemelk (0,24 mol/kg.uur). 

Deze bevindingen zijn in tegenspraak met enkele re

cente publikaties (Petton en Trams, 1971; Huang en 

Keenan, 1972b). Gezien de theorie van Bargmann en 

Knoop (1959) over de melkvet sekretie, kan nu de 

konklusie getrokken worden dat ook Na-K ATPase akti

viteit aanwezig moet zijn in het apicale membraan 

van de lakterende melkklier cel. Dit suggereert dat 

het Na-K ATPase pomp systeem een funktie heeft aan 

de apicale zijde van de cel, en niet uitsluitend 

aan de basale zijde, zoals gesuggereerd is door 

Linzell en Peaker (1971c). 
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STELLINGEN 

I 
De door Línzell en Peaker geopperde veronderstelling, dat 
een chloride pomp mechanisme werkzaam zou zijn in de lacte-
rende melkkliercel, lijkt onwaarschijnlijk. 
Linzell, J.L. en Peaker, M. (1971) J. Physiol., 2_1_6, 683-700. 
Dit proefschrift, hfdst. IV. 

II 
Bij de bestudering van de rol van het Na-K ATPase in vivo en 
in perfusie-experimenten mag het vaatvernauwend effect van 
ouabaine niet verwaarloosd worden. 
Silcock, W.R. en Patton, S. (1972) J. Cell Physiol., 29, 
151-154. Dit proefschrift, hfdst. V. 

Ill 
Het negatieve resultaat van Huang en Keenan met betrekking 
tot een Na-K ATPase aktiviteit in geïsoleerde membranen van 
melkvetbolletjes is toe te schrijven aan het gebruik van een 
voor dit doel volledig ongeschikt incubatie medium. 
Huang, C.M. en Keenan, T.W. (1972) Comp. Biochem. Physiol., 
43B, 277-282. 
Dit proefschrift, hfdst. VIII. 

IV 
Het is waarschijnlijk dat ook aan de apicale zijde van de 
lacterende melkkliercel Na-K ATPase aktiviteit aanwezig is. 
Linzell, J.L. en Peaker, M. (1971) Physiol. Rev., 5J_, 564-597. 
Dit proefschrift, hfdst. VIII. 

V 
De opvatting dat vitamine С een gunstige invloed uitoefent op 
verkoudheid is aan twijfel onderhevig. 

Wilson, C.W.M, en Loh, H.S. (1973) Lancet, I, 638-641. 

VI 

Het gunstige effect van de electro-convulsieve therapie op 

sommige vormen van depressie wordt waarschijnlijk veroor

zaakt door een intracellulaire toename van cyclisch AMP in 

de hersenen. 

Hamadah, K., Holmes, H., Barker, G., Hartman, G.C. en 

Parke, D.V. (1972) Biochem. J., 129, 15P. 





VII 
Het antihypertensivum Clonidine (Catapresan) is mogelijk 
van betekenis voor de profylaxe van migraine aanvallen. 
Sbafar, J., Tallett, E.R. (1972) Lancet, I, 403-407; 
Heathfield, K.W.G. en Raiman, J.D. (1972) Practitioner, 
208, 644-649. 

VIII 
De hypothese dat het calciumgehalte van het exocrine pan
creassecreet uit slechts twee componenten is opgebouwd, kan 
niet langer gehandhaafd blijven. 
Argent, В.E., Case, R.M. en Scratcherd, T. (1973) 
J. Physiol., 230, 575-593. 

IX 
De sexulele problematiek bij gehandicapten blijkt primair 
een partner probleem te zijn. 
Heslinga, K. (1972) "Wij zijn niet van steen" 
Stafleu, Leiden. 

X 
Een juist gebruik van het kopstem register dient met name 
bij amateurkoren veel meer aandacht te krijgen. 

XI 
Muziekbeoefening in koorverband leidt frequenter dan in 
orkestverband tot blijvende verbintenissen tussen de 
beoefenaars. 

XII 
Indien huisartsen en poliklinisch werkzame artsen zouden 
bedenken dat ook de tijd van de patient geld is, zou veel 
wachtkamerruimte overbodig worden. 

7 december 1973 J.H.A. Vreeswijk 








