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ABSTRACT 

Milk fat globules originate as fat droplets within 
the lactating mammary cell. These droplets are 
composed largely (>98%) of glycerides. Their constit- 
uent fatty acids are derived by lipolysis of very low 
density l ipoproteins and chylomicrons of the blood 
and by de novo synthesis within the cell. Evidence of 
two principal routes for the synthesis of milk fat 
triglycerides has been presented: the so-called glyc- 
erolphosphate and monoglyceride pathways. Recent 
findings on these pathways are discussed. The nature 
of the milk triglycerides with their unique compli- 
ment and distribution of short chain fat ty acids 
appears to depend upon a closely regulated relation 
between the soluble mult ienzyme complex that 
synthesizes the fat ty  acids and the glyceride synthe- 
tase that is bound to the endoplasmic reticulum. The 
resulting triglycerides appear to self-assemble into 
droplets from the surface of the endoplasmic reticu- 
him. No special ultrastructures (transport  particles, 
vesicles, etc.) have been detected in relation to this 
process. Milk fat droplets at the time of secretion 
average several microns in diameter,  there being 
species variations. The basic secretion mechanism 
involves envelopment of the droplet  in plasma mem- 
brane and expulsion of i t  from the cell. As a 
consequence there are at least two pools of polar 
lipids (cholesterol and phospholipids) associated with 
secreted milk fat globules, i.e., one from the plasma 
membrane and one entrained earlier from the endo- 
plasmic reticulum at the time of triglyceride synthesis 
and accumulation. In all, the polar lipids do not  make 
up more than 1-2% of the total  lipids in milk and a 
substantial fraction of them has been identified 
recently with plasma membrane fragments occurring 
in the skim milk phase. Radiotracer and ultrastruc- 
tural studies show that  this membrane material does 
not  result simply by shedding of surface from milk 
fat globules. This dispersed material and the lining 
around milk fat globules constitute valuable sources 
for the study of cell membranes. 

INTRODUCTION 

Interest in the milk fat globule increases as our 
knowledge of its origin and structure expand. As a cellular 
product  it  involves many intriguing biological processes. 
These include the transport  of lipids from blood into the 
cell and ul t imately into milk, the synthesis of triglycerides, 
their accumulation into fat droplets and the secretion of 
these fat droplets from the cell. In the process some of the 
blood lipids are transformed, such as the triglycerides, 
phospholipids and fat ty  acids; others such as cholesterol 
and carotene pass into the milk unchanged. The various 
metabolic events impart  to the milk fat globule qualities 
that determine its nutri t ional value and, in the case of milk 
as an article of commerce, many of its processing proper- 
ties. Thus studies of the origin and structure of milk fat 
globules have a number of useful aspects: (a) They may 
contribute to knowledge of basic cell biology; (b) they may 
add to understanding of milk biosynthesis; (c) they may 
yield information enabling the production of improved 
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milk and milk products; and (d) they may indirectly aid in 
solution of certain biomedical problems involving lipid 
accumulations (atherosclerosis, obsesity and lipidoses of 
various kinds). 

The present paper is an a t tempted status report  regard- 
ing knowledge of the origin and structure of the milk fat 
globule. This will involve a review of selected literature 
together with discussion of some recent research findings 
from our laboratory.  Recent reviews in the areas of milk 
lipid composit ion (1), ruminant metabolism in relation to 
the synthesis and secretion of milk fat (2), ultrastructure of 
milk fat globules (3-5) and secretion of milk (6) are 
available. The other papers of this symposium will give 
fresh interpretive treatments of a number of these areas. In 
addition a comprehensive treatise (7) which will deal with 
the biochemistry and physiology of lactation, including the 
milk lipids, is in preparation. Most of what is known 
regarding the milk fat globule derives from studies of 
bovine milk, and thus knowledge of the globule of this 
species is the essential basis of this paper. To a lesser ye t  
important  extent,  the lactating goat, rat, mouse and guinea 
pig also have been employed in the research. While these 
species probably provide an adequate basis for generaliza- 
tions, we will not  know how significant species variations 
are unti l  more research is conducted on the full spectrum of 
lactating mammals. At  the present writing it is well 
established that  there are wide species variations in the 
levels of fat and in the fatty acid composit ions of milk 
(8,9). We are led to believe, however, that the mechanism 
of secretion of milk fat globules is generally the same for all 
mammals. 

GENERAL NATURE AND ORIGIN OF MILK LIPIDS 

The bulk (>99%) of bovine milk lipids exists in the form 
of fat globules which average 2-3 p in diameter (Figs. 1 and 
2). The remainder occurs in membrane-fragments in the 
skim milk phase (10,11). The lipids of milk fat globules are 
largely (98-99%) glycerides. These lipids also include ca. 1% 
phospholipid, 0.06% glycolipid, 0.30% cholesterol, which is 
85-90% in the nonesterified form, and traces of many other 
lipid classes (free fat ty acids, hydrocarbons including 
carotene, sterols and fat soluble vitamins). The composit ion 
of bovine milk lipids has been very extensively investigated 
and the knowledge is fairly complete (1). Two unique 
recent contributions to the knowledge of milk lipids 
concern the identification of ceramide (12) and gangliosides 
(13) in the medium. The fat ty acid composit ion of the 
ceramide, obtained at a level of 2.2 mg/liter of milk, was 
observed to be identical to that  of the sphingomyelin and 
cerebrosides of milk, which suggests that ceramide is a 
precursor of the latter two classes of lipids. 

Milk lipids derive in part  from lipids circulating in the 
blood, the remainder being synthesized in the mammary 
gland. The transport  of serum lipids into the lactating cell, 
their integration into the synthesis of milk lipids within the 
cell and the secretion of the completed products from the 
cell constitute a principal research frontier of milk biosyn- 
thesis. 

It is estimated that  ca. 40-60% of the fatty acids of milk 
fat originate from triglycerides associated with serum 
lipoproteins (14,15). Raphael (16) has recently established 
that the bovine serum lipoprotein detected by Glascock et 
al. (17), which serves as the principal serum source of fat ty 
acids for milk triglyceride synthesis, is a classical very low 
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density l ipoprotein (VLDL). This class of serum lipopro- 
reins sediments at a density <1.006 and exhibits electro- 
phoretic mobil i ty of a pre-fl serum lipoprotein.  The 
triglycerides of VLDL in the lactating bovine are degraded 
by l ipoprotein lipase in the endothelium lining capillaries of 
mammary tissue (18,19). In nonruminant  species chylomi- 
cron triglycerides also are substrates in this process (18,19). 
The resulting fat ty acids and glycerol are utilized in the 
synthesis of milk lipids along with fat ty  acids and glycerol 
derived de novo in the mammary tissue. Metabolic path- 
ways involved are discussed subsequently. 

In addition to serum triglycerides, carotene, cholesterol 
and phospholipids are taken up from the blood. Carotene 
and cholesterol are transferred as such to milk. Serum 
phospholipids transferred to the mammary gland appear to 
be completely broken down in the tissue. The evidence is 
that most,  if not  all, of the milk phospholipids are 
synthesized de novo in the mammary epithelium (20). 

SYNTHESIS OF MI LK TRIGLYCERIDES 

Monoglyceride Pathway 

Research on the synthesis of milk fat triglycerides has 
centered on two principal metabolic routes: the monoglyc- 
eride pathway and the a-glycerolphosphate pathway. It  has 
been demonstrated that  triglyceride synthesis in intestinal 
mucosa involves monoglyceride as substrate (21). Mono- 
glycerides and fat ty acids released by lipase in the lumen of 
the intestine are transported into the mucosal cells and are 
there resynthesized into triglycerides. This synthesis re- 
quires prior activation of the fatty acids by adenosine 
triphosphate and coenzyme A. McBride and Kom (22) have 
demonstrated such a monoglyceride pathway in guinea pig 
mammary tissue in vitro. On the basis of the positioning of 
palmitic acid in high and low molecular weight milk 
triglycerides, Dimick et al. (23) have noted that the 2 
position of the high molecular weight fraction appears to be 
occupied by a palmitate precursor from the blood. Yet 
when 14C-palrnitic acid is given intravenously (goat) it  
preferentially labels the 1 or 3 positions. This suggests that 
something other than serum fatty acid in free form, 
presumably a 2-monoglyceride, accounts for the observa- 
tions of Dimick et al. Recently Coccodrilli (24) has shown 
that milk triglyceride glycerol derived from glucose within 
the mammary gland (goat) is diluted in the high molecular 
weight fraction by glycerol from another source (Fig. 3). I t  
appears beyond doubt  that  at least part of this other source 
is derived from blood triglycerides through action of 
l ipoprotein lipase. It is known that  lactating mammary 
tissue contains glycerol kinase (25), and more recently 
Kinsella (26) has demonstrated this enzyme in freshly 
secreted bovine milk. The question seems to be whether the 
serum triglycerides utilized in the synthesis of milk fat are 
only partially degraded to an extent  that  considerable 
monoglyceride remains or whether there is total breakdown 
to free fatty acids and glycerol. The most recent findings 
(27) from continuing investigations of this problem at the 
laboratories of Annison and Linzell has led them to 
conclude that  the plasma triglycerides are more or less 
completely hydrolyzed (see also 19). In terms of the 
findings of Dimick et al. (23), this would seem to establish 
a fat ty acid transport  mechanism from serum triglycerides 
into the lactating cell which specifically positions palmitate 
in the 2 posit ion of high molecular weight milk triglyc- 
erides. In any event, unequivocal evidence that a 2-mono- 
glyceride pathway either does or does not  exist in vivo for 
the synthesis of milk fat triglycerides is yet  forthcoming. 

~-Glycerolphosphate Pathway 

The most ubiquitous known biochemical route in the 
synthesis of triglycerides is that  involving ct-glycerolphos- 
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FIG. 1. Scheme for typical milk fat globule. 

phate. According to the Kennedy scheme (28,29) this 
compound,  generated either by glycolysis or the action of 
glycerol kinase, is acylated with 2 tool fat ty acid to yield 
the 1,2 diacyl phosphatidic acid, which in turn is converted 
by phosphatidic acid phosphohydrolase to a diglyceride. 
This lat ter  compound then is acylated with a third mole of 
fatty acid to yield the triglyceride. Since the experiments of 
Luick (30), it  has been known that  glucose is converted to 
milk triglyceride glycerol in the bovine mammary gland. 
However the demonstrat ion of phosphatidic acid, a key 
intermediate in the Kennedy scheme, in either milk or 
mammary tissue has proven difficult. A number of compli- 
cating factors have contr ibuted to this problem. Under 
normal conditions there appears to be essentially no mass 
of this compound in either milk or mammary tissue. A 
number of phosphatidic acid preparations obtained from 
supply houses appeared to be methyl phosphatidates,  as a 
result of extracting preparative reactions (phosphatidylcho- 
line plus phospholipase D) with solvents containing metha- 
nol (see 31) rather than authentic phosphatidic acid. This 
has created confusion regarding the behavior of the 
compound in thin layer chromatographic(TLC) systems. 
Few authors have given adequate detail as to their methods 
of isolating phosphatidic acid. In addition, phosphatidic 
acid is always a potential  artifact by decomposit ion of any 
of the other glycerolphospholipids. 

As with the 2-monoglyceride route, the a-glycerolphos- 
phate pathway has been demonstrated in mammary tissue 
in vitro (32,33). We have sought to provide evidence of the 
lat ter  path  in the intact animal, and a representative 
experimental result is presented in Figure 4. I t  shows that a 
very high specific activity component  that coincides pre- 
cisely in two dimensional TLC systems with phosphatidic 
acid is detectable in mammary tissue within a few minutes, 
following iv injection of H332po  4 into the rat. Details of 
these experiments will be published subsequently. 

FORMATION OF MI LK FAT GLOBULE 
While it is well established that the lactating mammary 

cell synthesizes triglycerides and readily evident from 
ultrastructure studies that  the cell contains lipid droplets 
(fat globules) that are secreted, the actual mechanism by 
which the glyceride molecules join to make a fat droplet is 
not known. From the electron microscopy autoradiography 
studies of Stein and Stein (34), i t  is evident that  triglyc- 
erides are synthesized in the endoplasmic reticulum of the 
cell. Kinsella has recently confirmed that  milk triglycerides 
are recovered with the microsomal (mainly endoplasmic 
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FIG. 2. Milk fat globule (rat) in process of being secreted from 
cell. Large mitochondrion lies under globule inside cell. Two casein 
micelles are evident in alveolar lumen (lower left by arrow). Note 
variable thickness of globule membrane. At one point (arrow) well 
resolved unit membrane flush against globule core is evident. 
Globule is 1.60 x 1.27 # in long and short diameters. 
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FIG. 3. Specific activity in glycerol of fractionated triglycerides 

of goat milk following intramammary infusion with U-14C-glucose. 

reticulum) fraction of the lactating cell (35) and that this 
fraction is the site of milk triglyceride synthesis (36). Thus 
the question remains: How do glycerides synthesized by 
intracellular membranes gather into droplets? 

An interesting consideration in milk fat droplet  forma- 
tion is the melting properties of the consti tuent  triglyc- 
erides. Since new molecules of triglyceride must enter the 
growing milk fat droplet  at its outer surface, a liquid state 
in the droplet would facilitate the uptake of additional 
triglyceride molecules whereas solidification of the droplet  
would prevent entering glyceride molecules from disappear- 
ing into the interior of the droplet, The ruminant mammary 
cell has two known devices for ensuring that milk triglyc- 
erides are maintained in a relatively liquid state. One is 
through synthesis of triglycerides which contain short chain 
fatty acids and thus relatively low melting points. The other 
is through conversion of stearic acid to the lower melting 
oleic acid and the use of this lat ter  acid in triglyceride 
synthesis. I t  has been shown (37,38) that the ca. 10 mol% 
of butyric acid in bovine milk fat occurs 1 mol per mole of 
glyceride, so that ca. 30% of the milk triglyceride molecules 
contain butyric acid. Of course the other short chain fat ty 
acids (C6-C12) as components  of trigiyceries would also 
tend to maintain liquid conditions in milk fat droplets at 
body temperature. Kinsella (36) has demonstrated a close 
association in the stearyl desaturase and glyceride acyl 
transferase enzymes of lactating mammary tissue. He 
suggests that these two membrane-bound enzymes are 
physically proximate to each other on the membrane 
surface and that  stearyl desaturase functions as a regulator 
of triglyceride synthesis. We are proposing that the actual 
cytophysical  basis of this regulation may be through 
removal of end product  (triglyceride), i.e., if the supply of 
oleic acid is abundant,  the triglycerides will tend to be low 
melting and as liquid molecules can be moved easily from 
the site of synthesis into the fat droplet. Another  conse- 
quence of this idea is that  fat droplet  growth may be 

halted by the accumulation of high melting triglycerides at 
its surface. 

A further interesting consideration in the matter  of 
triglyceride synthesis and milk fat droplet  formation is the 
character and functioning of fat ty acid synthetase, I t  
appears that the unique fatty acid pattern of ruminant milk 
fat triglycerides is preserved so long as the mammary cells 
are maintained intact  (39). However when fat ty  acid 
synthetase, a multienzyme complex occurring in the cyto- 
sol of the mammary cell, is isolated and purified the 
exclusive product  of its synthesis is palmitate (40). This 
evidence suggests that within the intact cell the pattern of 
triglyceride fatty acids obtained may be dependent  upon a 
structured relationship between the fat ty  acid synthetase 
and the sites of triglyceride synthesis on the endoplasmic 
reticulum, as appears to be the case with stearyl desaturase. 
In earlier reports (41) we have suggested several possible 
mechanisms for milk fat droplet  formation within the 
mammary cell. These are: (a) growth of droplets by 
synthesis of triglycerides at their cytoplasmic interphases 
(Fig. 5, upper left); (b) merging of smaller droplets to form 
larger droplets (Fig. 5, upper right); (c) conveyance of 
triglycerides by small messenger particles which are the site 
of triglyceride synthesis or which shuttle from that site to 
the forming fat droplet  (Fig. 5, middle); (d) cytoplasmic 
flow encouraging triglyceride molecules which have accu- 
mulated by synthesis on intracellular membranes to gather 
into droplets in order to minimize free surface energy; 
formed droplet  then grows in size as glyceride-laden 
membranes flow against it  (Fig. 5, lower left). An addition 
to this list is: (e) conveyance of triglycerides synthesized on 
the endoplasmic reticulum by way of the internal phase of 
lipid bilayer membranes to points of glyceride accumula- 
tion (Fig. 5, lower right). 

Unfortunately we do not  yet  have entirely adequate 
ways of mapping the location of lipids at the molecular 
level in tissues. However some evidence in li terature and our 



JUNE, 1973 PATTON: ORIGIN OF MILK FAT GLOBULES 181 

) ,"  : 
0~ ) ~ ~ 

o o 

FIG. 4. Left: thin layer chromatographic separation of polar 
lipids extracted from lactating rat mammary gland 10 min following 
iv injection of 0.2 mC i of H332po 4. Right: autoradiogram of the 
same thin layer separation showing location of radioactivity (321)) in 
various lipids. Abbreviations: NL, neutral lipids; DPG, diphospha- 
tidylglycerol; PE, phosphatidylethanolamine; PA, phosphatidic acid 
(position of PA mass where indicated by broken line); PC, 
phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinosi- 
tel; Sp, sphingomyelin; O, origin. 

own observations with the aid of electron microscopy 
during the past 5 years suggest that certain of these 
alternatives are less likely than others. The autoradiographic 
studies of Stein and Stein (34) do not indicate that the 
surface of forming milk fat droplets is a preferential site of 
glyceride synthesis but that cell membranes (endoplasmic 
reticulum) are. Further, freshly secreted milk fat globules 
show little capabihty of incorporating fatty acid into 
triglycerides, but the skim milk phase does (42). So it 
would appear that alternative a is unhkely. There is no 
evidence as yet to support mechanisms b and c. We have 
seldom, if ever, seen cells with many small fat droplets and 
we have seen very few instances of fat droplets merging, 
such as seems commonplace with Golgi vesicles. Rather, 
there are ordinarily a few fat droplets per cell. If a 
messenger particle of the type described in mechanism c 
exists, it has not yet been adequately demonstrated either 
by microscopy or biochemistry. One would expect an 
accumulation of such particles to be commonly observable 
around fat globules within the cell. Mechanisms d and e 
offer the alternatives that triglycerides synthesized on the 
membrane accumulate either on the outside or the inside of 
the membrane. Again we know of no consistent ultrastruc- 
tural evidence to support either of these possibilities. 
However, if a lipid bilayer construction of the membrane at 
the site of milk triglyceride synthesis is assumed, one might 
conceive of completed triglyceride molecules moving about 
readily within the bilayer of the membrane rather than 
accumulating on its more polar surface. Maintenance of a 
liquid condition in the hydrocarbon region of the mem- 
brane would then enable the flow of triglyceride molecules 
to points of accumulation (droplet formation). Skillful use 
of electron microscopy should eventually enable one to 
discern the true mechanism of milk fat droplet formation. 

We have observed, as have others (4,43), that lipid 
droplets in the basal area of the lactating cell are relatively 
small and that their mean size increases progressively 
toward the apical (secreting) end of the cell. Since the basal 
area of the cell must be relatively enriched in fatty acids of 
serum origin, there probably is a second gradient along the 
cell in addition to size of the droplet, and that concerns 
the sources of fatty acid for triglyceride synthesis. 

MI LK FAT GLOBULE MEMBRANE 

It  is not  possible to understand the nature and origin of 
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FIG. 5. Some possible mechanisms of milk fat droplet growth 
within cell. Upper left: droplet grows by synthesis of glycerides at 
its surface; upper right: droplet grows by small droplets merging to 
form larger droplets; middle: growth of droplet results from 
addition of lipid to its surface by messenger particles laden with 
triglyceride; lower left: droplet grows by adhesion of glycerides on 
surface of lipid-synthesizing membrane; lower fight: droplet grows 
by triglycerides moving within bilayei membrane from their points 
of synthesis to points of accumulation (nonpolar collecting regions). 

the milk fat globule without considering the mechanism of 
its secretion, for in this process the globule derives unique 
constituents and properties. It is now well established that 
the milk fat droplet in the process of its secretion is 
enveloped in plasma membrane of the lactating cell. The 
progressive envelopment effectively separates the droplet 
from the cell (Fig. 2) and the process is completed by a 
pinching off of the connecting membrane. Extensive 
evidence supporting this mechanism, which was first docu- 
mented by ulttastructural studies of Bargmann and Knoop 
(43), has been presented elsewhere (44-46). Research on 
the milk fat globule membrane, reviewed by Brunner (47), 
was strongly oriented in a physicochemical direction for 
many years. The approach has received much benefit by 
clarification of the cytological origin of the membrane. 
Nonetheless, problems involved in the research appear more 
challenging than ever. It  can be stated with some certainty 
that three principal surfaces are involved in the secreted 
milk fat globule. There is the surface that it has as a fat 
droplet before secretion from the cell, and there are the 
inner and outer surfaces of the plasma membrane which are 
superimposed on the native surface (Figs. 1 and 2). While it 
is well known that the core of milk fat globules is 
composed almost exclusively (98-99%) of glycerides, it is 
not possible to assume that the surface material is entirely 
plasma membrane. The surface components on the fat 
droplet as it exists within the cell have not been character- 
ized. The inner surface may well represent unique pools of 
cholesterol, phospholipids, proteins and other surface active 
molecules. Marker enzymes for endoplasmic reticulum, 
such as DPNH cytochrome C reductase and glucose-6-phos- 
phatase, have been detected in the bovine (48) and human 
(49) milk fat globule membrane. In any event, the isolation 
of these droplets from the cell so that they can be analyzed 
regarding surface and other constituents is fraught with 
problems of artifact generation (Hood and Patton, unpub-  
lished data). The problem is to recover the droplets without 
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FIG. 6. Incorporation of dietary cholesterol into milk by 

lactating goat mammary gland. X - - X ,  Blood serum cholesterol; 
�9 , e, cream (milk fat globule) cholesterol; o - - o ,  skim milk 
cholesterol. 4-14C-Cholesterol (50 ~ Ci) in 20 ml corn oil was 
administered by injection directly into abomasum. 

entraining, extracting or absorbing other ceullular compo- 
nents. 

There are also difficulties of interpreting the ultrastruc- 
ture of the milk fat globule membrane from electron 
photomicrographs. I t  must be borne in mind that at best 
the electron microscope enables us to see reproducible 
artifacts. I t  is difficult, if not  impossible, to fix, embed and 
section milk fat globules in a completely satisfactory way. 
The saturated nature of milk fat does not  facilitate reaction 
with osmium or glutaraldehyde. Consequently the lipids 
frequently extract,  slip or contract,  leaving holes, tears, 
ridges or smears in the sectioned material. In spite of this, 
researchers are able to make some consistent observations 
about the ultrastructural appearance of milk fat globules. I t  
is generally agreed that  the milk fat droplet  within the cell 
is not surrounded by the classical dark-light-dark unit  
membrane, but that  a finer single osmiophilic line at the 
surface of the droplet  is sometimes observed. It is further 
observable that a classical membrane (the plasma mem- 
brane) surrounds the fat globule at the time of its secretion. 
Crescents of cytoplasm are occasionally caught between the 
lipid surface and the surrounding membrane at the time of 
fat globule secretion; this cytoplasmic material containing 
varying amounts and kinds of cell organelles may be a 
source of some of the enzymes detected in association with 
milk fat globules. Wooding et al. (50) estimate that I-5% of 
secreted bovine milk fat globules in their study had 
crescents associated with them. 

It is alsb generally held, since the observations of 
Bargmann and Knoop (43) to the present time (5,51), that  
there appears to be a rearrangement of the milk fat globule 
membrane as the globule undergoes postsecretion aging in 
the milk serum. There is no question that  the appearance of 
the membrane seems to change, given any one method of 
at tempting fixation; however the meaning of this observa- 
tion is unclear. In our experience many variations in the 

ultrastructurai  appearance of flesh or aged fat globule 
membranes are observed. Even with a single globule, 
differences are frequently seen. In the case of the micro- 
graph (Fig. 2), i t  is evident that  the appearance of the 
membrane around the protruding (secreted) port ion of the 
globule varies. There is one point  (arrow, lower left) where 
the globule has a thin, well resolved unit  membrane. Along 
the top of the globule, the membrane is much thicker and 
more diffuse, and at the upper right it  again seems clear-cut 
in appearance but with a layered effect. 

We have discussed elsewhere (44) the London-Van der 
Waals at traction forces between the fat droplet  and the 
plasma membrane at secret ion.  It  seems reasonable that 
hydrophobic  forces of this type would continue to act after 
secretion, expelling additional water (cytoplasm) and pull- 
ing the membrane more and more tightly onto the globule. 
Bearing in mind the difficulties of lipid fixation, we feel 
that differences in appearance of membrane around aged 
globules may result from progressing dehydrat ion of the 
membrane which makes it more difficult to fix, embed and 
section. Wherever globules contain cytoplasmic inclusions 
(moisture) under the membrane, definition of the mem- 
brane under  the electron microscope is improved (Fig. 10, 
Reference 5). In addition, membranes removed from milk 
fat globules appear to show reasonably good unit mem- 
brane appearance (52). 

Another type of postsecretion change in milk fat 
globules about which there is continuing speculation 
concerns loss of  globule membrane material to the skim 
milk phase. In electron microscopic studies of the milk fat 
globule membrane, Wooding (51) has observed that mem- 
brane is lost into the milk plasma by a process of 
vesiculation, leaving a structureless secondary membrane on 
the globules. On the other hand, milks (cow and goat) 
normally collected from the gland show ca. 60% of their 
phospholipids (53) and ca. 85% of their cholesterol (54) 
associated with the fat globules. One is inclined to wonder 
how the membrane is lost to the skim milk when most of 
the membrane lipids are retained by the globule. Moreover 
some of the lipid-bearing membrane material in the skim 
milk phase is microvilli (10), no doubt  derived by sloughing 
of the cell surface. Further,  tracer studies (53) indicate that 
the time courses and intensities in labeling phospholipids of 
skim milk and fat globules are quite different. An interest- 
ing recent observation at our laboratory is that milk fat 
globules exhibit  substantial Mg+2/ATPase activity (46), 
whereas skim milk shows none of this enzyme (11). While 
none of the foregoing observations precludes the possibility 
that  some fat globule membrane material is shed into the 
skim milk, the quantitative significance of such a transfer 
needs to be evaluated. Incubations of radiotracer-labeled, 
freshly secreted milk fat globules in unlabeled skim milk 
and vice versa might help clarify the extent  to which 
material leaves the globule surface. 

The question of milk fat globule membrane stability is 
important.  This membrane and the membrane material in 
the skim milk phase ( I0 ,11)  afford a valuable research 
opportuni ty  to study membrane structure and function, in 
that  plasma membrane of the cell is made available in a 
physiologically satisfactory condition. Normally cells must 
be disintegrated in order to obtain plasma membrane, 
which poses problems of artifacts and impurities. However, 
if the globule membrane is undergoing profound structural 
changes following secretion, i t  will make reliable informa- 
tion on structure and function of the membrane more 
difficult to obtain. Research on the molecular architecture 
of the milk fat globule membrane is just  beginning. We have 
suggested a conceptual approach to the sidedness of  the 
membrane regarding certain plasma membrane marker 
enzymes (46). For  example, all the 5'-nucleotidase appears 
to be on the outer surface of the plasma (milk fat globule) 
membrane. 
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FIG. 7. Incorporation of 2-14C-mevalonate into milk lipids by 

lactating rat mammary gland. Cream and skim milk activities 
expressed as equivalent to 1 ml whole milk. X - - X ,  Triglyceride 
radioactivity in cream fraction; e - - e ,  cholesterol radioactivity in 
cream (milk fat globule) fraction; 0 - - %  cholesterol radioactivity in 
skim milk fraction. Dose of mevalonate was 20 p Ci in 0.2 ml saline 
injected intravenously. 

This question can be raised: From whence comes the 
membrane to replace plasma membrane lost from the cell in 
the secretion of milk fat globules? We have suggested 
previously (44) that membranes around Golgl vesicles may 
replenish plasma membrane at the time these vesicles merge 
with the plasma membrane in emptying their contents out 
of the cell; Wooding (4) has presented evidence that Golgi 
vesicle membranes may at times partially bound the fat 
droplet surface before and during its secretion. What keeps 
the amount of plasma membrane in balance is an interesting 
question, because there would appear to be far more 
membrane around mature Golgi vesicles than is required to 
replenish that lost around milk fat globules. 

ORIGIN OF SOME MINOR GLOBULE CONSTITUENTS 

Cholesterol, phospholipids and/S-carotene are among the 
more important minor components of the milk fat globule. 
The ultimate origin of these compounds leads to considera- 
tions of membrane synthesis and transformation beyond 
the scope of this paper. However we would like to give our 
understanding of the research frontier with regard to the 
origin of these globule constituents. 

Phospholipids 

There may be two pools of phospholipids associated 
with the milk fat globule, one relating to the droplet 
surface before secretion and one involved in the plasma 
membrane that encompasses the globule at secretion. The 
studies of Easter et al. (55) indicate that most, if not all, 
the phospholipids of milk are synthesized de novo in 
mammary tissue. This results from evidence that intrave- 
nously administered 32P i labels (goat) milk phospholipids 
more promptly and intensely than it labels blood serum 
phospholipids and that autoradiograms from such experi- 
ments reveal all the milk phospholipids to be labeled 

SERUM 

MEVALONATE 

MAMMARY GLAND 

MEVAL.ONATE: 

CHOLESTEROL 

: ACETYI.-CoA 

FATTY ACID 

MILK 

t ,  

FIG. 8. Proposed scheme (by D.J. Easter) for incorporation of 
exogenous and endogenous cholesterol into milk fat globule. 
Abbreviations: TG, triglyceride; lm, limiting membrane (of develop- 
ing globule); er, endoplasmic reticulum; ga, golgi apparatus; gv, golgi 
vesicles; pm, plasma membrane; mfg, milk fat globule. 

approximately in proportion to their masses. Further, in 
32P i experiments with both the rat and the goat, the ratios 
between masses for total milk phosphorus and milk lipid 
phosphorus and ratios of their total radioactivities were 
essentially identical, which suggests that inorganic phos- 
phorus and lipid phosphorus of milk were being derived 
from a single pool of phosphate within the gland. An 
additional observation from the study was that no dietary 
phospholipid (U-]4C-phosphatidylcholine) was transferred 
intact into rat milk. The capacity of isolated mammary cells 
to synthesize the glycerophospholipids of milk has been 
demonstrated using radioactive glycerol (56). However 
additional experiments with such cells regarding their 
capacity to incorporate 32P i into phospholipids of the cell 
and into secretory lipids would be desirable. 

Cholesterol 
Despite the importance of cholesterol in the diet, its 

origin and distribution in milk and milk products is not 
very well established. This results from there having been 
few comprehensive studies and from the somewhat diverse 
forms and locations of cholesterol in milk. Milk cholesterol 
occurs in both free and esterified form and in skim milk as 
well as in association with fat globules. In addition, fat 
globules may contain the two forms in the surface 
(membrane) layer as well as in the globule core. The two 
fairly comprehensive analyses of cholesterol and cholesterol 
ester distribution in milk (54,57) have yielded conflicting 
results. From literature values and our own unpublished 
findings we conclude that ca. 20% of total cholesterol 
occurs in the skim milk phase, and the remainder is 
associated with the cream (milk fat globules) phase; that of 
the total milk cholesterol (ca. 10%) occurs in esterified 
form. Data (54,57) regarding the amount and form of 
cholesterol associated with the core of fat globules pose 
difficulties, because methods for partitioning the surface 
and cores of globules may easily lead to artifactual 
cholesterol distributions. Additional comprehensive re- 
search on cholesterol distribution in milk is clearly needed. 

Milk cholesterol may be of dietary origin, synthesized 
endogenously and carried to the mammary gland via the 
circulation or synthesized in the mammary gland (58,59). 
While there appears to be species differences in the relative 
contributions of these three sources, the data from which 
to draw firm conclusions regarding any species are relatively 
meager. 

The fact that serum cholesterol is transported into milk 
raises some highly intriguing questions regarding which 
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se rum l ipopro te in ( s )  is t he  vehicle  and  h o w  the  cho les te ro l  
is t a k e n  u p  and  t r a n s p o r t e d  t h r o u g h  the  lac ta t ing  cell i n to  
milk. Data  f r o m  o u r  l a b o r a t o r y  by  Eas ter  (59  and  u n p u b -  
l ished f indings)  give in t e re s t ing  ins ight  on  these  p rob lems .  
In  the  l ac ta t ing  ra t  he observed  t h a t  t he  t u r n o v e r  t ime  for  
d ie ta ry  cho les te ro l  f r o m  b l o o d  se rum in to  mi lk  was 17-20 
hr ,  suggest ing t ha t  th is  re lat ively l ong  t ime  was r equ i red  for  
the  cho les te ro l  to  evolve t h r o u g h  the  m e m b r a n e  sys tem of  
the  l ac ta t ing  cell i n t o  the  mi lk  (59) .  Resul ts  f rom subse- 
q u e n t  s tudies  ( u n p u b l i s h e d )  wi th  the  lac ta t ing  goat  and  rat  
i nd ica t ed  t h a t  14C-serum choles te ro l  tends  to  p re fe ren t ia l ly  
label  the  s u m  mi lk  m e m b r a n e  mate r ia l  (Fig. 6) ,  while  
cho les te ro l  syn thes ized  f r o m  14C-meva lona te  in the  m a m -  
mary  tissue labels  fa t  globule  cho les te ro l  (Fig. 7). These  
f indings  led Eas ter  to  p ropose  a two  pool  scheme for  
choles te ro l  m e t a b o l i s m  by the  l ac ta t ing  cell,  as s h o w n  in  
Figure 8. This  scheme  is p rovoca t ive  in  t h a t  i t  can  be  
readi ly  tes ted  by add i t iona l  expe r i m en t s .  

One of  the  more  i n t e r e s t i ng  impl i ca t ions  of  the  da ta  
f rom Figure 6 is t h a t  the  se rum precurso r  of  mi lk  
choles te ro l  m u s t  be  a relat ively m i n o r  se rum l i p o p r o t e i n  
f r o m  the  s t a n d p o i n t  of  cho les te ro l  c o n t e n t ,  because  the  
specif ic  act ivi ty  of  the  sk im milk  cho les t e ro l  great ly  
exceeded  t ha t  of  the  b lood  serum.  

A n o t h e r  i n t e re s t ing  p o i n t  regard ing  cho les te ro l  m e t a b o -  
l ism by the m a m m a r y  gland conce rns  the  rap id  t u rnove r  of  
f a t ty  acid t h r o u g h  the  cho les te ro l  es ter  f r ac t ion  of  mi lk  
(60 ,61) .  I t  is n o w  of  m u c h  in te res t  to  es tab l i sh  wh ich  of  the  
several sites ( fa t  core,  globule  m e m b r a n e  or  skim mi lk  
m e m b r a n e )  con ta ins  th is  me tabo l i ca l ly  active f rac t ion  and  
wha t  the  accep to r  is for  the  acyl moie t ies  t ha t  i t  is 
t ransferr ing.  

Carotene 

The  ye l low co lo r  of  bov ine  milk fa t  g lobules  is due to  
ca ro teno ids  ( p r e s u m a b l y  /~-carotene). So far  as is k n o w n  
th is  mi lk  fat  g lobule  p i gm en t  and  p r o v i t a m i n  is exclusively 
o f  d ie ta ry  origin. Essent ia l ly  l i t t le  or  n o  ca ro t ene  reaches  
the  goat  mi lk  fa t  globule  or  milk fa t  globules  of  m o s t  o t h e r  
species because  of  i ts  de s t r uc t i on  or conve r s ion  to  v i t amin  
A wi th in  the  an imal  body .  The  t r a n s p o r t  of  ca ro t ene  i n t o  
bov ine  mi lk  would  seem deserving of  careful  s tudy ,  since i t  
is an in t e re s t ing  m a r k e r  o f  l ipid m e t a b o l i s m  and  may  
represen t  a mode l  to  be  compared ,  for  example ,  w i th  
t r a n s p o r t  of  cho les te ro l  and  i ts  es ters ,  organic  pest ic ide  
c o m p o u n d s  and  o t h e r  n o n p o l a r  molecules .  Analys is  of  
bov ine  se rum l i pop ro t e in s  (D.L. Pupp ione  and  S. Pa t t on ,  
u n p u b l i s h e d  da ta )  reveal t h e m  to  be r ich  in ca ro t eno id .  
In te res t ing ly  enough ,  the  l i p o p r o t e i n  class k n o w n  to  be  
t a k e n  up  b y  the  m a m m a r y  gland,  the  VLDL,  appears  to  
have very  low levels o f  c a r o t e n o i d  in  c o m p a r i s o n  to  the  
o t h e r  se rum l i p o p r o t e i n  classes. F u r t h e r  s tudies  will be 
requi red  to  es tab l i sh  w h i c h  of  these  classes carry  the  
ca ro t eno id  des t ined  fo r  the  mi lk  fa t  globule.  How ca ro t ene  
is t r a n s p o r t e d  t h r o u g h  the  m a m m a r y  cell and  e s t ab l i shmen t  
of  i ts  precise loca t ion  in  the  mi lk  fa t  g lobule  are add i t iona l  
research  chal lenges.  Earl ier  work  has  i nd i ca t ed  t h a t  caro- 
t ene  is d i s t r ibu ted  in the  bov ine  mi lk  fa t  g lobule  in accord  
wi th  surface area (62)  and  t h a t  i t  is c o n c e n t r a t e d  in the  
globule  m e m b r a n e  (47) .  

We have n o t  t o u c h e d  on  the  surface  of  the  mi lk  fa t  
globule  (p lasma m e m b r a n e )  as a p u r v e y o r  of  species specific 
i m m u n o l o g i c  i n f o r m a t i o n ,  as a possible  si te  to  inves t iga te  
cell r e cogn i t i on  p h e n o m e n o n  or  as a s t r uc tu r e  t h a t  may  
reveal aging e f fec ts  in the  m e m b r a n e s  of  a d i f f e r en t i a t ed  
cell. But  i t  is c lear  t h a t  the  milk fa t  g lobule  presen ts  an 
e x p a n d i n g  array of  i n t e re s t ing  research  possibi l i t ies .  

ACKNOWLEDGMENT 

This research was supported in part by Grant HL 03632 from the 
U.S. IMblie Health Service. P.S. Stewart prepared and discussed 

electron photomicrographs, and C. Thoele provided technical 
assistance. 

REFERENCES 

1. Morrison, W.R., in "Topics in Lipid Chemistry," Vol. I, Edited 
by F.D. Gunstone, John Wiley and Sons, Inc., New York, 1970, 
p. 51. 

2. Storry, J.E., J. Dairy Res. 37:139 (1970). 
3. Knoop, E., Milehwissenschaft 27:364 (1972). 
4. Wooding, F.B.P., J. Cell Sci. 9:805 (1971). 
5. Henson, A.F., G. Holdworth and R.C. Chandan, J. Dairy Set. 

54:1752 (1972). 
6. Linzell, J.L., and M. Peaker, Physiol. Rev. 51:564 (1971). 
7. B.L. Larson and V.R. Smith, "Lactation: a Comprehensive 

Treatise," Edited by Academic Press, In press. 
8. Jenness, R., and R.E. Sloan, Dairy Sci. 1970:599 (Abstr. 32). 
9. Glass, R.L., H.A. Troolin and R. Jenness, Comp. Biochem. 

Physiol. 22:415 (1967). 
10. Stewart, P.S., D.L. Puppione and S. Patton, Z. Zellforsch. 

123:161 (1972). 
11. Plantz, P.E., and S. Patton, Biochim. Biophys. Acta 291:51 

(1973). 
12. Fujino, Y., and T. Eujishima, J. Dairy Res. 39:11 (1972). 
13. Keenan, T.W., C.M. Huang and D.J. MorSe, Biochem. Biophys. 

Res. Comm. 47:1277 (1972). 
14. Anninson, E.F., J.L. Linzell, S. Fazakerley and B.W. Nichols, 

Biochem. J. 102:637 (1967). 
15. Bishop, C., T. Davies, R.F. Glaseock and V.A. Welch, Ibid. 

113:629 (1969). 
16. Raphael, B.I-L, Ph.D. thesis, Pennsylvania State University, 

1972. 
17. Glascock, R.F., V.A. Welch, C. Bishop, T. Davies, E.W. Wright 

and R.C. Noble, Biochem. J. 98:149 (1966). 
18. Schoefl, G.I., and J.E. French, Proc. Roy. Soc. B. 169:153 

(1968). 
19. Scow, R.O., M. Hamosh, E.J. Bianehette-Mackie and A.J. 

Evans, Lipids 7:497 (1972). 
20. Easter, D.J., S. Patton and R.D. McCarthy, Ibid. 6:844 (1971). 
21. Senior, J.R., J. Lipid Res. 5:495 (1964). 
22. McBride, O.W., and E.D. Korn, Ibid. 5:448 (1964). 
23. Dimick, P.S., R.D. McCarthy and S. Patton, Biochim. Biophys. 

Acta 116:159 (1966). 
24. CoccodriUi, G.D., Ph.D. thesis, Pennsylvania State University, 

1971. 
25. McBride, O.W., and E.D. Korn, J. Lipid Res. 5:442 (1964). 
26. Kinsella, J.E., Int. J. Biochem. 3:89 (1972). 
27. West, C.E., R. Biekerstaffe, E.F. Anninson and J.L. Linzell, 

Biochem. J. 126:477 (1972). 
28. Kennedy, E.P., Ann. Rev. Biochem. 26:119 (1957). 
29. Weiss, S.B., E.P. Kennedy and J.Y. Kiyasu, J. Biol. Chem. 

235:40 (1960). 
30. Luick, J.R., J. Dairy Sci. 44:652 (1961). 
31. Yang, S.F., S. Freer and A.A. Benson, J. Biol. Chem. 242:477 

(1967). 
32. Pynadeth, T.I., and S. Kumar, Biochim. Biophys. Aeta 84:251 

(1964). 
33. Kuhn, N.J., Biochem. J. 105:213 (t967).  
34. Stein, O ,  and Y. Stein, J. Cell Biol. 34:251 (1967). 
35. Kinsella, J.E., Lipids 7:165 (1972). 
36. Kinsella, J.E., Ibid. 7:349 (1972). 
37. Patton, S., and R.D. McCarthy, J. Dairy Sci. 46:916 (1963). 
38. Dimick, P.S., and S. Patton. Ibid. 48:444 (1965). 
39. Kinsella, J.E., and R.d. McCarthy, Biochim. Biophys. Aeta 

1 6 4 : 5 1 8  (1968). 
40. Smith, S., and S. Abraham, J. Biol. Chem. 245:3209 (1970). 
41. Dimick, P.S., R.D. McCarthy and S. Patton, in "Physiology of 

Digestion and Metabolism in the Ruminant," Edited by A.T. 
Phillip and Son, Oriel Press Ltd., Newcastle-upon-Tyne, En- 
gland, 1970, p. 529. 

42. McCarthy, R.D., and S. Patton, Nature 202:347 (1964). 
43. Bargmann, W., and A. Knoop, Z. Zellforsch. 49:344 (I959).  
44. Patton, S., and F.M. Fowkes, J. Theoret. Biol. 15:274 (1967). 
45. Keenan, T.W., D.J. Mode, D.E. Olson, W.N. Yunghans and S. 

Patton, J. Cell Biol. 44:80 (1970). 
46. Patton, S., and E.G. Trams, FEBS Letters 14:230 (1971). 
47. Brunner, J.R., in "Fundamentals of Dairty Chemistry," Edited 

by B.H. Webb and A.H. Johnson, AVI Publishing Co., Inc., 
Westport, Conn., 1965, p. 403. 

48. Dowben, R.M., J.R. Brunner and D.E. Philpott, Biochim. 
Biophys. Acta 135:1 (1967). 

49, Martel-pradal, M.B., and R. Got, FEBS Letters 21:220 (1972). 
50. Wooding, F.B.P., M. Peaker and J.L. Linzell, Nature 226:763 

(1970) 
51. Wooding, F.B.P., J. Ultrastructure Res. 37:388 (1971). 
52. Keenan, T.W., D.E. Olson and H.H. Mollenhauer, J. Dairy Sci. 

54:295 (1971). 
53. Patton, S., and T.W. Keenan, Lipids 6:58 (1971). 
54. Mulder, H., and T.A. Zuidhof, Neth. Milk Dairy J. 12:173 

(1958). 



JUNE, 1973 PATTON: ORIGIN OF MILK FAT GLOBULES 185 

55. Easter, D.J., S. Patton and R.D. McCarthy, Lipids 6:844 
(1971). 

56. Kinsella, J.E., Biochim. Biophys. Acta 164:540 (1968). 
57. Huang, T.C., and A. Kuksis, Lipids 2:453 (1967). 
58. Connor, W.E., and D.S. Lin, Amer. J. Physiol. 213:1353 

(1967). 
59. Easter, D.J., Lipids 6:645 (1971). 

60. Patton, S., and R.D. McCarthy, J. Dairy Sci. 46:396 (1963). 
61. Keenan, T.W., and S. Patton, Lipids 5:42 (1970). 
62. White, R.F., H.D. Eaton and S. Patton, J. Dairy Sci. 37:147 

(1954). 

[Received Oc tobe r  26, 1972] 


