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Abstract

Sphingomyelin, which has been degraded at the BHK cell surface by exogenous sphingomyelinase, is converted back into
sphingomyelin with kinetics similar to those of plasma membrane recycling. Resynthesis of sphingomyelin under these conditions
proceeds at a rate about 4-fold higher than normal biosynthesis of sphingomyelin. Neither resynthesis of sphingomyelin nor its
return to the surface is inhibited by brefeldin A (BFA), which is a potent blocker of vesicular transport through the Golgi but has
no cffect on plasma membrane recycling. However, resynthesis of plasma membrane sphingomyelin is greatly decreased in cells
undergoing mitosis or energy depletion, where endocytosis is inhibited. We conclude that the main site of surface sphingomyelin
synthesis in BHK cells could be in recycling endosomes and not in the Golgi apparatus as proposed previously. We also suggest a
model pathway by which cholesterol may reach the plasma membrane via recycling cndosomes.
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1. Introduction

It has been known for some years that sphingo-
myelin is synthesised by an unusual process which
depends on transfer of the phosphocholine headgroup
of pre-existing phosphatidylcholine to ceramide [1-4].
Although it seems clear that all the steps in ceramide
biosynthesis occur in the endoplasmic reticulum (ER)
[5], the precise location of the site of sphingomyelin
synthesis has been the subject of some dispute. Origi-
nally it was thought to be the plasma membrane [3,6]
but recent work has suggested that sphingomyelin is
synthesised in the early Golgi [7-10] and is delivered to
the cell surface by a vesicular transport process which
follows the secretory pathway [11-13]. Consistent with
this interpretation, inhibitors of vesicular transport such
as monensin and BFA interfere with the normal move-
ment of sphingomyelin to the surface [13-15].

We have recently found evidence for a site of syn-
thesis of internal sphingomyelin which could be in the
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ER or early Golgi [14-16], but this does not appear to
be the site responsible for the synthesis of cell surface
sphingomyelin. From evidence that monensin inhibits
the synthesis of cell surface sphingomyelin from ce-
ramide, we have suggested that sphingomyelin destined
for the cell surface is synthesised not in the early Golgi
but at a site distal to the medial Golgi [15]. We show
here that in BHK cells there is a major site of sphingo-
myelin synthesis which is not in the Golgi, based on its
insensitivity to BFA and monensin, and which appears
to be part of the plasma membrane endocytic recycling
pathway. This site may be responsible for the de novo
synthesis of plasma membrane sphingomyelin.

2. Methods

Incubation of cells and measurement of sphingomyelin
resynthesis. BHK 21 cells were cultured in 3.5-cm dishes
using 2 ml of Glasgow MEM supplemented with 5%
foetal calf serum and tryptose phosphate as described
previously [14,15,17). In some experiments cells were
labelled for 4 h with 20 uCi of [*H]acetate (NEN-
Dupont) with and without addition of 5 ug/m! BFA.
Half of the samples were then treated with 1 w1 (0.1
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1U) B. cereus sphingomyelinase (Sigma) for 20 min to
degrade surface sphingomyelin. The medium was re-
moved and then all of the samples were extracted with
1.9 ml of methanol /chloroform (2:1 v/v).

In most experiments cells labelled to equilibrium (48
h) with 5 wCi of [*HJacetate (NEN Dupont) were
washed with cold MEM, reincubated at 37°C with
serum-free MEM and then treated with 1 ul (0.1 TU)
B. cereus sphingomyelinase (Sigma) for 20 min to de-
grade surface sphingomyelin. They were then washed
three times with ice-cold serum-free MEM and re-
turned to the same medium at 37°C for up to 3 h to
allow them to resynthesise sphingomyelin. At various
time points triplicate samples of cells were washed with
2 ml ice-cold saline and extracted with 1.9 ml
methanol /chloroform (2:1 v/v). Some samples which
had been allowed to resynthesise sphingomyelin for 3 h
were treated for a second time with sphingomyelinase
before extraction to determine if the resynthesised
sphingomyelin had returned to the surface. Experi-
ments were carried out in which the cells were allowed
to resynthesise sphingomyelin in the presence of N-
ethylmaleimide (100 uwM), digitonin (50 M), BFA (5
wg/ml), or nocodazole (10 uM) (all from Sigma).
Nocodazole was added 30 min prior to addition of
sphingomyelinase. In other experiments cells were en-
ergy-depleted by treatment for 2 h with 0.1 mM KCN
and 50 mM deoxyglucose or with 30 mM NaF prior to
breakdown and resynthesis of sphingomyelin as above.

Preparation of mitotic cells. A modified version of
the method of Featherstone et al. [18] was used for
preparation of mitotic cells. BHK21 cells were grown
as monolayers to subconfluence in 75-cm? Falcon
flasks. Cells from one flask were seeded out into 850-
cm? Falcon roller bottles containing 50 ml growth
medium plus 500 pCi [*Hlacetate. The bottles were
incubated under constant rotation for 2 days at 37°C.
To synchronise the cells in interphase, thymidine was
added to a final concentration of 5 mM at the end of
day one. Following incubation overnight for 10-12 h at
37°C the bottles were rotated for 5 min at 200 rpm to
remove loosely-attached cells and cell debris. The
medium was discarded and the cells washed twice with
cold growth medium. Subsequently the cells were rein-
cubated for 3 h in 50 ml radioactive growth medium
(10 uCi [*Hlacetate /ml) plus 0.1 uM nocodazole. This
treatment blocks the cells in metaphase after passing
G2. Mitotic cells were harvested by rotating the roller
bottles for 15 min at 200 rpm. The cells were sedi-
mented by centrifugation of the medium at 1000 rpm
for 5 min and resuspended in 20 ml of serum-free
growth medium. About 1.5-3 - 107 cells were thus ob-
tained from each roller bottle, equivalent to a mitotic
yield of 15-30%.

Sphingomyelin resynthesis in mitotic cells. Triplicate
0.5-ml aliquots were taken from the resuspended mi-

totic cells for lipid extraction before and immediately
after treatment of the cells with B. cereus sphin-
gomyelinase (0.1 units/ml) for 20 min at 37°C. The
remainder of the sample after treatment with sphin-
gomyelinase was divided into two portions and washed
twice with cold growth medium either with or without
nocodazole (0.1 uM). The cells were suspended to a
volume of 12 ml in growth medium with or without
addition of nocodazole and triplicate 0.5-ml aliquots
were incubated at 37°C for up to 4 h, before extraction
and analysis of lipids.

Lipid analysis. Lipids were separated by tlc as de-
scribed previously [14] and identified by comparison
with standards (Sigma). Spots identifiable by iodine-
staining were transferred to Pico Prias counting vials
(Canberra Packard) to which were added 0.2 ml of
methanol /water /acetic acid (5:3:2 v/v) and 2 ml of
Ultima Gold scintillation fluid. Samples were counted
in a Canberra Packard TC2500 scintillation counter.

ATP determinations. These were carried out on per-
chloric acid extracts of cells which had been allowed to
resynthesise sphingomyelin as above. The method [19]
employed firefly luciferase (Sigma).

3. Results and discussion

BFA prevents delivery of newly synthesised sphingomyelin
to the plasma membrane but has no effect on resynthesis
and surface localisation of sphingomyelin degraded at
the cell surface

Fig. 1 shows that normal delivery of endogenously
synthesised sphingomyelin to the cell surface is pre-
vented by BFA [14]. Thus in the absence of BFA about
40% of newly synthesised SM can be degraded by
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Fig. 1. BFA increases de novo synthesis of sphingomyelin but pre-
vents it from reaching the cell surface. Triplicate dishes of cells were
labelled with [*HJacetate for 4 h in the absence (CON) or presence
of BFA (5 ug/ml) and then incubated with (filled bars) or without
(open bars) sphingomyelinase. Extraction and analysis of lipids was
as described in Section 2. Results are expressed as mean+S.D. of
percentage of total lipid radioactivity in sphingomyelin. Similar re-
sults were obtained in three other experiments.



54 K.-J. Kallen et al. / Biochimica et Biophysica Acta 1191 (1994) 52-58

6.5 -
Q
524
L
h!
o
= 39-
T
I3 ;
- 264
°
w |
134§
v
0 — T —T T -
0 50 100 150 200 250

time (minutes)

Fig. 2. BFA does not affect resynthesis and surface localisation of
sphingomyellin of BHK cells exposed temporarily to sphingomy-
elinase. Cells were labelled to equilibrium with [*Hlacetate, treated
with sphingomyelinase and then allowed to resynthesise sphingo-
myelin after removal of the enzyme, as described in Section 2. After
3 h, a further aliquot of sphingomyelinase was added to some
samples in order to determine the proportion of surface sphingo-
myelin after resynthesis (dotted lines). Parallel determinations were
carried out with 5 pwg/ml BFA present during resynthesis (solid
symbols). Values are expressed as the percentage of total lipid
radioactivity present as sphingomyelin {(circles) or ceramide (trian-
gles) and represent the means of triplicate determinations in one
experiment which gave results representative of three similar experi-
ments.

external sphingomyelinase whereas none can be de-
graded in the presence of BFA. BFA also caused the
characteristic increase in de novo synthesis of sphingo-
myelin [14,20,21] which has been considered to be
diagnostic of its action in fusing Golgi cisternae with
endoplasmic reticulum (ER), inducing retrograde
movement of Golgi components (up to and including
the trans Golgi) back to the ER [22].

In marked contrast, when BHK cells were exposed
to exogenous sphingomyelinase and then allowed to
resynthesise sphingomyelin after removal of the en-
zyme [17,23], BFA had no effect on this resynthesis
(Fig. 2). The resynthesised sphingomyelin was also
found to be on the cell surface, since a second treat-
ment with sphingomyelinase degraded the same amount
of sphingomyelin as it did originally. Similar results
were obtained with monensin [15], another inhibitor of
vesicular transport through the Golgi.

In BHK cells it has been reported that BFA pre-
vents export of viral proteins from the trans Golgi
network (TGN) to the surface but does not affect
plasma membrane recycling [24] or the budding of
clathrin-coated vesicles from the plasma membrane
[25]. The inability of BFA to prevent plasma membrane
recycling fits in with the reported failure of monensin
to stop recycling of NBD-sphingomyelin introduced
into the plasma membrane [26], and indicates that
neither the Golgi cisternae nor the TGN are involved
in recycling of plasma membrane. The absence of an

effect of BFA on sphingomyelin resynthesis or its local-
isation at the cell surface thus strongly suggests that
resynthesis occurs at a site which is distal to the TGN,
perhaps even at the plasma membrane itself as sug-
gested previously [6,8].

Resynthesis of surface sphingomyelin depends on endocy-
tosis

For the following reasons we believe that resynthesis
of sphingomyelin occurs not at the plasma membrane
but at some internal site. Firstly, resynthesis appeared
to depend on vesicular transport, since mitotic cells
(whose vesicular transport mechanisms are inoperative
[18,27]) showed no ability to resynthesise sphingo-
myelin (Fig. 3, solid triangles). In contrast, cells re-
leased from mitosis (open triangles) resynthesised up
to 60% of the originally degraded sphingomyelin, al-
though this was clearly less than asynchronous cells
(circles) which had not been exposed to nocodazole. It
should be emphasised that the cells released from
mitosis in Fig. 3 were mitotic up to the end of the
treatment with sphingomyelinase and were only re-
leased gradually from mitosis as the nocodazole dif-
fused out from them during the course of the incuba-
tion in nocodazole-free medium. Thus it is likely that
the absence of any resynthesis during the first hour
relates to the time taken for these cells to emerge from
mitosis. It is important to note also that nocodazole at
up to 10 uM had no perceptible effect on resynthesis
of sphingomyelin in normal cells and neither did cyto-
chalasin D (10 xM), despite its very marked effect in
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Fig. 3. Mitotic cells are unable to resynthesise sphingomyelin. La-
belled mitotic cells were prepared and incubated with sphingomyeli-
nase as described in Section 2. After removal of the enzyme, the
resynthesis of sphingomyelin was measured in the presence (¥) or
absence (a) of nocodazole. A parallel sample of interphase cells
which had not been treated with nocodazole was also allowed to
resynthesise sphingomyelin after exposure to sphingomyelinase (e).
The experiment shown is one of three which gave similar results.
Values represent the means+S.D. of triplicate determinations at
each time point.
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Fig. 4. Time course of resynthesis of sphingomyelin in energy-depleted cells. Cells labelled to equilibrium with [*Hlacetate were treated with
sphingomyelinase and then allowed to resynthesise sphingomyelin after removal of the enzyme either alone (circles) or in the presence of 100
1M KCN + 50 mM deoxyglucose (triangles) or 30 mM NaF (squares). Sphingomyelin resynthesis (a) or ATP content (b) was measured in the
cells at the beginning of the incubation and at various times subsequently. ATP measurements represent the means of duplicate determinations

which differed by less than 5%.

causing the cells to round up (results not shown). Thus
the integrity of microtubules or of actin filaments are
not necessary for resynthesis of cell surface sphingo-
myelin.

Secondly, energy depletion of the cells by treatment
with cyanide + deoxyglucose or with 30 mM NaF, which
is known to inhibit endocytosis [28,29] inhibited resyn-
thesis by 50% and 90% respectively (Fig. 4) even
though the ceramide-phosphatidylcholine phospho-
cholinetransferase itself has no known energy require-
ment. Under these conditions, ATP levels were re-
duced by 40% in the presence of cyanide + deoxy-
glucose and by more than 95% in the presence of NaF.
Treatment with N-ethylmaleimide or digitonin also
caused almost complete inhibition of sphingomyelin
resynthesis, but this might also be explained in terms of
the ATP depletion promoted by these agents. *

We conclude from the above experiments that
restoration of surface sphingomyelin after its degrada-
tion by sphingomyelinase involves endocytosis of sur-
face membrane containing the newly-formed ceramide,
movement of endocytic vesicles to a site where ce-

* Some authors [25] have ascribed morphological effects on cells
incubated with 65 uM aluminium chloride in the presence of 30 mM
NaF to the action of aluminium fluoride on heterotrimeric GTP-
binding proteins. Clearly, under these conditions which are similar to
those employed in Fig. 4b, it would be difficult to differentiate
effects on GTP-binding proteins from effects due to energy deple-
tion. Without precise determinations on ATP levels in intact cells
treated with aluminium fluoride, claims for specific effects on G
proteins must be regarded with caution.

ramide is converted to sphingomyelin and then trans-
port of sphingomyelin back to the surface. Although
this interpretation is consistent with previous indica-
tions that lipids inserted into the cell surface are inter-
nalised and recycled back to the surface by a pathway
similar to that utilised by receptors [30,31], our results
show that the site of sphingomyelin resynthesis must
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Fig. 5. A model for the synthesis of plasma membrane sphingomyelin
in BHK cells. The diagram illustrates the proposed pathway of
ceramide transport from its site of synthesis in the ER to the plasma
membrane (PM) and thence to recycling vesicles where it is con-
verted into sphingomyelin, which is then delivered to the surface.
This model also suggests a route by which cholesterol undergoes
non-vesicular transfer from the ER to recycling vesicles in response
to sphingomyelin synthesis at site S in recycling endosomes.
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also be on the recycling pathway. This is shown dia-
grammatically in Fig. 5.

The site of sphingomyelin synthesis could be the
perinuclear area associated with the centrioles where
NBD-sphingomyelin accumulates on its way through
the membrane recycling pathway [30] and may corre-
spond to the perinuclear or ‘juxtanuclear’ endosomes
referred to by Hopkins [32] which appear to be similar
to the recycling compartment described by Maxfield
and colleagues [31,33]. If so, then sphingomyelin syn-
thetic activity could be an enzymatic marker for these
endosomes. Perinuclear endosomes appear to have a
luminal pH which is only slightly acid (pH 6.5) [33] and
interestingly, the pH optimum of the ceramide-phos-
phatidylcholine phosphotransferase is also 6.5 [34].

Kinetics of sphingomyelin resynthesis and plasma mem-
brane recycling

The rate of resynthesis of sphingomyelin which had
been broken down at the surface was about 50% in the
first hour (Figs. 1, 4, 5) or about 30% of the original
total sphingomyelin per hour. Quantitative analysis of
endocytosis has shown that BHK cells internalise 0.6
wm? of fluid per min in about 1000 coated vesicles [35],
giving a value for the vesicle surface area internalised
of about 30 wm? per min. With a total surface area of
2200 pm? [35], this means that BHK cells should
internalise half of their surface in about 40 min, in
broad agreement with the Kkinetics of sphingomyelin
resynthesis and recycling [31]. Thus sphingomyelin
resynthesis could be limited by the rate of endocytosis
and indeed, may represent a novel way of quantifying
endocytosis. It should be noted that the rate of endocy-
tosis is not affected by treatment with sphingomyeli-
nase [17].

BHK cells grown under our conditions had a dou-
bling time of 12 h, so that the normal rate of synthesis
of all cell components including sphingomyelin was
about 8% of the total per hour or about a quarter of
the maximum rate of the resynthesis pathway. This
difference is similar to the relative rates of de novo
synthesis and recycling of NBD-sphingomyelin in CHO
cells, although in these cells the recycling pathway
seems faster than in BHK cells [13].

The observation that ceramide produced at the
plasma membrane is so completely converted back to
surface sphingomyelin indicates that little of the endo-
cytosed membrane lipid is lost to other intracellular
compartments. Thus endocytosed membrane appears
to be largely directed to the site of sphingomyelin
resynthesis (S in Fig. 5) and thence back to the surface.
Little change was observed in the amount of glucosyl-
ceramide or GM3 (sialyllactosylceramide, the major
BHK cell glycolipid [36]) during resynthesis of sphingo-
myelin (Fig. 6), suggesting that the ceramide produced
at the cell surface was not available for conversion into
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Fig. 6. Changes in glycosphingolipids during resynthesis of sphingo-
myelin. In an experiment similar to that shown in Fig. 1, measure-
ments were made of sphingomyelin (O), glucosylceramide (A ) and
ganglioside GM3 (M) after alkaline methanolysis of total lipids [14].
A small amount of label, equivalent to about 0.1% of the total was
found in lactosylceramide and in triosylceramide, but no change was
seen in either of these species in the course of this experiment.
Values represent the means+S.D. of three experiments in which
triplicate determinations were carried out.

glycolipid. Since synthesis of GM3 depends on transfer
of ceramide to the early Golgi [37-39], this result
signifies that most of the endocytosed membrane is
recycled directly and not routed through the early
Golgi. That would be consistent with an estimate based
on uptake of endocytosed ricin into the Golgi appara-
tus of BHK cells which suggests that no more than 5%
of endocytosed membrane was routed through the
Golgi [40]. The data also indicate that ceramide, like
glucosylceramide [30] and sphingomyelin [31] inserted
into the plasma membrane, follows non-selective (bulk)
membrane flow through the recycling pathway.

Our observations regarding the fate of natural ce-
ramide generated in the plasma membrane contrast
with those of Pagano and co-workers [13,26] who con-
cluded that exogenous NBD-ceramide could be con-
verted into both glycolipids and sphingomyelin (prob-
ably in the cis-Golgi), even in cells which were in
mitosis and where consequently vesicular transport
processes were inoperative. This suggests that unlike
endogenous ceramide, NBD-ceramide introduced into
the cell surface rapidly gains access to the intracellular
site of glycolipid synthesis in the early Golgi. These
observations emphasise that results obtained using
short-chain NBD-ceramide, which is more likely to
diffuse across aqueous partitions between membranes,
are not necessarily a reliable guide to the fate of
endogenous plasma membrane ceramide.

The cis / medial-Golgi site for sphingomyelin synthesis
Despite the conclusion from the present work that
the major site of sphingomyelin synthesis is endosomal,
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there is evidence for another site of sphingomyelin
synthesis in the cis/medial Golgi [7-10]. We have
shown recently that BHK cells possess an internal pool
of sphingomyelin which does not mix with the plasma
membrane sphingomyelin pool but labels more rapidly
with [*H]choline [16]. The short-term labelling of this
pool with [*Hlacetate is not inhibited by monensin [15]
so that the internal pool of sphingomyelin could be
synthesised at an early Golgi site. However it should be
noted that the localisation of sphingomyelin synthesis
to the early Golgi has only been claimed in liver, and
the results obtained may not be typical of less spe-
cialised cells. Also, the liver fractionation schemes em-
ployed are unlikely to have separated early Golgi ele-
ments from other vesicular smooth membranes includ-
ing the recycling vesicles, where we propose that sph-
ingomyelin is resynthesised.

Is the endosomal site of sphingomyelin resynthesis also
responsible for de novo synthesis of plasma membrane
sphingomyelin?

Considering the large capacity of the recycling path-
way for resynthesising sphingomyelin, it is tempting to
suggest that it represents part of the normal pathway
which is responsible for de novo biosynthesis of plasma
membrane sphingomyelin. We have recently shown
that the de novo synthesis of cell surface sphingomyelin
from ceramide is blocked by monensin, demonstrating
that monensin prevents the transport of ceramide to a
site which is distal to the medial Golgi where ceramide
can be converted into sphingomyelin destined for the
plasma membrane [14]. The present work using
brefeldin A suggests that this site is distal to the TGN.
If the distal site of sphingomyelin biosynthesis is the
same as the site of resynthesis on the plasma mem-
brane endocytic recycling pathway, then this implies
that ceramide must make its way to an endosomal site
in order to be converted into plasma membrane sphin-
gomyelin. Our hypothesis that sphingomyelin synthesis
may occur in recycling endosomes represents the first
suggestion that endosomes have any lipid biosynthetic
capacity at all, and clearly differs from previous ideas
that sphingomyelin synthesis occurs in the cis/medial-
Golgi [7-10] and that sphingomyelin reaches the sur-
face by a process involving vesicular transport through
the Golgi cisternae. This hypothesis explains why mon-
ensin and BFA block the appearance of newly-synthe-
sised sphingomyelin at the surface (Fig. 1) [10,14]
whereas they have no effect on sphingomyelin resyn-
thesis and return to the surface after treatment of cells
with exogenous sphingomyelinase (Fig. 2). It also ex-
plains why monensin causes a build-up of ceramide
(presumably in the medial Golgi) which can partly be
converted into glucosylceramide [10], whereas most of
the ceramide introduced into the recycling pathway
through the action of external sphingomyelinase does

not reach the Golgi and is consequently not converted
into glycolipids (Fig. 6).

Although some products of the exocytic pathway can
enter endosomes [41], the bulk of exocytic flow proba-
bly passes directly to the plasma membrane. Rather
than invoking another site of sphingomyelin synthesis
between the TGN and the plasma membrane, we con-
clude that most of the ceramide in the exocytic path-
way is normally transported all the way to the plasma
membrane and is only converted into sphingomyelin
when it enters the endosomal pathway, where the
sphingomyelin synthesis site appears to be localised
(Fig. 5). Thus the characteristic orientation of sphingo-
myelin on the external leaflet of the plasma membrane
would be defined by its synthesis in the lumen of
endocytic vesicles involved in membrane recycling. Such
a tortuous route for surface sphingomyelin synthesis
would be consistent with the relatively slow rate at
which newly-synthesised sphingomyelin appears at the
plasma membrane [8].

Does cholesterol reach the cell surface by cotransport
with sphingomyelin in endosomes?

Finally, we would like to suggest the possibility that
cholesterol transport to the cell surface could take
place utilising the same recycling endosomal vesicles
which carry newly-synthesised sphingomyelin (Fig. 5).
Such a model would explain why cholesterol transport
to the cell surface is not affected by monensin [42] or
BFA [43] (and thus does not involve the Golgi appara-
tus) but is blocked by energy depletion [42] (and thus
depends on vesicular transport, probably through the
endosomal pathway). Our explanation for this apparent
enigma of cholesterol transport does not need to as-
sume a vesicular bypass to the secretory pathway as
proposed recently by van Meer [44]. It would also
explain why purified trans-Golgi membrane vesicles
[45] or exocytic vesicles [46] are not enriched in choles-
terol or in sphingomyelin, as would be expected if
these lipids were added in the early Golgi. The model
would fit in with the evidence that sphingomyelin and
cholesterol interact specifically [47] and that the syn-
thesis and delivery to the cell surface of sphingomyelin
and cholesterol are intimately connected [23]. Thus the
rate of delivery of cholesterol to the plasma membrane
would be determined by the rate of synthesis of sphin-
gomyelin in the recycling pathway. The putative endo-
somal vesicles which carry cholesterol and sphingo-
myelin could correspond to the vesicles rich in newly-
synthesised cholesterol which have been described by
other workers [42,48]. In this case there would have to
be a direct route for cholesterol transport from its site
of synthesis in the endoplasmic reticulum to the recy-
cling endosomal vesicles as shown in Fig. 5.

This proposed mechanism for the cotransport of
sphingomyelin and cholesterol to the cell surface
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through the endosomal pathway (which is described in
more detail in a recent review [49]) has the advantage
of making it easier to understand how the character-
istic lipid composition of the plasma membrane is
conserved, since these major plasma membrane lipid
constituents are added in a closed vesicular loop which
is largely independent of the secretory pathway.
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