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Abstract—Treatment of animals with antimicrotubule drugs has been shown to cause a perplexing
variety of cellular changes which, theoretically, coulu be the result of changes in endomembrane
biosynthesis, composition or flow. In the current study we have focused on this possibility by identifying
antimicrotubule drug-induced changes in the phospholipid metabolism of hepatic subcellular membranes.
Young adult rats were pretreated with radiolabeled [*?Plorthophosphate for 12 hr, and subsequently
given saline, colchicine (2.5 mg/kg body wt) or vinblastine (20 mg/kg body wt) for 4 additional hr.
Afterwards, the livers were homogenized, and separate microsomal and Golgi membrane fractions were
prepared and subjected to phospholipid extraction and identification using two-dimensional thin-layer
chromatography. The results show that colchicine and vinblastine given in vivo caused specific, rapid
and in some cases, dramatic changes in phospholipid turnover in different membrane fractions of rat
liver. The drugs specifically increased labeling of phosphatidylinositol-4-monophosphate and phos-
phatidylinositol-4,5-biphosphate and decreased the radioactivity associated with phosphatidylcholine,
phosphatidylethanolamine and phosphatidylinositol in all fractions examined. In contrast, the anti-
microtubule drugs produced a differential effect on the labeling pattern of sphingomyelin and lyso-
phosphatidylcholine, i.e. they stimulated labeling of these phospholipids in microsomes, produced no
changes in heavy Golgi fractions, and markedly increased their labeling in light Golgi fractions. These
data suggest that antimicrotubule drugs restrict the incorporation of certain precursor phospholipids
into forming membranes but do not affect the subsequent metabolism of these phospholipids. At the
same time, the drugs appear to retard the flow of membranes from one cellular compartment to another.
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Over the years, evidence has accumulated showing
that antimicrotubule drugs induce a variety of chan-
ges in cells which appear, at first, to have little to do
with the cytoplasmic microtubules. Many of these
changes are enzymatic in nature documenting either
the decrease [1-8] or the increase [9-11] in activity
of seemingly unrelated enzymes. In other instances,
the antimicrotubule drugs have been shown to spe-
cifically affect cholesterol and phospholipid metab-
olism in cells. For example, colchicine and vin-
blastine sulfate appear to decrease cholesterol
synthesis in different cells [6,7,12], to decrease
phosphatidylinositol turnover in lymphocytes [13],
and to inhibit phosphatidylcholine synthesis in
phagocytic cells [14].

It is of interest that in each of the above the
described alterations have involved a change in mem-
branes of the affected cells. This observation, plus
specific instances of structural/functional changes in
cell membranes caused by the antimicrotubule drugs
(such as changes in capping phenomena in lym-
phocytes [15]), or changes in the organization and
distribution of Golgi membranes in a variety of cells
[16-30], has led to the idea that the antimicrotubule
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drugs may induce changes in the biosynthesis, com-
position, or flow of membranes, which may then
secondarily produce the various cellular secretory
changes that have been so well documented {31] in
recent years. Whether microtubules themselves or
some other form of microtubule protein might be
involved in such a drug-membrane interaction is a
separate issue to be dealt with if a cause and effect
association between the drugs and membranes is
firmly established.

In the current study, we have focused on this issue
by examining the effects of two separate anti-
microtubule agents on the metabolism of various
phospholipids in subcellular membrane fractions of
rat liver. The decision to look for changes in
phospholipids was based on previous data indicating
that antimicrotubule drugs have an effect on
phospholipid turnover and synthesis in some cell
systems [13, 14]. The decision to look for changes in
specific membrane fractions (rather than in total
liver homogenate) was influenced by previous studies
from this laboratory [8] showing that antimicrotubule
drugs have specific effects on different subcellular
compartments of liver which are not seen when the
whole homogenate is examined. The specific choice
of studying microsomal and Golgi membrane frac-
tions was a reflection of the fact that phospholipids
are known to be synthesized in endoplasmic retic-
ulum [32] or Golgi [32, 33] membranes and that these
membranes have been shown to undergo specific

3153



3154

functional changes (such as loss of glycosyltransfer-
ase activity [8]) and structural changes [23, 24, 30]
following in vivo treatment of rats with either col-
chicine or vinblastine. Finally, microsomal and Golgi
membranes are the primary source of the limiting
membranes of secretory vesicles in hepatocytes,
whose specific transit to the plasma membranes is
inhibited by the use of antimicrotubule drugs
[30, 34, 35].

EXPERIMENTAL PROCEDURES

Methods

In vivo labeling experiments. Male Sprague-Daw-
ley rats (140-160 g) were purchased from Simenson
Laboratories, Gilroy, CA, fed standard laboratory
chow and water ad /ib., and kept for at least 48 hr in
a light-controlled room (12 hr cycle) prior to use.
Animals were lightly anesthetized with diethyl ether,
and a volume of 500 ul of carrier-free [3?P]ortho-
phosphate (250 uCi) was given intravenously to each
rat. Four hours later, the rats were again injected
with carrier-free [3?Pjorthophosphate (250 uCi);
12 hr after the last [3?Plorthophosphate injection,
rats were treated with antimicrotubule drugs or
injected with saline. All animals were killed 4 hr later
(total time 16 hr) and the livers were removed for
further processing. Livers from four to five animals
were used for each experiment.

Samples from_ glutaraldehyde-perfusion-fixed
livers were also obtained from rats treated with saline
or colchicine as above and processed for electron
microscopy. The hepatocyte content of visible micro-
tubules was assessed as previously described from
this laboratory [30].

Isolation of microsomal and Golgi fractions.
Excised livers were placed in ice-cold 0.25 M sucrose,
pH 7.0 £ 0.1, weighed and minced. The tissue was
washed free of blood and then homogenized in
0.25M sucrose (pH 7.0 £ 0.1) to give a final hom-
ogenate concentration of 20% (w/v). Although three
Golgi fractions (GF,, GF, and GF,) were isolated
by a modification [8] of the procedure of Ref. 36, for
the current study, fractions GF, and GF, were found
to show similar characteristics and for convenience
these fractions were combined to give a single GF, . ,
fraction. GF; was studied separately as were micro-
somes obtained from the load zone. All fractions
were subsequently divided into “soluble (non-mem-
brane) subfractions” and “membrane subfractions”
by treatment with 0.1 M Na,CO; as described by
Howell and Palade [37]. The purity of the Golgi
and microsome fractions was assessed by marker
enzymes and electron microscopy as previously
described [8].

Extraction and quantitation of >’P-labeled
phospholipids. All Golgi and microsomal fractions
as well as the soluble and membrane subfractions
were subjected to phospholipid extraction according
to the combined procedures of Shukla et al. [38]
and Billah and Lapetina [39]. Briefly, subcellular
fractions (2.4 ml) were mixed with (i) 6 ml methanol-
HCI (50:1); (ii) 6 ml chloroform; and (iii) 3 ml of
2M KCl containing 5mM EDTA and samples were
vortexed intermittently for 15min at room tem-
perature. The suspension was briefly centrifuged to
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separate two phases. The upper phase was discarded
and the lower phase plus interfacial material was
washed successively with 0.25ml of 1 N HCI and
3 ml of chloroform-methanol-1 N HCI (3:48:47, by
vol.). The two phases were again separated, and the
upper phase and interfacial material was discarded.
The lower phase was washed three times with 2.5 ml
of 50 mM CaCl,-methanol-chloroform (47:48:3),
and the chloroform phase was dried under N, and
used for phospholipid analysis.

Phospholipid analysis. Phospholipids were sep-
arated by two-dimensional thin-layer chromato-
graphy on silica gel (Redi-Coat T-2D). Plates
were activated for 1hr at 110°. Development in
the first dimension was with chloroform—methanol-
ammonia (65:25:4, by vol.) and in the second
dimension with chloroform-methanol-acetic acid—
water (30:40:10:5, by vol.) Polyphosphoinositides
were separated on silica gel H thin-layer plates
impregnated with potassium oxalate [40] using
chloroform-acetone-methanol-acetic ~ acid-water
(40:15:13:12:8, by vol.) as solvent system. For 32P-
quantitation, separated phospholipids were vis-
ualized with iodine vapor prior to scraping. Iden-
tification was achieved by comparison with authentic
standards Radioactivity associated with phospholipid
spots was determined in 5ml Beta Max using a
Beckman LS 9000 liquid scintillation spectrometer.

Analytical methods. Protein concentrations were
determined by a modified procedure of Lowry et
al. [41] as described by Markwell et al. [42]. For
phosphorus estimation, the silica gel from the specific
lipid areas was digested with 70% perchloric acid,
and the resulting inorganic phosphate was measured
by the method of Bartlett [43].

Chemicals and reagents. Carrier-free [3?PJortho-
phosphate in 0.02 N HC! was obtained from Amer-
sham. Phosphatidylinositol-4-monophosphate and
phosphatidylinositol-4,5-bisphosphate  were pur-
chased from the Sigma Chemical Co. Other
phospholipid standards and Redi-Coat T-2D thin-
layer plates were supplied by Supulco. Precoated
silica gel plates were products of E. Merck. All other
reagents used were of analytical grade.

RESULTS

Distribution of phospholipid-associated 3?P-radio-
activity in cellular membrane fractions

The total amount of 2P incorporated into
phospholipids was assessed by measuring chloroform
extractable radioactivity in samples of whole liver
homogenate. All the phospholipids appeared to be
labeled to near steady-state by 10-12 hr after the first
{*?P]orthophosphate treatment. The results in Table
1 show the relative incorporation of [*?*Plortho-
phosphate into the various microsomal and Golgi
fractions at these steady-state levels. When the radio-
activity is expressed per gram tissue, it appears that
the various microsomal fractions incorporate thirty
to forty times the [*2Pjorthophosphate of the Golgi
fractions. However, when corrected for protein con-
tent, Golgi fractions exhibit higher specific activity
than do the microsomal fractions. In general, GF .,
fractions incorporated more radioactivity than GF,
fractions. Also, as previously shown by Howell and
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Table 1. Distribution of phospholipid-associated *?P-radioactivity in hepatic microsomal and Golgi

fractions*
32p_Radioactivity
dpm x 1073/g tissue % dpm X 107*/mg protein
(A) Microsomes
Total fraction 2116.0 130
Membrane subfraction 1850.0 93 157
Soluble subfraction 167.0 7 44
Recovery (%) (96)
(B) Golgi GF,
Total fraction 48.0 199
Membrane subfraction 40.2 92 255
Soluble subfraction 3.6 8 58
Recovery (%) 1)
(9] Golgi GF,,
Total fraction 60.2 274
Membrane subfraction 49.8 89 379
Soluble subfraction 6.4 11 79
Recovery (%) (93)

* Total, membrane and soluble subfractions from microsomes and Golgi fractions were extracted
and quantitated for phospholipid-associated radioactivity as described under Experimental Procedures.
The results are the mean of three separate experiments.

Palade [37], the major amount of radioactivity (89-
93%) was associated with the membrane portion
(membrane subfraction) of each sample. Given these
findings, data in subsequent tables are restricted to
membrane subfractions only and are corrected for
the protein content of the sample.

Effects of antimicrotubule drugs on phospholipid-
associated 32p_radioactivity in membrane
subfractions

In vivo treatment (4 hr) with colchicine (2.5 mg/
kg body wt) and vinblastine (20 mg/kg body wt) did
not affect total hepatic phospholipid labeling with
[*?P]orthophosphate, i.e. under steady-state labeling
conditions with [3?PJorthophosphate, phospholipids
obtained from liver homogenate of control, col-
chicine-treated and vinblastine-treated animals
showed 1.53, 1.486 and 1.61 dpm x 1077 g tissue
respectively. However, when phospholipids of
microsomes or GF, ., and GF; fractions were meas-
ured separately, it became clear that totally less 32P-
radioactivity was associated with phospholipids of

the hepatic fractions from the drug-treated animals
than from the control rats (Table 2). In general, the
reduction in radioactivity of the fractions was small
(25-35% of control values) but the reduction was
consistently seen in all the membranes fractions iso-
lated, regardless of which antimicrotubule drug was
used.

Table 3 shows the effect of colchicine or vinblastine
on [*?Plorthophosphate incorporation into indi-
vidual phospholipids of the microsomal submem-
brane fractions. In control animals, the phospho-
lipids most readily labeled by injecting [32P]
orthophosphate were phosphatidylcholine and
phosphatidylethanolamine.  Phosphatidylinositol-
4-monophosphate, phosphatidylserine, phospha-
tidylinositol, lysophatidylcholine and sphingomye-
lins also incorporated appreciable amounts of
radioactivity. Treatment of animals with colchicine
or vinblastine caused a marked increase in the
radioactivity  of  phosphatidylinositol-4-mono-
phosphate, phosphatidylinositol-4,5-bisphosphate,
sphingomyelins and lysophosphatidyicholine and a

Table 2. Distribution of phospholipid-associated *?P-radioactivity in hepatic microsomal and Golgi
membrane subfractions from control, colchicine- and vinblastine-treated animals*

32p-Radioactivity (dpm x 1073/mg membrane protein)

Colchicine Vinblastine
Control (2.5 mg/kg body wt) (20 mg/kg body wt)
(A) Microsomes 157 120 135
(B)  Golgi GF, 255 195 216
(C)  Golgi GF,., 379 281 252

* Experimental details were the same as described under Table 1.
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Table 3. Effects of antimicrotubule drugs on [*?]orthophosphate incorporation into phospholipids
of hepatic microsomal fraction

32p-Radioactivity (dpm x 1073/mg membrane protein)

Phospholipid class Control Colchicinet Vinblastinet
Phosphatidylinositol-4-

monophosphate 3.30 £ 0.40 9.80 = 0.60 7.3
Phosphatidylinositol-4,5-

bisphosphate 0.35+0.03 0.96 £ 0.10 1.1
Phosphatidic acid 0.50 = 0.04 0.50 £ 0.08 0.7
Phosphatidylserine 3.09 = 0.20 2.70 £ 0.50 33
Phosphatidylinositol 7.60 = 0.30 4.60 = 0.40 6.2
Sphingomyelins 4.20 = 0.50 8.10 = 0.60 7.5
Lysophosphatidylcholine 3.50 £0.50 6.00 = 0.50 7.0
Phosphatidylcholine 76.00 = 3.20 46.90 * 2.80 56.4
Phosphatidylethanolamine 24.00 = 1.70 9.30 £0.70 13.6
Diphosphatidylglycerol 0.50 £ 0.06 0.40 = 0.05 0.4

* Results from control and colchicine-treated animals represent mean (*S.E.M.) of four
experiments; results from vinblastine-treated animals represent the mean of two experiments.
t Animals were treated for 4 hr with colchicine (2.5 mg/kg body wt) or vinblastine sulfate

(20 mg/kg body wt).

decrease in phosphatidylinositol, phosphatidylcho-
line and phosphatidylethanolamine. Antimicro-
tubule agents produced no significant changes in
phosphatidic acid, phosphatidylserine or diphos-
phatidylglycerol.

In GF,; fractions (Table 4), the most radioactive
phospholipid was again phosphatidylcholine fol-
lowed by phosphatidylethanolamine. However, in
this fraction, sphingomyelins were six times more
heavily labeled than it was in the microsomal fraction
(see Table 3). Considerable radioactivity was also
observed in other phospholipids, though phos-
phatidylinositol-4,5-bisphosphate was less labeled
than in the microsomal fraction. Treatment of
animals with colchicine or vinblastine caused an
increase in labeling of phosphatidylinositol-4-mon-
ophosphate, phosphatidylinositol-4,5-bisphosphate
and a decrease in the labeling of phosphatidyicholine
and phosphatidylethanolamine. No changes
occurred in the radioactivity of any other phospho-

lipids including lysophatidylcholine or sphingo-
myelins.

Results presented in Table 5 show the labeling
pattern of phospholipids in GF,., fractions from
control, colchicine- and vinblastine-treated animals.
Again, the phospholipid most readily labeled by in
vivo [**P]orthophosphate administration was phos-
phatidylcholine. Phosphatidylethanolamine and
sphingomyelins also exhibited considerable radio-
activity. The labeling pattern of phosphatidylserine,
phosphatidylinositol, lysophosphatidycholine and
phosphatidylinositol-4-monophosphate was similar
to that of the GF; fraction. As before, administration
of antimicrotubule agents resulted in a significant
increase in labeling of phosphatidylinositol-4-
monophosphate  and  phosphatidylinositol-4,5-
bisphosphate, and a decrease in radioactivity associ-
ated with phosphatidylcholine and phosphatidyl-
ethanolamine. In contrast to the results in the other
fractions, both colchicine and vinblastine caused an

Table 4. Effects of antimicrotubule drugs on [*2Plorthophosphate incorporation into phospholipids
of hepatic Golgi GF; fraction

32p_Radioactivity* (dpm X 10~3/mg membrane protein)

Phospholipid class Control Colchicine Vinblastine
Phosphatidylinositol-4-

monophosphate 3.80 = 0.60 9.3+1.30 6.00
Phosphatidylinositol-4,5-

bisphosphate 0.15x0.04 0.5 £0.06 0.50
Phosphatidic acid 0.40 £ 0.04 0.5 = 0.06 0.60
Phosphatidylserine 7.40 = 0.40 6.9 £0.60 6.00
Phosphatidylinositol 8.40 £ 0.30 6.9+0.10 6.10
Sphingomyelins 25.80 = 3.10 25.1+2.40 25.40
Lysophosphatidylcholine 7.80 = 1.40 7.3£0.60 7.90
Phosphatidylcholine 95.00 £ 5.20 66.2 + 6.30 72.50
Phosphatidylethanolamine 30.00 = 1.70 21.7 £2.30 22.50
Diphosphatidylglycerol 0.50 =0.03 0.3+0.03 0.34

* Experimental details are as in Table 3.



Antimicrotubule drugs and phospholipid metabolism

3157

Table 5. Effects of antimicrotubule agents on [**P]orthophosphate incorporation into phospholipids
of hepatic Golgi (GF,.,) fraction

32p.Radioactivity* (dpm X 10~3/mg membrane protein)

Phospholipid class Control Colchicine Vinblastine
Phosphatidylinositol-4-

monophosphate 9.90 + 0.70 19.50 + 2.30 12.20
Phosphatidylinositol-4,5-

bisphosphate 0.21 £ 0.04 0.48 = 0.05 0.35
Phosphatidic acid 0.27 £0.03 0.28 = 0.04 0.34
Phosphatidylserine 7.90 £ 0.30 5.90 = 0.90 5.30
Phosphatidylinositol 11.10 = 0.80 8.90 = 0.80 8.30
Sphingomyelins 37.70 £ 0.70 22.80 £ 1.50 22.60
Lysophosphatidylcholine 15.90 = 1.30 11.30 = 1.10 11.70
Phosphatidylcholine 163.00 + 6.40 121.00 £ 2.40 103.00
Phosphatidylethanolamine 43.00 = 1.60 28.50 = 8.10 25.30
Diphosphatidylglycerol 0.50 = 0.06 0.50 = 0.04 0.60

* Experimental details are as in Table 3.

actual decrease in two additional phospholipids
(sphingomyelins and lysophosphatidylcholine) in the
GF, ., fractions.

Table 6 summarizes the various effects of the
antimicrotubule drugs on the labeling pattern of
phospholipids in the various fractions studied; for
simplicity, only the effects of colchicine are illus-
trated. Colchicine treatment specifically increased
labeling of phosphatidylinositol-4-monophosphate
and phosphatidylinositol-4,5-bisphosphate  and
decreased the radioactivity associated with phos-
phatidylcholine, phosphatidylethanolamine and
phosphatidylinositol in all fractions examined. In
contrast, colchicine produced a differential effect on
the labeling pattern of sphingomyelins and lyso-
phosphatidylcholine in Golgi (GF;.,), Golgi GF;
and microsomal membrane subfractions, i.e. it
stimulated 3?P-labeling in microsomes, produced no
changes in GF;, and markedly decreased radio-
activity in GF,,, fractions. The turnover of other
phospholipids was not affected significantly by
colchicine.

As a corollary to these observations, it should be
noted that essentially no microtubules were visible
in hepatocytes of the colchicine-treated animals
although the microtubule content of hepatocytes

from control animals was similar to that found pre-
viously (0.03% of cytoplasm) in our laboratory [30].

DISCUSSION

The present study indicates that treatment with
colchicine and vinblastine sulfate in vivo caused
specific, rapid and, in some cases, dramatic changes
in phospholipid turnover in different fractions of
rat liver. Several points are of interest. First, the
phospholipid changes observed in the microsomal
and/or Golgi fractions (of antimicrotubule drug-tre-
ated rats) were not apparent when total liver hom-
ogenate of the same animals was examined. This
suggests that the drug-induced phospholipid changes
were present in only certain membranes (possibly
those that represented only a small percentage of
total hepatic membranes) and that the effects were
diluted beyond the point of recognition when the
phospholipids of whole cells were measured.

Second, the results show that, within any given cell
fraction, it was primarily the membranes themselves,
and not the soluble content of the membrane
vesicles, which showed the drug-induced changes.
This is recognized when one realizes that the soluble

Table 6. Summary of colchicine effect on [*2PJorthophosphate labeling of phospholipids in hepatic
membranes*®

% of Control

Phospholipid class Microsomes Golgi GF; Golgi GF, .,
Phosphatidylinositol-4-monophosphate 274 333 229
Phosphatidylinositol-4,5-bisphosphate 297 245 197
Lysophosphatidylcholine 171 92 71
Sphingomyelins 193 100 60
Phosphatidylinositol 61 82 80
Phosphatidylcholine 62 69 74
Phosphatidylethanolamine 39 73 67

* Data were computed from Tables 3 to 5.
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portions of the fractions represented 7-11% of the
total fraction phospholipids (Table 1) [37], while in
some instances (i.e. in phosphoinositide metabolism)
the observed changes in specific phospholipids repre-
sented two to three times control levels (Table 6).

The third point of interest is that antimicrotubule
drugs produced a general decline in membrane-
associated phospholipid radioactivity in all the frac-
tions measured, whereas individual phospholipids
within that group showed strikingly different
patterns. For example, the polyphosphoinositides
were equally increased in all three subcellular frac-
tions, while phosphatidylinositol itself was decreased
in the same three fractions; this occurred while the
accumulation of still another phospholipid, lyso-
phosphatidylcholine, increased in one fraction
(microsomes) and decreased in another (Golgi
GF; 1)

Although these measurements tell us that these
antimicrotubule drugs induced a variety of changes
in membrane phospholipids, they do not explain the
mechanism by which these changes occur. We do
not yet know whether the drugs directly affected the
membranes of a given region of the cells (altering
biosynthesis or degradation of membrane phospho-
lipids) or whether the drugs altered the movement
of membranes from one region of the cell to another.
Indeed, in the current experiments, there are sug-
gestions that both events occurred. For example,
Table 6 indicates that lysophosphatidylcholine
showed increased labeling in microsomes, identical
labeling in Golgi GF; fractions, but diminished label-
ing in GF, ., fractions, respectively, as compared to
similar fractions from control animals. Insofar as
biosynthesis of membranes containing lysophospha-
tidylcholine is thought to occur in the endoplasmic
reticulum [32], increased or decreased biosynthesis
(associated with normal membrane movement)
probably would have resulted in similar levels of
increased or decreased labeling in all the examined
fractions. The fact that the increased labeling
occurred only in the first compartment (representing
the endoplasmic reticulum) and declined stepwise in
fractions representing cell compartments into which
the endoplasmic reticulum membranes normally flow
[44] suggests that the membranes of the drug-treated
rats did not move normally into the secondary
compartments. The fact that labeling of
phosphatidylcholine (the parent compound of lyso-
phatidylcholine) was itself decreased in the micro-
somal fraction suggests that phosphatidylcholine
continued to be converted to the lysophospha-
tidylcholine form (the movement of which was
inhibited) but  that the  synthesis  of
phosphatidylcholine itself was probably diminished
(or its degradation enhanced) by the use of anti-
microtubule drugs. In general, the data with all the
various phospholipids measured in this report are
consistent with the view that antimicrotubule agents
restrict the incorporation of crucial precursor
phospholipids into forming membranes, but that
once the phospholipids are formed their conversion
to other metabolic forms is normal. At the same
time, the drugs appear to retard the flow of certain
membrane-associated phospholipids from one cellu-
lar compartment to another.
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Finally, there is the issue of whether the anti-
microtubule drugs produce these multiple changes
in membrane phospholipids through direct action on
the membranes or through some secondary action of
microtubule protein. Although we cannot answer
this question, we are mindful of the fact that in
this study two structurally different antimicrotubule
drugs were used (which have in common only their
abilities to bind to microtubule protein [45]) and, in
every respect, both drugs produced precisely the
same membrane phospholipid changes. Whether
these results have anything to do with the fact that
microtubule proteins, under in vitro conditions, bind
avidly to certain phospholipids in hepatic microsomal
and Golgi membranes [46] remains to be seen.
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