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SUMMARY

The colchicine analogue 2-methoxy-54(2',3’,4’-trimethoxy-
phenyl)-2,4,6-cycloheptatrien-1-one (MTC) was found to inhibit
concanavalin A- and formyl-methionyl-leucyl-phenylalanine-stim-
ulated human neutrophil degranulation and to depolymerize the
microtubule network at low concentrations. The inhibitory capac-
ity of MTC for neutrophil degranulation was similar to that of
nocodazole and taxol. The mechanistically distinct actions of
these three drugs on microtubules support the notion that micro-
tubules are required for neutrophil enzyme release in response
to different stimuli. MTC affected both degranulation and micro-
tubule integrity rapidly and reversibly, after only a 5-min prein-
cubation. At these short periods of incubation, colchicine irre-
versibly affected neutrophil degranulation only at concentrations

in the millimolar range and behaved similarly to its microtubule-
inactive analogue lumicolchicine. At longer times of incubation
(30-60 min), low concentrations of both MTC and colchicine
induced a drastic shortening and depolymerization of microtu-
bules, preserving the microtubule-organizing center, but only
MTC was able to completely inhibit the secretory response of
neutrophils. These results suggest that the colchicine effect on
neutrophil degranulation is not specifically mediated by its action
on the microtubule network of these cells. In contrast, the specific
and reversible effects of the colchicine analogue MTC suggest
that it may be a useful agent with which to study the role of
microtubules in this cellular function.

Central to the function of neutrophils are the substances
that are stored in the cytoplasmic granules. Two main types of
granules (azurophilic and specific granules), differing in size,
mass, and biochemical composition, have been identified in
human neutrophils (1). Recent evidence reveals the presence
in human neutrophils of an additional third population of
intracellular granules, not yet well characterized (2, 3). Upon
cell activation, there is a sequential and highly regulated move-
ment of these intracellular organelles towards the plasma mem-
brane or the endocytic vacuole (4). Fusion of the intracellular
granules with the cell surface (secretion) or with the endocytic
vacuole (phagocytosis) is essential for the inflammatory and
microbicidal actions of human neutrophils. However, the mo-
lecular mechanisms underlying these membrane fusion proc-
esses remain to be elucidated.

Microtubules are considered to be of pivotal importance in
stabilizing cellular shape and in controlling cellular motility
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and intracellular granule flow (5-9). However, the precise re-
lationship between microtubules and neutrophil degranulation
remains unclear. This is due, in part, to the uncertain specificity
of the cytoskeleton inhibitors used in most studies. Colchicine
has been widely reported to inhibit enzyme release in human
neutrophils stimulated by several particulate or soluble stimuli
(10-12), but it also has been found to be ineffective in inhibiting
secretion induced by the calcium ionophore A23187 (13). The
reported inhibitory effect of colchicine on degranulation may
be attributed to effects other than microtubule disruption,
because the concentration of this agent required for inhibition
of enzyme release was substantially greater than that usually
needed for disruption of microtubules. Furthermore, the ab-
sence of microtubule-inactive analogue controls, such as lumi-
colchicine, in these studies precluded a conclusive statement.
Also, it has been shown that microtubule assembly can be
partially dissociated from granule enzyme secretion by appro-
priate pharmacological manipulation, suggesting a role for
other cytoskeletal elements (14).

In the present paper, we have studied the effect of colchicine
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Fig. 1. Structures of colchicine, lumicolchine, MTC, and MTPC.

and MTC, a newly employed bicyclic colchicine analogue (15),
on human neutrophil degranulation and on the microtubule
network of these cells studied by indirect immunofluorescence.
Fig. 1 shows the structure of these compounds. MTC is a
microtubule inhibitor missing the middle ring of colchicine
(15). This compound contains the two essential parts of col-
chicine that are required for binding to the tubulin site (16),
namely the trimethoxyphenyl and the tropolone methyl ether
rings of the colchicine molecule. The crystal conformation of
MTC is similar to that of colchicine (17). MTC binds rapidly
and reversibly to the high affinity colchicine binding site of the
tubulin molecule and inhibits microtubule assembly in vitro
substoichiometrically (18-20). We have compared the effects
of MTC on neutrophil degranulation with those exerted by
other microtubule-affecting compounds, by immunofluores-
cence and biochemical experiments. Appropriate control exper-
iments were carried out with the microtubule-inactive ana-
logues of colchicine and MTC, lumicolchicine and MTPC,
respectively (Fig. 1). When colchicine is irradiated with long
wavelength UV light, it is converted into a mixture of the
steroisomers 8- and y-lumicolchicine (21). Colchicine and lum-
icolchicine are structurally similar (see Fig. 1) and both agents
interact with the plasma membrane to inhibit the transport of
nucleosides to the same degree, whereas lumicolchicine does
not disrupt microtubules (22, 23). The compound MTPC binds
weakly to tubulin and affects microtubule assembly only at
high concentrations, and it can be considered as a conforma-
tionally inactive analogue of MTC (18).

Materials and Methods

Drugs. Stock solutions of 0.1 M MTC (kindly provided by Dr. T. J.
Fitzgerald, Florida A & M University) (15), 0.1 M MTPC (kindly
provided by Dr. M. Gorbunoff, Brandeis University) (18), 0.01 M
nocodazole (Sigma, St. Louis, MO), and 0.01 M taxol (kindly provided
by Dr. M. Suffness, National Cancer Institute, National Institutes of
Health) in DMSO were used in these experiments and were stored at
—20°. Stock solutions of 0.1 M colchicine (Aldrich Chemical Co.,

Steinheim FRG) and 0.1 M lumicolchicine in H,O were stored at —20°.
Lumicolchicine was prepared by long wavelength UV irradiation of
colchicine (21). The reaction was followed spectrophotometrically and
continued for eight half-lives and the product contained no detectable
colchicine by thin layer chromatography. For cell treatments, the
various drugs were diluted in HEPES buffer (150 mM NaCl, 5 mM
KOH, 10 mm HEPES, 1.2 mM MgCl;, and 1.3 mM CaCl,, 5.5 mM
glucose, pH 7.5) to the final concentrations indicated in the respective
legends to the figures. DMSO did not affect the assays at the concen-
trations used (less than 1%).

Isolation of neutrophils. Neutrophils were obtained from fresh
human peripheral blood as described (24), with slight modification of
the procedure. Leukocyte suspensions were prepared after sedimenta-
tion of erythrocytes in 1.3% dextran (Sigma) at room temperature. The
leukocyte-rich supernate was centrifuged at 300 X g for 10 min and the
pellet was gently resuspended in 20 ml of phosphate-buffered saline
solution, loaded onto a layer of 20 ml of Lymphoprep (Nyegaard, Oslo,
Norway), and centrifuged at 400 X g for 40 min at room temperature
to separate mononuclear cells from granulocytes. The neutrophil-en-
riched pellet was resuspended in 8 ml of phosphate-buffered saline and
contaminating erythrocytes were hypotonically lysed by addition of 24
ml of distilled water for about 30 sec. Isotonicity was then immediately
restored by addition of 8 ml of 3.6% (w/v) NaCl and neutrophils were
pelleted by centrifugation at 300 X g for 10 min. The lysis/wash step
was repeated, if necessary, to get a final neutrophil suspension that
was free of erythrocytes. The final cell preparation contained more
than 98% neutrophils, as assessed by Giemsa-Wright stain. Cell via-
bility was evaluated by trypan blue dye exclusion and was always higher
than 98%.

Granule enzyme release. Aliquots (1 ml) of freshly isolated neu-
trophils (10 x 10°), resuspended in HEPES buffer, were preincubated
with 5 pg/ml cytochalasin B (Sigma) for 5 min at 37°, to optimize
enzyme release by ‘reverse endocytosis’ (25, 26), in the presence and
absence of microtubule-active drugs. Cells were then incubated at 37°
for an additional 5 min in either the absence (control) or the presence
of various stimuli shown in the respective figures. Incubations were
terminated by centrifugation for 10 min at 300 X g at 4°. The cellular
supernatants were assayed for the granule enzyme markers $-glucuron-
idase (azurophilic granules) and lysozyme (specific and azurophilic
granules), as well as for the cytosolic enzyme lactate dehydrogenase, as
previously described (3). Lysozyme is localized both in specific (about
two thirds of the total cell lysozyme) and in azurophilic (about one
third of the total cell lysozyme) granules (27) but it can be used as a
reliable marker to indicate release of specific granule contents when it
is assayed in parallel with a specific marker for azurophilic granules,
such as 8-glucuronidase. In order to preferentially stimulate the secre-
tion of the specific granules, we used 100 ug/ml Con A (28). To
stimulate both azurophilic and specific granules, we used 10~7 M FMLP
(29). The total enzyme content of these cells was measured in aliquots
after cellular disruption by addition of 0.2% (v/v) Triton X-100. The
nontoxicity of the agents was confirmed by the trypan blue exclusion
test, which showed over 96% viability of the cells in the presence of
the drugs under the experimental conditions used. Also, determinations
of lactate dehydrogenase in all the experiments resulted in less than
6% enzyme release to the extracellular medium, indicating good cell
viability. Enzyme release is expressed, unless otherwise indicated, as
percentage of the enzyme activity released by the stimulated cells in
the absence of any microtubule-active agent.

For recovery experiments, cells were preincubated in the presence of
the MTC or colchicine for 5 min at 37°, as described above, followed
by removal of the microtubule-active drugs and three washes in HEPES
buffer. Cells were then stimulated as indicated in the respective table
and compared with the stimulation of untreated cells.

Unless otherwise indicated, the results given are the mean (+ stand-
ard error) of the number of experiments indicated.

Immunofluorescence. Neutrophils were treated with several mi-
crotubule-active drugs, as described above, and were subsequently
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examined by immunofluorescence after the cells were diluted from 107
cells/ml to 2 X 10° cells/ml in HEPES buffer, in the presence of the
drugs employed. One hundred microliters of the cell suspension were
allowed to attach to 9 X 9 mm glass coverslips for 5 min at 37°. The
various drug treatments employed did not significantly modify neutro-
phil adhesion to the glass. Coverslips were washed eight times in PEM
(100 mM PIPES, 1 mMm EGTA, 2 mMm MgCl,, pH 6.8) containing 4%
(w/v) polyethyleneglycol 8000 and were incubated for 90 sec with PEM
containing 0.5% (w/v) Triton X-100 to permeabilize the cells. After
extensive rinsing (eight times) with PEM containing 4% (w/v) poly-
ethylene glycol, cells were fixed with 3.7% formaldehyde in PEM
containing 1% DMSO, for 30 min at room temperature, and were
finally washed in phosphate-buffered saline (30). Then, the coverslips
were incubated for 60 min at 37° in a humidified Petri dish with
antitubulin antibodies. The antibodies used in this study were mouse
monoclonal anti-a and anti-g tubulin antibodies (Amersham, Buck-
inghamshire, UK) that were diluted 1:400 in phosphate-buffered saline
or rabbit polyclonal antibodies raised against tubulin synthetic peptides
(31) that were diluted 1:50. After being washed twice with phosphate-
buffered saline (10 min each wash) with gentle shaking, the coverslips
were incubated for 45 min with fluorescein-labeled goat anti-mouse
antibodies (Amersham) or fluorescein-labeled goat anti-rabbit antibod-
ies (Behring, FRG) that were diluted 1:20 in phosphate-buffered saline,
washed twice with phosphate-buffered saline (10 min each wash),
mounted with 90% glycerol antifading solution (32), and stored in the
dark at —20° until observation.

For assays of the microtubular network recovery, neutrophils were
allowed to attach to the coverslips as described above, in the presence
of the microtubule-active drugs, and then they were rinsed with HEPES
buffer in the absence of any drug, incubated for the time indicated in
the same buffer, and subsequently fixed and processed for immunoflu-
orescence as described above.

The coverslips were examined with a Zeiss microscope equipped with
epifluorescence illumination, using a Zeiss Planapochromatic 63X oil-
immersion objective. Pictures were taken on Kodak Tri-X film. Nega-
tive controls were routinely prepared by omitting the first antibody.
These latter typically showed a weak granular fluorescence but no
filamentous structures.

Results

Effect of MTC and colchicine on neutrophil degranu-
lation. We have measured the release of specific and azuro-
philic granule contents in cytochalasin B-treated human neu-
trophils. We have employed cytochalasin B-treated cells in
order to be able to monitor extracellularly (after fusion of
cytoplasmic granules with plasma membrane) the processes
that ordinarily occur intracellularly (fusion of cytoplasmic
granules with endocytic vacuoles) and to obtain a higher secre-
tory response upon cell stimulation. Cytochalasin B interferes
with the function of cytoplasmic microfilaments, inhibiting the
ingestion of particles, facilitating the fusion of intracellular
granules with the cell surface (26), and affecting the down-
regulation of receptor activity by inhibiting receptor-cytoskel-
eton interaction (33). Figs. 2 and 3 show that both colchicine
and its analogue MTC inhibit the enzyme release upon neutro-
phil stimulation by 10~7 M FMLP, in a concentration-depend-
ent fashion. FMLP is a complete secretagogue, inducing the
discharge of both specific and azurophilic granules (29). The
inhibition of lysozyme release suggested an effect on the mo-
bilization of specific granules. To check this, we stimulated
neutrophils with 100 ug/ml Con A, which induces the discharge
only of specific granules in neutrophils (28) and did not induce
B-glucuronidase release under our conditions. Fig. 4 shows that
both colchicine and its analogue MTC inhibit degranulation of
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Fig. 2. Effect of different microtubule-active agents on degranulation of
specific granules in cytochalasin B-treated human neutrophils stimulated
by FMLP. Neutrophils (10 x 10°) were incubated at 37° for 5 min with
cytochalasin B (5 ug/ml), in the presence and in the absence of the
compounds listed below. Then, cells were incubated at 37° for an
additional 5 min in either the or absence of 107 m FMLP as
stimulus. Subsequently, cells were pelleted by centrifugation and lyso-
zyme was assayed in the supemnatants. Percentage of control enzyme
release is plotted as a function of MTC (@), MTPC (O), N-acetyimescaline
(A), tropolone methyl ether (A), coichicine (M), and lumicolchicine ([OJ)
concentrations. Mean values + standard errors of at least five independ-
ent experiments are represented. Control cells preincubated with cyto-
chalasin B, but in the absence of any microtubule-disrupting drug,
released 36.3 + 4.0% of the total cellular lysozyme activity when acti-
vated with 1077 m FMLP, representing 100% of enzyme release. In the
absence of stimulus, 9.8 + 1.2% of the total cellular lysozyme activity
was released, representing 27.0% of control enzyme release (dashed
line).

specific granules. After only a 5-min preincubation with cells,
MTC was able to inhibit enzyme release from both types of
granules at low concentrations, whereas colchicine was only
effective at the millimolar range. As shown in Table 1, MTC
was 20 to 100 times more effective than colchicine. Interest-
ingly, azurophilic granule release was consistently more sensi-
tive to MTC than specific granule release, by approximately 1
order of magnitude (Table 1).

Control experiments with the inactive analogues of colchicine
and MTC, lumicolchicine and MTPC, respectively, are shown
in Figs. 2 and 3. The parallel effects displayed by colchicine
and lumicolchicine indicate that inhibition of neutrophil de-
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Fig. 3. Effect of different microtubule-active agents on degranulation of
azurophilic granules in cytochalasin B-treated human neutrophils stimu-
lated by FMLP. Neutrophils (10 x 10°) were incubated at 37° for 5 min
with cytochalasin B (5 ug/ml) in the presence and in the absence of the
compounds listed below. Then, cells were incubated at 37° for an
additional 5 min in either the presence or absence of 1077 M FMLP as
stimulus. Subsequently, cells were pelleted by centrifugation and -
glucuronidase was assayed in the superatants. Percentage of control
enzyme release is plotted as a function of MTC (@), MTPC (O), N-
acetylmescaline (A), tropolone methyl ether (A), colchicine (M), and
lumicolchicine ((J) concentrations. Mean values + standard errors of at
least five independent experiments are represented. Control cells prein-
cubated with cytochalasin B, but in the absence of any microtubule-
disrupting drug, released 22.1 + 1.9% of the total cellular 8-glucuronidase
activity when activated by 10~7 m FMLP, representing 100% of enzyme
release. In the absence of stimulus, 3.8 + 0.6% of the total cellular
enzyme activity was released, representing 17.2% of control enzyme
release (dashed line).

granulation by colchicine is not due only to microtubule dis-
ruption but also to another effect exerted by colchicine in the
cell. In contrast, MTPC was only partially active in inhibiting
neutrophil degranulation at concentration higher than 107 M,
whereas MTC was effective even at 10~7 M. This suggests that
inhibition of granule enzyme release in human neutrophils by
low concentrations of MTC could be due to its direct action
inhibiting tubulin polymerization. Interestingly, analogues of
the two tubulin-binding parts of the MTC and colchicine
molecule, namely tropolone methyl ether and N-acetylmesca-
line, were able to partially inhibit the enzyme granule release
(Figs. 2 and 3), although at relatively high concentrations.
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Fig. 4. Effect of colchicine and MTC on degranulation of specific granules
in cytochalasin B-treated human neutrophils stimulated by Con A. Neu-
trophils (10 x 10°) were incubated at 37° for 5 min with cytochalasin B
(5 wg/ml)in the presence and in the absence of the microtubule-disrupting
drugs. Then, cells were incubated at 37° for an additional 5 min in either
the presence or absence of 100 ng/ml Con A as stimulus. Subsequently,
cells were pelleted by centrifugation and lysozyme was assayed in the
supernatants. Percentage of control enzyme release is plotted as a
function of colchicine (ll) and MTC (@) concentrations. Mean values +
standard errors of at least four independent experiments are represented.
In the absence of any inhibitor (control) 29.6 + 2.3% of the total cellular
lysozyme activity was released by incubation of cells with Con A and
represents 100% of enzyme release. In the absence of stimulus, 7.5 +
0.5% of the total cellular lysozyme activity was released, representing
25.4% of control release (dashed line).

TABLE 1

Half-inhibitory MTC and colchicine concentrations for enzyme
granule release in human neutrophils

Half-inhibitory concentrations were calculated from lines drawn in Figs. 2, 3, and
4. Neutrophils (10 x 10°%) were incubated at 37° for 5 min with cytochalasin B (5
ug/mi) in the presence or absence (controls) of MTC or colchicine. Then, cells were
incubated at 37° for an additional 5 min in either the presence or absence of the
stimuli indicated.

Enzyme marker St MTC concentrationcolchicine concentration
M
Lysozyme Con A (100 ug/ml) 8 x 10°° 1.5x107°
Lysozyme FMLP (1077 m) 8x10°° 45x107°
B-Glucuronidase FMLP (1077 m) 1075 1073

MTC was also active at low concentrations in inhibiting
lysozyme release in neutrophils that were activated with the
particulate stimulus zymosan, in the absence of cytochalasin B
(results not shown).

Reversibility of the inhibitory effect of MTC on human
neutrophil degranulation. The effect of MTC upon release
of granule enzymes was completely reversible. Cells exposed to
MTC for 5 min at 37° and then washed three times with buffer
responded comparably to untreated cells, when subsequently
challenged with 10~7 M FMLP (Table 2). In contrast, the effect
of colchicine on granule enzyme release was poorly reversible
under the experimental conditions used.

Time-course of MTC and colchicine effects on neutro-
phil degranulation. In order to test whether the greater effect
of MTC, as compared with that of colchicine, could be due to
kinetic effects, we studied the time-course of granule release
inhibition by these two drugs at 10~® M. As can be seen in Fig.
5,107° M MTC totally inhibited enzyme release in cytochalasin
B-treated neutrophils that were stimulated by FMLP after a
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TABLE 2

Reversibility of the MTC and colchicine effects on human neutrophil degranulation upon FMLP stimulation
Neutrophils (10 x 10°%) were incubated at 37° for 5 min with cytochalasin B (5 xg/ml) in the presence or in the absence ("None”) of 10~ m MTC or 102 m colchicine.

Then, a portion of the cells were incubated at 37° for an additional 5 min in either the

or the absence (“without stimulation”) of 10~” m FMLP, and a portion of

the cells were washed three times with HEPES buffer and subsequently stimulated with 10~7 m FMLP as described above. Results are mean values + standard errors

of three independent experiments.

Lysozyme release B-Glucuronidase release
Drug Without After Without After
washing three washes washing three washes
%

None 100 100 100 100
MTC (107* m) 76.2 £ 3.1 1127 £ 438 28.1+33 108.7 £ 5.7
Colchicine (1072 m) 87.8+1.0 884 + 2.1 442 +28 63.0+5.8
Without stimulation 203+05 196+ 0.3 154 +£11 145+17
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Fig. 5. Time course of the effect of MTC and colchicine on enzyme
release from human neutrophils. Neutrophils (10 x 10%) were preincu-
bated with cytochalasin B (5 ug/ml) and with 10> M MTC (@), 10~5m
MTPC (O), 10~° m colchicine (M), or 10~° m lumicolchicine (OJ), at 37° for
the time indicated, and then exposed to 10~7 M FMLP for 5 min at 37°.
Enzyme activity released by the treated cells is shown as percentage of
the enzyme activity released by controls. Neutrophils preincubated with
cytochalasin B, but in the absence of any microtubule-disrupting drug,
for the time indicated and then stimulated with 10~7 M FMLP were used
as controls (100% enzyme release). Percentage of enzyme release was
calculated as follows: % = (% enzyme release from stimulated drug-
treated cells — % enzyme release from unstimulated cells/100 — %
enzyme release from unstimulated cells) x 100. Lysozyme and S-glucu-
ronidase release from controls were 36.3 and 22.1% (5 min), 40.5 and
20.2% (10 min), 44.3 and 35.2% (30 min), and 47.3 and 37.5% (60 min),
respectively, of the total cellular enzyme activity. Mean values + standard
errors of three independent experiments are represented.

o

30-min preincubation of the cells with the drug at 37°, whereas
1075 M colchicine produced only about 50% inhibition of the
degranulation process after a 60-min preincubation. Preincu-
bation with the respective inactive analogues, under identical
experimental conditions, did not affect degranulation appreci-
ably. The distinct degrees of enzyme release inhibition with
increasing preincubation times shown by MTC and colchicine
could reflect the different times required by both drugs to bind
to tubulin. The slow binding of colchicine to tubulin could
explain the increase of enzyme release inhibition at prolonged
preincubation times.

Comparison of MTC with other microtubule-active
agents on neutrophil enzyme release inhibition. Table 3
shows the comparative effects of MTC and other microtubule-
active drugs on the enzyme release from cytochalasin B-treated
FMLP-activated human neutrophils. MTC behaved similarly
to nocodazole, a structurally unrelated drug that inhibits mi-
crotubules (34), and to taxol, an alkaloid that binds specifically
to polymerized tubulin, leading to stabilization of existing
microtubules and formation of aberrant microtubule networks
(35, 36).

TABLE 3

Inhibition of enzyme release from cytochalasin B-treated human
neutrophils exposed to FMLP by MTC, in comparison with other
microtubule-active agents

c | Concentration of Enzyme release
inhibitor added” Lysozyme B-Glucuronidase
'] % of control
None 100.0 100.0
Nocodazole 1077 987+122 860+14
Nocodazole 1078 68.5 + 4.0 546+ 34
Nocodazole 107 56.3+ 105 495+3.8
Taxol 5x10°% 455+ 45 36.9 + 3.1
Taxol 10~ 239+39 24115
MTC 1077 87935 847 + 46
MTC 10°% 61421 425+ 3.2
MTC 107 52.1 + 3.1 36.1 + 3.3
Enzyme release”
Lysozyme B-Glucuronidase
% of total
Resting cells 98+1.2 3.8+06
Cells + 1077 m FMLP 36.3+4.0 221+1.9

* Neutrophils (10 % 10° were preincubated with cytochalasin B (5 ug/ml) and
the corresponding drug for 5 min at 37° and then exposed to 107 m FMLP for an
additional 5 min at 37°, as decribed in Materials and Methods.

® Enzyme activity is expressed as a percentage of total cellular activity deter-
mined by cell disruption by repeated freezing/thawing in the presence of 0.2%
Triton X-100. Results are mean values + standard errors of three independent
experiments.
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Effects of microtubule-active agents on the microtu-
bule network of human neutrophils studied by immu-
nofluorescence. The effects of MTC and other microtubule
inhibitors on neutrophil cytoplasmic microtubules were moni-
tored by indirect immunofluorescence in the presence and in
the absence of cytochalasin B (Figs. 6 and 7). Resting neutro-
phils showed a relatively homogeneous population of microtu-
bules, originating from a single MTOC. About 30 microtubules,
each approximately 5-8 um in length, can be counted in resting
cells (Figs. 6a, 7a, and 8a). Microtubules appear to extend
radially from the MTOC toward the plasma membrane, where
they terminate or bend sharply. After a 5-min preincubation
with 107> M MTC or colchicine a partial depolymerization of
microtubules could be observed (results not shown), indicating
that both drugs were able to get into the cells at this short
preincubation time. After a 30-min preincubation, MTC at 10~

Fig. 6. Effects of MTC and other microtubule inhibitors on the cytoplasmic
microtubule network in cytochalasin B-treated human neutrophils. Neu-
trophils were treated with the drug for 30 min at 37° in the presence of
cytochalasin B (5 ug/ml) and were stained with tubulin antibodies as
described in Materials and Methods. a, Untreated cells; b, cells after
treatment with 1075 m taxol; c, cells after treatment with 105 m MTC; d,
cells after treatment with 10~ M MTPC; e, cells after treatment with 10~°
M colchicine; f, cells after treatment with 10~ m lumicolchicine. Bar, 10
uM.

Fig. 7. Effects of MTC and other microtubule inhibitors on the cytoplasmic
microtubule network in human neutrophils. Neutrophils were treated with
drugs for 30 min at 37° in the absence of cytochalasin B and were
stained with tubulin antibodies as described in Materials and Methods.
a, Untreated cells; b, cells after treatment with 10~° m taxol; ¢, cells after
treatment with 10~5 M MTC; d, cells after treatment with 10~° M MTPC;
e, cells after treatment with 1075 m colchicine; f, cells after treatment with
10~° m lumicolchicine. Bar, 10 um.

M induced an almost total microtubule depolymerization, both
in cytochalasin B-treated (Fig. 6¢) and untreated (Fig. 7c)
human neutrophils, even though the MTOC and a few short
microtubules (1-3 um in length) radiating from it were still
visible. However, 10 M MTPC was unable to promote disas-
sembly of microtubules (Figs. 6d and 7d). Likewise, colchicine
at 10~° M and after a 30-min preincubation induced microtubule
disruption (Figs. 6e and 7e), whereas lumicolchicine at the same
concentration was ineffective (Figs. 6f and 7f). These results
broadly agree with the capacity of MTC and colchicine to
inhibit the degranulation process. Nevertheless, the results do
not explain the different capacities shown by MTC and colchi-
cine in inhibiting the secretory process in human neutrophils.
Unlike MTC, taxol induced an increase in tubulin polymeri-
zation (Figs. 6b and 7b), in agreement with the well known
effect of this drug on microtubule assembly (35), indicating
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Fig. 8. Reassembly of the microtubule network after removal of MTC
from the medium. Human neutrophils were treated with 10~5 m MTC for
30 min at 37° and, after removal of the drug for different times, the cells
were stained by immunofiuorescence as described in Materials and
Methods. a, Untreated cells; b, cells treated with 10~5 M MTC for 30 min;
¢, MTC-treated cells after removal of the drug for 2 min; d, MTC-treated
cells after removal of the drug for 5 min. Bar 10 um.

that functional microtubules are required for a normal secretory
response in human neutrophils.

On the other hand, it is noteworthy to observe that cyto-
chalasin B treatment induced profound alterations in cell mor-
phology (compare Figs. 6a and 7a). Cytochalasin B induced
rounded cells and a poor visualization of the microtubule net-
work, in agreement with the important role of the microfila-
ments in maintaining the cell shape (37, 38).

Reversibility of microtubule-affecting agents on the
microtubule network. As shown in Fig. 8, MTC showed a
clear-cut reversible effect on microtubule disruption. In MTC-
treated cells, a shortening of the microtubule length was ob-
served, maintaining a single MTOC. Regeneration of microtu-
bules was observed shortly after removal of MTC, being com-
plete after 5 min (Fig. 8d). Regeneration of individual micro-
tubules occurred via centrifugal elongation from the MTOC. In
contrast, colchicine behaved as a nonreversible microtubule-
affecting agent in this time scale (results not shown).

Discussion

Inhibition of neutrophil degranulation by MTC. The
present work describes the inhibitory effect of the colchicine
analogue MTC on enzyme release and microtubule polymeri-
zation in human neutrophils. In a comparative study, MTC
was more effective than colchicine in inhibiting cell degranu-
lation. We have found that high concentrations of colchicine
were needed to inhibit enzyme release when preincubated for
short periods of time with cells, and its microbule-inactive
analogue lumicolchicine affected the enzyme release in human

neutrophils to a similar extent. These results indicate that the
early colchicine effect on degranulation of isolated human
neutrophils is not microtubule specific. Only after prolonged
preincubation times (30 or 60 min) was a significantly higher
inhibitory effect of colchicine than lumicolchicine on cell de-
granulation observed. This would be consistent with the known
rapid human cell penetration but slow binding to tubulin of
colchicine that was shown by Taylor (39) in a classical study
in cultured human K.B. cells. In contrast, MTC behaved as a
very rapid and efficient compound in inhibiting granule release
and in disrupting microtubules, after only a 5-min incubation
with human neutrophils. The inhibitory capacity of MTC was
found to be similar to that of nocodazole and taxol. The similar
inhibitory capacity of different drugs affecting distinct aspects
of the assembly/disassembly of microtubules supports the no-
tion of the direct effect of MTC on microtubule disruption in
living cells. Analogues of the two tubulin-binding portions of
the MTC molecule are able to inhibit neutrophil degranulation,
albeit at much higher concentrations than MTC. This could be
explained by the presence of only one complementary portion
in each analogue molecule. This result suggests that both parts
of the MTC molecule and occupation of both binding subsites
in the tubulin molecule (16) are required for effective microtu-
bule disruption and enzyme release inhibition at low drug
concentrations.

Unlike colchicine, the action of MTC on enzyme release
inhibition and microtubule disruption was completely reversi-
ble. Recent evidence indicates that MTC is an effective and
reversible inhibitor of microtubules and cell growth in PtK2
cultured cells (40). It is noteworthy that microtubule assembly
inhibition of MTC in vitro is substoichiometric (18). This could
explain the low MTC concentration required to inhibit enzyme
release and cell growth.

Microtubules and neutrophil degranulation. The im-
munofluorescence technique let us study the MTC action on
the microtubule network of neutrophils. Neutrophils adhered
to glass exhibited approximately 30 microtubules/cell, originat-
ing from a single MTOC. However, we found striking altera-
tions of microtubule assembly as a result of drug treatment and
correlated these changes with drug inhibition of granule enzyme
release. These effects on the microtubule network correlated
well with the inhibitory action of MTC on enzyme release.
However, there is an apparent lack of correlation between the
strong effect of colchicine on microtubules and its weak effect
on degranulation. This has to be approached with caution,
because it involves the comparison of quantitative enzyme
release measurements with essentially qualitative immunoflu-
orescence observations, which were performed under conditions
as close as technically possible, but not identical, to the release
assays. Two hypothesis can be inferred from the results herein
reported: (a) an intact microtubule network is not needed for
degranulation, because colchicine is able to disrupt microtu-
bules without an appreciable effect on degranulation and (b)
degranulation is mediated by cytoplasmic microtubules. We
favor this latter option because (a) the effects of MTC and
MTPC on both the microtubule network and degranulation are
distinct; (b) microtubule depolymerization and enzyme release
inhibition induced by MTC are well correlated; (c) different
drugs acting on microtubules are able to inhibit degranulation.
In contrast, the effects of colchicine and lumicolchicine on
degranulation at short preincubation times are not microtubule
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specific. A possible explanation for the apparently contradic-
tory results obtained with colchicine at longer preincubation
times on both the microtubule network and degranulation could
be as follows: in 10 M colchicine-treated cells (30-min prein-
cubation), secretion remains functional with the colchicine-
resistant microtubules present under the experimental condi-
tions used. Colchicine-induced microtubule depolymerization
may be less extensive than that induced by MTC, due to the
slow binding of colchicine to microtubules.

Disruption of microtubules by colchicine has been shown to
produce an increase in the levels of cAMP (41, 42), as well as
an inhibition of leukotriene B, formation (43) in neutrophils.
Furthermore, the colchicine effects may reflect the capacity of
colchicine to interact with various membrane proteins (44).
The apparently contradictory results obtained with colchicine
in relation to its capacity for disrupting microtubules and
inhibiting enzyme release are in agreement with the recent
observation of the binding of some colchicine analogues to
tubulin without significant antiinflammatory activity (45).
These observations suggest that the antiinflammatory action
of colchicinoids may not be mediated totally through the mi-
crotubule system. Thus, caution must be taken when studying
microtubule-related cellular functions with colchicine and cer-
tain colchicine analogues. The results herein reported suggest
that, in addition to the known involvement of microtubules
directing cytoplasmic granule movements, certain mechanisms
that bypass the intact microtubule requirement could be in-
duced during neutrophil activation. In this context, Carpen (46)
has reported that natural killer cells are capable of lysing their
targets by direct secretion of toxic materials, in the apparent
absence of microtubules.

The results herein reported indicate that the loss of the
middle ring in the colchicine molecule (Fig. 1) maintains a
specific interaction with tubulin and avoids the slow and poorly
reversible action of colchicine. In this regard, and owing to the
low MTC concentration required to inhibit microtubule assem-
bly, this drug could be considered an excellent tool to study
microtubule-dependent cellular functions. However, we cannot
presently rule out the possibility that MTC, by itself or by a
microtubule-mediated process, might affect signal-transducing
processes or might alter the level of intracellular second mes-
sengers, which could then in a secondary way inhibit the cellular
responses.

Colchicine administered to humans has been shown to be
effective in the treatment of several diseases, such as gout, but
the doses required for these treatments have been reported to
be toxic in several cases (47-49). In this regard, a potential
therapeutic use might be investigated for MTC, due to its rapid,
effective, and reversible action on microtubules and neutrophil
degranulation. Secretion of neutrophil granule constituents
mediates tissue damage in the inflammatory reaction. There-
fore, inhibition of neutrophil degranulation by MTC could be
of clinical interest in inflammation.

Acknowledgments

We are especially indebted to Dr. T. J. Fitzgerald (Florida A & M University)
for the kind gift of MTC, to Dr. M. J. Gorbunoff (Brandeis University) for the
kind gift of MTPC, and to Dr. M. Suffness (National Cancer Institute, National
Institutes of Health) for the kind gift of taxol. We are grateful for the professional
assistance of Dr. Martinez of the Red Cross Hospital Blood Bank. We thank Dr.
Encarnacion Fernandez for the use of the photomicroscope.

References

1.

10.

11.

12

13.

14.

15.

16.

117.

18.

19.

21.

22.
23.

24.

26.

27.

Bainton, D. F.,, J. L. Ullyot, and M. G. Farquhar. The development of
neutrophilic polymorphonuclear leukocytes in human bone marrow. J. Exp.
Med. 134:907-934 (1971).

. Dewald, B., U. Bretz, and M. Baggiolini. Release of gelatinase from a novel

secretory compartment of human neutrophils. J. Clin. Invest. 70:518-525
(1982).

. Mollinedo, F., and D. L. Schneider. Subcellular localization of cytochrome b

and ubiquinone in a tertiary granule of resting human neutrophils and
evidence for a proton pump ATPase. J. Biol. Chem. 259:7143-7150 (1984).

. Mollinedo, F., and D. L. Schneider. Intracellular organelle motility and

membrane fusion processes in human neutrophils upon cell activation. FEBS
Lett. 217:158-162 (1987).

. Allen, R. D., D. G. Weiss, J. H. Hayden, D. T. Brown, H. Fujiwake, and M.

Simpson. Gliding movement of and directional transport along single native
microtubules from squid axoplasm: evidence for an active role of microtubules
in cytoplasmic transport. J. Cell Biol. 100:1736-1752 (1985).

. Bryce, M. P., H. S. Shpetner, and R. B. Vallee. MAPc is a microtubule-

activated ATPase which translocates microtubules in vitro and has dynein-
like properties. J. Cell Biol. 105:1273-1282 (1987).

. Gilbert, S. P., and R. D. Sloboda. Identification of a MAP2-like ATP-binding

protein associated with axoplasmic vesicles that translocate on isolated
microtubules. J. Cell Biol. 103:947-956 (1986).

. Schroer, T. A., and R. B. Kelly. In vitro translocation of organelles along

microtubules. Cell 40:729-730 (1985).

. Vale, R. D., T. S. Reese, and M. P. Sheetz. Identification of a novel force-

generating protein, kinesin, involved in microtubule-based motility. Cell
42:39-50 (1985).

Hoffstein, S., I. M. Goldstein, and G. Weissmann. Role of microtubule
assembly in lysosomal enzyme secretion from human polymorphonuclear
leukocytes. J. Cell Biol. 73:242-256 (1977).

Wright, D. G., and S. E. Malawista. Mobilization and extracellular release of
granular enzymes from human leukocytes during phagocytosis: inhibition by
colchicine and cortisol but not by salicylates. Arthritis Rheum. 16:749-758
(1973).

Zurier, R. B., S. Hoffstein, and G. Weissmann. Mechanisms of lysosomal
enzyme release from human leukocytes. I. Effect of cyclic nucleotides and
colchicine. J. Cell. Biol. 58:27-41 (1973).

Hoffstein, S., and G. Weissman. Microfilaments and microtubules in calcium
ionophore-induced secretion of lysosomal enzymes from human polymorpho-
nuclear leukocytes. J. Cell Biol. 78:769-781 (1978).

Goldstein, I. M., S. T. Hoffstein, and G. Weissmann. Mechanisms of lysoso-
mal enzyme release from human polymorphonuclear leukocytes: effects of
phorbol myristate acetate. J. Cell Biol. 66:647-652 (1975).

Fitzgerald, T. J. Molecular features of colchicine associated with antimitotic
activity and inhibition of tubulin polymerization. Biochem. Pharmacol.
26:1383-1387 (1976).

Andreu, J. M., and S. N. Timasheff. Interaction of tubulin with single ring
analogues of colchicine. Biochemistry 21:534-543 (1982).

Rossi, M,, J. Link, and J. C. Lee. The structure of 2-methoxy-5-(2°,3",4’-
trimethoxyphenyl)tropone, an effective analog of colchicine. Arch. Biochem.
Biophys. 23:470-476 (1984).

Andreu, J. M., M. J. Gorbunoff, J. C. Lee, and S. N. Timasheff. Interaction
of tubulin with bifunctional colchicine analogues: an equilibrium study.
Biochemistry 23:1742-1752 (1984).

Bane, S., D. Puett, T. L. MacDonald, and R. C. Williams. Binding to tubulin
of the colchicine analog 2-methoxy-5-(2’,3’,4’-trimethoxyphenyl)tropone:
thermodynamic and kinetic aspects. J. Biol. Chem. 259:7391-7398 (1984).

. Engelborghs, Y., and T. J. Fitzgerald. A fluorescence stopped flow study of

the competition and displacement kinetics of podophyllotoxin and the col-
chicine analog 2-methoxy-5-(2’,3,4’-trimethoxyphenyl)tropone on tubulin.
J. Biol. Chem. 262:5204-5209 (1987).

Wilson, L., and M. Friedkin. The biochemical events of mitosis. I. Synthesis
and properties of colchicine labeled with tritium in its acetyl moiety. Bio-
chemistry 5:2463-2468 (1966).

Mizel, S. B, and L. Wilson. Nucleoside transport in mammalian cells:
inhibition by colchicine. Biochemistry 11:2573-2578 (1972).

Rudd, C. E, and J. G. Kaplan. Thymidine transport in human lymphocytes
stimulated with concanavalin A: effect of colchicine. J. Immunol. 126:1640-
1643 (1981).

Boyum, A. Separation of leukocytes from blood and bone marrow. Scand. J.
Clin. Invest. 21(suppl. 97):77-89 (1968).

. Goldstein, I., S. Hoffstein, J. I. Gallin, and G. Weissmann. Mechanisms of

lysosomal enzyme release from human leukocytes: microtubule assembly and
membrane fusion induced by a component of complement. Proc. Natl. Acad.
Sci. USA 70:2916-2920 (1973).

Zurier, R. B., S. Hoffstein, and G. Weissmann. Cytochalasin B: effect on
lysosomal enzyme release from human leukocytes. Proc. Natl. Acad. Sci. USA
70:844-848 (1973).

Rice, W. G., J. M. Kinkade, Jr., and R. T. Parmely. High resolution of
heterogeneity among human neutrophil granules: physical, biochemical, and
ultrastructural properties of isolated fractions. Blood 68:541-555 (1986).

. Hoffstein, S., R. Soberman, 1. Goldstein, and G. Weissman. Concanavalin A

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

30.

3L
32.

33.

34.

35.

36.
37.

MTC Effects on Neutrophil Enzyme Secretion and Microtubules

induces microtubule assembly and specific granule discharge in human pol-
ymorphonuclear leukocytes. J. Cell Biol. 68:781-787 (1976).

. Korchak, H. M., D. Roos, K. N. Giedd, E. M. Wynkoop, K. Vienne, L. E.

Rutherford, J. P. Buyon, A. M. Rich, and G. Weissmann. Granulocytes
without degranulation: neutrophil function in granule-depleted cytoplasts.
Proc. Natl. Acad. Sci. USA 80:4968-4972 (1983).

Anderson, D. C., L. J. Wible, B. J. Hughes, C. W. Smith, and B. R. Brinkley.
Cytoplasmic microtubules in polymorphonuclear leukocytes: effects of chem-
otactic stimulation and colchicine. Cell 31:719-729 (1982).

Andreu, D., S. de la Vina, and J. M. Andreu. Chemical synthesis of five
tubulin antigenic sequences. Int. J. Pept. Protein Res. 31:555-566 (1988).
Johnson, G. A., and G. M. Nogueira-Araujo. A simple method of reducing
the fading of immunofluorescence during microscopy. J. Immunol. Methods
43:349-350 (1981).

Jesaitis, A. J., J. O. Tolley, and R. A. Allen. Receptor-cytoskeleton interac-
tions and membrane traffic may regulate chemoattractant-induced superox-
ide production in human granulocytes. J. Biol Chem. 261:13662-13669
(1986).

De Brabender, M. J., G. Geuens, R. Nuydens, R. Willebrods, and J. De Mey.
Microtubule stability and assembly in living cells: the influence of metabolic
inhibitors, taxol and pH. Cold Spring Harbor Symp. Quant. Biol. 46:227-
240 (1981).

Schiff, P. B., J. Fant, and S. B. Horwitz. Promotion of microtubule assembly
in vitro by taxol. Nature (Lond.) 277:665-667 (1979).

Parness, J., and S. B. Horwitz. Taxol binds to polymerized tubulin in vitro.
J. Cell Biol. 91:479-487 (1981).

Howard, T. H., and C. O. Oresajo. The kinetics of chemotactic peptide-
induced change in F-actin content, F-actin distribution, and the shape of
neutrophils. J. Cell Biol. 101:1078-1085 (1985).

. Sklar, L. A., G. M. Omann, and R. G. Painter. Relationship of actin polym-

erization and depolymerization to light scattering in human neutrophils:
dependence on receptor occupancy and intracellular Ca®*. J. Cell Biol.
101:1161-1166 (1985).

39.
40.

41.

42.

43.

44.

45.

46.
47.
48.

49.

555

Taylor, E. W. The mechanism of colchicine inhibition of mitosis. J. Cell Biol.
25:145-160 (1965).

Diez, J. C., J. Avila, J. M. Nieto, and J. M. Andreu. Reversible inhibition of
microtubules and cell growth by the bicyclic colchicine analogue MTC. Cell
Motil. Cytoskel. 7:178-186 (1987).

Rudolph, S. A,, P. Greengard, and S. W. Malawista. Effects of colchicine on
cyclic AMP levels in human leukocytes. Proc. Natl. Acad. Sci. USA 74:3404-
3408.

Keller, H. U,, A. Naef, and A. Zimmermann. Effects of colchicine, vinblastine
and nocodazole on polarity, motility, chemotaxis and cAMP levels of human
polymorphonuclear leukocytes. Exp. Cell Res. 153:173-185 (1984).
Reibman, J., K. A. Haines, A. M. Rich, P. Cristello, K. N. Giedd, and G.
Weissmann. Colchicine inhibits ionophore-induced formation of leukotriene
B. by human neutrophils: the role of microtubules. J. Immunol. 136:1027-
1032 (1986).

Stadler, J., and W. W. Franke. Characterization of the colchicine binding of
membrane fractions from rat and mouse liver. J. Cell Biol. 60:297-303 (1974).
Sugio, K., M. Maruyama, S. Tsurufuji, P. N. Sharma, and A. Brossi. Sepa-
ration of tubulin-binding and anti-inflammatory activity in colchicine analogs
and congeners. Life Sci. 40:35-39 (1987).

Carpen, O. The role of microtubules in human natural killer cell-mediated
cytotoxicity. Cell. Immunol. 106:376-386 (1987).

Liu, Y. K., R. Hymowitz, and M. G. Carroll. Marrow aplasia induced by
colchicine. Arthritis Rheum. 21:731-735 (1987).

Murray, S. S., K. G. Kramlinger, J. C. McMichan, and D. N. Mohr. Acute
toxicity after excessive ingestion of colchicine. Mayo Clin. Proc. 68:528-532
(1983).

Naidus, R. M., R. Rodvien, and H. Mielke, Jr. Colchicine toxicity: a multi-
system disease. Arch. Intern. Med. 137:394-396 (1977).

Send reprint requests to: Dr. Faustino Mollinedo, Centro de Investigaciones
Biologicas, CSIC, Velazquez 144, 28006 Madrid, Spain.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



