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Abstract

Werecently demonstrated that pathologically relevant inflam-
matory microcrystals, namely triclinic monosodium urate
(MSU) and calcium pyrophosphate dihydrate (CPPD) crys-
tals, potently stimulate a characteristic protein tyrosine phos-
phorylation pattern in human neutrophils that differed from
that observed in response to other soluble or particulate ago-
nists. In this study, the effects of colchicine on protein tyrosine
phosphorylation induced by MSUand CPPDcrystals in hu-
man blood neutrophils were investigated. Immunoblot analysis
with antiphosphotyrosine antibodies demonstrated that colchi-
cine dose-dependently inhibited the tyrosine phosphorylation
of all the proteins phosphorylated in response to MSUand
CPPDcrystals. Other microtubule-disruptive agents such as
vinblastine, nocodazole, and colcemid also inhibited crystal-in-
duced protein tyrosine phosphorylation while lumicolchicine
and trimethylcolchicinic acid were without effect. Indometha-
cin and phenylbutazone were similarly without effect on micro-
crystal-induced tyrosine phosphorylation. Colchicine, as well
as the other active alkaloids, failed to inhibit the protein tyro-
sine phosphorylation elicited by FMLP, C5a, leukotriene B4,
and unopsonized zymosan. Overall, these results demonstrate
that colchicine specifically and significantly inhibits the protein
tyrosine phosphorylation induced by MSUand CPPDcrystals
and suggest that its effects are associated, at least in part, with
its interaction with microtubules. Furthermore, the use of mi-
crotubule-disrupting drugs demonstrate that the mechanisms
implicated in the induction of protein tyrosine phosphorylation
by microcrystals differed from those involved in response to
other soluble or particulate agonists. (J. Clin. Invest. 1993.
92:1722-1729.) Key words: arthritis * inflammation * gout -

pseudogout - leukocytes - microtubules

Introduction

The deposition of several distinct microcrystals has been asso-
ciated with the pathogenesis of acute and chronic articular syn-
dromes. For example, it is now well established that the pres-
ence of monosodium urate (MSU)' and calcium pyrophos-
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phate dihydrate (CPPD) crystals in joint diseases plays an
important role in the development of gouty arthritis and joint
chondrocalcinosis, respectively (1, 2). Although many cell
types are involved in the pathogenesis of these inflammatory
joint diseases, polymorphonuclear neutrophils play a central
role particularly during the acute phase of the arthritis. Indeed,
the inflammatory episodes observed in natural gout or in acute
crystal-induced synovitis have been associated with a major
accumulation of neutrophils in both the synovium and the
synovial fluid, and many of these cells encounter and charac-
teristically phagocytose crystals (2, 3). In addition, crystal-in-
duced experimental arthritis in dogs is markedly suppressed
when neutrophils are depleted by antipolymorphonuclear leu-
kocyte serum or cytotoxic drugs (4, 5).

The activation of neutrophils by MSUand/or CPPDcrys-
tals leads to the production and secretion of several inflamma-
tory mediators such as lysosomal enzymes (6, 7), oxygen-de-
rived free radicals (8, 9), 5-lipoxygenase products ( 10), crystal-
induced chemotactic factor ( 1 1, 12), and IL- 1 ( 13). These
mediators may be responsible, at least in part, for the systemic
manifestations associated with crystal-induced joint disorders.
The signaling pathway(s) involved in the mediation of these
responses to microcrystals have only recently begun to be in-
vestigated. The addition of MSUand/or CPPDcrystals to a
suspension of human neutrophils leads to rapid increases in the
cytoplasmic concentration of free calcium ( 10, 14), to the for-
mation of inositol 1,4,5 triphosphate ( 14), to the activation of
a phosphatidylcholine-specific phospholipase D (15), and to
increases in the level of protein tyrosine phosphorylation ( 16).
Two sets of results indicate that significant differences underlie
the interaction of neutrophils with chemotactic factors and
MSUor CPPDcrystals. First, and somewhat indirectly, the
responses to microcrystals have been found to be significantly
more resistant to pertussis toxin than those of chemotactic fac-
tors ( 10, 17, 18), thereby implying the utilization of different
coupling systems. Second, the tyrosine phosphorylation pat-
tern stimulated by microcrystals was observed to be character-
istic of these agonists and to differ qualitatively as well as quan-
titatively from that stimulated by a variety of soluble and partic-
ulate stimuli ( 16).

Among the therapeutic agents used in the treatment of
acute arthritis, the usefulness of colchicine is relatively, al-
though not exclusively, limited to crystal-associated rheumatic
diseases such as gout ( 19). Although the effectiveness of colchi-
cine has been reported as early as the sixth century (20), its
precise mechanism of action is still obscure. Colchicine is
thought to interfere with numerous neutrophil functions such

1. Abbreviations used in this paper: CPPD, calcium pyrophosphate
dihydrate; LTB4, leukotriene B4; MSU, monosodium urate.
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as chemotaxis, adhesiveness, degranulation, and chemotactic
factor release through its destabilizing action on microtubules
(21-24). However, colchicine also binds proteins other than
tubulin (25-27) and has effects on certain cell functions that
are not related to the disruption of microtubules such as inhibi-
tion of nucleoside transport through the plasma membrane
(28), suppression of phosphatidylcholine and cholesterol syn-
thesis (29-31), inhibition of histamine (29), insulin (30), and
parathormone (31) release, of platelet aggregation (32), and
urate phagocytosis (33).

The present study was aimed at the examination of the
possible impact of colchicine on an early intracellular event
with signaling potential induced by microcrystals in human
neutrophils, namely tyrosine phosphorylation. The specificity
of colchicine's action on crystal-induced tyrosine phosphoryla-
tion was determined by assessing its effect on protein tyrosine
phosphorylation induced by other soluble (FMLP, C5a, and
leukotriene B4 [LTB4]) or particulate agonists (unopsonized
zymosan). Microtubule-inactive colchicine analogues (lumi-
colchicine and trimethylcolchicinic acid) and other microtu-
bule-disruptive agents (vinblastine, nocodazole, and colcemid)
were also tested to determine the possible site of action of col-
chicine.

The results obtained demonstrate (a) that colchicine specifi-
cally inhibits, at least in part through its action on microtu-
bules, crystal-induced tyrosine phosphorylation in human neu-
trophils, and (b) that the mechanisms implicated in the induc-
tion of protein tyrosine phosphorylation by microcrystals differ
from those involved in response to other soluble or particulate
agonists.

Methods

Compounds and reagents. Ficoll-Paque and Dextran T-500 were from
Pharmacia (Dorval, Quebec, Canada). HBSSand RPMI 1640 were
from Gibco Labs (Grand Island, NY). FMLP, zymosan, colchicine,
lumicolchicine, trimethylcolchicinic acid, vinblastine, nocodazole,
and colcemid were obtained from Sigma Chemical Co. (St. Louis,
MO). LTB4 and biosynthetic recombinant C5a were generous gifts
from Dr. R. Young (Merck-Frosst, Dorval, Quebec, Canada) and H. J.
Showell (Pfizer Central Research, Groton, CT), respectively. All stock
solutions were prepared in low-endotoxin DMSO(Sigma Chemical
Co. ) and diluted in the incubation medium. The monoclonal antiphos-
photyrosine antibody UB 05-321 and the horseradish peroxidase-la-
beled sheep anti-mouse IgG were purchased from UBI (Lake Placid,
NY). The enhanced chemiluminescence Western blotting system was
acquired from Amersham Corp. (Arlington Heights, IL).

Purification of neutrophils. Venous blood from healthy volunteers
was sterilely collected on citrate/phosphate/dextrose/adenine antico-
agulant solution. Neutrophils were isolated by means of 6% dextran
sedimentation followed by standard techniques of Ficoll-Paque gra-
dients and hypotonic lysis of erythrocytes. Neutrophils were resus-
pended in RPMI 1640, pH 7.4, at a final concentration of 15 x 106
cells/ ml. Final cell preparations contained 2 98% neutrophils and cell
viability exceeded 97%as measured by the release of lactate dehydroge-
nase activity.

Immunoblotting with antiphosphotyrosine antibodies. Freshly puri-
fied human neutrophils were incubated at 15 x 106 cells/ml with or

without drugs for varying periods of time at 37°C before stimulation
with the different agonists. The reaction was terminated by adding 100
td of cell suspensions to 100 Ml of boiling sample buffer (Tris-HCl, pH
6.8, 2 mMNa orthovanadate, 10 mMnitrophosphate, 10 mMNaF, 10
mMpyrophosphate, 1 mMphenylmethylsulfonyl fluoride, 10,ug/ml
leupeptin, 1Ou g/ml aprotinin, 20%SDS, 10% mercaptoethanol, 17.5%

glycerol, and 0. 1%bromophenol blue). The samples were immediately
denatured by boiling for 7 min and loaded onto a 7.5-20% SDSpoly-
acrylamide gel. After electrophoresis, the samples together with the
molecular weight markers (Sigma Chemical Co.) were transfered onto
Immobilon PDVFmembranes (Millipore Corp., Bedford, MA) with
the use of electrophoretic transfer cells (Hoeffer Scientific Instruments,
Canberra Packard, Ontario, Canada). The blots were then stained with
Ponceau S to locate the molecular weight markers on the blots. Nonspe-
cific sites were blocked using 2%gelatin in TBS-Tween 0.1% (25 mM
Tris-HCl, pH 8.0, 190 mMNaCl, 0.1% [vol/vol] Tween 20) for 1 h at
370C. The monoclonal antibody UB05-321 was then incubated with
the membranes for I h at 370C at a final dilution of 1:4,000 in 2%
gelatin, 0. 1% TBS-Tween. The membranes were washed at room tem-
perature three times in TBS-Tween 0.1% and further incubated with
horseradish peroxidase-labeled sheep anti-mouse IgG for 45 min at
370C at a final dilution of 1:20,000 in 2% gelatin, 0.1% TBS-Tween.
The membranes were then washed three times as described above and
covered with the enhanced chemiluminescence detection solution ac-
cording to the manufacturer's instructions. The phosphotyrosine
bands were then visualized by autoradiography after exposure to Ko-
dak X-Omat films. Selected autoradiograms were analyzed using a den-
sitometer (Research Analysis System, Amersham Canada, Oakville,
Ontario, Canada), and the values were corrected for background and
expressed as arbitrary units.

Preparation of microcrystals. MSUand CPPDmicrocrystals were
prepared by modifications of previously described methods (34-36).
Briefly, a boiling MSUsolution (0.03 M, pH 7.5) was prepared by
dissolution of equimolar quantities of uric acid and sodium hydroxide
and filtered on an Acropor membrane filter (AN-3000, 3 AtM; Gelman
Sciences, Inc., Ann Arbor, MI). Sodium chloride (0.1 Mfinal concen-
tration) was added to speed up and improve the uniformity of the
crystallization. CPPDwas obtained by mixing a calcium nitrate solu-
tion (0.1 M final concentration) with an acidic solution of sodium
pyrophosphate (final concentration 0.025 Mof Na2P207 and 0.03 M
HNO3). The milky-white precipitate formed CPPDcrystals after a I -d
incubation at 50-60°C. The crystals were characterized by x-ray dif-
fraction (Rigaku Geigerflex D/max), by examination under phase and
polarizing microscopy and by scanning electron microscopy. The
MSUand CPPDcrystals showed triclinic morphologic characteristics.
Their dimensions as determined by scanning microscopy were 10 X 1
X I tmto25 X 1.5 X 1.5,umand 12 x 1.4X 1.4uAmto25X 1.7X 1.7
,m for MSUand CPPD, respectively. MSUand CPPDpreparations
were free of endotoxins (as assessed by the Limulus Assay, Whittaker,
Walkersville, MD) and used without opsonization.

Statistical analysis. Results from densitometric analysis of autora-
diograms are expressed as mean±SEM. Statistical analysis was per-
formed by Student's paired t test (two-tailed), and significance was
considered attained when P was < 0.05.

Results

Effects of colchicine on stimulated tyrosine phosphorylation in
human neutrophils. Neutrophils were preincubated with either
diluent (DMSO) or 10MqMcolchicine for 1 h at 37°C. The cells
were then stimulated with or without 3 mg/ ml MSUor CPPD
crystals for 30 and 45 min, respectively, as previously deter-
mined to be optimal ( 16). An immunoblot representative of
six different individual experiments is shown in Fig. 1. Only
low levels of tyrosine phosphorylation were observed for non-
stimulated neutrophils. A doublet of an approximative molecu-
lar mass of 55 kD was constitutively tyrosine phosphorylated,
and its intensity was found not to be altered under any of the
conditions tested. The addition of MSUor CPPDcrystals to
diluent-treated neutrophils consistently induced the tyrosine
phosphorylation of at least five proteins with apparent molecu-
lar masses of 1 8, 80, 70, and 60 kD, the 70-kD protein
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MW Figure 1. Effect of col-
(kD) chicine on microcrystal-
200- induced tyrosine phos-phorylation. Neutro-
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116 - were preincubated with

diluent (DMSO) or
66 - _ J with 10 ,M colchicine_y_$3 ~~~~~for I h at 37°C. The
45 - cells were further incu-

bated with 3 mg/ml of
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25- for 30 and 45 min, re-

COLCHICINE - + + + spectively. Blotting and
revelation of the phos-
photyrosine bands were

carried out as described in Methods. The immunoblot shown is rep-
resentative of six different individual experiments.

(or proteins) showing the greatest level of tyrosine phosphory-
lation (Figs. 1 and 2). Preincubation of human neutrophils
with colchicine led to a strong inhibition of the tyrosine phos-
phorylation induced in response to MSUand CPPDcrystals
(Figs. 1 and 2). The autoradiograms of these six different ex-
periments were selectively analyzed, and the densitometric
analysis of the two major bands (pp7O and ppl 18) demon-
strated that MSU- and CPPD-induced tyrosine phosphoryla-
tion of these proteins was significantly inhibited by 62-73%
(Fig. 2). Colchicine also significantly reduced the phosphoryla-
tion of the 60- and 130-kD proteins by 59-75% (data not
shown). Colchicine, by itself, increased to a small extent the
phosphorylation level of the 60-, 70-, and 11 8-kD proteins in
unstimulated cells. The effect of colchicine on microcrystal-in-
duced protein tyrosine phosphorylation was dose dependent,
being detectable at concentrations as low as 10-7 Mand opti-
mal at lO-5 M(data not shown).

The specificity of colchicine's effects on the stimulation of

L UNTREATED COLCHICINE Figure 2. Quantification
of the effects of colchi-
cine on crystal-induced

100 - pp118 tyrosine phosphoryla-
tion in human neutro-

75 - l phils. Neutrophils ( 15
z x 106/ml) were treated

so0 - T with diluent (DMSO)
25- * or with 1O uM colchi-

o _ * ,,;,,, cine for I h at 37°C and
I , 0- further incubated with

b 400 - pp7O 3 mg/ml MSUor
300- CPPDcrystals for 30

2n and 45 min, respec-
200 - tively. Blotting and rev-

k1T elation of the phospho-
100 - * tyrosine bands were

carried out as described
in Methods. The auto-

CONTROL MSU CPPD radiograms from six dif-
ferent experiments were

selectively analyzed for the major tyrosine-phosphorylated proteins,
pp7O and ppl 1 8, using a Research Analysis System densitometer. The
values were corrected for background and expressed as arbitrary units
(mean±SEM). Values significantly different from appropriate control
are indicated by *P - 0.05.

tyrosine phosphorylation in human neutrophils was deter-
mined next using agonists other than crystals. Neutrophils
were preincubated for 1 h with either DMSOor 10 ,uM colchi-
cine, and further stimulated for 1 min with 100 nM fMLP,
C5a, or LTB4 or for 30 min with 3 mg/ml unopsonized zymo-
san (Fig. 3). These times were previously determined to be
optimal for the various stimuli. Although these agonists stimu-
lated the tyrosine phosphorylation of a set of proteins that over-
lapped (within the limits of resolution of a one-dimensional
analysis) with that detected with the microcrystals, important
qualitative differences were however noted. The major, indeed
diagnostic, differences between these agonists being the pre-
dominance of the 11 8-kD band in case of unopsonized zymo-
san and the soluble agonists, and of the 70-kD band in the case
of the microcrystals. Pretreatment of human neutrophils with
colchicine was without any effect on the phosphorylation of the

1 8-kD substrate induced by any of these agonists (Fig. 4).
Densitometric analysis of protein tyrosine phosphorylation in-
duced by FMLP, C5a, or LTB4 showed that colchicine caused
a 2.0-, 3.1-, and 3.2-fold increase in the phosphorylation of the
60-kD (data not shown) and 4.0-, 12-, and 8-fold increase of
the 70-kD (Figs. 3 and 4) proteins, respectively.

Effects of other microtubule-disruptive agents on crystal-in-
duced tyrosine phosphorylation. To determine if the inhibitory
effects of colchicine on crystal-induced tyrosine phosphoryla-
tion were related to its action on microtubules, the effects of
other microtubule-disruptive agents were investigated. Neutro-
phils were preincubated with either DMSOor with 10 ,uM
vinblastine, nocodazole, or colcemid for 1 h at 37°C and then
stimulated with 3 mg/ml MSUor CPPDcrystals for 30 and 45
min, respectively. Vinblastine, nocodazole, and colcemid re-
duced the tyrosine phosphorylation of all the proteins stimu-
lated in response to MSUand CPPDcrystals (Fig. 5). In con-
trast, vinblastine and nocodazole failed to inhibit the tyrosine
phosphorylation induced by FMLP(Fig. 5), C5a, LTB4, or
unopsonized zymosan (Fig. 6). In addition, colcemid, like col-
chicine, increased the tyrosine phosphorylation of the 60- and
70-kD proteins in response to all the soluble agonists tested,
while unopsonized zymosan-induced tyrosine phosphoryla-
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Figure 3. Effect of colchicine on protein tyrosine phosphorylation in-
duced by unopsonized zymosan, FMLP, C5a, and LTB4. Neutro-
phils ( 15 X 106/ ml) were preincubated with diluent (DMSO) or with
10 ,uM colchicine for 1 h at 37°C and further incubated with 3 mg/ml
unopsonized zymosan for 30 min or 100 nMFMLP, COa, or LTB4
for 1 min. Blotting and revelation of the phosphotyrosine bands were
carried out as described in Methods. The immunoblot shown is rep-
resentative of three different individual experiments.
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teins, pp70 and pp l 18, using a Research Analysis System densitome-
ter. The values were corrected for background and expressed as arbi-
trary units (mean±SEM). Values significantly different from appro-
priate control are indicated by *P < 0.05 and **PP 0.01.

tion was affected only to a small extent, if at all (Fig. 6). Colce-
mid, by itself, increased to a small extent the phosphorylation
levels of the 60-, 70-, and 11 8-kD proteins in control cells
(Fig. 5 ).

Effect of colchicine analogues on crystal-induced tyrosine
phosphorylation in human neutrophils. Lumicolchicine and
trimethylcolchicinic acid, two colchicine analogues that nei-

ther bind tubulin nor disrupt the microtubule network were
studied next. Neutrophils were preincubated in the presence of
10 ,uM lumicolchicine or trimethylcolchicinic acid for 1 h at
370C and further stimulated with 3 mg/ml MSUor CPPD
crystals for 30 and 45 min, respectively. Neither lumicolchicine
nor trimethylcolchicinic acid inhibited the microcrystal- (Fig.
7) or the soluble agonist- or unopsonized zymosan-induced
tyrosine phosphorylation (data not shown). Furthermore, nei-
ther compounds enhanced the phosphorylation of the 60- and
70-kD bands in response to FMLP, C5a, or LTB4 (data not
shown).

Effects ofphenylbutazone and indomethacin on crystal-in-
duced tyrosine phosphorylation. Phenylbutazone and indo-
methacin, two nonsteroidal anti-inflammatory agents, have
previously been described as being effective inhibitors of cer-
tain neutrophils functions triggered by microcrystals. Indeed,
both drugs block the phagocytosis of CPPDcrystals, indirectly
lessening the release of cell-derived chemotactic factor (37).
Neither compound inhibited to a significant degree the stimula-
tion of tyrosine phosphorylation induced by MSUor CPPD
crystals (Table I). Colchicine, on the other hand, did produce
its characteristic inhibitory effects in the same experiments
(data not shown).

Discussion

Numerous soluble agonists such as granulocyte-macrophage
colony-stimulating factor (38), C5a, FMLP (39-42), LTB4
(42), platelet-activating factor (43), heat-aggregated IgG (44),
and phorbol esters (41, 42) have been shown to induce a rapid
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Figure 5. Effect of vinblastine, nocodazole, and colcemid on microcrystal- and FMLP-induced tyrosine phosphorylation. Neutrophils (15
x 106/ml) were preincubated with diluent (DMSO) or with 10MgMvinblastine, nocodazole, or colcemid for I h at 370C and further incubated
with 3 mg/ml of MSUor CPPDcrystals for 30 and 45 min, respectively, or with 10-7 MFMLPfor I min. Blotting and revelation of the
phosphotyrosine bands were carried out as described in Methods. The immunoblot shown is representative of three different individual experi-
ments.
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Figure 6. Effect of vinblastine, nocodazole, and colcemid on protein
tyrosine phosphorylation induced by C5a, LTB4, and unopsonized
zymosan. Neutrophils ( 15 x 106/ml) were preincubated with diluent
(DMSO) or with 10 gM vinblastine, nocodazole, or colcemid for 1
h at 37°C and further incubated with 3 mg/ml of unopsonized zy-
mosan for 30 min or with 100 nMFMLP, C5a, or LTB4 for I min.
Blotting and revelation of the phosphotyrosine bands were carried
out as described in Methods. The immunoblot shown is representa-
tive of three different individual experiments.

phosphorylation on tyrosine residues of several protein sub-
strates. The tyrosine phosphorylation profiles induced by these
soluble agonists are quite similar, the major tyrosine phosphor-
ylated substrate(s) having an approximate molecular mass of
11 8-kD. Werecently demonstrated that MSUand CPPDcrys-

tals potently stimulate a characteristic protein tyrosine phos-
phorylation pattern in human neutrophils that differed from
that observed in response to other soluble or particulate ago-
nists ( 16). In contrast to soluble agonists that stimulate pre-
dominantly pp 1 18, a protein with an apparent molecular mass
of 70-kD showed the greatest phosphotyrosine accumulation
in response to these two crystals. The results of the present
study demonstrate that colchicine specifically inhibits the pro-

tein tyrosine phosphorylation stimulated by MSUand CPPD
crystals but not by the other agonists (soluble or particulate)
and suggest that the effects of the alkaloid are mediated by its
disruptive action on microtubules. In so doing, this study un-
derlines the relevance of the studies aimed at the elucidation of
the transductional pathways mediating the interaction of mi-
crocrystals with phagocytes to the eventual understanding of
the phlogistic potential of these stimuli.

Among the therapeutic agents used in the prevention and
treatment of acute arthritis, colchicine is unique in that its use-
fulness is generally felt to be relatively limited to crystal-asso-
ciated rheumatic diseases such as gout and pseudogout (19)
and to be dependent on its early administration. The present
results demonstrate that the alkaloid specifically inhibits one of
the potentially critical biochemical responses initiated by crys-
tals in human neutrophils, namely protein tyrosine phosphory-
lation. Colchicine significantly inhibited the protein tyrosine
phosphorylated in response to both MSUand CPPDmicro-
crystals at concentrations that are of the same order of magni-
tude as those that have been measured in the serum and periph-
eral blood leukocytes of patients after intravenous injection
of usual therapeutic doses of colchicine, i.e., 10-7-10-6 M
(45, 46).

The present results also indicate that colchicine most likely
alters crystal-induced protein tyrosine phosphorylation
through its effects on tubulin and/or microtubule functions.
The concentration and preincubation times required for col-
chicine to inhibit crystal-induced protein tyrosine phosphory-
lation are similar to those that have been shown to be optimal
for the inhibition of the assembly of microtubules in neutro-
phils (47, 48) and for the promotion of concanavalin A cap
formation in human polymorphonuclear leukocytes (49-51 ),
a response that is thought to be dependent on microtubule
disassembly. Other synthetic drugs such as vinblastine, noco-

dazole, and colcemid, which have all been shown to alter mi-
crotubule integrity (52, 53), also effectively, and specifically,
inhibited the protein tyrosine phosphorylation induced by
MSUand CPPD(Fig. 5). On the other hand, trimethylcolchi-
cinic acid and lumicolchicine, analogues of colchicine that
have no known effects on microtubules (54) did not inhibit the
protein tyrosine phosphorylation stimulated by the microcrys-
tals (Fig. 7). The lack of inhibition by lumicolchicine is of
particular interest as this colchicine analogue shares some of
the non-microtubule-dependent effects of colchicine such as
the interference with nucleoside transport through the plasma
membrane (28). These findings indicate that the modulatory
effect of colchicine on crystal-induced tyrosine phosphoryla-
tion may be attributed to the ability of colchicine to bind tubu-
lin, resulting in the disruption of microtubules.

The responses of neutrophils to microcrystals may result
from direct physical contacts with the plasma membrane and/
or from the subsequent internalization of the particulate stim-
uli. The microscopic observation of neutrophils in crystal-in-
duced synovial fluids does not allow a distinction between
these alternative (or complementary) mechanisms. Although
neutrophils phagocytosing crystals can indeed be demon-
strated in inflammatory exudates, it is also commonly ob-
served that a large percentage of the cells in the synovial fluids
are free of microcrystals. Several lines of evidence suggest that
the stimulation of tyrosine phosphorylation by MSUand
CPPDcrystals is not critically dependent on particule engulf-
ment and that the actions of colchicine on the crystal-induced
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Figure 7. Effect of lumicolchicine and tri-
methylcolchicine acid on microcrystal-induced
tyrosine phosphorylation. Neutrophils (15
X 106/ml) were preincubated with diluent
(DMSO) or with 10 MMlumicolchicine or tri-
methylcolchicinic acid at 370C for I h further
incubated with 3 mg/ml of MSUor CPPD
crystals for 30 and 45 min, respectively, or with
100 nMFMLPfor 1 min. Blotting and reve-

lation of the phosphotyrosine bands were

carried out as described in Methods. The im-
munoblot shown is representative of three dif-
ferent individual experiments.

tyrosine phosphorylation do not result from a suppression of
phagocytosis. The tyrosine phosphorylation elicited by micro-
crystals does not appear to be a generalized response to the
phagocytic process as the responses to other particulate stimuli
such as unopsonized zymosan or latex beads (16) and heat-
killed staphylococcus or silica crystals (Roberge, C. J., unpub-
lished results) are weaker and qualitatively different from those

Table L Effects of Indomethacin and Phenylbutazone
on Crystal-induced Tyrosine Phosphorylation

Level of tyrosine phosphorylation

pp6O pp7O ppll8 ppl30

Arbitrary scanning units

Control 34±18' 6±3 9±4 1±1
Indomethacin 53±25 11±7 16±7 2±1
Phenylbutazone 49±24 11±6 13±6 2±1
MSU 158±60 328±97 61±16 22±4
Indomethacin/MSU 223±79 409±99 76±22 21±6
Phenylbutazone/MSU 193±56 371±68 80±16 22±3
CPPD 54±29 72±29 32±14 6±2
Indomethacin/CPPD 65±26 96± 10 30±6 8±3
Phenylbutazone/CPPD 57±33 68±30 29±17 7±4

' Neutrophils (15 x 106/ml) were treated with diluent or with 10 ,uM
phenylbutazone or indomethacin for 1 h at 370C and further incu-
bated with 3 mg/ml MSUor CPPDcrystals for 30 and 45 min, re-
spectively. Blotting and revelation of the phosphotyrosine bands
were carried out as described in Methods. The autoradiograms from
five different experiments were selectively analyzed for pp60, pp70,
ppl 18, and pp 130 using a Research Analysis System densitometer.
The values were corrected for background and expressed as arbitrary
units (mean±SEM).

of MSUor CPPDcrystals ( 16 ). In addition, colchicine failed to
inhibit zymosan-induced tyrosine phosphorylation (Fig. 3).
Furthermore, nonsteroidal anti-inflammatory drugs such as

phenylbutazone and indomethacin, which block CPPDcrystal
and starch granule phagocytosis by neutrophils (55, 56), did
not affect crystal-induced tyrosine phosphorylation (Table I).

The finding that the inhibitory effect of colchicine was lim-
ited to the protein tyrosine phosphorylation stimulated by
MSUand CPPDcrystals is of particular interest to the physiol-
ogy of these cells. At the very least, these results demonstrate
that the levels of tyrosine phosphorylation in human neutro-
phils can be modulated by various, and pharmacologically dif-
ferentiable, mechanisms. More specifically, they suggest the
involvement of distinct enzymatic pathways (tyrosine kinases
and/or phosphatases) in the responses to inflammatory micro-
crystals and to the other agonists tested in the present study.
The functional relevance of tyrosine phosphorylation in hu-
man neutrophils remains to be clearly defined. Amongothers,
the nature of the effector pathways, the activity of which is
modulated by tyrosine phosphorylation, remains to be identi-
fied. However, a pharmacological correlation has previously
been drawn between the stimulation of tyrosine phosphoryla-
tion and of the oxidative burst (40, 57-59). The differential
effect of colchicine on the stimulation of tyrosine phosphoryla-
tion and on the production of superoxide anions ( 16; Roberge,
C. J., unpublished results) by microcrystals and soluble ago-
nists reinforces this correlation.

Overall, the results presented in this study suggest a novel
putative site of action for colchicine by demonstrating that the
alkaloid can specifically inhibit one of the biochemical re-

sponses initiated by MSUand CPPDcrystals in human neutro-
phils. The agonist-specificity of colchicine's action demon-
strates that the mechanism of neutrophil activation by MSU
and CPPDcrystals differs from those triggered by soluble che-
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motactic factors and formylated peptides. These findings sug-
gest that the mechanisms implicated in the induction of pro-
tein tyrosine phosphorylation in neutrophils are different or
differently regulated depending on the agonist used. An attrac-
tive hypothesis is that microcrystals activate a specific subset of
kinases and/or phosphatases, directly or indirectly associated
to tubulin or to the microtubule network, that would be respon-
sible for the charactenstic tyrosine phosphorylation pattern elic-
ited by the microcrystals, and its specific modulation by colchi-
cine. However, the precise mechanism whereby crystal-in-
duced tyrosine phosphorylation in neutrophils is modulated by
microtubules remains to be defined.

Acknowledgments
This work was supported by grants from the Arthritis Society of Can-
ada (ASC) and from the Medical Research Council of Canada. P. H.
Naccache and P. E. Poubelle are scholars of "Fonds de Recherche en
Sante du Quebec" (FRSQ) and the ASC. C. J. Roberge and M. Gaudry
are recipients of a Doctoral Studentship from the FRSQand a Research
Fellowship from the ASC, respectively.

References

1. Gordon, T. P., R. Terkeltaub, and M. H. Ginsberg. 1988. Gout: crystal-in-
duced inflammation. In Inflammation: Basic Principles and Clinical Correlates.
J. I. Gallin, I. M. Goldstein, and R. Snyderman, editors. Raven Press, NewYork.
775-783.

2. Seegmiller, J. E., R. R. Howell, and S. E. Malawista. 1962. The inflamma-
tory reaction to sodium urate. J. Am. Med. Assoc. 180:125-131.

3. Agudelo, C., and H. R. Schumacher. 1973. The synovitis of acute gouty
arthritis. A light and electron microscopy study. Hum. Pathol. 4:265-279.

4. Phelps, P., and D. J. McCarthy. 1966. Crystal-induced inflammation in
canine joints. II. Importance of polymorphonuclear leukocytes. J. Exp. Med.
124:115-126.

5. Chang, Y. H., and E. J. Gralla. 1968. Suppression of urate crystal-induced
canine joint inflammation by heterologous antipolynuclear leukocyte serum. Ar-
thritis Rheum. 11:145-150.

6. Hoffstein, S., and G. Weissman. 1975. Mechanism of lysosomal enzyme
release from human leukocytes. IV. Interaction of monosodium urate crystals
with dogfish and human leukocytes. Arthritis Rheum. 18:153-163.

7. Ginsberg, H., F. Kozin, D. Chow, J. May, and J. L. Skosey. 1977. Adsorp-
tion of polymorphonuclear leukocyte lysosomal enzymes to urate crystals. Arthri-
tis Rheum. 20:1538-1542.

8. Simchowitz, L., J. P. Atkinson, and I. Spilberg. 1982. Stimulation of the
respiratory burst in human neutrophils by crystals phagocytosis. Arthritis Rheum.
25:181-188.

9. Abramson, S., S. T. Hoffstein, and G. Weissmann. 1982. Superoxide anion
generation by human neutrophils exposed to monosodium urate. Arthritis
Rheum. 25:174-180.

10. Poubelle, P. E., R. de Medicis, and P. H. Naccache. 1987. Monosodium
urate and calcium pyrophosphate crystals differentially activate the excitation-
coupling sequence of human neutrophils. Biochem. Biophys. Res. Commun.
149:649-657.

1 1. Phelps, P. 1969. Polymorphonuclearleukocytes motility in vitro. III. Possi-
ble release of a chemotactic substance following phagocytosis of urate crystals by
polymorphonuclear leukocytes. Arthritis Rheum. 12:197-203.

12. Spilberg, I., A. Gallacher, J. M. Metha, and B. Mandell. 1976. Urate
crystal-induced chemotactic factor. Isolation and partial characterization. J.
Clin. Invest. 58:815-819.

13. Roberge, C. J., J. Grassi, R. de Medicis, Y. Frobert, A. Lussier, P. H.
Naccache, and P. E. Poubelle. 1991. Crystal-neutrophil interactions lead to inter-
leukin- I synthesis. Agents Actions. 34:38-4 1.

14. Onello, E., A. Traynor-Kaplan, L. Sklar, and R. Terkeltaub. 1991. Mecha-
nism of neutrophil activation by an unopsonized inflammatory particulate.
Monosodium urate crystals induce pertussis toxin-insensitive hydrolysis of phos-
phatidylinositol 4,5-bisphosphate. J. Immunol. 146:4289-4294.

15. Naccache, P. H., S. Bourgoin, E. Plante, C. J. Roberge, R. de M6dicis, A.
Lussier, and P. E. Poubelle. 1993. Crystal-induced neutrophil activation. II. Evi-
dence for the activation of a phosphatidylcholine-specific phospholipase D. Ar-
thritis Rheum. 1:1 17-125.

16. Gaudry, M., C. J. Roberge, R. de Medicis, A. Lussier, P. E. Poubelle, and
P. H. Naccache. 1993. Crystal-induced neutrophil activation. III. Inflammatory

microcrystals induce a distinct pattern of tyrosine phosphorylation in human
neutrophils. J. Clin. Invest. 91:1649-1655.

17. Terkeltaub, R. A., L. A. Sklar, and H. Mueller. 1990. Neutrophil activa-
tion by inflammatory microcrystals of monosodium urate monohydrate utilizes
pertussis toxin-insensitive and -sensitive pathways. J. Immunol. 144:2719-2724.

18. Naccache, P. H., M. Grimard, C. J. Roberge, C. Gilbert, A. Lussier, R. de
Medicis, and P. E. Poubelle. 1991. Crystal-induced neutrophil activation. I. Initia-
tion and modulation of calcium mobilization and superoxide production by mi-
crocrystals. Arthritis Rheum. 33:333-342.

19. Famaey, J. P. 1988. Colchicine in therapy. State of the art and new per-
spectives for an old drug. Clin. Exp. Rheumatol. 6:305-317.

20. Hartung, E. F. 1954. History of the use of colchicum and related medica-
ments in gout with suggestion for further research. Ann. Rheum. Dis. 13:190-200.

21. Phelps, P. 1970. Polymorphonuclear leukocyte motility in vitro. IV. Col-
chicine inhibition of chemotactic activity formation after phagocytosis of urate
crystals. Arthritis Rheum. 13:1-9.

22. Ehrenfeld, M., M. Levy, M. Bar Eli, R. Gallily, and M. Eliakin. 1980.
Effect of colchicine on polymorphonuclear leukocyte chemotaxis in human vol-
unteers. Br. J. Clin. Pharmacol. 10:297-300.

23. Pesanti, E. L., and S. G. Axline. 1975. Colchicine effect on lysosomal
enzyme induction and intracellular degradation in cultivated macrophage. J.
Exp. Med. 141:1030-1046.

24. Spilberg, I., B. Mandell, J. Mehta, L. Simchowitz, and D. Rosenberg.
1979. The mechanism of action ofcolchicine in acute urate crystal-induced arthri-

tis. J. Clin. Invest. 64:775-780.
25. Stadler, J. and W. W. Franke. 1972. Colchicine-binding proteins in chro-

matin and membranes. Nature (Lond.). 237:237-238.
26. Wunderlich, F., R. Muller, and V. Speth. 1973. Direct evidence for a

colchicine-induced impairment in the motility of membrane component. Science
(Wash. DC). 182:1136-1138.

27. Altstiel, L. D., and F. R. Landsberger. 1977. Interaction of colchicine with
phosphatidylcholine membranes. Nature (Lond.). 269:70-72.

28. Mizel, S. B., and L. Wilson. 1972. Nucleoside transport in mammalian
cells. Inhibition by colchicine. Biochemistry. 1 1:2573-2578.

29. Gillespie, E., and L. M. Lichtenstein. 1972. Histamine release from hu-
man leukocytes. Studies with deuterium oxide, colchicine, and cytochalasin B. J.
Clin. Invest. 51:2941-2946.

30. Malaisse, W. J., F. Malaisse-Lagae, E. Van Obbergen, G. Somers, G.
Devis, M. Ravazzola, and L. Orci. 1975. Role of microtubules in the phasic
pattern on insulin release. Ann. NYAcad. Sci. 253:630-652.

31. Reaven, E. P., and G. M. Reaven. 1975. A quantitative ultrastructural
study of microtubule content and secretory granule accumulation in parathyroid
glands of phosphate and colchicine treated rats. J. Clin. Invest. 56:49-55.

32. Ribbi Jaffe, A., and R. Spitz-Castro. 1979. The effect of colchicine on
human blood platelets under conditions of short term incubations. Biochem. J.
178:449-454.

33. Bernstein, R. E. 1982. Metabolic encounters between isolated human
neutrophil leucocytes, urate crystals and colchicines. Biochem. Soc. Trans.
10:513-514.

34. Faires, J. S., and D. J. McCarty. 1962. Acute arthritis in manand dog after
synovial injection of sodium urate crystals. Lancet. ii:682-685.

35. Brown, E. H., J. R. Lehr, J. P. Smith, and A. W. Frazier. 1963. Preparation
and characterization of some calcium pyrophosphates. J. Agr. Food. Chem.
11:214-219.

36. Denko, C. W., and M. W. Whitehouse. 1976. Experimental inflammation
induced by naturally occurring microcrystalline salts. J. Rheumatol. 3:54-62.

37. Spilberg, I., A. Gallacher, B. Mandell, and D. Rosenberg 1977. A mecha-
nism of action for non-steroidal anti-inflammatory agents in calcium pyrophos-
phate dihydrate (CPPD) crystal induced arthritis. Agents Actions. 7:153-155.

38. McColl, S. R., J. F. DiPersio, A. C. Caon, P. Ho, and P. H. Naccache.
1991. Involvement of tyrosine kinases in the activation of human peripheral
blood neutrophils by granulocyte-macrophage colony-stimulating factor. Blood.
78:1842-1852.

39. Gomez-Cambronero, J., C. K. Huang, V. A. Bonak, E. Wang, J. E. Cas-
nellie, T. Shiraishi, and R. I. Sha'afi. 1989. Tyrosine phosphorylation in human
neutrophils. Biochem. Biophys. Res. Commun. 162:1478-1485.

40. Naccache, P. H., C. Gilbert, A. C. Caon, M. Gaudry, C. K. Huang, V. A.
Bonak, K. Umezawa, and S. R. McColl. 1990. Selective inhibition of human
neutrophil functional responsiveness by erbstatin, an inhibitor of tyrosine protein
kinase. Blood. 76:2098-2104.

41. Huang, C.-K., V. Bonak, G. R. Laramee, andJ. E. Casnellie. 1990. Protein
tyrosine phosphorylation in rabbit peritoneal neutrophils. Biochem. J. 269:431-
436.

42. Berkow, R. L., and R. W. Dodson. 1990. Tyrosine-specific protein phos-
phorylation during activation of human neutrophils. Blood. 75:2445-2452.

43. Gomez-Cambronero, J., E. Wang, G. Johnson, C.-K. Huang, and R. I.
Sha'afi. 1991. Platelet-activating factor induces tyrosine phosphorylation in hu-
man neutrophils. J. Biol. Chem. 266:6240-6245.

44. Connelly, P. A., C. A. Farrell, J. M. Merenda, M. J. Conklyn, and H. J.
Showell. 1991. Tyrosine phosphorylation is an early signalling event commonto

1728 Roberge, Gaudry, de Mgdicis, Lussier, Poubelle, and Naccache



Fc receptor crosslinking in human neutrophils and rat basophilic leukemia cells
(RBL-2H3). Biochem. Biophvs. Res. Commun. 177:192-201.

45. Ertel, N. H. and S. L. Wallace. 1971. Measurement of colchicine in urine
and peripheral leukocytes. Clin. Res. 19:348a.

46. Wallace, S. L., B. Omokoku, and N. H. Ertel. 1970. Colchicine plasma
levels. Implications as to pharmacology and mechanism of action. Am. J Med.
48:443-448.

47. Reibman, J., K. A. Haines, A. M. Rich, P. Cristello, K. N. Giedel, and G.
Weissmann. 1986. Colchicine inhibits ionophore-induced formation of leuko-
triene B4 by human neutrophils: the role of microtubules. J. Immunol.
136:1027-1032.

48. Rich, A. M. and S. T. Hoffstein. 1981. Inverse correlation between neutro-
phil microtubule numbers and enhanced random migration. J. Cell Sci. 48:181 -
191.

49. Oliver, J. M., D. F. Albertini, and R. D. Berlin. 1976. Effects of glutathi-
one-oxidizing agents on microtubule assembly and microtubule-dependent sur-
face properties of human neutrophils. J. Cell Biol. 71:921-932.

50. Malawista, S. E., J. M. Oliver, and S. A. Rudolf. 1978. Microtubules and
cyclic AMPin human leukocytes: on the order ofthings. J. Cell Bio. 77:881-886.

51. Olmsted, J. B. and G. G. Borisy. 1973. Microtubules. Annu. Rev. Bio-
chem. 42:507-540.

52. Hoebeke, J., G. Van Nijen, and M. Debrabander. 1978. Interaction of

nocodazole (R 17934), a new anti-tumoral drug, with rat brain tubulin. Biochem.
Biophys. Res. Commun. 69:219-224.

53. Bensch, K. G., and S. E. Malawista. 1969. Microtubule crystals in mam-
malian cells. J. Cell Biol. 40:95-107.

54. Wallace, S. L. 1961. Trimethylcolchicinic acid in the treatment of acute
gout. Ann. Intern. Med. 54:274-279.

55. Chang, Y. H. 1972. Studies on phagocytosis. II. The effect of non-steroidal
anti-inflammatory drugs on phagocytosis and on urate crystal induced canine
joint inflammation. J. Pharmacol. Exp. Ther. 182:235-244.

56. Spilberg, I., A. Gallagher, B. Mandell, and D. Rosenberg. 1977. A mecha-
nism of action for non-steroid antiinflammatory agents in calcium pyrophos-
phate dihydrate (CPPD) crystal induced arthritis. Agents Actions. 7:153-160.

57. Grinstein, S., W. Furuya, D. J. Lu, and G. B. Mills. 1990. Vanadate
stimulates oxygen consumption and tyrosine phosphorylation in electropermea-
bilized human neutrophils. J. Biol. Chem. 265:318-327.

58. Nasmith, P. E., G. B. Mills, and S. Grinstein. 1989. Guanine nucleotides
induce tyrosine phosphorylation and activation of the respiratory burst in neutro-
phils. Biochem. J. 257:893-897.

59. Kusunoki, T., H. Higashi, S. Hosoi, D. Hata, K. Sugie, M. Mayumi, and
H. Mikawa. 1992. Tyrosine phosphorylation and its possible role in superoxide
production by human neutrophils stimulated with FMLPand IgG. Biochem.
Biophys. Res. Commun. 183:789-796.

Colchine Specifically Inhibits Crystal-induced Tyrosine Phosphorylated Proteins 1729


