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Summary. The effect of colchicine on the uptake of oxygen by human leuko-
cytes during phagocytosis of live streptococci or of killed staphylococci was
compared with the effect of colchicine on phagocytosis per se, measured in
a sensitive bacterial system.

The increase in oxygen consumption that normally accompanies phagocy-
tosis was consistently diminished in leukocytes incubated with colchicine in
concentrations as low as 2.5 x 10-6 mole per L (1 pg per ml), and this inhibi-
tion was dosage dependent. Yet there was no evidence of decreased phagocy-
tosis with concentrations of colchicine as high as 2.5 X 10-4 mole per L (100
jug per ml). Furthermore, with measurements at 20, 40, and 60 minutes, the
rate of phagocytosis was comparable with and without colchicine.

A clue to the dissociation between oxygen consumption and phagocytosis
was found in rapidly dried preparations of the incubated leukocytes. In-
gested bacteria were present in both control and colchicine-treated granulo-
cytes. In addition, control cells showed normal loss of granules (lysosomal
particles) and prominent cytoplasmic vacuoles (digestive vacuoles). Col-
chicine-treated cells, however, showed less such degranulation and vacuoliza-
tion. Measurements of granule-associated acid phosphatase activity after
phagocytosis support the morphologic observations of less degranulation in
colchicine-treated leukocytes.

The muted metabolic and morpholgic response to phagocytosis in colchi-
cine-treated cells may be important for the anti-inflammatory effect of colchi-
cine in acute gouty arthritis. Colchicine may also find wider use in defining
structure-function dependencies in metabolically stimulated cells.

Introduction
Phagocytosis is a primitive physiological activ-

ity manifested by many different kinds of cells.
In the past decade, much information about the
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process of phagocytosis has accumulated, but
many aspects of the physical and metabolic cellu-
lar alterations during phagocytosis still need clari-
fication. The following studies were designed to
investigate the action of colchicine on the phago-
cytic process in human blood polymorphonuclear
leukocytes, cells that are important in acute in-
flammation.

When particles are ingested by polymorpho-
nuclear leukocytes, they enter a vacuole, formed
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during ingestion by invagination and closure of
the cell membrane (1, 2). After ingestion, cyto-
plasmic granules, which are lysosomal structures
containing digestive, oxidative, and antibacterial
substances (3), rupture (4) and discharge their
contents into the phagocytic vacuole (5, 6), where
digestion of the particles proceeds.

The metabolic alterations in polymorphonuclear
leukocytes during phagocytosis include increased
glycolysis and production of lactate, increased
oxygen uptake, and increased production of CO2
by way of the hexose monophosphate shunt (7, 8).
To explain the biochemical basis for the burst
of respiration, several workers have suggested an
increased availability of NADP (9, 10). The
NADP would be produced during phagocytosis
by activation of a pyridine nucleotide oxidase,
acting on NADPHeither directly or indirectly.
Appropriate enzymes have been identified (10-
12), but the steps are not known by which the
process of phagocytosis initiates increased oxidase
activity.

The accumulation of toxic concentrations of
lactic acid released from neutrophils has been sug-
gested to cause local vascular and tissue injury
(13). Recently, a similar role has been proposed
for released lysosomal enzymes (14, 15). How-
ever, no direct pathogenetic relationship has been
established between such mechanisms and the in-
flammatory response.

Recent xvork (16) has emphasized the anti-in-
flammatory effect of colchicine, a plant alkaloid
used for centuries in the treatment of acute gouty
arthritis. In studies with human polymorpho-
nuclear leukocytes in vitro, colchicine interferes
with locomotion (17) and with the response to
a chemotactic stimulus (18). Colchicine also par-
tially inhibits some biochemical alterations asso-
ciated with phagocytosis, including the increased
production of C02 from the first carbon of glu-
cose (19), the release, by peroxidative uricolysis,
of CO2 from the purine ring of added microcrys-
talline urate (19), and the increased production
of acid, presumably lactic acid (20).

In the present study we have shown that col-
chicine diminishes the increased oxygen uptake
usually associated with phagocytosis without in-
terfering with phagocytosis itself. In addition, the
formation of digestive vacuoles is impeded, and less

acid phosphatase is released from granules. We
suggest that these various alterations in the re-
sponse of the cell to phagocytosis may explain one
aspect of the suppression of gouty inflammation
by colchicine.

Methods
Solutions

Buffer. Krebs-Ringer phosphate buffer pH 7.4 (21),
modified to contain one-fifth the suggested concentra-
tions of CaCl2 and MgSO4 (to prevent precipitation),
was sterilized by autoclaving the individual solutions at
15 pounds per square inch for 2 hours. For each experi-
ment, heparin, 10 mg per 100 ml, was added. For sus-
pending live streptococci, sterile bovine serum albumin,'
10 mg per 100 ml, was also added.

Dextran. A 3% solution of a dextran2 of mol wt
100,000 to 200,000 in normal saline was autoclaved for 2
hours and stored at 40 C.

Colchicine. Colchicine USP8 was freshly prepared in
buffer for each experiment, sterilized by passage through
an ultrafine sintered glass filter, and added to incuba-
tion flasks in final concentrations of 2.5 X 10- mole per
L, 2.5 X 10' mole per L, or 2.5 X 10' mole per L.

Glassware

All glassware was made sterile and pyrogen-free by
heating at 1500 C for 2 hours. In addition, glassware used
in the recovery and incubation of leukocytes (syringes,
pipettes, centrifuge tubes, and Warburg flasks) was
siliconized.

Leukocytes
Fifty to 110 ml of blood from the antecubital veins of

normal volunteers was heparinized (10 mg per 100 ml),
mixed with 2 vol of dextran solution, and allowed to
stand at room temperature for 20 to 30 minutes. The
leukocyte-rich supernatant was then collected in 50-ml
centrifuge tubes, and its cells were sedimented at 1,200
rpm for 15 minutes in an International centrifuge (model
PR-2) at 15 to 200 C. The new supernatant was re-
moved, and the cell button was resuspended in buffer,
centrifuged again, and the supernatant removed. The
cell buttons were each mixed gently in ice with 3 ml of
sterile distilled water for 20 seconds to lyse red cells, and
then with 1 ml of 3.6%o saline to restore isotonicity (22).
The cells were washed once more in buffer, resuspended
in a small volume of buffer, counted (with a Coulter
particle counter), and adjusted to the desired concen-
tration. Differential leukocyte counts were done on all
preparations; generally 60 to 75%o of the cells were
polymorphonuclear leukocytes. In all experiments, listed
numbers of leukocytes refer to total counts; multiplici-

1 Pentex, Kankakee, Ill.
2 Nutritional Biochemical Co., Cleveland, Ohio.
s Sigma Chemical Co., St. Louis, Mo.
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ties refer to the ratio of bacteria to polymorphonuclear
leukocytes.

Bacteria

An alpha-hemolytic streptococcus was obtained from a
human throat culture; a coagulase-negative, hemolytic
Staphylococcus albus was obtained from a finger abscess.
Bacteria were kept on blood agar plates at 40 C and
passed every 2 to 3 weeks. For a given experiment, the
selected microorganism was cultured for 18 hours in
beef heart infusion broth, centrifuged, and washed once
in normal saline, and the bacterial cells were suspended
in a small volume of buffer. The concentration of strep-
tococci was estimated from a constructed curve of trans-
mittance at 600 mg. The staphylococcal cells were
boiled for 20 minutes before use.

Studies of respiration

Oxygen consumption was measured in flasks of ap-
proximately 15 ml vol, at 37.5° C for 2 hours or more, in
a standard Warburg respirometer. The manometer joint
for each flask was wiped with alcohol just before use,
and a sterile cotton ball was inserted lightly into the
joint. The center well held a filter paper fan and 0.2 ml
of 15% potassium hydroxide to absorb CO2. The main
compartment received 1 ml of the leukocyte suspension,
0.3 ml autologous serum, and 1.3 ml buffer with or with-
out colchicine. The sidearm contained 0.2 ml of the sus-
pension of streptococci or heat-killed staphylococci. Af-
ter equilibration for 20 minutes, stopcocks were closed
and manometer readings taken for approximately 1 hour.
Then the contents of the sidearms were added to the
main compartments, and incubation was continued, usu-
ally for an additional hour. Flasks were run in dupli-
cate or triplicate. Standard controls in all experiments
included one or two thermobarometers, and flasks in
which buffer replaced suspensions of bacteria or leuko-
cytes. Graphs were prepared by averaging the cumula-
tive oxygen uptake of flasks in each experimental or
control group and plotting these values against time.

Quantitation of phagocytosis and of intraleukocytic
killing

A modification of the method of Cohn and Morse (23)
was used to enumerate total, supernatant, and cell-asso-
ciated live bacteria in the flasks after incubation. For
supernatant counts, the total flask contents, or 1 ml plus
4 ml of saline, were centrifuged at 700 rpm for 5 minutes
at 00 C. The resultant supernatant was then gently
transferred to a separate tube and mixed well, and sam-
ples, with or without 100-fold dilutions in normal sa-
line, were mixed with agar in pour plates. For cell-asso-
ciated bacterial counts, the cell button was suspended in 2
ml of buffer, subjected to 4 to 5 cycles of freezing and
thawing in dry ice and acetone, and plated as above. In
some experiments, total flask counts were estimated by
similarly freeze-thawing the entire flask contents, or a
1: 10 dilution in buffer, before pour plates were made.
Colonies of bacteria in the pour plates were counted after

incubation at 37° C for 2 to 3 days. Also counted in
each experiment were the bacterial inoculum, the con-
tents of the thermobarometer, and the flasks containing
bacteria without leukocytes. Other controls, in some
experiments, included flasks that were identical to the
experimental ones in contents, but were placed in a sta-
tionary incubator at 370 C instead of being agitated; the
contents of still other flasks were removed after 1 hour
of incubation, frozen and thawed three times in dry ice
and acetone, and then incubated with streptococci.

In experiments with killed staphylococci, the bacteria
were always grown in the same volume of nutrient me-
dium. Live bacteria were plated and counted on one
occasion.

Rate of phagocytosis.

Incubation of individual flasks was stopped by trans-
fer to ice at 20, 40, or 60 minutes after the addition of
streptococci to leukocytes. Supernatant and cell-asso-
ciated bacteria were estimated in duplicate as described
above. Average values were plotted on a logarithmic
scale against time.

Thin preparations of leukocytes for morphology.
The method of Hirsch and Cohn (4) was used. A

sterile slide was placed on moist filter paper in a petri
dish. A drop of cell suspension was placed on the slide,
covered with a sterile coverslip, and incubated for 20
minutes at 370 C. The coverslip was gently removed
from the slide, quickly dried with compressed air, and
stained with Wright's stain.

Preparation of cell fractions
The method of Cohn and Hirsch (3) was used. Leu-

kocyte preparations were incubated for 1 hour with or
without colchicine (2.5 X 10' M), and for an additional
hour with or without killed staphylococci. Duplicate
or triplicate flask contents were then combined and cen-
trifuged at 1,000 rpm for 10 minutes at O° C. The cells
were washed once in 40 ml of cold normal saline and
drained, and then 3 or 4 ml of cold 0.34 M sucrose was
added to each tube. After vigorous mixing, the tube
contents were homogenized for 90 seconds in ice. A
slide was made to determine the adequacy of cell dis-
ruption, and then the tube contents were centrifuged at
8,200 g for 20 minutes at 00 C. The supernatant, and
the precipitate resuspended in an equal volume of 0.34 M
sucrose, were usually stored for 1 to 10 days at - 200 C
before enzyme assay was carried out.

Determination of acid phosphatase.
At the time of enzyme assay, 0.2% saponin was added

to duplicate or triplicate samples of 'both supernatant and
granule fractions (3). A modification of the method
of Shinowara, Jones, and Reinhart (24) (described in
the Bausch and Lomb Clinical Methods and Calibrations
Manual) was used to measure acid phosphatase. Trans-
mittance at 700 mg was determined on a Bausch and
Lomb Spectronic-20 spectrophotometer. Timed readings
were taken after the addition of aminonaphtholsulfonic
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acid. One or two phosphate standards were determined
with each series. Total enzyme activity for each group
was the sum of the activities of granule and supernatant
fractions.

Results

The effect of colchicine on the respiration of
phagocyting leukocytes

A representative experiment is shown in Fig-
ure 1. Flasks A through D contained leukocytes
in serum-buffer, with or without colchicine in
three different concentrations. Streptococci were
tipped into the flasks at zero time. Flasks E con-
tained leukocytes in serum-buffer and did not re-
ceive bacteria. Flasks F contained serum-buffer
and streptococci, one flask with and one without
colchicine, but both without leukocytes.

The increase in oxygen consumption that fol-
lowed addition of bacteria to control leukocytes
(A) was diminished in leukocytes incubated with
colchicine (B, C, and D). In five other experi-
ments of this design, the presence of colchicine
was always associated with a decrease in the nor-
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FIG. 1. THE EFFECT OF COLCHICINEONTHE RESPIRATION
OF PHAGOCYTINGLEUKOCYTES. Warburg flasks contained
4.1 X 107 leukocytes suspended in 1.3 ml buffer, 0.3 ml of
serum, and 0.2 ml buffer or colchicine in buffer. Two-
tenths ml of streptococci, containing about 3 X 108 bac-
teria, was tipped into the flasks from the sidearms at zero

time. The center well contained 0.2 ml of 15%o KOH.
Average oxygen consumption of duplicate flasks is plotted
against time. Values for streptococci (F) are average
results from two flasks containing streptococci and se-

rum-buffer, one with and one without colchicine (2.5 x

10 M).

mal respiratory burst. The oxygen consumption
of leukocytes incubated with 2.5 x 10-4 M colchi-
cine was consistently the least after addition of
bacteria (as in Figure 1, D). Leukocytes incu-
bated with the two other concentrations of colchi-
cine also had a diminished response to bacteria,
compared with normal leukocytes (as in Figure 1,
B and C compared to A), but the values for the
flasks with 2.5 X 105 M and 2.5 X 10-6 M col-
chicine were frequently not different from each
other.

Colchicine had no consistent effect on the res-
piration of nonphagocyting leukocytes. The ap-
parent depression of respiration during the first
40 minutes in the flasks containing 2.5 x 10-4 M
colchicine (Figure 1, D) was usually not ob-
served. In eight experiments, including the one
shown in Figure 1, the average respiration of
leukocytes alone was 8 Al of 02 per hour, com-
pared with 6 ul for leukocytes with 2.5 x 10-4 M
colchicine. The respiration of the streptococci
used was minimal (Figure 1, F), with or without
colchicine.

Colchicine, then, produces a dosage-depen-
dent inhibition of the increased oxygen consump-
tion that occurs when streptococci are added to
leukocytes.

The effect of colchicine on phagocytosis

Reliability of the measurement of phagocytosis.
Preliminary studies were required to ensure that
phagocytosis was the only mechanism responsible
for significant loss of bacteria during incubation.
Accordingly, experiments were designed to deter-
mine whether streptococci were killed by human
leukocytes (or their products) without phagocyto-
sis, by human serum, or by colchicine itself.

The results of these studies appear in Table I.
Leukocytes were incubated, with or without col-
chicine, for 1 hour. Then streptococci were added,
and in the succeeding hour significant numbers of
bacteria were lost (A and B). Bacteria were not
lost if the streptococci were added to 1) only the
supernatants from the first hour (C and D, flask
supernatants), 2) the cell fractions from the first
hour after resuspension and freeze-thawing (C
and D, cells), 3) leukocyte suspensions that were
frozen-thawed initially (E and F), and 4) serum-
buffer without leukocytes (G and H). The pres-
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TABLE I

Control studies for the phagocytic system

Final live bacteria
First incubation* Second incubation* per flask X 108

At Leukocytest + Streptococci§ <0.5

B Leukocytes + colchicinell + Streptococci <0.5

C Leukocytes Flask supernatant + streptococci 1.26
Cells, frozen-thawed, + streptococci 1.18

D Leukocytes + colchicine Flask supernatant + streptococci 1.28
Cells, frozen-thawed, + streptococci 1.29

E Leukocytes, frozen-thawed, 1.30
+ streptococci

F Leukocytes + colchicine, 1.12
frozen-thawed, + strep-
tococci

G Serum-buffer 1.08
+ streptococci

H Serum-buffer + colchicine 1.29
+ streptococci

* All incubations were for 1 hour in 2.3 ml buffer, 0.3 ml serum.
t A to H each represent single flasks.
1 3.5 X 107.
§ 1.24 X 108.
11 2.5 X 10-5 M.

ence of colchicine did not affect the recovery of were lost in both preparations. Controls in this
streptococci in any of these situations. study included flasks identical in content to the

In additional controls (not shown in Table I), experimental ones but placed in a stationary incu-
counts of leukocytes after incubation in Warburg bator. They showed no significant loss of bac-
flasks for 2 hours with and without colchicine teria during the incubation. This finding consti-
(2.5 X 105 M) were within 5%of each other. tutes another test of our experimental system (see

Thus, under the conditions described, recovery also Table I), for as shown by Hirsch and Strauss
of streptococci is diminished only after incubation (25), few bacteria are phagocyted at this ratio
with live leukocytes. when the flasks are motionless. This particular

Phagocytosis at various ratios of bacteria to control could not be used at higher ratios, since
polymorphonuclear leukocytes. At a ratio of 1 some phagocytosis then occurs.
bacterium to 15 polymorphonuclear leukocytes, no To recover live bacteria, and thus to compare
difference in phagocytosis between control and degrees of phagocytosis, we had to raise the ratio
colchicine-treated leukocytes could be detected to about 1: 5. A representative experiment is
after 40 minutes since essentially all the bacteria shown in Table II. The incubation system was

TABLE II

Effect of colchicine on phagocytosis of streptococci*

No. flasks Colchicine Strep addedt Strep after 40 mint Control countstl No. bacteria killed

M
3 2.5 X 106 0.11 X 106 2.9 X 106 2.4 X 106
3 2.5 X 10-6 2.5 X 106 0.02 X 106 2.6 X 106 2.5 X 106
3 2.5 X 10-6 2.5 X 106 0.04 X 106 2.7 X 106 2.5 X 106
3 2.5 X 10 4 2.5 X 106 0.05 X 106 2.3 X 106 2.4 X 106

* 1.5 X 107 polymorphonuclear leukocytes were present in each flask, in a ratio of 1:6 streptococci :polymorpho-
nuclear leukocytes.

t Total bacteria per flask.
$ Streptococci in serum-buffer.
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TABLE III

Effect of coklhicine on phagocytosis of streptococci4

Strep in supernatant No. bacteria removed
No. samples Colchicine PMNt Strep added: after 1 hour from supernatant

2 3.0 X 107 2.4 X 108 0.13 X 108 2.3 X 108
2 2.5 X 10-5 3.0 X 107 2.4 X108 0.04 X 108 2.4 X108

3 1.8 X 107 6.4 X108 2.9 X 108 3.5 X 108
3 2.5 X 10-6 1.8 X 107 6.4 X 108 2.8 X 108 3.6 X108

* Ratios of streptococci :polymorphonuclear leukocytes, 8:1 and 36:1.
t PMN= total polymorphonuclear leukocytes per flask.
I Total bacteria per flask.

as described in Methods, except that to ensure
uniformity we incubated cells for each group of
triplicate flasks in 50-ml centrifuge tubes before
addition of streptococci. There was no evidence
of decreased phagocytosis by colchicine at 2.5 X
10-6, 2.5 x 10-5, or 2.5 x 10-4 mole per L. Re-
covered numbers of cell-associated bacteria at this
ratio were not significant (< 100 per flask; not
shown in Table II).

In the next series of experiments, two of which
are shown in Table III, the same numbers of
leukocytes per flask were used as in the studies
of respiration. Duplicate samples from single ex-
perimental flasks (top half, Table III) or single
samples from triplicate flasks (bottom half, Table
III) were taken for bacterial counts. Even with
large numbers of bacteria and with ratios of bac-
teria to polymorphonuclear leukocytes as high as
36: 1, colchicine did not diminish phagocytosis.4

To determine whether an early effect of colchi-
cine on phagocytosis might be present, numbers
of supernatant and cell-associated bacteria were
counted at 20-minute intervals after addition
of streptococci. A representative experiment is
shown in Figure 2. There was still no consistent
difference between preparations with and without
colchicine.5

4 When very large numbers of bacteria (> 3 X 10W)
were incubated in this system, frequently about 20%o of
the inoculum could not be recovered in the control flasks
after 2 hours of incubation. The presence of colchicine
did not affect the numbers of bacteria recovered.

5 Frequently, as in Figure 2, the final supernatant
counts in the flasks with colchicine were lower than in
those without, suggesting a slightly increased phagocy-
tosis. The same result can be observed in Tables II and
III. This difference, however, was usually negligible in
terms of the total bacteria phagocyted in each flask. For
example, in Figure 2, the values are 2.36 X 10' vs. 2.27 X
108, a difference of less than 4%.

Thus, although colchicine, in concentrations as
low as 2.5 X 10-6 mole per L, produces a dosage-
dependent inhibition of the respiratory burst that
normally accompanies phagocytosis (Figure 1),
there is no evidence of a decrease in phagocytosis
per se with concentrations of colchicine 100 times
as great (Table II). In an attempt to explain the
metabolic alteration, we examined the morphology
of incubated leukocytes.

The effect of colchicine on the granules of poly-
morphonuclear leukocytes

Morphologic observations (Figures 3 and 4).
After standard incubations, thin stained prepara-

BACTERIA
PER FLASK

FROZEN-THAWEDWBC

- _, STREP

SUPERNATANT
"

°

CELL-ASSOCIATED
9-K- _

o 20 40 60
TIME (MINUTES)

a- WBC+STREP
---- WeC+

COLCHICINE
(2.5 x 10-5 M)
+ STREP

FIG. 2. THE EFFECT OF COLCHICINE ON PHAGOCYTOSIS

MEASUREDAT 20-MINUTE INTERVALS. Warburg flasks
were prepared and incubated as in Figure 1. 3.8 X 1O7
leukocytes were present. Duplicate samples were taken
from single flasks at timed intervals and the average bac-
terial counts plotted on a logarithmic scale against time.
The values for streptococci are average results from two
flasks as described in Figure 1. In additional controls, the
contents of two flasks, one with and one without col-
chicine, were frozen-thawed three times after the first
hour of incubation and before the streptococci were added.
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tions of leukocytes were made (see Methods).
The added particles were either live streptococci,
as above, or heat-killed staphylococci. Addition of
the killed staphylococci to leukocytes (3 to 4 x 107
per flask) at a ratio of approximately 20:1 re-

sulted in the expected increase of oxygen uptake
and the expected inhibition by colchicine.

Control polymorphonuclear leukocytes, incu-
bated for 1 hour without colchicine and for an

additional hour without bacteria, retained their
normal appearance, with numerous cytoplasmic

E* . .: ....

.: ........ ..:. ..... .. . .......... : :

FIG. 3. THE EFFECT OF COLCHICINE ON THE MORPHOL-
OGY OF GRANULOCYTESAFTER PHAGOCYTOSIS OF KILLED

STAPHYLOCOCCI. The cells were incubated for 1 hour with
or without colchicine (2.5 X 10-5M), and for an additional
hour with or without bacteria. The photomicrographs
of thin stained specimens are from a single experiment.
Wright's stain. Approximately X 400. A) No COLCHI-
CINE; NO BACTERIA. The granular cytoplasm is without
vacuoles. E = eosinophil. Cells incubated with colchi-
cine for 1 hour (not shown) had a similar appearance.
B) AND C) No COLCHICINE; BACTERIA. Phagocytosis is
associated with the presence of prominent cytoplasmic
vacuoles ("digestive vacuoles"). Staphylococci (arrows)
are seen. D) AND E) COLCHICINE; BACTERIA. Neutro-
phils contain numerous staphylococci (arrows), but are
without prominent cytoplasmic vacuoles. Cells with this
degree of cytoplasmic integrity after phagocytosis were
not seen in preparations without colchicine. L = lympho-
cyte.

granules (Figure 3A). Samples of the same cells
incubated for 1 hour with colchicine (2.5 x 10-5
M) were similar in appearance (not shown in
Figure 3). After phagocytosis of staphylococci,
control neutrophils showed the expected loss of
granules and appearance of large digestive vacu-
oles, many containing bacteria (Figure 3B and C).
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In contrast, cells treated before phagocytosis with
colchicine (2.5 x 10-5 M) showed numerous intra-
cellular bacteria but notably less degranulation and
vacuolization (Figure 3D and E). Although the
numbers of granules are not clearly evident in the
photomicrographs, the cytoplasmic density corre-
lates with the numbers of intact granules.

Similar experiments were done with live strep-
tococci as the ingested particles (Figure 4).
Again, the control polymorphonuclear leukocytes
showed more extensive degranulation and vacuo-
lization after phagocytosis than did the leuko-
cytes incubated with colchicine (2.5 x 10-5 M).
In both experiments, numbers of intracellular bac-

FIG. 4. THE EFFECT OF COLCHICINE ON THE MORPHOL-

OGYOF GRANULOCYTESAFTER PHAGOCYTOSISOF LIVE STREP-

TOCOCCI. The cells were incubated for 1 hour with or

without colchicine (2.5 X 10' M), and for an additional
hour with bacteria. The photomicrographs of thin stained
specimens are from a single experiment. Wright's stain.
Approximately X 360. A) No COLCHICINE; BACTERIA.

Phagocytosis is associated with the presence of promi-
nent cytoplasmic vacuoles. Streptococci are seen. B)
COLCHICINE; BACTERIA. Cytoplasmic vacuolization is less
marked (cf. A). Streptococci are seen.

WBC

mg P
per 6-

5 x107
WBC

4 -

2

FIG. 5. TOTAL ACID PHOSPHATASEACTIVITY. Average
results of seven experiments are shown. Duplicate or
triplicate determinations of enzyme activity were made for
each cell preparation in each experiment. The standard
errors of the means are indicated. The differences be-
tween the groups are all significant (p < 0.05).

teria appeared similar in control and colchicine-
treated leukocytes.

Thus, colchicine appears to interfere in poly-
morphonuclear leukocytes with the degranulation
and vacuolization that normally follow phagocyto-
sis.

Enzymne assay. To confirm our microscopic im-
pression, we used granule-associated acid phos-
phatase activity as a measure of the degree of de-
granulation. Standard incubations were carried
out, and then enzyme assays were done on cell
supernatant and granule fractions (see Methods).
No acid phosphatase activity could be detected in
the heat-killed staphylococci used in all experi-
ments.

The total (granule plus supernatant) enzyme
activity in all leukocyte preparations decreased
after 1 hour of phagocytosis (Figure 5). Though
not observed after 30 minutes of phagocytosis in
a study using rabbit leukocytes (26), this finding
was consistent in our experiments. Therefore, to
determine per cent granule-associated enzyme ac-
tivities, we compared the activity in each granule
fraction with the total activity in nonphagocyting
control cells.

The results of seven experiments are averaged
in Figure 6. In cells incubated for 1 hour without
colchicine and for the additional hour without bac-
teria, the granule-associated enzyme activity was
78%o of the total. If bacteria were added for
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FIG. 6. GRANULE-ASSOCIATEDACID PHOSPHATASEAC-

TIVITY (SEE FIGURE 5). The differences between the
groups are all significant (p <0.02).

the second hour, the granule-associated activity
dropped to 38%. If, however, colchicine was

added for the first hour and bacteria were added
for the second hour, granule-associated enzyme

activity fell only from 78% to 50%. In a control
not shown in Figure 6, cells incubated with or

without colchicine for 1 hour had the same

granule-associated enzyme activities.
Measurements of granule-associated acid phos-

phatase activity therefore support the morphologic
observations that colchicine-treated leukocytes do
not degranulate after phagocytosis as much as

control leukocytes.

Discussion

Incubation of leukocytes with colchicine pro-

duced a dosage-dependent inhibition of the in-
creased oxygen uptake that normally accompanies
phagocytosis. Although phagocytosis was not
altered, it was associated with less degranulation
and vacuolization of the phagocytic cell. The
magnitude of the "metabolic burst," then, at least
in this system, is not a proper measure of the
extent of phagocytosis.

A more likely hypothesis is that the meta-
bolic activity is related to alterations in granule
structure (27). By maintaining granular in-
tegrity, cochicine could keep a granule-associated
oxidative enzyrie (10-12) from its soluble sub-
strate. Recent evidence (28), however, suggests
that an oxidase for NADHis predominantly lo-
cated in the nongranular fraction of the cell. This
would suggest that. if metabolic changes and gran-

ule lysis are indeed closely related, a more com-
plex sequence of events must be involved. Since
the exact stimulus for metabolic alterations in the
cell is unknown, any action of colchicine on gran-
ules need not be direct. Indeed, in preliminary
studies with isolated granule fractions (not re-
ported here), colchicine did not appear to inhibit
the release of acid phosphatase activity by saponin.

In the present studies there were no consistent
effects of colchicine on the resting cell; the effects
were seen only when the cell was ingesting par-
ticles. Furthermore, the modest metabolic ac-
tivity and degranulation that occurred with col-
chicine treatment may not be "abnormal" for the
cell under all conditions of ingestion. For in-
stance, using guinea pig exudate leukocytes and
polystyrene spherules of very small diameter
(0.088 /u), Roberts and Quastel (29) estimated
the degree of phagocytosis at 24,000 particles
per leukocyte, whereas the oxygen uptake was
similar to that of resting cells. The relation of
particle size and number to the magnitude of the
metabolic change has been reported by others
(30, 31). Perhaps small particles are normally
ingested without the dramatic (Figures 3B and
C, and 4A) and sometimes self-destructive
changes that are seen with phagocytosis of larger
particles. By tending to uncouple phagocytosis
of large particles from the usual associated events,
colchicine may allow the cell to behave as though
it were ingesting smaller or fewer particles.

The present work does not indicate a primary
site of action for colchicine. Colchicine has been
proposed to interfere with the cellular organiza-
tion of labile, fibrillar systems concerned with
structure and movement (32). In this way it is
thought to interfere with the motility of poly-
morphonuclear leukocytes (17, 18), cells in which
continual reversible cytoplasmic structural changes
are required for amoeboid activities. Since such
organized systems have not yet been defined
ultrastructurally in granulocytes, a discussion of
their possible relationship to the dissociative ef-
fects of colchicine in the present studies would be
premature.6

The present work does, however, suggest a

6 Since this paper was submitted, microtubular ele-
ments have been demonstrated in mature, human poly-
morphonuclear leukocytes (33). These organelles were
not found in colchicine-treated cells.
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mechanism by which colchicine might suppress in-
flammation. First, some observations aimed at
elucidating the pathogenesis of acute gouty ar-
thritis may be pertinent: a) Sodium urate crys-
tals are very frequently present in the synovial
fluid of gouty patients (34). b) Intra-articular
or subcutaneous injections of crystals of similar
size (0.5 to 8 k in length) in gouty and nongouty
patients and in dogs result in an inflammatory
reaction (35, 36). c) In the synovial fluid, dur-
ing both spontaneous acute attacks and those in-
duced by injected crystals, there are leukocytosis
and phagocytosis of crystals (35, 37). d) The
same weight of much smaller urate crystals (0.03
to 0.04 u) produces little or no inflammation
(35). e) Colchicine cures acute attacks, spon-
taneous or induced (35). f) Pretreatment with
colchicine decreases the frequency of acute gouty
attacks (38) and decreases the magnitude of crys-
tal-induced inflammation (16).

With these points in mind, Seegmiller and
Howell (39) have suggested that metabolic prod-
ucts of the inflammatory response may favor con-
tinued precipitation of urate from supersaturated
body fluids, and may thus allow the propagation
of a vicious cycle of crystallization, leukocytosis,
phagocytosis, and increased metabolic activity.
From the current studies, colchicine would appear
both to impede the accumulation of possible toxic
metabolic products (by decreasing activity of the
hexose monophosphate shunt) and to maintain
the integrity of lysosomal structures. Both these
effects may reduce tissue injury and subsequent
inflammation, thus perhaps accounting for one
anti-inflammatory effect of colchicine in acute
gouty arthritis.

Finally, the "metabolic burst" should not be
viewed in too strict a setting: it occurs in mono-
nuclear phagocytes, the particular pattern ap-
parently reflecting cell type, location, and/or matu-
ration (40); it can occur in polymorphonuclear
leukocytes that are not ingesting particles (41,
42). In such stimulated cells, the use of colchi-
cine may aid in analyzing primary dependencies
among morphologic, enzymic, and metabolic
changes.
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