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Summary. Changes in the fluorescence intensity of
the dye 3-3'dipentyloxacarbocyanine were measured
in suspensions of purified human peripheral blood
polymorphonuclear leukocytes (PMNs) during expo-
sure to the chemotactic factors N-formyl-methionyl-
leucyl-phenylalanine (f-met-leu-phe) and partially
purified C5a. Incubation of PMNs with dye resulted
in a stable fluorescence reflecting the resting mem-
brane potential of the cell. Exposure of PMNs to
dye did not affect stimulated chemotaxis or secretion.
The mechanism of cell-associated dye fluorescence
involved solvent effects from partitioning of the dye
between the aqueous incubation medium and the cell
and not dye aggregation, Chemotactically active
concentrations of f-met-leu-phe (5 x 10™ M or greater)
produced a biphasic response characterized as a de-
crease followed by an increase in fluorescence. No
fluorescence response was seen in lysed PMNs, and
no response was elicited by an inhibitor of f-met-leu-
phe Dbinding (carbobenzoxy-phenylalanyl-methio-
nine). The ability of several other synthetic peptides
to elicit a fluorescence response corresponded to their
effectiveness as chemotactic agents. Although the first
component of the response suggested a depolariza-
tion, it was not influenced by variation in the external
concentration of sodium, potassium, chloride, or cal-
cium, and could not be characterized as a membrane
potential change. The second component of the re-
sponse, which was inhibited by both Mg?™ (10 mm)-
EGTA (10 mm) and high external potassium, was
compatible with a membrane hyperpolarization. The
data indicate that chemotactic factors produce

*  Presented in part at the 17th Annual Cell Biology Meeting.
Cell Biol. 75:103a, 1977.

**  Address for reprint requests: Bacterial Disease Section, Labo-
ratory of Clinical Investigation, National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Bethesda, Mary-
land 20205.

changes in dye fluorescence which can, at least in
part, be attributed to a hyperpolarizing membrane
potential change occurring across the plasma mem-
brane.

Polymorphonuclear leukocytes (PMNs) exposed to
a gradient of chemoattractants exhibit directed migra-
tion. PMNs also release the content of their intracellu-
lar granules in response to these stimuli if the cells
are simultaneously exposed to cytochalasin B {26, 27]
or if they are adherent to a substratum [6]. Little
is known about the mechanisms involved in these
processes although recent reports have indicated that
chemoattractants induce changes in calcium, sodium,
and potassium ion fluxes and stimulate plasma mem-
brane Na™ —K™* ATPase activity [9, 25, 41, 50]. In
addition, extracellular calcium, sodium, and potas-
situm are required for optimal PMN chemotaxis
through micropore filter [5, 25, 48, 50]. These observa-
tions suggested that changes in membrane potential
may be associated with exposure to chemoattractants.
Recordings of membrane potential changes in macro-
phages using intracellular microelectrodes have indi-
cated that chemotactically active molecules induce
prolonged membrane hyperpolarizations [19, 20, 24]
probably involving an increase in potassium per-
meability. Similar studies have not been possible in
PMNs because of their small size. Therefore, we have
chosen to monitor membrane potential indirectly us-
ing fluorescent probes that are sensitive to changes
in membrane potential [29, 51, 55]. The cyanine dye
3-3’-dipentyloxacarbocyanine [di—OQ—Cs(3)] was
selected as the fluorescent probe since this dye had
previously been used to monitor membrane potential
in a number of cell systems [39].

We have shown in previous studies employing di—
O - C5(3) [20] that chemotactic factors induce a potas-
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sium-dependent change in fluorescence in suspensions
of monocytes similar to the electrophysiologically
recorded hyperpolarizations obtained in cultured
macrophages. In addition since our preliminary re-
port indicating that chemotactic factors produced
membrane potential changes in PMNs [47], Korchak
and Weissman [33] have presented evidence using
triphenylmethyl phosphonium ion, a radiolabeled in-
direct probe of membrane potential, suggesting that
membrane potential changes also occur in PMNs fol-
lowing stimulation by the plant lectin concanavalin
A and by immune complexes. The observations by
Korchak and Weissman [33] substantiate the earlier
work by Utsumi et al. [54]. Using the cyanine dye
3-3” dipropylthiocarbocyanine iodide, these latter in-
vestigators presented evidence that concanavalin A
produced changes in fluorescence compatible with a
small hyperpolarization followed by a large depola-
rization. These changes in membrane potential were
inhibited by temperature and several agents affecting
membrane fluidity, leading Utsumi et al. to suggest
that changes in membrane fluidity resulted in the
membrane potential changes.

In the present report the effect of chemotactic
factors on the fluorescence of di—O-Cs(3) in sus-
pensions of PMNs is described along with the ion
dependence of the resulting fluorescence changes. The
results indicate that exposure of PMNs to chemotactic
factors produces a complex change in fluorescence,
a component of which is consistent with a membrane
potential hyperpolarization occurring across the
plasma membrane.

Materials and Methods

Buffers and Solutions

N-2-hydroxyethylpiperazine-N’-2-ethane sulfonic acid (HEPES,
Sigma Chemical Co., St. Louis, Mo.) buffered Hanks’ solution
was used in all fluorescence experiments. Normal Hanks’ contained
129 mm NaCl, 4.2 mm KCl, 0.9 mm Na,HPO,, 04 mM KH,PO,,
0.2 mM MgSo,, 0.1 mm MgCl,, 11 mm glucose, and 10 mm HEPES
(pH 7.3). In some experiments the concentration of potassium was
varied from 1-122 mm at constant osmolarity and fixed concentra-
tions of sodium (20 mwm) and chloride (136.4 mm) by reciprocally
adjusting the concentration of KCI and choline chloride. In other
experiments the sodium concentration was varied from 1-122 mm
in a similar manner, leaving potassium constant at its normal
concentration of 4.6 mm. Chloride ion was varied by replacement
of sodium chloride with sodium methylsulfonate. All inorganic
salts were obtained from Fisher Scientific Co., Fair Lawn, N.J.
The osmolarity (270 mmol) of all solutions was measured using
a Fiske QF Osmometer (Uxbridge, Mass.).

The formylated peptides N-formyl-methionyl-leucyl-phenyla-
lanine (f-met-leu-phe), carbobenzoxy-phenlyalanyl-methionine (Z-
phe-met), N-formyl-methionyl-methionyl-methionyl-methionine (f-
[met],), N-formyl-methionyl-leucyl-glutamate (f-met-leu-glu), and
methionyl-leucyl-phenylalanine (des met-leu-phe) were generous
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gifts of Dr. Elliot Schiffmann (National Institute for Dental Re-
search, NIH). Obtained as indicated were valinomycin, gramicidin S
(Sigma Chemical Co.), cytochalasin B (Aldrich Chemical Co., Mil-
waukee, Wis.). These compounds were dissolved in dimethylsuifox-
ide (Fisher Scientific) or ethanol at the appropriate concentration,
and 5-ul aliquots were added directly to the assay mixture, resulting
in a 0.5% concentration of solvent. This amount of ethanol or
dimethylsulfoxide had no effect on cell viability, function, or fluo-
rescence responses. Neuraminidase was obtained from Boehringer
Mannheim, West Germany.

Leukocyte Isolation

Peripheral blood PMNs from normal human subjects were pre-
pared by Ficoll-Hypaque gradient centrifugation (Hypaque-M
90%, Winthrop Laboratories, N.Y.; Ficoll 10%, Pharmacia, Upp-
sula, Sweden) followed by dextran sedimentation (Dextran T 250,
Pharmacia) [12]. This technique routinely resulted in cell popula-
tions containing over 95% PMNs. All experiments were completed
within 6 hr of obtaining the cells unless otherwise indicated.

Glial Cells, Mast Cells, Lymphocytes, and Erythrocytes

Cells other than PMNs were used in some studies. Cultured glial
cells (LRM 55) were cloned from a mixed glioma obtained from
a rat spinal tumor induced by ethyl nitrosourea [37]. Rat mast
cells were obtained from the peritoneal cavity by massage and
saline washout [15]. Human nonadherent lymphocytes were
collected 4 hr after plating the mononuclear cell band obtained
from Ficoll-Hypaque gradients onto plastic petri dishes and incu-
bating at 37 °C in RPMI. Red blood cells, also obtained from
the Ficoll-Hypaque gradient, were separated from PMNs by dex-
tran sedimentation and then washed twice in Hanks’ media.

General Procedure for Fluorometric Assays

The cyanine dyes 3-3'-dipentyloxacarbocyanine, di—O—C;5(3), and
3-3’-dipropylthiocarbocyanine, di—S—C5(5), were generous gifts
from Dr. Alan Waggoner (Amherst College, Amherst, Mass.).
Stock solutions of dye (1073 M) were made in ethanol and kept
in the dark at 4 °C. Prior to each set of experiments this solution
was diluted 100-fold into distilled water to make a working solu-
tion; it was discarded after 4 hr of use. The addition of dye to
the assay mixture lowered the osmolarity by 3% which, based
on control studies, had no effect on dye fluorescence,

A standard assay volume of 1 ml HEPES-buffered Hanks’
solution was used in a l-cm pathlength cuvette. To this was
added 50 pl of the working dye solution, giving an initial dye
concentration of 5x 1077 M and less than 0.05% ethanol. The
fluorescence was recorded using either an Aminco-Bowman SPF
(Rockville, Md.) or a Farrand Mark I spectrofluorometer (Val-
halla, N.Y.) with the excitation wavelength set at 460 nm and
the fluorescence wavelength at 510 nm. The temperature of the
cuvette was maintained at 35 °C, and the cell suspension was main-
tained by means of a magnetic flea and stirrer (300 rpm). As previ-
ously noted by others, di—O—C;(3) adsorbed onto the cuvette
and stirring flea [29], causing the fluorescence to decrease to a
constant value within 4 min. Once the fluorescence had stabilized,
20 ul of a suspension of PMNs was added to give a final concentra-
tion of 5% 10% cells/ml. The uptake of dye by the PMNs resulted
in a change in fluorescence (4f) as described in Results. Fluores-
cence changes are reported as a percentage of the total full-scale
fluorescence. During these experiments the photomultiplier tube
sensitivity was kept constant, permitting quantitative comparison
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Fig. 1, Effect of varying the exiernal
concentration of potassium ion on Afgye.
(4): Recordings of fluorescence at various
concentrations of potassium. Potassium
concentrations (mm) are shown at the right
of each tracing. Time scale, percent
full-scale fluorescence and addition of
di— O —C4(3) and PMNs are indicated.
The steady-state basal fluorescence defined
as Afpye 1s indicated for 82 mM potassium.
(B): The Afgyp values of fluorescence
obtained at each of six different
concentrations of external potassium are
plotted as functions of the log potassium
concentration. Each point represents the
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of results. Further details of the assay method used and the mecha-
nism by which di— O—C;(3) fluorescence is related to dye distribu-
tion in various compartments of the assay system and the nature
of the interaction between the cyanine dye and PMNs are given
in the Appendix.

Chemotactic Activity, Enzyme Determinations,
Superoxide Generation, Surface Charge, Cell Aggregation,
and Cell Viability

PMN chemotaxis was assessed with a previously described assay
using **Cr-labeled PMNs and a double micropore chemotactic
chamber [22]. Lysozyme activity, B-glucuronidase, and lactic dehy-
drogenase were assayed as described previously [10, 36, 53]. Super-
oxide ion was generated using xanthine (10”* M), and xanthine
oxidase (0.05 units/ml) (Sigma). The presence of superoxide was
determined spectrophotometrically by monitoring the superoxide
dismutase (3 units/ml, Miles Laboratories, Elkhart, Ind.) inhibita-
ble reduction of cytochrome ¢ (120ug/ml, Sigma) [38]. Surface
charge was measured using an electrophoretic mobility technigne
described previously [35]. Cell concentration, viability, and aggre-
gation were determined microscopically at the end of each experi-
ment using trypan blue and phase contrast microscopy. For some
studies, cell aggregation was assessed by recording light scattering
using an emission wavelength setting of 460 nm, the same as the
excitation wavelength.

Results
Fluorescence Changes Following Addition of PMNs

Quenching of cyanine dye fluorescence by cells has
been reported previously and attributed to the aggre-
gation of dye molecules [29]. For our studies we
elected to use concentrations of the dye less than
that associated with quenching of fluorescence. A rel-
atively low concentration of dye (5x 10~ 7 M) was suf-
ficient to detect responses and avoid problems en-
countered with high concentrations of the dye which

10

LOG SCALE, EXTERNAL
POTASSIUM {mM)

average of three experimental
determinations corrected for protein and
expressed as a percent of the full-scale
fluorescence, + SEM

42 82 200

include quenching, toxic effects of the dye, and inter-
ference with calcium-stimulated potassium fluxes [40,
51]. The accumulation of di—O—C4(3) by PMNs
results in increased fluorescence. Addition of PMNs
to di—O—Cs(3) containing solution (5x107 7 m
dye) resulted in a large increase in fluorescence which
rapidly reached a stable value (Fig. 1 4). In this figure
the change in full-scale fluorescence is shown begin-
ning with the addition of di—O—C4(3) to a stirred
cuvette. PMNs were added as indicated once dye had
equilibrated with the cuvette. The fluorescence imme-
diately increased to a stable value. As discussed be-
low, tracings from four different experiments have
been superimposed in this figure.

Effect of Potassium and Valinomycin
on the Fluorescence of di—O—Cs(3) with PMNs

To determine if the final stabilized level of fluores-
cence obtained after the addition of PMNs was a
function of the resting membrane potential (RMP),
the effect of independently varying potassium, so-
dium, and chloride was assessed. Increasing external
potassium from 1-122 mM decreased the level at
which the fluorescence stabilized following the addi-
tion of PMNs (Fig. 1 4). When the stabilized fluores-
cence (Afrnmp) was plotted as a function of log external
potassium, the greatest Afp,p was obtained with 1 mm
and the lowest with 122 mm external potassium
(Fig. 1 B). Extraction studies similar to those in Ta-
ble 3 (Appendix) demonstrated that the difference
in fluorescence could not be explained as a result
of potassium ioninduced removal of dye from the
cuvetie or an effect of this ion on dye fluorescence
before addition of cells.

The relationship between Afzyp and the log exter-
nal potassium concentration is linear at high potas-
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Fig. 2. Effect of varying the external
concentration of potassium ion on the
fluorescence response to valinomycin
(AfvaL)- (4): A typical recording is
shown. Valinomycin (10~ 7 M) was
added after the Afpyp had stabilized as
indicated. The extracellular potassium
concentration was 4.2 mM. Afy, was
\ measured as shown. (B): The effect of

\}\ﬁ changing external potassium on Afya;

\ is shown (0—0) and compared to the
\ effect of external potassium on Afpme
?\ (e —@). All points represent the

average of three observations and have
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Table 1. Effect of Di— O —Cs(3) on PMN chemotaxis and secretion

Chemoattractant Chemotaxis®
No addition di—O—C;5(3)
(5%x1077 M)
Buffer 442+ 45 395+ 38
Casein (5 mg/ml) 2456+ 70 2414+ 99
Endotoxin-activated serum (5%) 27719 +212 24554263
f-met-leu-phe (1 x 1078 m) 1311+ 44 1784+ 96

Secretagogue Total lysozyme® released
None 2+0.5
di—0—Cs(3) 5x107 7 m) 2403
Cytochalasin B (5 pg/ml) 5+1.0
f-met-leu-phe (107 ° M) 3+1.0
+cytochalasin B 46+4.0
+cytochalasin B+-di—O0—C;(3) 41£5.0

a

PMNs in lower filter, mean value of corrected cpm 4 sEM of
four determinations. (See Materials and Methods.)

b Percent total lysozyme released, mean + SeM of six observations
where total lysozyme was 29.3 pg egg white lysozyme equivalents
per 107 PMNs.

sium concentration (Fig. 1 B). This is similar to data
obtained in a variety of cells using intracellular record-
ing [30]. The deviation from linearity at low potassium
concentrations is typical of cells in which potassium
is the major, but not the exclusive, ion determining
the membrane potential. When the potassium concen-
tration was maintained at 4.6 mm, changing the so-
dium or chloride ion concentration in the external
assay medium had no detectable effect on the stabil-
ized fluorescence.

10 42 82 200 pressed as percent full-scale fluores-

cence, +SEM

The potassium ionophore valinomycin (1077 M)
was used to study the effect of increasing potassium
permeability on the membrane potential (Fig. 24,
4.6 mM external potassium). Valinomycin increased
fluorescence to a stable value (4fyay). Increasing ex-
tracellular potassium decreased Afy,, (Fig.2B). Va-
linomycin had no significant effect on fluorescence at
122 mM potassium ion. In control experiments,
performed in the absence of cells, valinomycin had
no effect on di— O - Cs(3) fluorescence.

Effect of di—O0—Cs(3) on PMN
Viability and Function

Incubation of PMNs for up to 2 hr in the concentra-
tion of di—O—Cs(3) used throughout our experi-
ments had no effect on cell viability as monitored
by trypan blue exclusion or release of the cytoplasmic
enzyme LDH. In addition, as shown in Tablel, the
dye had no effect on PMN random migration or
chemotactic responsiveness to three different chemo-
attractants. In addition di—O—Cs(3) had no effect
on the ability of PMNs to release lysozymal enzymes
in response to the degranulating stimulus f-met-leu-
phe plus cytochalasin B (Table 1).

Fluorescence Response Produced by Chemoattraciants

Fluorescence Response to f-met-leu-phe. Addition of
f-met-leu-phe (10~ ® M) to PMNs resulted in a biphasic
response consisting of a rapid decrease in fluores-
cence, measured quantitatively as 4f;, followed by
an increase in fluorescence to a maximum value (4/f3)
before decreasing to a stable value (Fig. 34). The



B.E. Seligmann et al.: Cyanine Dyes as Probes of PMN Function

f-met-leu-phe

5 min

10 % FULL SCALEI

261

30 ¢~
550
z §/
Z ]
e, Y
G % 1 N
x / { 454 3
2 )
£ & B )
= 10 }%/ 56 O
- 3
< /o' o m
Z
5 4 58 O
.
0 ] 1 J
0.1 1 5 10

[-met-leu-phe] x 107

Fig. 3. (4): Time course of fluorescence response to stimulation by f-met-leu-phe. Fluorescence changes were measured as percent
change of the full-scale fluorescence (see Materials and Methods). The addition of dye (5x 1077 M) to Hanks’ solution was followed
by addition of 20 pul of the PMN suspension (5 x 10° cells/ml, final concentration) followed by 10 pl of f-met-leu-phe (final concentration
5x 1078 M) as indicated. A biphasic response resulted with a decrease in fluorescence to a minimum (4fy) followed by an increase
to a maximum (4f3). The spike scen immediately upon addition of f-met-leu-phe is an artifact produced upon the addition of stimulus
due to the closing and opening of the shutter protecting the photomultiplier tube. (B): Cumulative data for Af, (left axis, o) and
4f (right axis, ®) are plotted as a function of f-met-leu-phe concentration. Bach point represents the average of three experiments, + SEM

duration of the response was from 5-10 min depend-
ing on the particular cell donor and the concentration
of peptide used. The rapid changes in fluorescence
seen in Fig. 3.4 upon addition of peptide is an artifact
resulting from the momentary closing and opening of
the shutter protecting the photomultiplier tube during
addition of the stimulus. Increasing peptide concen-
trations produced larger and more prolonged re-
sponses until the response was saturated at approxi-
mately 5x 1077 M f-met-leu-phe (Fig. 3B). Both Af,
and Af, show similar saturation curves with respect
to f-met-leu-phe concentrations, although the abso-
lute changes in fluorescence of Af; and Af, are not
necessarily similar (Fig. 3B). The magnitude of Af;
changed with the age of the cells. Approximately 6 hr
after drawing blood, this component began to in-
crease (Fig. 4). For this reason all the results reported
here were obtained within 6 hr of drawing the blood.

Specificity of the f-met-leu-phe Fluorescence Response.
The response to f-met-leu-phe required intact cells.
It was not seen if PMNs were first sonicated or treated
with a high concentration of gramicidin S (10~ * m)
which lysed the cells (Fig. 5). Moreover, the response
could not be related to cell aggregation. The specifi-
city of the fluorescence response to f-met-leu-phe was
characterized using an inhibitor of the f-met-leu-phe-
induced chemotactic response, Z-phe-met [1, 44]. Z-
phe-met inhibited the f-met-leu-phe-induced fluores-
cence response. When the data (4f;) obtained using
Z-phe-met as the inhibitor were plotted as a double-
reciprocal plot (Fig. 6), it was apparent that high
concentrations of f-met-leu-phe overcame the inhibi-
tion by Z-phe-met in a manner suggesting the inhibi-
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Fig. 4. Effect of PMN age on the 4f; component of the fluores-
cence response to f-met-leu-phe. The magnitude of Af, is plotted
as a function of the hours elapsed after blood was obtained from
the domor. Measurements were made using f-met-leu-phe
(51078 M) as the stimulus. The two separate experiments shown
(®, 0) were performed on different days with cells obtained from
different normal donors. The arrow indicates the approximate time
when Af; began to increase

tion represents competition for f-met-leu-phe binding.
At the concentrations used (and up to 10™* M) Z-phe-
met did not produce a fluorescence response. In other
studies involving chemotactically unresponsive cells
(mast cells, glial cells, nonadherent lymphocytes, and
red blood cells) f-met-leu-phe did not produce a fluo-
rescence response. In addition f-met-leu-phe did not
affect fluorescence in the absence of cells (data not
shown). The data therefore indicate that the f-met-leu-
phe-induced response was not an artifact due to dis-
placement of dye from the cuvette, nor due to nonspe-
cific effects of peptide on cell-bound dye, but rather
involved a specific effect of f-met-leu-phe on the cell.
Moreover, the f-met-leu-phe response required viable,
intact PMNs and was competitively inhibited by Z-
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Fig.6. Inhibition of the f-met-leu-phe response by Z-phe-met.
Doublé reciprocal plot of 4f; as a function of the concentration
of f-met-leu-phe in the presence of three concentrations of inhibitor
Z-phe-met; 5x 107° M (4), 2x 107 ¢ M (B), and no Z-phe-met (C).
Z-phe-met was added simultaneously with f-met-leu-phe

phe-met, an inhibitor of f-met-leu-phe binding and
chemotactic factor-induced chemotaxis [44].

Several other synthetic peptides with relatively dif-
ferent efficacy as chemoattractants [49] were studied.
The response produced by each of these peptides was
identical to that produced by f-met-leu-phe, and the
concentration required to produce a half maximal
fluorescence response (apparent K,,) corresponded to
each peptide’s effectiveness as a chemoattractant. The
apparent K,,’s were 3 x 107% m for both f-met-leu-phe
and f-(met), 107°m for des-met-leu-phe, and
5% 107 * m for f-met-leu-glu.

The response to f-met-leu-phe was inhibited by
ouabain (107% M) in a time-dependent fashion. Fig-
ure 7 shows the effect a 15-min incubation with oua-
bain had on the fluorescence response produced by
10~ 7 M f-met-leu-phe (upper tracing A4) compared to

SONICATED
PMNs

f-met-leu-phe
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Fig. 5. Effect of cell lysis on 4fgyp and the
response to f-met-leu-phe. (4): Gramicidins
(10~ *M) was added as indicated after PMN
fluorescence had stabilized (4fzyp). Once
fluorescence had stabilized again (Afgram)
f-met-leu-phe (10~ °M) was added. When
examined by phase contrast microscopy after
gramicidin treatment, the cells appeared intact
but did not exclude trypan blue. (B): The same
number of cells used in 4 were sonicated
before addition to the assay mixture.
f-met-leu-phe (10~ °M) was then added. This
preparation consisted largely of membrane
fragments and vesicles permeable to trypan
blue. Note decreased Afyyp after sonication

OUABAIN f-met-leu-phe

| !

F F A.

di-0-C5(3)
N —
[—
5 min
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Fig. 7. Effect of Ouabain on the fluorescence response to f-met-leu-
phe. PMNs (5x10° cells/ml) equilibrated with di—O—C;s(3)
(5% 1077 M) were either exposed to Ouabain (16™* M) as in tracing
A or to buffer as in tracing B and allowed to incubate another
15 min. The chemoattractant f-met-leu-phe (1077 M) was then ad-
ded as indicated and the fluorescence recorded for an additional
10 min

the response normally produced by this concentration
of peptide (lower tracing B). Shorter incubation times
with ouabain did not inhibit the response. Note that
during the incubation with ouabain there was no
change in Afgyp, inferring that the resting membrane
potential of the PMNs was not altered during this
time.

Ion Requirements for the f-met-leu-phe Response. The
ionic dependence of each component of the f-met-leu-
phe response was studied. Increasing extracellular po-
tassium had no effect on Af; but decreased Af,
(Fig. 8). Varying extracellular sodium or chloride had
no effect on either A/, or Af,. If both 4f; and Af,
were caused by changes in membrane potential across
the plasma membrane, it would have been expected
that they would both have been affected, albeit per-
haps differently, by changes in the extracellular
concentration of potassium. Therefore, the data
strongly suggest that only part of the response, 4f;,
involves Af,, involves a potential change across the
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plasma membrane. In Fig. 8 4 the curves for Af, and
Afyar (derived from Fig. 2) appear parallel to each
other and not parallel to Afgyp (derived from Fig. 1).
We further compared the effect of varying extracellu-
lar potassium on each of these responses by replotting
the data shown in Fig. 84 as a function of Afgyp
for each potassium concentration (Fig. 8 B). When
plotted in this manner, Af, and Afyay produced lines
with similar slopes (1.33 +£0.02 vs. 1.44+0.03, respec-
tively, P>0.05). These values are clearly different
from the slope of one for Afgyp (P<0.01). Thus the
data demonstrate that high extracellular potassium
affects Af, similar to the way potassium affects the
valinomycin response. The data therefore suggest that
part of the fluorescence response to f-met-leu-phe,
arbitrarily measured as Af,, represents a membrane
hyperpolarization caused by increased potassium per-
meability.

The requirement of extracellular calcium for the
fluorescence response to f-met-leu-phe was also
assessed. Removal of calicum from the extracellular
medium did not affect the fluorescence response
(Fig. 9, response 4). However, when 10 mm Mg?* —
10 mmM EGTA was present, Af, was inhibited although
Afy was not affected (Fig.9, response B). When
Mg?**-EGTA-treated PMNs were washed and re-
suspended in calcium-free Hanks’, the normal re-
sponse to f-met-leu-phe was restored (Fig. 9, response
C).

Therefore, while the f-met-leu-phe induced

and 1 (Afxup)
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Fig. 9. Effect of calcium on the fluorescence response to f-met-leu-
phe. f-met-leu-phe (5 x 10~ 7 m) was added as indjcated under three
conditions. (4): cells in calcium-free Hanks’ containing magnesium.
(B): Cells in calcium-free Hanks’ containing magnesium, with
10mM Mg?* —10mM EGTA added as indicated 2min prior to
addition of f-met-leu-phe. (C): PMNs incubated with 15 mm Mg?*
—10mM EGTA for 15 min at 37 °C, pelleted, and resuspended in
calcium-free Hanks’ containing magnesium before being added to
the assay solution. The same number of cells (5x 10> PMNs/ml)
were used in each case

changes in fluorescence suggested a depolarization
(4f1) followed by a hyperpolarization (A4f,), an ionic
basis for Af; could not be established. The possibility
Afy reflected dye aggregation was also considered,
but this seemed unlikely since no shift in the absorb-
ance spectra could be detected either at the minimum
of Af; or corresponding to Af,. In contrast to Af;,
Af, was affected by external potassium in a manner
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suggesting that it represents a membrane hyperpolar-
ization.

Effect of Superoxide on the f-met-leu-phe-Response.
PMNs generate superoxide following stimulation by
chemotactic factors [32]. To assess the effect of super-
oxide on di—O—Cs(3) fluorescence, two types of
experiments were conducted. Superoxide was gener-
ated by the reaction of xanthine with xanthine oxidase
either in the presence or absence of cells. The gener-
ation of significantly greater amounts of superoxide
by this system than that produced by PMNs following
stimulation with f-met-leu-phe (0.04 nmol/ml wvs.
0.003 nmol/2.5 x 10° PMNs/ml, p<0.01) had no ef-
fect on fluorescence or the ability of dye to equilibrate
with cells. In related studies the effect scavengers of
superoxide, hydrogen peroxide, and singlet oxygen
had on the f-met-leu-phe-induced fluorescence re-
sponse was assessed. Addition of superoxide dismu-
tase (100 pg/ml) eliminated the accumulation of supe-
roxide following stimulation of PMNs but had no
effect on the fluorescence response. Catalase (10 pg/
ml), a scavenger of hydrogen peroxide, or azide
(2 mm), a scavenger of singlet oxygen, also did not
affect the response. From these results we conclude
that extracellular superoxide, singlet oxygen, or hy-
droxyl radical do not have any affect on di—O —C;(3)
fluorescence.

Effect of Agents that Modify Surface Charge. Di—O—
Cs(3) is positively charged, and the binding of the
dye to negatively charged membrane sites might affect

e}
H 5 min
10 % FULL SCALE 1
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Fig. 10. Effect of albumin of the
fluorescence response to f-met-leu-phe.
After Afgyp stabilized albumin was
added (0.5% final concentration)
followed by f-met-leu-phe (2.5 x 1078 m)
as indicated. The responses obtained at
the four different potassium
concentrations (mm) indicated at the
right of each tracing are also shown.
The photomultiplier tube sensitivity was
one-third that used in all other figures

fluorescence and the fluorescence changes produced
by f-met-leu-phe. The effect of the dye on PMN sur-
face charge (electrophoretic mobility) was therefore
studied. Addition of the dye caused a small yet signifi-
cant decrease in surface charge (2.10+0.02 pm/sec/V
cm to 1.85+0.03 um/sec/V cm, P <0.05) that was less
than the response to f-met-leu-phe alone (decreased
to 1.79+0.02, P<0.01). Addition of f-met-leu-phe
to cells equilibrated with di—O—C5(3) caused a re-
duction of surface charge to 1.61+0.01 pm/sec/V
(P<0.01). In related studies, neuraminidase (which
removes sialic acid residues) was used to investigate
the effect of decreasing the negative cell surface charge
on dye fluorescence (Afgqp). Neuraminidase, at a
concentration (5 pg/ml) causing a large decrease
surface charge, (decreased to 1.02+0.02 pm/sec/V
cm), had no effect on either Afgyp (58 +4% of full-
scale fluorescence in the presence of 5 ug/ml neuramin-
idase vs. 60+4% of full-scale fluorescence in the
absence of neuraminidase; mean + SEm of three obser-
vations) or the fluorescence response produced by
f-met-leu-phe. Similar conditions of neuraminidase
treatment also did not inhibit chemotaxis {23]. In ad-
dition, when PMNs were equilibrated with dye and
then were treated with neuraminidase, centrifuged,
and resuspended, the same amount of cell fluores-
cence was retained (83+ 5% full-scale fluorescence)
as in the control experiments (85 + 6% full-scale fluo-
rescence) in which no neuraminidase was used. Thus
cleavage of sialic acid groups did not result in the
displacement of detectable amounts of cell-associated
dye.
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Effect of Albumin on PMN Fluorescence. Our initial
experiments were performed in the absence of albu-
min because this protein caused an increase in fluores-
cence even in the absence of cells. The increase in
fluorescence produced by albumin necessitated a re-
duction in photomultiplier sensitivity to a third of
that used in experiments performed in the absence
of albumin. We found, as did Burckhardt [13] study-
ing Ehrlich ascites tumor cells, that once Agyp stabil-
ized following the addition of 0.15-0.3% albumin,
further small increases in albumin had a negligible
effect on Afgmp. When f-met-len-phe was added to
cells in the presence of 0.5% albumin, the response
differed from that observed in the absence of albumin.
Instead of the biphasic response produced in the ab-
sence of albumin, f-met-leu-phe produced a transient
increase in fluorescence (Fig. 10). The apparent K,,
{(concentration producing a half maximal response)
for the dose-response curve in the presence of albumin
was lower (3x 1077 M) than that obtained for the
biphasic response in its absence (3 x 1078 M) (five ex-
periments). Increasing the external potassium concen-
tration (four experiments) reduced the response to
f-met-leu-phe in a manner similar to that observed
in the absence of albumin for the 4f, component
of the response (Fig. 10). In three other studies the
addition of valinomycin in the presence of albumin
also caused an increase in fluorescence similar to that
produced by valinomycin in the absence of albumin.
Therefore albumin actually modified the response to
f-met-leu-phe and did not just invert the fluorescence
signal.

Since potassium-dependent fluorescence responses
could be seen using f-met-leu-phe in the presence of
albumin, experiments were performed to determine
the PMN fluorescence response to partially purified
C5a, which contained significant amounts of albumin
[23]. The response produced by the C5a preparation,
which contained 10 pg protein/ml, was similar to that
produced by f-met-leu-phe in the presence of albumin
(Fig. 11). No fluorescence response was seen in con-
trol experiments using chemotactically inactive
proteins eluted from the G-75 Sephadex column used
in isolating the C5a fraction.

Discussion

Cyanine dyes and radiolabeled ions have been used
as indicators of membrane potential changes in a
number of cell systems. The concentration of these
probes within cells has been related to the magnitude
of the membrane potential [29, 31, 34, 44, 55, 59].
The fluorescent dyes equilibrate rapidly (Fig. 1) and
permit a continuous observation of membrane poten-

265

Cha
ALBUMIN l

s

di-0-Cg(3) 5 min

10% FULL SCALE I

Fig. 11. Time course of fluorescence response to C5a. Fluorescence
was measured as percent change in full-scale fluorescence (see
Materials and Methods). The addition of dye was followed by
0.5% albumin. Once fluorescence stabilized, 100 pl of a partially
purified and chemotactically active preparation of C5a was added
as indicated. The photomultiplier tube sensitivity was as described
in Fig. 10

tial. Thus these dyes are suitable for qualitatively mea-
suring relatively rapid changes in membrane potential
[55]. In contrast, radiolabeled ions such as triphenyl
methyl phosphonium (TPMP™) [17, 33, 45] used re-
cently to study potential changes in PMNs during
exposure to concanavalin A and antigen-antibody
complexes [33], equilibrate slowly and require that
the cells be harvested for each time point of measure-
ment. Because our studies involved rapid changes in
membrane potential and it was necessary to avoid
cell aging, we chose to use fluorescent probes.

When using fluorescent probes to study cells that
contain numerous intracellular compartments such as
PMNs, fluorescence changes cannot be simply
equated with membrane potential changes. However,
the demonstration that intact cells are required for
fluorescence, that the intensity of fluorescence (Afzyp)
was dependent on the extracellular potassium concen-
tration (potassium itself had no effect on fluorescence)
and that the potassium ionophore valinomycin
induced predictable and consistent changes in fluores-
cence indicate that in PMNs the fluorescence is a
qualitative measure of membrane potential. Values
for the intracellular concentration of potassium in
PMNs have been reported by a number of indepen-
dent laboratories ranging from 120 to 137 mm [3, 14,
18]. Using a value of 120 mu for intracellular potas-
sium, the equivlibrium potential for potassium (Ey) cal-
culated using the Nernst equation, is approximately
—85mV. Assuming the PMN is at least partially
permeable to potassium, raising the external concen-
tration of potassium would shift Ex and depolarize
the cells. Experimentally, we observed this effect as
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a progressive decrease in fluorescence (Afgyp) as the
external concentration of potassium was raised. How-
ever, the plot of log external potassium vs. fluores-
cence deviated from linearity at low potassium
concentrations (Fig. 1 B), suggesting that at these
concentrations of potassium either the membrane
potential is not simply a potassium equilibrium poten-
tial and/or dye fluorescence is not a linear function
of membrane potential.

Valinomycin, which selectively increases potas-
sium permeability, caused a rapid increase in fluores-
cence at low external potassium concentrations. At
the low concentration of valinomycin used in these
experiments, the initial effect on cells is an immediate
change in potassium permeability. The fact that after
the initial change in fluorescence there was not a
gradual loss of fluorescence infers that there was no
significant change in the intracellular concentration
of potassium within 10 min after addition of valino-
mycin. The effect of valinomycin indicates that the
resting membrane potential of PMNs is not at the
potassium equilibrium potential. The effect of potas-
stum ion itself and of valinomycin on PMN di—O—
C;(3) fluorescence is consistent with results reported
by other investigators using a variety of cell types
using indirect probes [29, 31, 34, 43, 55, 59]. The
studies involving extracellular potassium and valino-
mycin, together with studies in which extracellular
sodium and chloride were varied independently of
potassium, indicate that the PMN basal fluorescence,
and hence the resting membrane potential, is primar-
ily but not entirely a function of the permeability
of potassium across the plasma membrane.

Di—O—Cs(3) had no adverse effect on PMN
chemotaxis or release of intracellular granule contents.
Furthermore, cell aggregation and decreases in sur-
face charge, which occur during incubation of PMNs
with chemotactic factors, had no effect on the inten-
sity of dye fluorescence. Therefore, di—O—Cs(3)
seemed an appropriate probe to monitor membrane
potential changes during PMN exposure to chemotac-
tic factors.

Addition of the chemotactic factor f-met-leu-phe
to PMN suspensions in the presence of di—O—Cs(3)
caused a reproducible fluorescence response. In the
absence of albumin, the response was biphasic with
a decrease in fluorescence (4f;) followed by an in-
crease (Af,) (Fig. 34). These two components may
overlap optically. The f-met-leu-phe elicited response
could not be attributed to an effect of f-met-leu-phe
on dye fluorescence or displacement of the dye from
the cuvette. Furthermore it required viable PMNs
and could not be attributed to the effects of extracellu-
lar superoxide, singlet oxygen, hydrogen peroxide, or
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hydroxyl radical, which are generated by incubation
of PMNs with f-met-leu-phe [8].

The decrease in fluorescence, Af;, represented a
change in fluorescence compatible with a depolariza-
tion. However, Af; was not affected by changes in
extracellular ion concentration, suggesting that it did
not represent a change in potential across the plasma
membrane. The PMN is a multicompartmental cell
and changes in organelle membrane potential should
not be directly affected by extracellular ion composi-
tion. Whether or not Af represents events occurring
in subcellular organelles or solvent effects exerted on
the dye within the cell in response to stimulation
cannot be resolved with the available data. Mitochon-
dria and presumably other subcellular organelles take
up cyanine dyes as readily as intact cells [31, 34,
43, 55, 59]. To avoid effects of mitochondrial poten-
tials in ascites tumor cells, Philo and Eddy [43] used
oligomycin, antimycin, and 2,4-dinitrophenol to elim-
inate the potentials. We found that the protonophore
carbonyl cyanide-m-chlorophenyl hydrazone, which
uncouples oxidative phosphorylation leading to the
depolarization of mitochondria, had no effect on the
fluorescence response. Since PMNs contain few mito-
chondria compared to other cells this is not surpris-
ing. PMNs do contain numerous other subcellular
organelles and membrane-bound granules and, there-
fore, the problem of subcellular organelle effects on
di— O —Cs(3) fluorescence cannot be easily dealt with
simply by poisoning the mitochondria.

Another possible explanation of the insensitivity
of Af; to ionic changes is that Af; could reflect alter-
ation of membrane or cytoplasmic fluidity by f-met-
leu-phe. In recent studies of PMNs obtained from
patients with the Chediak-Higashi syndrome, in
which an abnormality of membrane fluidity has been
described [28], the Af; and 4f, components of the
f-met-leu-phe response were normal, suggesting that
the Af; component is not a consequence of a change
in membrane viscosity affecting dye fluorescence.
However, the possibility that Af; reflects changes in
cytoplasmic microviscosity or membrane potential
change occurring somewhere within the PMN other
than across the plasma membrane awaits additional
study.

In contrast to Af;, Af, appears to represent a
hyperpolarizing potential change across the plasma
membrane. This component of the fluorescence re-
sponse was dependent on the potassium concentration
gradient across the plasma membrane in a manner
similar to the response obtained with the potassium
ionophore valinomyecin.

In the presence of albumin, only a transient in-
crease in fluorescence was observed in response to
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f-met-leu-phe. This increase in fluorescence was inhib-
ited by high extracellular potassium, and appeared
to be a hyperpolarizing response. In the absence of
albumin, the f-met-leu-phe response had an apparent
K., of 3x 1078 m, whereas in the presence of albumin,
the apparent K, was 3x 1072 M. These values are
similar to concentrations of f-met-leu-phe that pro-
duce half-maximal chemotactic activity reported pre-
viously by our laboratory [16] for human peripheral
blood PMNs in the presence of albumin and is consis-
tent with the observation that chemotaxis is poor
in the absence of albumin [57]. The mechanism for
these albumin effects is unknown.

The specificity of the response to f-met-leu-phe
was also demonstrated using various inhibitors of che-
motaxis. The inhibition by Z-phe-met, which is
reported to competively inhibit f-met-leu-phe binding
[44], appeared to be competitive (Fig. 6). Therefore
interaction of a ligand with a chemoattractant recep-
tor does not appear to be sufficient to elicit a fluores-
cence response by itself. The effectiveness of four dif-
ferent synthetic peptides (see Results) as chemoattrac-
tants was directly correlated with the concentration
of each required to elicit a fluorescence response.
These results, plus the observations made using C5a
and Z-phe-met, provide evidence that the response
requires more than binding and implies a connection
to some aspect of chemoattractant-induced function,
either chemotaxis itself or another related event.

Inhibition of the chemoattractant elicited fluores-
cence response by ouabain (Fig.7) is of particular
interest. Ouabain has been used as a specific inhibitor
of the Na® —K "ATPase and effects are both time-
and concentration-dependent. Becker etal. [7, 9]
found that f-met-leu-phe stimulates a ouabain
(107* ™) inhibitable Na® —K*ATPase activity in
rabbit exudate PMNs concurrent with the influx of
potassium. The activation of Na* -K* ATPase activ-
ity was inhibited by Z-phe-met. The authors suggested
that enhancement of Na*—K*"ATPase activity by
f-met-leu-phe might be a consequence of the peptide
acting directly on the Na*™ —K " ATPase or indirectly
through perturbation of the membrane. Qur results
corroborate these findings and extend them. The fluo-
rescence response to f-met-leu-phe is inhibited by both
ouabain and Z-phe-met. Further, our data indicate
that the effect of ouabain on the fluorescence response
1s a direct result of inhibition of the Na* — K * ATPase
and not a consequence of a general depolarization
of the resting membrane potential since the baseline
fluorescence did not change. It seems likely that the
fluorescence changes and therefore the potential
changes result from changes in Na* —X* ATPase
activity consequent to the effect of f-met-leu-phe on
the Na* —K* ATPase.
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There is considerable evidence that calcium is
involved in initiation of chemotaxis. The optimal che-
motactic response through micropore filters requires
extracellular calcium, and chemoattractant-induced
transmembrane calcium fluxes have been demon-
strated [5, 11, 25, 41]. In addition, in macrophages
the chemoattractant-induced transmembrane poten-
tial changes [19} were similar to those induced by
the calcium ionophore A23187 [20, 21]. We have re-
cently shown [46] that the calcium ionophore A23187
causes changes in di—O—C4(3) fluorescence. Low
concentrations of ionophore stimulate a transient po-
tassium-dependent increase in fluorescence (hyperpo-
larization), while high concentrations of ionophore
(1077 M) cause a large and permanent decrease in
fluorescence(depolarization). Thisisconsistent with the
observations made directly with intracellular record-
ing from macrophages [21]. In the studies reported
here, Mg?* —EGTA blocked they hyperpolarizing
fluorescence response, although cell responsiveness
recovered when the cells were washed and re-
suspended in calcium-free media. It is possible that
only trace levels of extracellular calcium are required
for the response. Alternatively, cell-associated cal-
cium may be available to activate the response.

The use of the fluorescent dye di— O—C4(3) to
monitor membrane potential in human PMNs has
provided evidence supporting the view that chemotac-
tic factors (f-met-leu-phe and C5a) initiate hyperpolar-
izing potential changes similar to those noted earlier
in macrophages using direct intracellular recording
techniques [19] and in monocytes using the cyanine
dye [20]. The current studies also demonstrate that
the data obtained using membrane potential-sensitive
probes to study responses to substances such as chemo-
tactic factors in multicompartmental cells such as
PMNs must be interpreted with caution; i.e., that
changes in fluorescence occur which are not necessa-
rily related to alteration of potential across the plasma
membrane,

Appendix

Distribution of di—0—Cs(3) in the Assay System
and Nature of the Interaction between the Cyanine
Dye and PMNs.

The change in fluorescence of probes such as di— 0O —
Cs(3) may result from one of two possible properties
of the dye [29]. First, cyanine dyes typically exhibit
enhanced fluorescence in less polar solvents in addi-
tion to a shift in fluorescence maximum toward longer
wavelengths [52]. Second, cyanine dyes demonstrate
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Table 2. Fluorescence in Hanks’ solution of di—O —C,(3) equili-
brated with supernatant and PMN fractions

B.E. Seligmann et al.: Cyanine Dyes as Probes of PMN Function

Table 3. Partitioning of di—O—C;(3) in various compartments
of the assay system: Butanol extraction of cuvette and cell pellet?

Preparation Fluorescence®

1) Complete system® 1.60+0.02

2) Complete system before addition of PMNs 0.30+0.03

3)Media from the complete system 0.28+0.03
after removal of PMNs

4)Media (4 3) plus fresh PMNs 0.81 +0.05

5) Rinsed cuvette from # 2 plus 0.40+0.06
PMNs and media

6) Rinsed cuvette from # 1 plus 0.21+0.04
fresh PMNs and media

7) Rinsed cells from # 1 plus 1.08 +0.05

fresh cuvette and media

a

Maximum fluorescence obtained, measured as described in
Materials and Methods; mean of three observations + SEM.

b Complete system contained di —O—Cs(3) (5x 1077 M, 2-min
incubation) plus PMNs (5 x 10° cells/ml, additional 10-min incuba-
tion) in a total volume of 1.5 ml Hanks' solution.

the property of aggregation above a critical concen-
tration. The resulting aggregates are nonfluorescent
and characterized by a shift in absorbance maximum
to shorter wavelengths [29, 42, 45, 55]. Either of these
phenomena could occur as the dye becomes concen-
trated inside the cell. The experiments reported in
the Appendix were designed to assess the distribution
and redistribution of di—O—Cs(3) in the assay sys-
tem and to assess the fluorescent spectra of the dye
during the assay conditions.

Distribution of di—O—Cs(3) in the assay. For these
studies, the dye was extracted from the cuvette or
cells with butanol. Following equilibration of dye
with the cuvette (and where appropriate with cells)
the medium was removed, centrifuged for 1 min to
pellet the cells, and the supernate placed in a fresh
dye-free cuvette. The pellet and original cuvette were
rinsed rapidly and either soaked for 15min with
1.5 ml butanol to extract residual dye or used in addi-
tional experiments (as described in Tables 2 and 3).
In all instances fluorescence was recorded immed-
iately after each manipulation and the final maxi-
mum fluorescence noted. Fluorescence was recorded
at a constant sensitivity setting using a gain of 1
and an arbitrary full-scale reading at 2.0 fluorescence
units.

As shown in Table 2, addition of PMNs caused
a fivefold enhancement of fluorescence (prepara-
tions / and 2, P<0.01). There was sufficient dye left
in the supernatant to enable a enhancement (nearly
fourfold) by fresh cells, as demonstrated in prepara-
tions 3 and 4 (Table2). The large enhancement of fluo-

Conditions of butanol extraction Extracted di—~0—C5(3)

(fluorescence)
Extraction of rinsed cuvette following®
1) 5 sec with di— O —Cs(3) 0.02 +0.02
2)2 min with di—-0O~—C5(3) 0.37+0.04
3)2 min with di— O —Cs(3) 0.20+0.04
then 10 min with PMNs
Extraction of PMN Pellet®
4) PMNs from conditionf 3 1.80+0.12
5)PMNs from conditionf 3 0.10+£0.05

lysed with gramicidin (10™* M)

a

Partitioning of di—O—Cs(3) among PMNs, cuvette surface,
and extracellular milieu as assessed by butanol extraction and
expressed as the mean of three observations +SEM (see Materials
and Methods). Total fluorescence of 5x 1077 M di— 0O —C;(3) in
butanol was 6.1540.13 units of fluorescence. In each experiment
the initial dye concentration was 5x 10”7 M and cell concentration
was 5x 10° cells/ml.

b Cuvette decanted, rinsed with 3.0 ml H,O, and decanted again
prior to addition of butanol.

¢ PMNs pelleted by centrifugation, washed with Hanks' solu-
tion, then resuspended in butanol to extract dye.

rescence by PMNs was not obtained when only cu-
vette absorbed dye was available to equilibrate with
the PMNs (preparations 5 and 6, Table2). The
amount of dye adsorbed to the cuvette surfaces or
associated with cells was measured by extracting dye
from the cuvette or cell pellet with a common solvent,
butanol (Table 3). Extraction into butanol made pos-
sible the measurement of the actual amount of dye
independent of any solvent effects. Dye adsorbed to
the cuvette and magnetic flea accounted for the de-
crease in fluorescence between the measurements
taken at 0 time and after 2 min (Fig. 12). Evidence
for this are the measurements reported in Table 3
(preparations / and 2). The amount of dye adsorbed
onto the cuvette after a brief (5 sec) exposure to dye-
containing medium represents the control situation
(preparation I), while that recorded at 2 min repre-
sents adsorbed dye present which can exchange with
free dye in solution (preparation 2). Unless the cu-
vette-adsorbed dye is bound irreversibly the addition
of cells necessitates the displacement of dye from the
cuvette and establishment of a new steady state be-
tween the cells, cuvette, and supernatant. A small
yet significant amount of dye was displaced upon
addition of cells (Table3; preparation3 vs. 2
P<0.01). The amount of dye partitioned into the
cells was measured by recording the fluorescence after
extracting the cell pellets with butanol (preparations 4
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Fig. 12. Emission spectra of Di—O —C4(3). The cyanine dye di—
O —C4(3) was dissolved in Hanks’ solution (----,~-), absolute etha-
nol (—---), or Hanks’ plus 5x10° PMNs per ml (—) and the
emission spectra scanned from 400-600 nm with excitation at
460 nm. The maxima recorded were 497, 500, and 506 nm, respec-
tively. The spectra shown for dye in Hanks” solution were obtained
immediately after addition of dye (----- } and 2 min (~—-). The
structure of di—O—C;(3) is shown

and 5; Table 3). The amount of dye associated with
cells after equilibration (preparation 4; Table 3) was
much greater than the decrease in dye adsorbed to
the cuvette (preparations 2 and 3, Table 3); the dye
adsorbed to the cuvette accounting for only 6% of
the total cell-associated dye. Based on the butanol
extraction studies, it appears that although the equili-
bration of dye with PMNs causes some movement
of cuvette-bound dye into the supernate this cannot
account for the large increase in fluorescence seen
upon addition of PMNs. Instead the increased fluo-
rescence represents uptake of the dye by the cells.
Furthermore, the cell-associated enhanced dye fluo-
rescence requires intact cells since cell lysis by sonica-
tion (see text, Fig. 5) or gramicidin S decreases fluores-
cence (preparation 5, Table 3). The gramacidin effect
was due to actual loss of dye and not to alteration
of the solvent environment (preparations4 and 5;
Table 3).

Cell concentration is another variable which could
affect the results. At the dye concentration we used
the fluorescence increased with cell concentrations
from 10° to 10° cells/ml (Fig. 13). A cell concentration
of 5x10° cells/ml was therefore used for all experi-
ments.

Fluorescence Spectra. Uncorrected fluorescence spec-
tra of di—O—C;(3) (5x 1077 M) obtained with exci-
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Fig. 13. Afpup as a function of cell number. The cell concentration
was varied from 107 to 10° cells/ml and the value of Afyyp recorded
using the same dye concentration [Sx 10”77 M di— O —C4(3)]. Each
point represents the mean of three observations+sem and is
expressed as a percent of the full-scale fluorescence

tation at 460 nm in various solvents are shown in
Fig. 12. A dye concentration of 5x 10”7 M was chosen
following preliminary studies which demonstrated
that this dye concentration did not cause cell death
nor impair PMN function (see Results) and was suffi-
cient to enable fluorescence to be recorded accurately.
Two spectra are shown with only di—Q—Cs(3)
dissolved in Hanks’ (Hanks’, no cells; Fig. 12). One
was obtained immediately following addition of dye
to the solution and the other was recorded 2 min
later. The fluorescence maximum (497 nm) was de-
creased in the latter but not shifted. This decrement
in fluorescence may have resulted from dye adsorbing
to the cuvette and magnetic flea, a phenomenon
observed by others using the cyanine dyes [29]. When
dye was dissolved in the less polar solvent ethanol,
the fluorescence maximum was enhanced and shifted
toward the red by 3 nm. This solvent effect is charac-
teristic of cyanine dyes [52].

The spectrum obtained after a 5-min incubation
of dye with PMNs in Hanks’ is also shown (Hanks’
plus cells ; Fig. 12). In this case the fluorescence maxi-
mum was enhanced and shifted 9 nm toward the red
compared to the spectra of dye in Hanks® without
cells. We observed a similar enhancement of fluores-
cence with glial cells, mast cells, and nonadherent
lymphocytes, although quenching was observed with
erythrocytes. The enhancement of fluorescence by
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Fig. 14. Absorbance spectra of di—S—C3(5) and di—O—C4(3) with and without cells. Left panel: The absorbance spectra of di—S—
C5(5) (107° M) in HEPES Hanks’ solution was obtained at 0, 10, and 20 min after addition of dye to an unstirred solution as indicated
by the solid lines. Cells (5% 10°/ml) were added at minute 24 and spectra were obtained every 5 min thereafter (broken lines). Scan
rate was 120 nm/min. Right panel: Absorbance spectra fo di—O—C;(5) (10° m) is shown, recorded at minute 5 (solid line). Cells
were then added at minute 9 and consecutive recordings obtained at 10, 15, and 20 min (broken lines)

cells was similar to the enhancement seen in ethanol.
The similarities between the shift in fluorescence spec-
trum of di—O—Cs(3) occurring upon addition of
PMNs and that of dye in ethanol provide evidence
that solvent effects may account for fluorescence
changes in the PMN system.

To determine if the enhanced fluorescence we noted
with di — O — C5(3) was unique to the cells we studied
and/or a special property of this dye, a second cyanine
dye was employed, di—S—C;(5), at a concentration
comparable to that used with di—OC4(3). The ab-
sorbance spectra obtained for both dyes are shown
in Fig. 14. Aggregation of cyanine dye molecules re-
sults in the formation of nonfluorescent aggregates
with an absorbance maximum at shorter wavelength
[42, 52]. The spectra obtained with di—S—C;(5) after
addition of cells is typical of that seen when aggrega-
tion occurs (Fig. 14, left panel). Spectra were run
before addition of cells, immediately after the addi-
tion of di—S - C5(5) (0 time), as well as 10 and 20 min
later. PMNs were added at minute 24 and consecutive
spectra obtained at 25, 30, and 35 min. The addition
of cells caused a decrease in the absorption maximum
at ~595 nm and the appearance of a new maximum
at a shorter wavelength (=~ 560 nm). This is consistent
with the formation of dye aggregates. However, when
a similar series of spectra was obtained using di—
O-—Cs(3) (Fig. 14, right panel) no such shift was
observed. The first spectrum was obtained 5 min after
addition of dye, cells were added at 9 min and
consecutive spectra obtained at 10, 15, and 20 min.
The absorbance maximum did not decrease or

shift. When the concentration of di—O0—Cs(3)
was raised 10-fold or greater, both quenching
of fluorescence and a change in the absorbance maxi-
mum typical for dye aggregation was seen upon addi-
tion of PMNs. A similar effect of dye concentration
on fluorescence in the presence of cells was reported
by Sims et al. [52]. These results are consistent with
the hypothesis that aggregation occurs when the dye
concentration becomes greater than a critical value
characteristic for each particular dye. The concentra-
tion of dye used throughout these experiments
(5x 1077 M) is less then this critical value and there-
fore enhanced fluorescence is seen with the addition
of PMNs resulting from interaction of dye with the
microenvironment of the cell.

In summary, on the basis of the observations
reported in the Appendix, it appears that once di—
O —C(3) partitions into cells it experiences a solvent
environment causing enhanced fluorescence. Fluores-
cence correlates with the actual accumulation or loss
of dye molecules. Furthermore, cell-associated dye
is apparently not tightly bound.
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