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We found exaggerated chemotaxis in plasma treated with EDTA
and thought that the EDTA might itself be inhibiting a tonic
inhibitor(s) of chemotaxis. Our plasma fractionations suggested
that evidence should be sought for a lipid moiety carrying this
activity, and on spectrometry (LC-MS-MS together with GC-MS
analyses), the biologically active but not the inactive fraction
contained oleic and arachidonic acids. Because fatty acids are
largely protein bound, we flooded plasma preparations with
delipidated albumin, reasoning that it would bind enough fatty
acids, including inhibitory ones, to counter their tonic inhibition.
Indeed, we observed dramatic increases in chemotaxis. Hence,
adding delipidated albumin to plasma has a similar effect to that
of adding EDTA—amplification of the chemotactic response. Oleic
acid in physiologic concentrations diminishes the magnifying ef-
fects of both EDTA and of delipidated albumin, and in fact dimin-
ishes the chemotactic response even without the presence of the
amplifiers of chemotaxis. In contrast, arachidonic acid amplifies
further the effect of EDTA but not of delipidated albumin, and this
augmentation appears to be caused by an EDTA-dependent en-
richment of the chemotactic gradient with leukotriene B4 (LTB4).
We conclude that oleic acid, the blood levels of which vary among
individuals, is at least one tonic inhibitor of chemotaxis in plasma.

fatty acids � oleic acid � neutrophils

This work began with the videomicroscopic observation that
polymorphonuclear leukocytes (PMNs) from blood anticoag-

ulated with EDTA, but not with heparin, segregate into groups,
usually around a monocyte (1, 2). The EDTA effect occurred in
serum as well as in plasma (2). When the monocytes became less
adhesive and moved from the center of the field, the PMNs did not
follow. Rather, they ignored the monocyte, remaining focused on
the place where it used to be, and often continuing to arrive in large
numbers; they appeared to have taken over the generation of a
chemotactic gradient, replacing the one initially provided by the
adherent monocyte (2). Moreover, this prolonged chemoattraction did
not depend on triggering by monocytes; we saw large aggregates accrue
around PMNs containing ingested material, damaged (motionless,
mummified appearance) PMNs, or detritus in the slide preparation.

To pursue the phenomenon of prolonged chemotaxis in EDTA/
plasma in a more systematic approach, we used the chemoattractant
gradient established by an erythrocyte destroyed by laser microir-
radiation (3, 4). With videomicroscopy, one can observe directly
and continuously the behavior of PMN in real time before, during,
and after establishment of a chemotactic gradient. Within several
seconds of the laser flash, PMNs in the area turn in the direction
of the newly created chemotactic target. PMNs then move to the
target, and surround it for several minutes, before departing cells
begin to outnumber arriving ones, presumably mirroring a decline
in the exudation of chemoattractant. As in the case of chemotactic
gradients initiated by other PMN-activating conditions, aggregates
of PMNs in EDTA/plasma also tended to be outsized. PMNs
continued to accumulate after the time corresponding to the largest
accumulation of PMNs in non-EDTA controls.

Our working hypothesis was that the effects observed represent
the loss of normal modulation in plasma by tonic factor(s) designed
to keep the chemotactic response from getting out of hand. In this

paradigm, chelation of divalent cations by EDTA would prevent the
inhibitor from functioning normally. The result is a prolonged
ingress of PMNs, that is, an amplified chemotactic response. This
manuscript describes the search for the source of that inhibitory
activity in human plasma.

Results
The Elusive ‘‘Protein.’’ With the initial assumption that the inhibi-
tor(s) was a protein, we used an approach that had been successful
in isolating, for example, human IL-1 and IL-6, as well as IL-8 and
NAP-2, from white blood cells (5, 6). With buffy coats from 10 L
of donor blood, leukocytes are separated by standard means, and
incubated for 2 days in serum-free media (RPMI) � 10% FCS with
stimulus (e.g., LPS). This treatment provides conditioned media
replete with both known and as yet unidentified cytokines and
chemokines, as well as, presumably, any tonic inhibitor(s). The
media is concentrated and purified by selective adsorption to glass
beads or by affinity chromatography employing antibodies made
against the contents of such conditioned media. (For example, in
this system, 10–100 ng/ml of IL-8 can be enriched to 10–100 �g.)
Subsequently, these concentrates are fractionated by HPLC to
obtain pure factor(s), which are then visualized by SDS/PAGE and
identified by amino acid sequence analysis.

Initially in conditioned media containing FCS, the tonic inhibitor
of chemotaxis, assayed by videomicroscopy, copurified with other
cytokines and chemokines using controlled pore glass (CPG)
chromatography. However, in a further purification step based on
selective affinity for heparin, unlike chemokines, the factor showed
only weak binding upon heparin-Sepharose affinity chromatogra-
phy. Indeed, the biological activity eluted at 0.2- 0.6 M in the NaCl
gradient, whereas chemokines did not elute from the column before
1 M NaCl was reached. In subsequent fractions, the tonic inhibitor
was also present in serum-free media.

In serum-free conditioned media, proteins can usually be puri-
fied to homogeneity in a 3- rather than 5-step procedure. However,
in our assay no biological activity could be recovered upon cation-
exchange chromatography (elution at pH 4.0), which was used as a
third purification step after adsorption to CPG chromatography
and heparin-Sepharose affinity chromatography. The possibility
that the factor was acid labile was excluded because the tonic
inhibitor could be recovered after pH 2.0 treatment. Loss of
biological material because of dialysis was unlikely because activity
was still found upon dialysis of material eluted from the CPG.

In a subsequent approach to further purify the tonic inhibitor(s),
biologically active fractions from the heparin-Sepharose column
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were submitted to reversed-phase high-pressure liquid chromatog-
raphy (RP-HPLC). In none of the RP-HPLC eluate fractions could
any biological activity be recovered, nor could activity be restored
through recombination of fractions. Mass spectrometry analysis of
the fractions was unrevealing.

Thus, the inhibitory activity was not eluting from heparin-
Sepharose where a chemokine would elute and was not concen-
trated by the CPG and heparin-Sepharose fractionations as most
bound proteins would be. Biologically active heparin-Sepharose
fractions subjected to proteolysis using either trypsin or the endo-
proteinase Asp-N were not broken down, in contrast to control
BSA. Hence, either the presence of protease inhibitors in the
column fractions at this stage of the purification was preventing
inactivation, or the biologic activity under investigation was not due
to a protein component.

Evidence for an Active Lipid Inhibitor(s). We turned to the possibility
that our unusually behaving (for a protein) twice-chromatographed
(CPG and heparin-Sepharose) positive fractions contained an
active lipid. We chose a positive and a negative fraction from a
heparin-Sepharose eluate in which, of 21 fractions, only 2 contiguous
fractions (nos. 6 and 7) were positive. We tested fractions 6 (positive)
and 4 (negative); both eluted before the main protein peak.

For both fractions, we carried out liquid chromatography tandem
mass spectrometry (LC-MS-MS) analyses and in parallel derivat-
ized a portion of each fraction for gas chromatography-mass
spectrometry (GC-MS) based lipidomic analyses, using published
methodology (7–9). These analyses focused on identifying known
fatty acids as well as novel compounds derived from them (7–9).
The results were clear: The LC-MS-MS analyses indicated that
there were apparently no known eicosanoids (present as leukotri-
enes or lipoxins) in appreciable amounts or potential other novel
oxygenated lipid-derived products in either of these fractions (Fig.
1). If novel products were present, they were apparently below limits
of detection (�25 picograms/sample). Of interest, the active frac-
tion 6 contained native arachidonic acid. This was not observed in
the inactive fraction.

After derivativization of the same fractions and conversion to
methyl esters and potential O-trimethysilyl derivatives, it was pos-
sible to discern the presence of other unsaturated fatty acids. The
major component identified was oleic acid C18:1 (Fig. 1). Again,
this was identified and present only within the active fraction 6. A
number of other major materials were present in the total ion
chromatogram corresponding to usual contaminants present for
this derivatization procedure. In addition, in other spectra we
identified cholesterol and obtained hints of the presence of poten-
tial monohydroxy acids within the active fraction. However, these
were not present in substantial amounts, so that we could dismiss

mono-, di-, or trihydroxy fatty acids (eicosanoids, or new com-
pounds) as potential tonic inhibitors.

In short, the results indicated the presence of unoxygenated fatty
acids, specifically oleic and arachidonic acids, in the bioactive
fraction. They therefore became prime suspects as endogenous
inhibitors of chemotaxis in plasma. There is a report of inhibition
by oleic acid of chemotaxis of human neutrophils toward zymosan-
activated serum and of C5a-induced myeloperoxidase release (10).
A more recent study indicated inhibition of chemotaxis by both
oleic and arachidonic acids, of mature rat intestinal dendritic cells
toward the chemokine CC chemokine ligand 21 (11). We began by
examining the effect of added oleic acid on the amplified chemo-
tactic response induced by EDTA.

Reversal by Oleic Acid of the Outsized Chemotaxis Induced by EDTA.
In all of 4 initial experiments, one of which is shown in Fig. 2, EDTA
(5–6 mM) controls induced an outsized chemoctactic response, and
oleic acid (125–250 �M) suppressed the EDTA effect. This sup-
pression was the first evidence that at least 1 fatty acid, oleic, in its
known physiologic range in human blood (72.8–400.5 �M) (12),
reversed the EDTA effect.

Subsequently, we noted that oleic acid reversed the EDTA effect
even with the latter at 10 mM, which became our standard
concentration (it had been used in earlier work when we wanted to
reduce divalent cations to �1 nM) (1, 2). For example, 250 �M oleic
acid diminished the outsized chemotactic response induced by 10
mM EDTA, with very high statistical significance: control, 8.88
cm � 0.80 (SEM); oleic, 5.80 cm � 0.62 (SEM); n � 10, P � 0.003.
This diminution occurred without suppression of non-directed
motile function of the PMNs.

With 10 mM EDTA, there was a trend toward an effect of oleic
acid at 100 �M that became significant when many experiments had
been done: control (mean of 2 for each experiment), 9.91 cm � 0.41
(SEM); oleic, 8.70 cm � 0.54 (SEM); n � 21, P � 0.04. The 2
controls did not differ significantly from each other: C1, 9.93 � 0.47;
C2, 9.88 � 0.46; n � 21, P � 0.94.

Arachidonic Acid Apparently at Odds with Oleic Acid. Employing as a
control the other suspect (from the spectrometric results) for tonic
inhibition of chemotaxis in plasma, we were surprised to find the
opposite: Instead of suppressing, arachidonic acid amplified the
EDTA effect (Fig. 3). The results of 12 such experiments are seen
in Table 1.

In those experiments, oleic acid (250 �M), the major free fatty
acid in plasma (26–45%) (12), is well within the physiologic range
(72.8–400.5 �M); 400 �M arachidonic is well above its usual
concentration (16.8–53.4 �M; �6% of total fatty acids) (12).
Therefore we did a series of experiments with a physiologic
concentration of arachidonate (50 �M). In 8 experiments, the

Fig. 1. Identification of oleic and arachidonic acid in active fractions. (A) GC/MS selected ion monitoring for m/z 87 � R-CH2-CH2-COO-Me, the common ion
for PUFA, of active and inactive fractions. Samples were treated with BSTFA to produce Me3Si derivatives before injection. (B) LC/MS/MS selected ion
chromatogram of m/z 302 � M-H shows the presence of arachidonic acid in the active fraction, which co-elutes with authenticated standards.

17950 � www.pnas.org�cgi�doi�10.1073�pnas.0802572105 Malawista et al.



results were again significant, but not markedly so: EDTA control,
9.75 � 0.80 (SEM) cm; arachidonate, 11.13 � 1.19 cm; P � 0.04.

Delipidated Human Serum Albumin (DHSA), an Independent Amplifier
of Chemotaxis. EDTA, by augmenting the chemotactic response,
increases the signal-to-noise ratio when inhibitors of chemotaxis are
being sought in a series of plasmas that may vary considerably in
their content of particular endogenous fatty acids. Its addition is
therefore an excellent way to screen for inhibitory effects of added
fatty acids alone or in combination. However, the mechanism of
action of EDTA in this system is as yet unknown, and so we sought
another way of increasing the dynamic range of the chemotactic
response that was more easily explained.

Because fatty acids bind to albumin, we reasoned that the
addition of sufficient amounts of DHSA to plasma would bind
enough fatty acids, including inhibitory ones, to counter their tonic
inhibition. In several preliminary experiments, the results were
dramatic. Delipidated albumin added to plasma (room tempera-
ture, 1 h) before PMNs were added induced chemotactic responses
that were at least as rapid as those of controls and resulted in
accumulations of neutrophils that were often very large. Results
with 300 mg/ml DHSA are seen in Table 2 (DHSA vs. No DHSA):
DHSA magnified the chemotactic response in a highly significant
manner. An equal concentration of normal serum albumin did not
result in increased chemotaxis (2 experiments; data not shown).

Hence, adding delipidated albumin to plasma had a similar effect to
that of adding EDTA, augmentation of the chemotactic response.

Are Fatty Acid Effects on Chemotaxis Independent of EDTA in the
Medium? Because DHSA produces a similar increase in the dynamic
range to that of EDTA, we could also use it to indicate whether
effects seen with fatty acids are independent of the presence of
EDTA. In Table 2, we confirmed the inhibitory effect of oleic acid
on chemotaxis, employing delipidated albumin as the amplifier
rather than EDTA. However, 50 �M arachidonic acid had no
significant effect (Table 2); nor did it in excess, 400 �M (data not
shown). Thus, the further amplification of chemotaxis by arachi-
donic acid in EDTA plasma is not a general effect.

Mechanism of EDTA-Dependent Augmentation of Chemotaxis in the
Presence of Arachidonic Acid. Given that human erythrocytes can
convert 5-HPETE to LTA4 (via hemoglobin) and then to LTB4
(13), we wondered whether a donor cell with 5-lipoxygenase activity
(e.g., leukocytes) could be generating 5-HPETE from the added
arachidonic acid. The destroyed red cells might convert it to LTA4
and then to LTB4, thereby enriching the gradient with this powerful
chemoattractant. EDTA would presumably keep 5-HPETE from
being degraded in plasma.

We tested this hypothesis as follows. First, as seen in Table 3, the
LTB4 receptor antagonist �-LTB4 prevented the augmentation of

A

B

C

D

E

F

Fig. 2. Reversal by oleic acid of the outsized chemotaxis induced by EDTA. Both
preparations contain EDTA. (A–C) EDTA control cells, having received only the
solvent for oleic acid (EtOH); (D–F) cells that received oleic acid. (A and D) Fields
justaftercentralerythrocyteshavebeendestroyedbyruby lasermicroirradiation,
creating a chemotactic gradient. (B and E) 15 min later: with EDTA alone (B),
neutrophils continue to arrive; with EDTA � oleic acid (E), maximum aggregation
has occurred and cells have begun to disperse (as normal cells do without EDTA).
(C and F) After an additional 21.5 min, with EDTA alone (C), neutrophils are still
arriving;withEDTA�oleicacid (F),neutrophil locomotion isnormalbutdirection
is random. EDTA, 5 mM; oleic acid, 125 �M; EtOH, 0.2%.

A B C

D E

Fig. 3. Amplification by arachidonic acid of the outsized chemotaxis induced
by EDTA. All preparations contain EDTA. (A–C) EDTA control cells, having
received only the solvent for the fatty acids (EtOH); D has received oleic acid
and E arachidonic acid. (A–C) EDTA control at laser flash (A), 7.6 min later (B),
and after a total of 27.6 min (C) when the cell aggregate is at its maximum. (D)
EDTA � oleic acid, maximum aggregation, 15.7 min after the laser flash. (E)
EDTA � arachidonic acid, maximum aggregation, 32.6 min after the laser
flash. EDTA, 10 mM; oleic acid, 250 �M; arachidonic acid, 400 �M; EtOH, 0.2%.

Table 1. Arachidonic acid apparently at odds with oleic acid
when EDTA is employed to amplify chemotaxis in plasma

Mean diameter � SEM,
cm n P (vs. C)

EDTA control (C), 10 mM 9.46 � 0.56 12 —
Oleic acid, 250 �M 5.73 � 0.39 12 0.0001
Arachidonic acid, 400 �M 11.54 � .59 12 0.006

Unlike oleic acid, which is inhibitory, arachidonic acid, a minor component
of plasma free fatty acids, here employed in supraphysologic concentration,
augmented the outsized chemotactic response induced by EDTA. Neither fatty
acid affected the non-directed motile function of the PMN.
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chemotaxis seen with arachidonic acid (row 3 vs. row 2, P � 0.009).
Note that �-LTB4 did not reduce chemotaxis when no arachidonic
acid (the presumed substrate for the augmented chemotactic
response) had been added (row 4 vs. row 1). Thus, this was not a
nonspecific effect, and it provides further confirmation that the
increased chemotaxis seen when EDTA alone is added to plasma
(row 1 vs. row 5) is not itself due to the generation of LTB4 (2).

Second (Table 4), the addition of excess exogenous LTB4
prevented the further augmentation of the EDTA effect by ara-
chidonic acid (row 4 vs. row 3; P � 0.02) without affecting the
EDTA control (row 2 vs. row 1; P � 0.69). This result suggests
distraction, by exogenous LTB4, of the contribution of endogenous
LTB4 to the gradient.

Third (Table 5), in plasma without EDTA, there was no effect on
control chemotaxis of �-LTB4 (row 4 vs. row 1; P � 0.66), of excess
arachidonic acid (row 2 vs. row 1; P � 0.85), or of both (row 3 vs.
row 1; P � 0.61). This finding again suggests that EDTA is necessary
in plasma for arachidonic acid to be converted to LTB4 in these
circumstances.

Oleic Acid Actions on Unamplified Chemotaxis. As noted above,
employing amplifiers of chemotaxis such as EDTA or excess
albumin is convenient because, among plasmas that may contain
quite different concentrations of the various endogenous fatty
acids, amplifiers increase the scale in which inhibition can be
observed, that is, the signal-to-noise ratio. However, they are not
physiologic, and it is therefore important to confirm the effect of a
putative inhibitor without them.

To determine whether we could show inhibition of chemotaxis by
oleic acid in the absence of either amplifier, we performed a series
of experiments in which duplicate assays of oleic acid using a

physiologic concentration, 250 �M (normal plasma concentrations,
72.8–400.5 �M), and duplicate controls were used for each plasma/
leukocyte sample (Table 6A). There was a highly significant inhi-
bition of chemotaxis by oleic acid (n � 13, P � 0.001).

To minimize endogenous fatty acid effects, we did an additional
series of experiments in media containing only 16% plasma in
NCTC, comparing oleic acid with palmitic acid, the next most
abundant fatty acid in plasma (64.4–222.5 �M) (Table 6B). [As
predicted from its lack of effect when delipidated albumin was used
to augment chemotaxis (Table 2), arachidonic acid alone had no
significant effect on chemotaxis (not shown)]. In 8 consecutive
experiments, oleic acid again significantly decreased the chemo-
tactic response (n � 8; P � 0.0004); palmitic acid did not (Table 6B).

Action of Oleic Acid in a Filter Assay with LTB4, fMLP, and IL-8. This
assay was used to confirm the videomicroscopic results in a stan-
dard system with defined chemoattractants. We began with LTB4.
Results were negative for some time, until we realized that the tonic
inhibitor must be by nature weak, so that significant chemotactic
events in vivo are not impeded. Therefore, we (i) used the lowest
concentration of LTB4 that reliably yielded a positive signal in
triplicate (5 � 10�9 M), (ii) cut the time of incubation from 1.5–2.5
h to 20 min, when the negative controls (random locomotion) are
just beginning to appear in the lower chamber, and (iii) used initially
a high concentration of oleic acid (400 �M). In 5 consecutive
experiments, oleic acid significantly inhibited chemotaxis toward
LTB4: LTB4 alone, 15,630 PMNs/100 �L � 3,651 (SEM); LTB4 �
oleic acid, 1,800 � 1,104; P � 0.02. In a second series of experi-
ments, we used the middle physiologic concentration of oleic acid
generally used in the videomicroscopic studies (250 �M); oleic acid
continued to inhibit chemotaxis toward LTB4 (Table 7A). Similarly,
we determined the lowest concentration of fMLP that reliably
yielded a positive signal in duplicate (1 � 10�10 M). Oleic acid, 250
�M was again inhibitory; oleic acid 125 �M was not significantly so
(for n � 5) (Table 7B). For IL-8, we reduced the duplicate
incubation times to 15 min; the lowest reliably stimulatory concen-
tration was 1.2 � 10�10 M. With a larger n than for LTB4, we show
a dose–response inhibition of chemotaxis by oleic acid (250 �M,
125 �M, and 65 �M), and all of the differences are statistically
significant (Table 7C).

Discussion
We appear to be dealing with a regulatory mechanism for chemo-
taxis present in human plasma—tonic inhibition by fatty acids— of
which oleic acid is one example. The inhibitory action of oleic acid
was observed when the dynamic range of the chemotactic response
was increased through the use of EDTA (Figs. 2 and 3 and Table
1) or of delipidated albumin (Table 2), as well as when no such
amplification was induced (Table 6). Oleic acid was identified as a
potential neutrophil regulator through an unbiased lipidomics-
based mass spectrometry approach, confirming earlier observations
of its action on human neutrophil (10) and rat intestinal dendritic
cell (11) responses in vitro.

Teleologically, this formulation makes a good deal of sense.
Recruitment of PMNs cannot be allowed to continue once a
bacterial invader, for example, has been disposed of; modulatory
elements have to get the upper hand. It is likely that vascular
minitraumas are frequent, activating cells to produce chemokines,
and it is essential that the response to false alarms not get out of
control. Reassertion of some baseline level of tonic inhibition would
seem more efficient than simply waiting for such stimuli to dissipate.
This formulation fits with the concept of inflammatory exudates,
promulgated by one of us (C.N.S.) (7), that resolution of inflam-
mation and maintenance of its absence are not passive events. A
general view of this kind of restraint has been stressed by Nathan
(14): ‘‘The non-inflammatory state does not arise passively from an
absence of inflammatory stimuli; rather maintenance of health
requires the positive actions of specific gene products to suppress

Table 2. Delipidated albumin (DHSA), an independent amplifier
of chemotaxis in plasma

Mean diameter � SEM,
cm n

P
(vs. DHSA.)

1 DHSA control, 300 mg/ml 8.08 � 0.42 10 —
2 DHSA � oleic acid, 250 �M 5.33 � 0.39 10 0.0002
3 DHSA � arachidonic acid,

50 �M
8.05 � 0.59 10 0.97

4 No DHSA 4.70 � 0.26 10 0.0001

Like EDTA, DHSA augmented the chemotactic response in plasma (rows 1
vs. 4). As in EDTA/plasma, oleic acid inhibited the augmentation (rows 2 vs 1).
However, arachidonic acid, here in physiologic concentration, had no signif-
icant effect on the outsized chemotactic response induced by DHSA (row 3 vs.
1). Nor did it at 400 �M (not shown). Neither fatty acid affected the non-
directed motile function of the PMN.

Table 3. Prevention of the augmentation of chemotaxis induced
by arachidonic acid in EDTA/plasma, by an LTB4 receptor
antagonist (a-LTB4)

Mean diameter
� SEM, cm n

P (vs.
EDTA)

P (vs.
EDTA � arach.)

1. EDTA control 9.00 � 0.29 4 —
2. EDTA � arachidonic acid 11.63 � 0.46 4 0.017 —
3. EDTA � arach. � a-LTB4 8.25 � 0.70 4 0.009
4. EDTA � a-LTB4 11.39 � 1.14 4 0.102
5. No EDTA 5.75 � 0.34 4 0.009

We thought that arachidonic acid might be acting as substrate for the gen-
eration of one of its known products, the powerful chemotactic agent leukotri-
ene B4 (LTB4). In fact, an LTB4 receptor antagonist (a-LTB4) prevented the
augmentation seen with arachidonic acid (row 3 vs. 2, P � 0.009). Hence, there
appears to be a double gradient, of which the effect of 1 source, that of LTB4, can
be blocked. Note that a-LTB4 does not reduce chemotaxis when no arachidonic
acid (the presumed subsrate for the augmentation) has been added (row 4 vs. 1).
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reactions to potentially inflammatory stimuli that do not warrant a
full response.’’

The nature of the chemotactic gradient induced in irradiated
erythrocytes and its amplification by EDTA is unknown. In previ-
ous studies, we were not able to suppress the response with
antagonists of the promiscuous chemokine receptor CXCR2 (IL-
8RB) and of receptors for LTB4 and platelet-activating factor;
antibodies to the IL-8 receptors CXCR1 (IL-8RA), CXCR2, and
the C5a receptor; or the serine protease inhibitors benzamidine and
aminoethylbenzenesulfonyl fluoride (2). Whatever the chemoat-
tractant, there is a long history of therapy employing lasers of
appropriate wavelength to produce selective photothermolysis. In
particular, these techniques have been widely applied to vascular
lesions, targeting the erythrocytes that contain the chromophore
molecule hemoglobin (15). Neutrophils are dominant in the early
inflammatory response (16). Our in vitro system is simpler in that
damaged adjacent tissue (endothelium, blood vessel wall) is not
present, and ingress of neutrophils is attributable solely to che-
moattraction from the lysed erythrocytes. This distinction in turn
suggests that a portion of the chemoattraction emanating from in
vivo lesions may be due to the lysed red cells.

The strength of this videomicroscopic system is that we are in
total visual control. We pick the moment to create the chemotactic
gradient and can keep track of every cell in the field, and the visual
record is permanent. Thus we know, for example, that cell mor-
phology and random locomotion are unaffected by oleic acid; only
chemotaxis appears to be involved. Moreover, the sensitivity of the
system allowed us to detect the weak modulatory effects that would
have to obtain in vivo to allow responses to appropriate chemotactic
stimuli to occur. In contrast, a standard filter assay for chemotaxis
was unrevealing until we found a sufficiently brief time of mea-
surement (20 min) and a sufficiently low concentration of chemoat-
tractant (LTB4, 5 � 10�9 M) so that clear differences between oleic
acid and controls became appreciable (Table 7). Similar results
were seen when the chemoattractant was fMLP (1 � 10�10 M) or
IL-8 (1.2 � 10�10 M).

The mechanism of action of the inhibitory effect of oleic acid on
chemotaxis (Figs. 2 and 3, Table 1) is also unknown, but based on
the findings described here, our hypothesis is that to operate most

efficiently, the anionic form of the carboxylic acid is required to
interact with divalent cations to bring about its interaction with
specific protein moieties. Thus, by making divalent cations unavail-
able, EDTA would at least partially inhibit the inhibitor and thereby
augment the chemotactic response. Augmentation of the chemo-
tactic response by delipidated albumin, on the other hand (Table 2),
would depend upon its binding to the fatty acid inhibitor(s), largely
removing it from play. This interpretation is open to further study.

The initial observation of augmentation of chemotaxis by ara-
chidonic acid in EDTA/plasma (Fig. 3 and Table 1) served as an
excellent control for oleic acid and raised the prospect of an in situ
countermodulatory effect to that of oleic acid. However, the effect
of this minor component of plasma was not seen when DHSA was
used as the amplifier of chemotaxis (Table 2) or when no amplifier
was used (Table 6), and so it is not likely to be operant in normal
circumstances.

Moreover, we have developed evidence, employing both an
LTB4 receptor antagonist (�-LTB4) (Tables 3 and 5) and exoge-
nous LTB4 (Table 4), that augmentation of chemotaxis by arachi-
donic acid in the presence of EDTA is attributable to enrichment
of the chemotactic gradient with LTB4. This interpretation is
largely in keeping with what we know. Leukocytes have the
5-lipoxygenase that can transform arachidonic acid into 5-HPETE,
and red blood cells can transform 5-HPETE into LTA4 via
hemoglobin, and LTA4 into LTB4 via a cytoplasmic epoxide
hydrolase (13). The likely role of EDTA would be to support the
presence of 5-HPETE in plasma, where lipid hydroperoxides are
generally unstable. Thus, when arachidonic acid is added to EDTA/
plasma there appears to be a doubly enriched gradient, the one
amplified by EDTA, the other further amplified by arachidonic
acid, of which both require EDTA but only the latter can be
suppressed by an LTB4 receptor blocker (Tables 3 and 5) or
distracted by exogenous LTB4 (Table 4).

The levels of total unesterified fatty acids have a wide range: They
vary in human plasma from 280–890 �M, generally with oleic �
palmitic � stearic � linoleic � arachidonic (12). Future work
should extend to different doses and combinations of the fatty acids
in plasma, in association with spectrometric determination of the
actual concentrations of endogenous fatty acids or their derivatives
in particular plasma samples.

In summary, we have uncovered a modulatory action in plasma
that may return almost-spent chemotactic responses, for example,
an infection when the bacteria have been removed, to baseline in an
efficient manner, and prevent trivial (weak) stimuli (e.g., minor
trauma) from getting going. Moreover, the level of tonic inhibition
in individual plasmas might explain in part why some individuals
respond more forcefully to chronic inflammatory stimuli (e.g., in
acne, in autoimmune disease) than others. The manipulation of
inhibitory elements in plasma would have potential therapeutic
anti-inflammatory usefulness.

Materials and Methods
Reagents. Reagents included EDTA (2%, Sigma), final concentration 10 mM, and
DHSA (Sigma A3782–1G), final concentration 180–300 mg/ml. Sodium salts of
fatty acids (Sigma), including oleic (O 7501), arachidonic (A 8798), and palmitic (P
9767), were dissolved first in ethanol 95% (Prolabo), then in autologous plasma
at the final concentrations indicated (and ethanol �0.5%). PBS or, for the fatty
acids, ethanol (�0.5%), served as controls. LTB4 in EtOH (Sigma; 3 � 10�4 M),
fMLP (Sigma; initially 1 � 10�2 M in DMSO, and IL-8 (Sigma; 1.2 � 10�5 M) were
diluted to final concentrations in buffer (NCTC 135, Eurobio) � autologous
plasma. �-LTB4 (LTB4 receptor antagonist, Pfizer) was dissolved in DMSO at 50
mM, then in autologous plasma to 50 �M.

Leukocytes. Three tubes of 7 ml each of blood from anonymous normal volun-
teers were taken in sodium heparin (10 �l/ml blood). After sedimentation on an
incline of 60° at room temperature for 1.5–2 h, the buffy coat was recovered,
concentrated in a microcentrifuge (Costar; Model #8455) for �5 s at 5,585 � g,
and resuspended along with some red cells in autologous plasma containing
platelets. In some preparations additional fatty acids were added with or without

Table 4. Distraction of the chemotactic gradient by exogenous LTB4

Mean diameter
� SEM, cm n

P (vs.
EDTA)

P (vs.
Arach./EDTA)

1 EDTA control 11.13 � 1.22 5 —
2 � LTB4, 500 ng/ml 10.40 � 1.78 5 0.69 0.19
3 � Arachidonic acid, 400 �M 15.15 � 2.17 5 0.11 —
4 � Arach. � LTB4 8.05 � 1.30 5 0.006 0.02

Exogenous LTB4 did not affect chemotaxis in EDTA/plasma when no ara-
chidonic acid had been added (row 1 vs. 2). However, it did reverse the further
augmentation of chemotaxis by arachidonic acid (row 3 vs. 4). This supports
the presence of a double chemotactic gradient, in which only the one gener-
ated by arachidonic acid is distractable by LTB4. LTB4 did not affect the
non-directed motile function of the PMN.

Table 5. In plasma without EDTA, a-LTB4 has no effect

Mean diameter
� SEM, cm n

P (vs.
Control)

P (vs.
Arach.)

1 Plasma Control (mean of 2) 6.71 � 0.73 6 — 0.85
2 � Arachidonic, 400 �M 6.96 � 0.95 6 0.85 —
3 � Arach. � a-LTB4 6.17 � 0.75 6 0.61 0.26
4 � a-LTB4, 50 �M 6.96 � 0.88 6 0.66 1.00

Without EDTA, arachidonic acid did not augment chemotaxis (row 2 vs. 1),
nor did a-LTB4 diminish chemotaxis (rows 3 vs. 1 and 4 vs. 1). Neither reagent
affected the non-directed motile function of the PMN. Thus, EDTA (Table 3)
appears necessary for arachidonic acid to be converted to LTB4.
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EDTA or after delipidated albumin had been added (15 min, 37 °C). The usual
final concentration of plasma was �81%. In some preparations, plasma was
diluted to 16% in NCTC 135.

Chemotaxis via Videomicroscopy. A drop of this suspension sufficient only to wet
an entire overlying 22 mm � 32 mm coverslip (�4 �l) is deposited on a clean glass
slide, and the preparation sealed with paraffin and removed to the warmed
(33 °C) stage of a Zeiss Photomicroscope (objective, 25� phase contrast) linked to
a video camera (C800, Desi-Novelec) and to a time-lapse video tape recorder
(Panasonic). A field containing 3 contiguous red cells was chosen. A chemotactic
gradient lasting several minutes was produced by destruction of the red cells by
a ruby laser (6,943 Å) that emits 3 Joules in 500 �s and focuses (using the
microscope’s optics in reverse) to a diameter of 5 �m (17). Each experiment was
recorded in time-lapse video with a speed of 16� normal and for a minimum
duration of 24 min.

The maximum accumulation of PMNs around the destroyed target often
occurs in the first 10–15 min. As noted above, in the presence of EDTA or
delipidatedalbumin,PMNskeepcomingandthemaximumresponse is toward30
min, sometimes longer. With the permanent video recordings, we fast-forward
each sequence to the region of greatest density of arriving cells, select the frame
of estimated maximum aggregation, and measure its mean diameter directly
fromthevideomonitor (magnification�1,250�).Asetofvideosequencesof the
experiment described in the legend to Fig. 3 (control, oleic acid, and arachidonic
acid) is posted as supporting information (SI) Movies S1–S3.

Each of the 222 video sequences that generated the data for Tables 1–6 was
examined by 2 observers. Measurements of mean diameter were made by 1
observer and, as a measure of intraobserver variability, were repeated many
months later and blinded to the original data, for the experiments depicted in
Table 6A. This series of experiments was chosen for validation because no
amplifiers (EDTA or albumin) were used and the control and oleic acid values
were therefore closest to each other. The 52 new measurements, 2 control and 2

experimental for each of 13 experiments, were analyzed with the following
results: controls, 5.72 � 0.24 cm; oleic acid, 4.43 � 0.25 cm. Note (compare, Table
6) that the original and recalculated controls, and the original and recalculated
oleic acid results, are each within 10% of each other. The P value was again 0.001.

Chemotaxis via Filter Assay. We used 6.5-mm Transwell polycarbonate mem-
branes, pore size 3.0 �m (Sigma–Aldrich). Media was 10% autologous plasma in
NCTC 135 or in Hanks solution (Eurobio). Chambers (100 �l) and wells (600 �l)
were preincubated in media for 1 h at 37 °C in a CO2 incubator. Neutrophils were
purified by standard centrifugation through Lymphoprep (Nycomed) of buffy
coats containing few erythrocytes, obtained as for the videomicroscopic studies.
They were washed twice in buffer, counted, and suspended in media. The
preincubatedTranswellwellsandchambersall receivedmedia,andthechambers
received neutrophils, 0.3–0.5 � 106/100 �L. The wells received LTB4, fMLP, or IL-8,
initially in multiple dilutions to determine the lowest reliably stimulatory con-
centrations of duplicate or triplicate samples incubated for various periods of
time. With these dilutions determined, some samples received oleic acid, the
potential inhibitor, above and below the filter.

Statistics. Paired t tests were used (two-tailed). Each n is made up of results from
different donors on different days.
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Table 6. Inhibition of chemotaxis by oleic acid without amplifiers
of the chemoactic response

Mean diameter � SEM, cm n P

A. Controls, mean of 2 6.06 � 0.23 13 —
Oleic 250 �M, mean of 2 4.86 � 0.22 13 0.001

B. Control 5.75 � 0.33 8 —
Oleic, 250 �M 4.22 � 0.31 8 0.0004
Palmitic, 200 �M 5.44 � 0.38 8 0.29

A. In 81% plasma without EDTA or delipidated albumin, oleic acid signif-
icantly inhibited the chemotactic response. B. In 16% plasma to minimize the
effects of endogenous fatty acids, oleic acid again significantly inhibited
the chemotactic response; palmitic acid did not. Neither fatty acid affected the
non-directed motile function of the PMN.

Table 7. Filter assay for chemotaxis

Mean PMN/100 �l � SEM n P

A. LTB4, 5 � 10�9 M 23,280 � 2,713 5 —
� Oleic, 250 �M 14,260 � 739 5 0.03
Negative control 6,920 � 1,231 5 0.005

B. fMLP, 1 � 10�10 M 27,000 � 7,005 5 —
� Oleic, 250 �M 10,000 � 3,275 5 0.01
� Oleic, 125 �M 18,700 � 8,394 5 0.25
Negative control 7,700 � 2,755 5 0.03

C. IL-8, 1.2 � 10�10 M 38,857 � 7,347 7 —
� Oleic, 250 �M 9,714 � 2,602 7 0.006
� Oleic, 125 �M 20,214 � 4,203 7 0.05
� Oleic, 65 �M 27,286 � 4,807 7 0.02
Negative control 7,500 � 2,449 7 0.004

Upper chambers in different experiments received 0.3–0.5 � 106 PMN/100 �l. A.
LTB4,5�10�9 M,20min.B. fMLP,1�10�10 M,20min.C. IL-8,1.2�10�10 M,15min.
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