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C5a-induced Neutrophilia
A Primary Humoral Mechanism for
Recruitment of Neutrophils

T. Kajita and T. E. Hugli
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ofScripps Clinic, LaJolla, California

The leukocytosis activity of C5a was studied in a
rabbit model. Blood samples were drawn for cell
counts through a catheter placed in an artery of
one rabbit ear after injection of either porcine or
human C5a into a vein in the opposite ear. These
studies indicate the potential of C5a to mobilize
bone marrow neutrophilsfollowing transient C5a-
induced neutropenia, based on counts of nonseg-
mented neutrophils. The numbers of circulating
neutrophils can be selectively elevated by 300% to
400%, within I to 2 hours, in rabbits given only
microgram quantities (I to 5 X 10-9 mol/l) ofC5a
or C5adesArg. These quantities ofC5a are equivalent
to 1% to 2% of complement C5 activation. The
time-course of the induced neutrophilia is charac-
teristic of C5a, increasing rapidly in the first 10 to
20 minutes after injection and attaining a maxi-
mum level at 2 to 5 hours, then decreasing slowly
to normal levels over the next 4 to 6 hours. After
boiling at 100°C for 10 minutes, C5a (C5ade. Ard)
lost its leukocytosis activity, indicating that the cel-
lular effect was not caused by endotoxin. Other
known leukocytosis factors, such as epinephrine,
dexamethasone, lipopolysaccharide, and the pros-
tanoid 15(S)- 15-methyl PGF2a,, produced a dis-
tinctly different profile of leukocyte mobilization
than that of C5a. The C5a-induced neutrophilia
was not inhibited bypretreating these animals with
indomethacin, suggesting that it is not a prosta-
noid-induced effect. One hypothesis is that no sec-
ondary cellular mediator system is involved in
C5a-mediated leukocytosis, but rather that C5a
alone is responsible for a rapid mobilization of
neutrophilsfrom bone marrow pools, andperhaps
marginated pools, following neutropenia. Circu-
lating neutrophils are activated by C5a and thereby
become deformed and adherent, leading to a neu-

tropenia, sequestration, and depletion of cells. Af-
ter the neutropenic event an immediate neutro-
philic response is requiredfor replacement of this
particular cell population and to re-establish ho-
meostasis. Therefore the role ofC5a may bejust as
important as other known leukocytosis factors
(fragments from C3, for example) in promoting
complement-dependent neutrophil mobilization in
response to tissue injury, infections, or extracorpo-
real blood treatments. (Am J Pathol 1990, 137:
467-4 77)

Neutrophilic leukocytosis* is a common feature of many
types of infections and a consequence of many inflam-
matory diseases. Mechanisms for controlling the number
of neutrophils in circulation include the release of neutro-
phils from marginated and bone marrow storage pools.
Many substances are known to induce neutrophilic leuko-
cytosis, eg, glucocorticosteroid1; endotoxin2'3; interleukin-
1 and/or tumor necrosis factor4; stable analogs of prosta-
glandin E1, E2, and F2a,5; granulocyte/macrophage colony-
stimulating factor (GM-CSF)6'7; and macrophage-derived
neutrophil chemotactic factor (MDNCF).8 Rother9 demon-
strated that a fragment of the complement component C3
exhibits leukocyte-mobilizing activity in vitro using a rat
femur assay and that this C3 fragment induced leukocyto-
sis in rabbits. Various C3-derived fragments (eg, C3e,10
C3d-K,11 and a synthetic nonpeptide of C3d-K12) have
been isolated and they also have leukocytosis-inducing
activities.

Complement activation induced during extracorporeal
blood circulation, such as in hemodialysis13 and coronary
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*Leukocytosis induced by C5a, as observed in the rabbit model,
largely involves neutrophils and does not involve other leukocytic cell
types. Hence the term neutrophilia will be used to describe the late cellular
response to C5a.
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bypass,14 leads to acute leukopenia. The leukopenia pre-
sumably results from an interaction of C5a with polymor-
phonuclear leukocytes, which promotes adhesion of
these cells, causing margination and eventual sequestra-
tion, an event observed prominently in the lungs of C5a-
treated animals.15 During hemodialysis in humans, a re-
bound in the number of circulating polymorphonuclear
leukocytes occurs rapidly and incremental increases in
immature polymorphonuclear leukocytes also was noted.
This rebound leukocytosis effect could be attributed to
the generation of bioactive C3 fragments, as mentioned
above, and/or the C5 anaphylatoxin. The anaphylatoxin
C5a has an important role in inflammatory reactions attrib-
utable to its chemotactic and spasmogenic functions and
is well known to exhibit a marked neutropenic re-
sponse.15-17 However, relatively little attention has been
given to the role of C5a as a major leukocytosis-inducing
factor. Several investigators have shown that neutropenia
induced by C5a is followed by significant neutrophilia in
animal models of adult respiratory distress syndrome.1",18
Accordingly, we have focused on characterizing the leu-
kocytosis-inducing activity of C5a and have specifically
examined the profile of the response, potency of the fac-
tor, and whether secondary mediators are involved in this
phenomenon.

Materials and Methods

Animals

Male New Zealand White rabbits weighing between 2.0
and 3.0 kg were used for our experiments. Sometimes
two experiments were performed in the same rabbit at
intervals of more than 3 weeks. No influences from previ-
ous application of the factor or from previous bleeding
were observed in these animals. However most animals
were used only once.

Preparation of C5a, C5ades Arg, and C3ades Arg

Human C5a and C5ades Arg were prepared according to
published methods.19"' Porcine C5ades Arg and C3ades Arg

were prepared according to Gerard and Hugli21 and Cor-
bin and Hugli,22 respectively. The purity of the C5a,
C5adesArg, and C3adesArg were confirmed by cellulose ace-

tate (Microzone) electrophoresis at pH 8.7 and by amino
acid analysis. Bioassays were performed using the
guinea pig ileum for determining C5a activity. The purified
anaphylatoxins were frozen in water at -20°C and diluted
in 2 ml of 0.9% pyrogen-free saline (Travenol Labs, Deer-
field, IL) just before administration.

Other Materials

Lipopolysaccharide (LPS) from salmonella abortus equi,
and indomethacin were purchased from Sigma, St. Louis,
MO. Lipopolysaccharide was dissolved in physiologic sa-
line (1 ,ug/ml) and indomethacin was dissolved in 0.1 mol/
(molar) sodium carbonate (5 mg/ml). Epinephrine (USP)
and dexamethasone sodium phosphate (USP) were ob-
tained from Abbott Labs, North Chicago, IL and Elkinssin,
Cherry Hill, NJ, respectively. The 15(S)-15-methyl PGF2a
was a gift from Upjohn Co. (Kalamazoo, Ml) and was dis-
solved in 95% ethanol (10mg/mi), then diluted in physio-
logic saline.

Blood-collecting Procedure

Rabbits were restrained in a box for 4.5 hours without
food or drink. A 24-gauge intravenous catheter (Johnson
& Johnson Co., New Brunswick, NJ) was indwelt in a cen-
tral artery of one ear for bleedings under local anesthesia
(subcutaneous injection of lidocaine). Another catheter
was placed in a marginal vein of the other ear for making
injections. The catheters were connected with three-way
stopcocks to a syringe with heparinized saline (1 U/ml
saline) to prevent coagulation. The catheters were rinsed
continuously with heparinized saline (5 to 8 ml/hours) by
an infusion pump (Harvard Apparatus, Model 975, South
Natick, MA). Blood samples (300 ,ul) were collected in
tubes containing 5 AI of 10% EDTA (Sigma) at designated
times. After a rabbit was sedated, three initial bleeds were
made at intervals of 5 minutes to establish a zero time
baseline level. Epinephrine and 15(S)-15-methyl PGF2,
were infused over 4 minutes; all other agents, including
C5a, were infused over 30 seconds. All experiments were
begun between 9 and 10 A.M. for consistency. In some
extended experiments, rabbits were transferred to a cage
4.5 hours after the experiment had begun and further
blood samples were then obtained by needle puncture of
an ear artery.

Leukocyte Count

Total leukocyte counts were made with a Coulter counter
(Coulter Electronics, Model ZBI, Hileah, FL). Absolute val-
ues for each type of leukocyte were calculated from the
manual differential counts obtained for 100 to 200 cells in
blood smears and the percentage of each cell was nor-
malized to total leukocyte count. These smears were
stained with Wright and Giemsa stain. Nonsegmented
neutrophils were defined as any neutrophil in which
nuclear lobes were not clearly separated by a filament.
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Table 1. Effect ofHuman C5aDESARG or Porcinie C5aDESARG on Circulating White Blood Cell Subsets in Rabbits

Nonsegmented
Time Total WBC Neutrophils neutrophils Lymphocytes Monocytes Eosinophils Basophils

Human C5ades Arg
0 time 6372± 688 3024 + 751 322 ± 98 3022 ± 866 254 ± 89 85 ± 29 114 ± 34
2min. 2645+873* 0±0* 0±0* 2645±873 0±0* 5+7* 0±0*

30 min. 7990 ± 2102 5168 ± 2099 1615 ± 620 2230 ± 690 205 ± 31 80 ± 21 98 ± 13
1 hr. 8517 + 1967 5690 ± 2067 1845± 623t 2576± 798 199 59 85 ± 20 105 ± 14
4 hrs. 11940 + 2697t 8716 ± 2541t 2945 +859t 2728± 491 254 44 74 ± 53 116 ± 21

Porcine C5adeS Arg
0 time 6778± 325 2692± 586 251 ± 78 3424± 423 285± 120 132 + 59 65 + 51
2min. 1726±305* 0±0* 0±0* 1725±306* 4+6* 0±0* 7+9*
30 min. 10452 ±1787t 5890 ±1417t 2315 ± 717t 4052± 805 295 ±157 262 ±182 62 ± 44

1 hr. 12882 ±1641t 7678± 1660t 2694 ± 960t 4755± 624 229 ±157 142 ±123 37 ± 52
4 hrs. 15519 ± 2560t 9827 + 2580t 2364 ± 1319 3960± 637 290 ± 80 219 ± 114 92 ± 65
8 hrs. 9399 ±1241t 5289 ±1595 746± 286 3732± 190 189 ±139 125 ± 44 94 ± 13

Mean value + SE, n = 3.
* Significant (P < 0.05) for leukopenia compared to control 0 time values.
t Significant (P < 0.05) for granulocytosis compared to control 0 time values.

Visual identification indicated primarily bands and virtually
no promyelocytes or myelocytes. Postinfusion leukocyte
counts were expressed as a percentage of the average
of three preinfusion counts.

Statistics

Data in Table 1 and the figures are given as mean ± stan-
dard error (SE). For calculation of statistical significance,
Student's paired t-test (Table 1) or unpaired t-test (Figs. 1
to 6) was used, and a P value < 0.05 was considered
significant.

Results

Control Study with Saline

As shown in Figure 1 A, no significant changes in leuko-
cyte counts were observed during the course of the ex-
periment after 2 ml of saline was injected into the animal.
The small increase in leukocytes after 4 to 5 hours could
be caused by the stress of multiple bleedings or by exer-
cise, feeding, and/or drinking by the unrestrained animals
once they were returned to their cages at 4 hours into
the experiment. A modest decrease in the hematocrit was
noted between 4 and 6 hours (Figure 1 B). The decrease
in hematocrit was less than 7% throughout these experi-

Figure 1. A shows the changes in total leu-
kocytes ( ), neutrophils (0), nonseg-
menited neutrophils (0), and lymphocytes
(*) ]br a control animal study using sa-
line. Two milliliters ofsaline were injected
intravenously inito adult rabbits (9). The
rabbits were removed from a restraining
box after 4 hours. Postinjection leukocyte
cell counts are expressed as a percenitage
of an average of three prein]ection cell
cotuntts. All values are given as the mean
± SEfor three animals. B shows the average
change in hematocrit during 8 hoursfrom
a total ofgiven as the mean ± SEfor 10 ani-
mals. Signiftcant decreases in hematocrit
and slight inicrease in neutrophils between
4 and 8bhours could be due to either multi-
ple bleedings or to exercise, eating, and
drinking. *=
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Figure 2. A and B show the changes in circulatinig of total leukocytes (4), neutrophils (0), nonsegmented neutrophils (O), and
lymphocytes (*) induced by 1 ig/kg ofhuman C5a (A) or human C5adesArg (B). Each C5a preparation was injected along with 100
,ug ofporcine 6]3ad,SArg used as a carrier protein. This quantity ofporcine C3adesArg alone produces no significant change in the
leukocyte countt. A short, buit significant, neuutropenia was observed immediately after administrationt of the C5a (C5ad,Arg); how-
ev'er nieuitrophilia uwas notpronounced ini either study when usintg 1 i.g/kg ofmaterial. C andD show the larger changes ofleukocyte
counits iniduced by inijection of 5Lg/kg ofhueman C5a (C) or human C5adesArg(D), also mixed with 100' g ofporcine C3adesArg More
projoblund neutropenia was seen at these levels ofC5a anid signfificant nieutrophilia is observed after 20 to 25 minutes accompanied
bJy rather reimarkable inicreases in nionisegmneted neutrophils in each study. Sign ificant lymphopenia was not observed. Values are

given as the meani + SE ofthree experiments.

ments and so the influence of anemia is considered
minor.

Responses to Human C5a and C5ades Arg

Human C5a or C5ades Arg was administered to the rabbits
as shown in Figure 2. Human C5a or C5adesArg was mixed
with 100 ,ug of porcine C3adesArg, a physically similar mole-
cule, to minimize losses of the C5a from binding to the
surfaces of tubes or syringes during infusion. We avoided
using albumin or rabbit serum as carriers to assure that
complement was not activated in the experimental ani-
mals. This quantity of porcine M3ades Arg did not produce
significant changes in the leukocyte count when injected
into one animal (data not shown). As shown in Figure 2A
and B, 1 ug/kg of human C5a or C5adesArg caused a short
(ie, less than 10 minutes) but significant neutropenia im-
mediately after administration of the factor. The neutro-
penia was followed by a late and statistically insignificant

neutrophilia compared to the results of the control study.
Neutropenia induced by 5 Mg/kg of human C5a or

C5ades Arg were of significantly longer duration (more than
10 minutes) than that induced by 1 Mg of material and
were not accompanied by significant lymphopenia, as

shown in Figure 2C and D. Neutropenia was immediately
followed by neutrophilia, and the pronounced leukocyto-
sis effect was accompanied by a remarkable increase in
nonsegmented neutrophils. The neutrophilia observed af-
ter 25 minutes was statistically significant compared to
that of the control study in Figure 1 and was not accompa-
nied by either lymphopenia or lymphocytosis. In these
studies there are no significant differences between the
results obtained by human C5a or C5ades Arg, suggesting
that serum carboxypeptidase may have converted C5a
efficiently to C5ades Arg-

Response to Porcine C5ades Arg

A 5-,ug/kg dose of porcine C5ades Arg was administered to
rabbits and observations of the cellular response were
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Figure3. Total leuikocyte (0), neuitrophil (O), nonsegmeented neutrophil (0), and lymphocjyte (4) counts were obtainedfrom rabbits
injected with 5 ug/kg ofporcine CSad,A,rR. -eak neutrophilia was seen between 2 and 5 hours and the neutrophil counts gradually
decreased after 4 to 5 hours. The neiutrophilic response toporcine C5ade,Arg appears to be greater than that to human C5adesArg. Total
nonsegmented neutrophils inicreased markedly and the ratio of segmented to nonsegmented neutrophils was similar to that for
animals exposed to human C5ade,Arg ILymphocjyte coutnts decreased in parallel with neutropetlia but nto lymphocytosis was noted
duiring ntetutrophilia. Values are) given as the meani ± SEfor three separate experiments.

performed during an 8-hour period, as shown in Figure 3.
No C3ajes Arg carrier was added to the porcine C5ades Arg

After a protracted 10-minute neutropenia, a statistically
significant neutrophilia was observed 25 minutes after
C5a injection. Peak neutrophilia occurred between 2 and
5 hours and then neutrophil counts decreased steadily
during the next few hours. The maximum neutrophil count
approaches four times (average percentage change is
357% ± 32%) as many cells as in the initial counts. The
neutrophilic response to porcine C5ades Arg after 30 min-
utes appears to be greater than compared to that elicited
by human C5ades Arg at the same concentration. The total
number of segmented and nonsegmented neutrophils in-
creased markedly, but the ratio of segmented to nonseg-
mented neutrophils was not significantly different from
that using human C5a/C5ades Arg. Lymphocyte counts de-
creased simultaneously with leukopenia and, unlike the
response to human C5a, the lymphopenia was significant
(see also Figure 4). The reason for this difference may be
that porcine C5a is biologically more potent than human
C5a in this system. Neither lymphopenia nor lymphocyto-
sis was seen during the neutrophilia phase.

The numbers of various types of leukocytes stimulated
by 5 ,ug/kg of human C5ades Arg or porcine C5adeS Arg are

shown in Table 1. Neutrophils, monocytes, eosinophils,
and basophils each virtually disappeared immediately af-
ter administration of the factors. However, no significant
incremental rise in any leukocyte, other than the neutro-
phils, was observed 1 hour to 4 hours after injection, indi-
cating a selectivity in the response.

Responses to Other Leukocytosis Factors

Dexamethasone and epinephrine were administered to
the rabbits to investigate the potential contribution of fac-
tors derived from the adrenal gland on the C5a effect.
Epinephrine is known to shift leukocytes from the margin-
ated granulocyte pool to the circulating granulocyte
pool.23 As shown in Figure 5A, when 20 ,ug of epinephrine
were infused in rabbit for 4 minutes, both neutrophil and
lymphocyte counts began to increase as soon as epi-
nephrine was infused, and levels returned to baseline in
approximately 10 minutes after the end of infusion. The
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ratio of segmented and nonsegmented neutrophils was
unchanged when compared to the ratio before infusion.
This pattern of leukocytosis is similar to the response ob-
served in humans,23 except it is less pronounced in the
animal model.

Adrenocortical steroids induce granulocytosis by de-
creasing the rate of egress of cells from the total blood
granulocyte pool as well as increase an influx of cells from
the bone marrow.1 Dexamethasone (5 mg) induced neu-
trophilia and was accompanied by an incremental rise in
nonsegmented neutrophils, as shown in Figure 5B. No
response was observed until 1 hour after injection and
the maximum response occurred between 4 and 8 hours.
This peak response is delayed 2 or 3 hours compared
with the C5a response; however, the extent of neutro-
philia and the ratio of segmented to nonsegmented neu-
trophils are similar to the response induced by C5a. Sig-
nificant decreases in lymphocyte and eosinophil counts
were also observed with dexamethasone correlating with
the response observed in humans.24 These results sug-
gest that C5a-induced neutrophilia is not mediated by ad-
renocorticoid.

When 0.25 to 1 ,g of lipopolysaccharide from salmo-
nella abortus equi (LPS) was administered, a late-phase
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Figure 4. The effvct ofindomethacin (5 mg/
kg) pretreatment on total leukocyte (0),
nieutrophil (0), nonisegmented ( ), anid
lymphocyte (4) counts iniduiced by 5 pg/kg
ofporcinie C5ad,sArg was measured. No sig-
niftcant diferences are observed betwueen
the cozunts obtainedfrom injection ofpor-
clue C5adesArg with or without incdondetha-
ciml presenit. Each leukocyte counlt is ex-
pressed relative to the value obtainied after
injectioni of indomethacin from three sam -

ples takeni before C5a injection. Values are
given as the mean + SE ofthree aniimal ex
periments.

leukocytosis response was observed, as shown in Figure
5C. We examined LPS to negate the possibility that endo-
toxin contamination in the C5a preparations were respon-
sible for the effect. Direct measurement of endotoxin in
the porcine C5a preparation (Sigma E-Toxate Kit, Sigma
Chemical Co., St. Louis, Mo.) indicated less than 0.5 ng
of LPS in 5 mg of the active factor and less than 8 ng of
LPS in the 1 00-Ag sample of porcine C3ades Arg used as a
carrier.

Although significant neutrophilia was observed 3 or 4
hours after exposure of the animals to LPS, accompanied
by an increase of nonsegmented cells, the neutropenia
was delayed compared to that induced by C5a. Signifi-
cant long-term lymphopenia was induced by LPS concur-
rent with the late-phase neutrophilia, unlike C5a, which
induces lymphopenia immediately after injection of the
factor. When porcine C5ades Arg was boiled at 1 00°C for
10 minutes, this preparation no longer demonstrated
measurable effects on the circulating leukocyte count
(data not shown), indicating that the C5a effect was au-
thentic and not induced by LPS.

We showed that 15(S)-i 5-methyl PGF2a could cause
neutrophilia, as reported by Ulich et al.5 The 15(S)-i5-
methyl PGF2a was dissolved in 20% ethyl alcohol and it
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Figure 5. Changes in total leukocyte (0), neutrophil (0), non-segmented neutrophil (0), and lymphocyte (*) counts induced bJy
20 Ag of epinephrine (A), 5 mg of dexamethasone (B), 0.25-1 ,ug of lipopolysaccharide (C) and 0.25 mg of 15(S)-15-methyl PGF2a
Epinephrine and 15(S)-15-methyl PGF2,, uwere infused durinig a period of 4 minutes and the 0 time indicates the beginning ofan
intravenous infusion of the agent. No signifticant increase in neutrophils were seen until after 1 hour (B, C and D) and maximal
responses u'ere observed betu'een 4 and 8 hours. The ratios ofsegmented to nonsegmented neutrophils uwere similar to those obtained
for C5a. Signiificantt decreases in lymphocytes werc also ntoted during neutrophilia in B, C and D. Valuies in A, B andC are given as

mean + SEfor three experiments. Eachpoint in D inidicates the average ofontly tuwo experimenits.

induced an effect on the circulating leukocyte count sim-
ilar to that of dexamethasone and lipopolysaccharide.
When 2 ml of 20% ethyl alcohol were injected as a control,
it did not influence the leukocyte counts. Consequently,
the neutrophilia induced by the PGF2a analog does not
appear to compare with that induced by C5a based on

differences in the time course of the neutrophilia.

Effect of Indomethacin Pretreatment
on C5a-induced Leukocytosis

It is possible that the neutrophilia induced by C5a is medi-
ated by prostanoids other than PGF2a.5 To confirm or dis-
miss this possibility, rabbits were pretreated with 5 mg/kg
of indomethacin 20 minutes before injection of porcine
C5ades Arg As demonstrated in Figure 4, these animals

were unaffected by pretreatment with the indomethacin
in terms of the C5a-induced leukocyte response.

Discussion

Complement activation is well known for inducing a tran-
sient neutropenia in animal models.25 Earlier studies have
implicated C5a generation as being responsible for the
neutropenia observed in humans during hemodialysis
and cardiobypass.13-14 Although C5a was presumed to
be largely responsible for the complement-dependent
cellular response in humans, the purified factor was ini-
tially used in rabbit experiments by Webster et al.5 These
investigators monitored circulating neutrophil levels after
injection of purified C5a. They observed an immediate
and transient neutropenia, lasting only minutes, followed
by a significant neutrophilia persisting during a 4-hour pe-

riod. A later study in guinea pigs indicated that purified
C5a produced not only a biphasic response of neutro-
penia followed by neutrophilia but also that the platelet
counts initially fell and then recovered to normal levels.17
In the guinea pig model, platelet involvement was ex-

pected because these cells contain C5a receptors.26 The
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neutrophilia in guinea pigs lasted for more than 6 hours.
In both animal models, neutrophils were sequestered in
the lung microvasculature and remained in the lungs at
elevated levels for more than 1 hour after injection of the
C5a. It appears that significant neutrophil depletion oc-
curs and that a sizable pool of noncirculating neutrophils
are mobilized by the C5a immediately after the neutro-
penic phase. Previous studies have also demonstrated
that several fragments of component C3 are leukocytotic
factors, and therefore complement activation is appar-
ently responsible for generating several potent factors ca-
pable of mobilizing leukocytes in vivo.

In this study we have considered the cell types re-
cruited, the magnitude of the neutrophil response, its du-
ration, evidence for bone marrow-derived cells, and the
mechanism that is responsible for C5a-induced neutro-
philia. We considered the leukocyte response to be either
a direct effect of the complement-dependent mediator
C5a on receptor-bearing cells, such as the neutrophils,
or a result of secondary mediator(s) release by C5a. In
addition, we examined whether the C5a-induced neutro-
phils came directly from bone marrow maturation pools or
were mainly marginated cells. In previous studies, using
radiolabeled white blood cells, most of the neutrophils that
sequester in marginated pools after C5a exposure re-
turned rapidly to the circulation.17 However neutrophils
that sequestered in the microvasculature were observed
histologically to be in place for more than 1 hour after C5a
administration.1517 Therefore the leukocytes in margin-
ated pools appear to contribute to the neutrophilia in-
duced by C5a, but presumably cannot account for the
many circulating neutrophils present within minutes of the
neutropenic event. Evidence presented here suggests
that a significant portion of the neutrophils recruited by
C5a originate in the bone marrow pool based on the high
levels of nonsegmented (ie, band form) neutrophils ob-
served.

The profile of the leukocytosis response to C5a is char-
acterized by an early and rapid rise in circulating seg-
mented and nonsegmented neutrophils. The elevated lev-
els are almost entirely neutrophilic leukocytes and these
high levels persist for 6 to 8 hours. Although porcine C5a
proved to be slightly more active than human C5a in the
rabbit model, a response of 300% to 400% elevation in
circulating neutrophils is usually produced by levels of the
factor equivalent to only 1% to 2% conversion of C5 (eg,
5,ug/kg of C5a is approximately 50 to 75 ng/ml of C5a in
a 3-kg animal compared to a potential 3000 to 4000 ng/
ml of C5a for total C5 conversion). Therefore 5 X 10-9
mol/l C5a can produce a leukocytosis response equal to
or greater than that produced by comparable levels of the
C3 fragments C3e10 or C3dK.11 Because the concentra-
tion of C3 in blood is approximately 20 times higher than

C5, the potential activity for C3 fragments to induce neu-
trophilia appears to be greater than that of C5a. However,
the C3 contribution depends on the rate that C3b, which
is not leukocytotic, is converted to degradation fragments
exhibiting this cellular activity.

Certain cytokines (GM-CSF and MDNCF) are known
leukocytosis-inducing factors and could be involved in
C5a-induced neutrophilia. Mediators released from neu-
trophils or macrophages are the most likely candidates
for C5a-mediated responses. We conclude that mono-
kines like MDNCF, TNF, and IL-1 are not likely candidates
for mediating C5a-induced neutrophilia because unstimu-
lated or unprimed monocytes have low levels of C5a re-
ceptors27 and respond weakly to physiologic levels of
C5a.2819 The neutrophilic response presumably occurs
too uniformly and rapidly for MDNCF or other monokines
to be generated and return to the circulation, even if tissue
macrophages are stimulated by the C5a. However it must
still be confirmed whether cytokines participate actively in
the C5a neutrophilic response.

It is possible that all chemotactic factors induce neu-
tropenia via mechanisms of enhanced surface adherence
and increased cellular rigidity associated with morpho-
logic shape changes in the cell. Worthen et al.30 report
that cytoskeletal actin assembly results in a mechanical
retention of the neutrophils in microvessels because of
the inability of the cell to deform. Visible morphologic
changes in the stimulated neutrophil. ae slowly revers-
ible31 and the time course is consistent with the duration
of sequestered cells in the lungs.31 A transient adhesion
of neutrophils to the vascular endothelium, involving the
leukocyte integrins, a group of leukocyte receptors re-
ferred to as the CDi 1 /CD1 8 complex, has been demon-
strated in vitro.32 Reversal of this process appears to be
responsible for the rapid reappearance of the adherent
neutrophils to the circulation. A similar series of mecha-
nisms could explain the recruitment of marginated and
bone marrow stores of neutrophils by chemotactic fac-
tors. The morphologic changes in marginated neutrophils
stimulated by chemotactic factor may help to dislodge
these cells, as well as a dynamic reorganization of the
CD1 /CD1 8 complex of surface adherence molecules,
thus producing the secondary phase of neutrophilia. Such
events resulting from direct activation of the neutrophil by
C5a would preclude the need for secondary mediator in-
volvement.

Severa4 chemotactic factors are known to induce neu-
tropenia.16,33 These same chemotactic factors might also
stimulate neutrophilia if their influence on bone marrow
and marginated cells leads to a mobilization by altering
the adherent properties of this pool of receptor-bearing
cells. In the case of f-Met-Leu-Phe, neutrophilia was not
observed in rabbits receiving 0.2 Ag of the peptide per
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kilogram.33 In our study, a prominent leukocytosis was in-
duced in rabbits by f-Met-Leu-Phe at 2 1g/kg; however
the cellular response was somewhat delayed in its onset
(eg, 1 to 2 hours) compared to that induced by C5a (data
not shown). Therefore at least two different chemotactic
factors can promote a rebound leukocytosis response af-
ter neutropenia.

Lipid-mediator substances, including certain prosta-
noids and perhaps LTB4, possess leukocytosis-inducing
activity and could mediate the C5a effect. C5a induces a
reversible systemic hypotension in rabbits when injected
intravenously. This effect is found to be dependent on
and parallel to the release of cyclooxygenase products.
Consequently indomethacin effectively inhibited C5a-in-
duced hypotension.16 On the other hand, because hypo-
tension is itself stressful and induces release of steroids,
leukocytosis could, in this case, be induced by hypoten-
sion.4 In our experiments, pretreatment with indometha-
cin did not prevent the elevation in leukocyte counts in-
duced by C5a and consequently prostanoids or prosta-
noid-derived stress are apparently excluded as a cause
of the neutrophilia promoted by C5a.

In Table 1, monocytes, eosinophils, and basophils, as
well as neutrophils, disappeared from circulation immedi-
ately after the administration of C5a. This leukopenic re-
sponse is indicative that adherent cell types35 having C5a
receptors on their surface disappear from circulation in
the early phase of the response. However it is only the
neutrophils that return to circulation in excess of their origi-
nal circulating levels. The selective influence of C5a on
neutrophils indicates that a specific mechanism exists for
recruiting this cell type.

An unidentified leukocytosis-inducing factor is report-
edly generated in blood whenever the leukocytes are re-
moved from the circulation by endotoxin36 or vinblas-
tine.37 Hemodialysis38 and leukophoresis39 are well-char-
acterized blood treatments that lead to leukocytosis.
Rother9 suggested that leukocyte-mobilizing factor (LMF)
may be derived from the complement component C3 and
that it was a novel humoral factor capable of mobilizing
bone marrow cells and causing leukocytosis. The profiles
of leukocytosis that are produced by hemodialysis' or
leukophoresis39 are very similar to that induced by either
C5a or the C3 fragments. Therefore leukocytosis induced
by extracorporeal treatment of blood appears to result
from the generation of one or both of these active comple-
ment fragments. When one considers the duration and
magnitude of the late neutrophil response to C5a, it is ap-
parent that this factor may play an important role in the
systemic recruitment of neutrophils. The homeostatic
mechanisms for replacement of locally sequestered cells
or of depleted neutrophil stores, particularly from inflam-
matory responses, may involve the same factor that initi-

Humoral Regulation of Circulating Neutrophils:
A Proposed Scheme for Homeostasis
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Figure 6. Complement activation leads to an enzymatic con-
version of the third component C3 to C3a and C3b. Factor I
cleaves C3b to C3bi andfurther degradation leads to various
bioactive C3 fragments known to promote neutrophilia. Late
component activation results in the cleavage ofC5 to C5a and
C5b. Thefragment C5a is apotent chemotacticfactor and acti-
vator of granulocytes. The ability to promote an immediate
and transient neutropenia followed by a prolonged neutro-
philia indicates a potentially significant rolefor C5a in leuko-
cYte homeostatic mechanisms associated with infections and
in,flammation.

ates depletion via its chemotactic and permeability func-
tions. This concept is illustrated in Figure 6, in which the
dynamic action of C5a, in stimulating neutrophils and
other cell types to become adherent over a relatively short
period of time, is overcompensated by the ability of this
same factor to induce mobilization of bone marrow and
marginated cells. The late-phase recruitment of seg-
mented and nonsegmented neutrophils by C5a is a dy-
namic means of replenishing a depleted circulating pool.
Although other mediators, including C3-derived comple-
ment factors, participate in the same process of recruit-
ment to establish neutrophil homeostasis, the role of C5a
must be considered whenever complement is involved.
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