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In a previous publication (1) it was noted that
when granulocytes were labeled in wvitro with ra-
dioactive diisopropylfluorophosphate (DFP*?) and
then returned to the circulation of the donor, about
half of the labeled cells could not be found in the
circulation at the completion of the infusion (T,).
Thereafter the remaining labeled cells left the cir-
culation in a random fashion with a mean half-
time disappearance (T,) of 6.6 hours.

Since cell damage and significant elution of the
label could not be demonstrated under the condi-
tions of the study, it was suggested that the im-
mediate disappearance of half the infused cells was
due to their rapid dilution in a larger pool than
that calculated from the blood volume and the ve-
nous granulocyte count.

The concept that the circulating granulocyte
pool (CGP) does not constitute all of the intra-
vascular leukocytes is not new. Vejlens (2) re-
viewed the numerous investigations carried out
~up to 1938 and pointed out that as early as 1867
Cohnheim observed white cells in a marginal posi-
tion along the walls of venules. By microscopic
examination it has since been demonstrated that
leukocytes may circulate freely in the blood, ad-
here to the vascular endothelium in sites where
the blood flow is relatively slow and then once
again re-enter the circulation in a process of con-
tinuous exchange (2).

If DFP3*-labeled granulocytes come into rapid
equilibrium with marginated granulocytes, it might
be expected that one could account for most if not
all of the labeled cells by mobilizing the marginated
cells into the circulation with epinephrine. Mo-
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bilization of the marginated cells into the circula-
tion after equilibration has occurred should not
alter the specific activity of the cells in the CGP.

The purpose of this paper is to present evi-
dence that labeled granulocytes are distributed in
a larger pool than the CGP and to present data on
the size of this distribution compartment in 45 nor-
mal suhjects.

MATERTAL AND METHODS

Volunteers from the Utah State Prison were used in
these studies. All of the subjects were healthy coopera-
tive males, 20 to 50 years of age, with normal leukocyte
values, who were free of even minor infections. The
subjects were allowed to have breakfast at 6 am. The
infusion of labeled blood was begun between 8 and 10 a.m.

The methods for labeling granulocytes in vitro (1), for
the isolation of leukocytes from the blood samples and
for the determination of leukocyte radioactivity were de-
scribed previously (3).

Total and differential leukocyte counts were made at
the beginning of an experiment and at appropriate time
intervals during the study. When reference is made in
the text to granulocyte pools, these terms refer to the
neutrophilic granulocyte series. Eosinophils and baso-
phils have not been included in the granulocyte total be-
cause, by means of autoradiographic studies with tritiated
DFP, it has been found that these cells do not label (4).

The number of granulocytes per millimeter cubed was
calculated from the total and the differential leukocyte
counts. The blood volume of a subject was assumed to
be 2.68 L per m? of body surface area (5). The sur-
face area was estimated from the nomogram of Du-
Bois (6). The circulating granulocyte pool was calcu-
lated from the number of granulocytes per millimeter
cubed and the estimated blood volume.

Three 20 ml samples of blood were removed from the
bag just prior to the infusion, and the specific activity
of the isolated leukocytes, expressed as counts per min-
ute per milligram of leukocyte nitrogen, was determined.
The mean value for the 3 determinations was taken to
represent the specific activity of the granulocytes in the
bag (SA of bag G). The concentration of granulocytes
in the bag was calculated from the total and differen-
tial leukocyte counts determined directly on the bag blood
after incubation with DFP®. The volume of blood ad-
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ministered to the subject, usually between 450 and 500 ml,
was calculated from the weight of blood injected and an
assumed specific gravity of 1.055. The total number of
labeled granulocytes given to the subject (no. G in bag)
was then calculated.

The blood was administered to the original donor over
a 15 to 20 minute period. Within 3 minutes after the
completion of the infusion (T,), three 20 ml samples of
blood were withdrawn from the subject and the specific
activity of the granulocytes in the circulation was deter-
mined. The mean value of the 3 determinations was
taken to represent the specific activity of the granulo-
cytes in the blood at T, (SA blood G).

The percentage of infused cells present in the CGP at
T, was calculated as follows:

Per cent of infused G
present in CGP at T,
CGP X SA blood G

= ho. Gin bag X SA of bag G X 100.

The number of cells in the total blood granulocyte pool
(TBGP) was calculated as follows:

SA of bag G X no. G in bag

TBGP = SA of blood G

RESULTS

Influence of epinephrine and exercise on the
percentage of infused granulocytes present in the
circulation at T,. In an attempt to account for
the labeled cells apparently lost from the circula-
tion during the infusion, the following studies
were carried out. Blood from each of five subjects
was labeled with DFP??, infused into the donor,
and the percentage of infused graulocytes present
in the circulation at T, determined. Five days
later the studies were repeated in the same sub-
jects except that 0.5 mg of epinephrine was added
to the labeled blood just prior to infusion. In
each epinephrine study, as compared with the
control, there was an increase in granulocyte
count at the end of the infusion ranging from 37
to 179 per cent. In addition, the percentage of in-
fused granulocytes in the circulation increased
from a mean of 48.0 to a mean of 78.8. Neverthe-
less, in no instance could all of the infused cells be
accounted for in the circulation (Table I).

Similar studies were carried out in four addi-
tional subjects except that a 440 yard run at the
completion of the infusion was used to mobilize
granulocytes rather than epinephrine. After ex-
ercise the granulocyte count increased 64 per cent
on the average and the proportion of infused gran-
ulocytes which could be accounted for in the cir-
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TABLE I

Influence of epinephrine on the percentage of infused
granulocytes present in the CGP at Ty *

Per cent infused G

in CGP at To
Subject Control Epinephrine A Gt
11-164 47 88 1.72
11-166 55 82 1.37
11-168 52 81 1.42
11-204 49 71 1.99
11-208 37 72 2.79
Mean 48.0 78.8 1.86

* G = granulocytes; CGP = circulating granulocyte
pool; To = completion of infusion.

t Ratio of granulocyte count at Ty of epinephrine study
to that in the control study.

culation increased from an average of 45 to 79 per
cent. The results varied considerably. It is of
interest that in two subjects (III-4 and I11-10) 96
and 100 per cent of the infused cells were found
in the circulation (Table II).

Influence of epinephrine and of exercise on the
specific activity of the granulocytes in the circula-
tion. To assess the possibility of a continual ex-
change of granulocytes between the CGP and the
marginated cells, each of eight subjects was given
an infusion of autogenous, DFP3*-labeled blood.
Three hours after completion of the infusion, at

- which time the granulocyte disappearance curve

was well established, the concentration and the
specific activity of the granulocytes in the CGP .
were determined. Immediately thereafter 0.4 mg
epinephrine in 50 ml of isotonic saline was ad-
ministered intravenously over a period of 4 to 27
minutes. The concentration and the specific ac-
tivity of the granulocytes were measured again.
In two subjects the granulocyte count increased

TABLE II

Influence of exercise on the percentage of infused
granulocytes present in the CGP at Ty

Per cent infused G

in CGP at To
Subject Control Exercise A G*
111-2 30 54 1.73
I11-4 43 101 2.38
I11-10 62 96 1.25
I11-12 55 65 1.18
Mean 45.0 79.0 1.64

* Ratio of granulocyte count at Ty of exercise study to
that in the control study.
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TABLE III

The effect of epinephrine and exercise on
granulocyte specific activity (SA) *

SA, cpm per mg N

Before After A Gt
Epinephrine infusion} 1,387 1,331 1.47
Exercise (440 yard run)§ 697 756 1.23

* The epinephrine or exercise was administered 3 hours
after infusion of the labeled blood.

T Ratio of granulocyte count after epinephrine injection
or exercise to that before.

1 Values are the mean of 6 subjects.

§ Values are the mean of 2 subjects.

less than 10 per cent and these studies were, there-
fore, discarded. In the other six subjects, the
mean granulocyte count increased 47 per cent and
yet there was no significant change in the specific
activity of the granulocytes in the CGP (Table
IIT).

A similar study was carried out in three sub-
jects except that a 440 yard run was used in place
of epinephrine. Neutrophilia was not observed
in one subject. Therefore, this subject is not in-
cluded in Table III. The mean granulocyte count
in the other two subjects increased 23 per cent in
about 2 minutes with no significant change in the
specific activity of the granulocytes in the CGP.

Inability of epinephrine to wmobilize damaged
granulocytes. To determine whether cells which
have been deliberately damaged and presumably
have been rapidly removed from the CGP could
be mobilized back into the CGP by an infusion of
epinephrine, blood was withdrawn from four sub-
jects, labeled with DFP32 and stored for 24 hours
at 4° C. Storage of blood has previously been
shown to result in the immediate disappearance
from the CGP of over 90 per cent of the injected

TABLE 1V

Failure of epinephrine to mobilize
damaged granulocytes

Per cent of infused G
present in CGP at To

Stored cells
+

Subject Stored cells epinephrine
I-119 9.3 9.9
I-121 5.3 5.9
1-153 8.0 6.8
I-155 3.9 5.4
Mean 6.6 7.0
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cells (1). The cells were then infused into the
respective donors and the fraction of the injected
cells present in the circulation at T, was deter-
mined. No untoward reactions occurred during
or after the infusions and the granulocyte counts
remained unchanged.

The studies were repeated in the same individu-
als at a later date, and 0.4 mg of epinephrine was
added to the blood in the bag. The results are pre-
sented in Table IV. The damaged granulocytes
were rapidly removed from the circulation during
the infusion and were not in the circulation at T,.
Furthermore, the epinephrine failed to mobilize
the damaged cells even though a mean increase in
granulocyte count of 23 per cent occurred.

The size of the TBGP and CGP in 45 normal
subjects. Since the apparent loss of 50 per cent
of the DFP*-labeled granulocytes during the in-
fusion appears to be due to their distribution in a
pool larger than the CGP and not due to cell dam-
age, the size of this distribution compartment
(TBGP) was measured in 45 normal subjects
(Table V).

The mean TBGP was 65.3 X 107 granulocytes
per kg of body weight and the mean CGP was
30.7 X 107 granulocytes per kg.

Influence of epinephrine and of exercise on the
distribution of granulocytes within TBGP. To
ascertain the effect of epinephrine on the size of the
TBGP and the distribution of cells therein, blood
from each of eight subjects was labeled with
DFP??, infused into the donor, and the TBGP
and CGP were determined. Five days later the
studies were repeated in the same subjects except
that 0.5 mg epinephrine was added to the labeled
blood. The size of the TBGP was unaffected by
the epinephrine (Table VI). However, the mean
number of granulocytes in the CGP increased
from 34.2 X 107 cells per kg to 50.5 X 107 cells
per kg, a 48 per cent increase after administration
of epinephrine,

TABLE V

The size of the total blood granulocyte pool (TBGP) and
circulating granulocyte pool (CGP) in 45 normal subjects

Mean=x1 SD Range
TBGP, cells X 107/kg 65.3 + 22.7 36-117
CGP, cells X 107 /kg 30.7 £11.8 15— 54
TBGP-CGP, cells X 107/kg 34.6 &= 15.6 12- 73
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TABLE VI

Influence of epinephrine and exercise on the
size of the TBGP and the CGP

Experimental

condition TBGP CGP
X107 G/kg X107 G/kg
Control study* 68.2 34.2
(46-105) (17-54)
After epinephrine
infusion* 70.2 50.5
(45-117) (31-70)
Control studyt 48.2 24.2
(34— 56) (16-41)
After exerciset 47.1 38.6
(36— 53) (28-51)

* "l:hese values are the mean of studies on 8 subjects.
t These values are the mean of studies on 3 subjects.

Similar studies were carried out in three addi-
tional subjects except that a 440 yard run at the
completion of the infusion was used to mobilize
granulocytes. Under the influence of exercise
the TBGP size was also unchanged and again the
cells were shifted into the CGP to increase its
size by 60 per cent (Table VI).

DISCUSSION

The results of these studies indicate that labeled
granulocytes are distributed in a pool of cells
which is larger than that calculated from the blood
volume and from the concentration of granulo-
cytes in the circulating blood. This dilution ac-
counts, in part at least, for the previous observa-
tion (1), confirmed herein, that only about 50 per
cent of the infused cells can be accounted for in
the CGP at the completion of an infusion. An
average of 79 per cent of the infused, labeled cells
was present in the CGP following the administra-
tion of epinephrine or after physical exercise.

Since only 71 to 88 per cent of the injected cells
was found in the CGP following epinephrine in-
fusion (Table I) and 54 to 100 per cent after vigor-
ous exercise (Table IT), it may be argued that a
variable proportion of the labeled cells was dam-
aged irreversibly or that this proportion of the
label eluted rapidly from the granulocytes. How-
ever, in view of our previous studies relevant to
damage and elution (3), it seems unlikely that
either damage or elution accounts for this imme-
diate loss of cells from the circulation. A more
reasonable explanation for our inability to account
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for all of the injected cells in every experiment is
that epinephrine and exercise did not mobilize all
of the granulocytes in each subject. Indeed, this
is suggested by the considerable variation of 0 to
278 per cent in neutrophilic response from person
to person.

Equilibration between the granulocytes in the
CGP and in the “noncirculating pool” was both
rapid and complete. When the “noncirculating
granulocytes” were mobilized into the CGP within
minutes by either epinephrine or exercise (Table
IIT), there was no change in the specific activity
of the cells in the CGP. Therefore, these two pools
may be considered as one pool kinetically, and the
size of this pool (TBGP) may be determined by
the use of the isotope dilution principle. :

Measurement of the TBGP in normal subjects
revealed that the mean TBGP is 2.1 times the
size of the CGP. Although direct quantitative
measurements of the size of the total blood granu-
locyte pool have not been made before, it was esti-
mated that there are as many granulocytes in the
marginal pool as in the circulating blood (7).

It is interesting that neither epinephrine nor ex-
ercise influenced the size of the TBGP, although
both the drug and the physical exertion caused a
shift of cells from the noncirculating pool to the
CGP (Table VI). This type of alteration in the
distribution of granulocytes within the blood has
been the subject of speculation for many years
and was called “pseudo-leukocytosis” by earlier
investigators (2, 8). The present study provides
the first evidence for the existence of this type of
leukocytosis. One might speculate that the acute
neutrophilia which is associated with epileptiform
seizures (9) and paroxysmal tachycardia (10)
may also be of this type.

Our studies do not provide evidence for the
anatomical location of the noncirculating pool of
granulocytes. However, as indicated in the in-
troduction, there is abundant evidence that there
is a continuous exchange of granulocytes between
the free-flowing axial blood and the more slowly
moving marginal stream (2). Vejlens (2)
showed that when the velocity of blood flow is
reduced, granulocytes tend to assume a marginal
position, become adherent to the walls of small
veins and are withdrawn from the axial stream.
When the velocity of blood flow is increased,
granulocytes enter the axial stream and are car-
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ried into the circulating blood. Since both exer-
cise and epinephrine increase blood flow, it is
reasonable to assume that these stimuli produce
granulocytosis by mobilizing marginated cells.
The work of Ambrus and Ambrus (11) and of
Bierman and colleagues (12) suggests that the
vascular system of the lungs is of particular sig-
nificance in the margination of granulocytes. The
importance of the vascular system of the splanchnic
viscera (13) and extremities (14) has been dem-
onstrated by the work of others. Apparently, the
spleen plays a minor role in this regard, since
granulocytosis induced by epinephrine is neither
abolished nor diminished in splenectomized sub-
jects (9).

SUMMARY

1. When granulocytes are labeled in vitro with
radioactive diisopropylfluorophosphate and re-
turned to the circulation of the donor, only about
50 per cent of the labeled granulocytes is present
in the circulation at the completion of the infusion.
It was postulated previously that the initial rapid
egress of 50 per cent of the cells represented dis-
tribution of the injected granulocytes in a larger
pool than that calculated from the blood volume
and the venous granulocyte count. The experi-
ments reported herein were designed to test the
validity of this hypothesis. The following obser-
vations were made. a) An average of 78.8 per
cent of the labeled granulocytes which were in-
fused could be accounted for in the circulating
blood when epinephrine was given with the in-
fused cells. b) An average of 79 per cent of the
labeled granulocytes was found in the circulation
when the subjects exercised immediately following
the completion of the infusion. c¢) Neither epi-
nephrine nor exercise increased the size of the
" total distribution compartment (total blood granu-
locyte pool), although both the drug and physical
exertion increased the size of the circulating granu-
locyte pool. d) Granulocytes damaged by storage
could not be prevented from leaving the circulation
by the administration of epinephrine. e) When
granulocytes were mobilized into the circulation 3
hours after the infusion of labeled granulocytes,
there was no change in the specific activity of the
cells in the circulation.

2. These studies are interpreted as indicating
that infused granulocytes are distributed in a total
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blood granulocyte pool (TBGP) made up of two
compartments which are in rapid equilibrium with
each other. These pools have been designated the
circulating granulocyte pool (CGP) and the mar-
ginal granulocyte pool (MGP).

3. The size of these pools has been measured in
45 normal male subjects. The mean values =% 1
SD, expressed as number of cells X 107 per kg of
body weight, were as follows: TBGP, 65.3 = 22.7;
CGP, 30.7 = 11.8; and MGP, 34.6 = 15.6.
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