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conut oil, which is composed largely of
shorter chain saturated triglycerides.

The observation that sodium chloride and
protamine can effect the removal from the
system of fatty acid released by ‘lipoprotein’
lipase in the absence of other fatty acid ac-
ceptors indicates the care that must be taken
in interpreting studies of this kind. If the
appropriate conditions are chosen sodium
chloride or protamine can be shown to stimu-
late, inhibit or have no effect on ‘lipoprotein’
lipase activity.

Summary. The effect of sodium chloride
and protamine on the activity of postheparin
‘lipoprotein’ lipase was studied. Chylomi-
crons, low density lipoproteins and coconut
oil emulsions stabilized with various emulsi-
fying agents were used as substrate. Inhibi-
tion, stimulation, or no effect could be ob-
served depending on the system used. The
results are interpreted as indicating that
where sodium chloride or protamine inhibit
‘lipoprotein’ lipase the site of the action is
more likely to be at the oil-water interface
of the substrate emulsion than on the en-
zyme molecule.

The emulsions used in this investigation were pre-
pared with the assistance of Mr. J. W. Hadgraft,
Chief Pharmacist, and his assistant Mr. C. W. Barrett.
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Leukokinetic Studies. VIII. A Search for an Extramedullary tissue

Pool of Neutrophilic Granulocytes.*

(29040)

D. R. Boces, J. W. AtaeNs, O. P. Haas, S. O. Raag, G. E. CARTWRIGHT
AND M. M. WINTROBE
Department of Medicine, University of Utah College of Medicine, Salt Lake City

Considerable controversy has revolved
about the anatomic location of storage reser-
voirs of mature granulocytes. Craddock and
co-workers demonstrated a reserve supply of
mature granulocytes in the bone marrow from
which cells are released into the blood as
needed(1). Their work has been amply con-
firmed in this(2) and other(3) laboratories.

* This investigation was supported by grants from

Nat. Inst. of Arthritis and Metab. Dis., Bethesda,
Md.

Debated, however, is the question of whether
there is or is not a second, and perhaps even
larger(4), reserve of mature granulocytes lo-
cated in extramedullary tissue. Such an ex-
tramedullary granulocyte reserve might serve
merely as a source of supply from which
cells would return to the blood(5) or it might
represent a source of supply of cells needed
in the tissues(6). The latter hypothesis, that
mature neutrophils leave the blood and en-
ter an extramedullary reserve from which
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they migrate into areas of functional need in
the tissues without reentering the blood, was
tested in the present study.

The model of neutrophil function in tis-
sues which was studied was their migration
into induced inflammatory exudates. Whole
blood, approximately 400 ml, was incubated
in  vitro with diisopropylfluorophosphate
(DFP3%2) and returned to the circulation of
the donor. Infusion of such in vitro labeled
granulocytes insures that blood granulocytes
only are labeled; any cells in a hypothetical
tissue pool are not labeled at the beginning
of the study(7). As the labeled cells were
infused an inflammation was produced(8).
The specific activity (SA) of blood granulo-
cytes and of granulocytes in the developing
inflammatory exudate was then determined
simultaneously. By comparing the SA of
granulocytes in these two sites, the blood and
the exudate, the proportion of exudate granu-
locytes that came directly from the blood
was calculated.

In 1843 William Addison deduced from
morphologic observation of an inflammation
in a living frog’s foot that the white cor-
puscles viewed therein were derived from the
blood(9). In recent years, his observations
have been confirmed by other morphological
techniques(10) and have been further con-
firmed by observing the P32(1) or histo-
chemically labeled cells(11) in the blood mi-
grate into inflammatory exudates. The ques-
tion asked in the present study is therefore,
not whether some of the cells come from the
blood but rather whether all or only a part
of the cells come from the blood.

Materials and methods. Volunteers from
the Utah State Prison, age 21 to 38 years,
served as subjects for the experiments. The
methods for labeling blood granulocytes ix
vitro with DFP32, isolation of blood granulo-
cytes and determination of their specific ac-
tivity have been described(7,12). The tech-
nique of producing inflammatory exudates
used herein and the cellular content of these
exudates in normal subjects has been de-
scribed (8). In brief, blisters were produced
on the skin of the volar surface of the fore-
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arms by the application of cantharidin and
the relatively acellular contents of these blis-
ters were transformed into purulent exudates
by addition of a heat-killed culture of staphy-
lococci. Enough granulocytes accumulated in
the developing exudates by 4 hours after the
addition of staphylococcus to determine their
SA. One to 3 blisters were studied in each
subject. When 2 or 3 blisters were placed
on a single subject, the mean value was used
in calculating the results in that subject.
Exudate samples were obtained by punc-
turing the thin blister wall, gently expressing
all exudate and collecting it in a siliconized
pipette. The exudate was transferred to a
siliconized 10 X 75 mm test tube, centri-
fuged for 10 minutes at 500 X g and the
supernate removed. The cell button was dis-
persed in 3 ml of 0.6% saline containing 0.1
ml of 19% saponin, allowed to stand for 3
minutes and centrifuged. The resulting cell
button was washed with isotonic saline, sus-
pended in 3 drops of absolute alcohol and its
SA determined, as for blood granulocytes
(12). It was observed that by the time
staphylococci were added to the blisters a
small number of leukocytes was present(8).
The error in calculation of SA introduced by
these unlabeled cells was corrected by the
following formula: exudate granulocyte nitro-
gen (N) = determined N X [(T4 cell count
— Ty cell count) /(T4 cell count)]. “Ty cell
count” refers to the concentration of leuko-
cytes in the exudate when staphylococci were
added to the blister and “T4 cell count” is
the concentration of leukocytes in the blister
4 hours later. The magnitude of the increase
in granulocytes by 4 hours was usually so
great that this correction factor introduced
little change in the calculated exudate SA.
Erythrocytes are labeled with DFP32(12)
but the rare erythrocyte present in the exu-
date was removed by the saponin-hypotonic
saline hemolysis. The exudate supernate did
contain radioactivity and nitrogenous sub-
stances, but the cell button was washed and
since the SA of the exudate supernate was
only 10% of that of the cells and the nitro-
gen content only 5% per volume of that of
the cells, it was concluded that there was no
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significant contamination of the neutrophil
button from this source.

Results. Four experiments were performed.
The only difference between each experiment
was the time at which labeled blood granulo-
cytes were infused in relation to the start of
the inflammation. The start of inflammation
(Ty) was the time at which staphylococci
were added to the blisters. All inflammations
were sampled when 4 hours old (T,). Blood
granulocyte SA was measured 5 minutes after
labeled granulocytes were infused, usually
hourly thereafter and always at the time an
exudate was sampled. The results of each
experiment are illustrated in Fig. 1.

Eight subjects were infused with labeled
granulocytes at T¢ (Exp. 1). The mean exu-
date SA at T, was 75% of that of blood
granulocyte SA at To. The granulocyte SA
of all T, exudates was higher than that of
granulocytes remaining in the blood at T,.

Three subjects were infused with labeled
granulocytes at T; (Exp. 2). The SA of exu-
date granulocytes in 2 subjects was higher
and in one it was lower than that determined
from a simultaneous sample of blood granulo-
cytes.

Four subjects were infused with labeled
granulocytes at Ts (Exp. 3). The SA of
granulocytes in all exudates was less than the
SA of the blood granulocytes.

Two subjects were infused with labeled
granulocytes at T3 (Exp. 4). The SA of exu-
date granulocytes was considerably less than
that determined simultaneously for blood
granulocytes.

Discussion. Since blood granulocytes only
were labeled initially(7), any granulocytes
entering an exudate by direct migration from
a hypothetical tissue pool would be unlabeled
and only cells recently derived from the blood
would be labeled. Thus, an estimate of the
proportion of granulocytes that entered the
inflammatory exudates from the blood could
be made.

In Exp. 1 the maximal theoretical SA of
exudate cells would be an SA equal to that
of blood granulocytes at To. The observed
exudate SA was 75% of the blood at T,
which means that at least 75% of the exu-
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TABLE I. Summary of Data Used in Calculating
Percentage of Granulocytes in a 4 Hour Exudate
Which Were Derived from the Blood.

Mean

Mean blood SAt at: exudate SAt at:
EXP To.a* T15* Tg.s* Ts.n* T(»O
1 1320 1050 830 670 1095
2 — 1090 740 500 574
3 — — 1670 1310 530
4 —_ — — 1240 108

* Tosy 1.5, ete. refers to 0.5 hr, 1.5 hr, ete. after
the start of inflammation.

t SA refers to specific activity expressed as epm/
mg leukocyte nitrogen.

date granulocytes were derived from the
blood. The remaining 25% of exudate granu-
locytes could theoretically have been derived
from an unlabeled, tissue granulocyte pool.
However, blood neutrophil SA was falling
rapidly during the course of the 4 hour ex-
periment and exudate granulocyte SA could
not be expected to equal granulocyte SA
initially found in the blood, unless all granu-
locytes destined to enter the exudate left the
blood within a few minutes after Ty, a hypo-
thetical possibility not supported by our data.

Exp. 2, 3, and 4 were designed to supple-
ment the data from Exp. 1 in such a manner
that the approximate percentage of cells in
an exudate of 4 hours which had left the
blood during each preceding hour could be
calculated. The basis for such a calculation
is as follows. If any cells in a 4 hour exudate
were in the blood during the preceding hour,
then when labeled blood was infused into a
subject 3 hours after inflammation was be-
gun and the exudate was evacuated one hour
later, the exudate should contain labeled
cells. Exp. 4 (Table I, Fig. 1) demonstrated
that some exudate granulocytes did leave the
blood during the fourth hour of inflamma-
tion. The proportion leaving the blood dur-
ing the fourth hour is determined approxi-
mately by the formula, (exudate SA)/(blood
SA at Ta;5). The data needed to make this
and subsequent calculations are summarized
in Table I. Thus, approximately 9% of cells
in a 4 hour old exudate had left the blood
during the preceding hour.

The proportion of cells leaving the blood
during the third hour and reaching the exu-
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FIG. 1. Specific activity of blood and exudate
granulocytes. Labeled granulocytes were infused
as inflammation was begun (Exp 1); 1 hr later
(Exp 2); 2 hr later (Exp 3); and 3 hr later (Exp
4), Solid line connecting the dots indicates mean
SA of blood neutrophils. Triangle indicates mean
SA of neutrophils from exudates. Range of exu-
date values is indicated by bar above and below
triangle.

date by the end of the 4th hour (Exp. 3) is
determined by: (exudate SA — 9% of blood
SA at T35)/(blood SA at Te5) and yields a
figure of 25%. A similar calculation indi-
cates that 36% and 32% of the cells present
in the exudate at 4 hours left the blood, re-
spectively, during the first and second hours.

The summation of these percentages is
102%. If a significant number of unlabeled
cells had come into the exudate from a tissue
pool a figure less than 1009% should have
been derived. These studies therefore fail to
demonstrate the existence of a tissue pool of
granulocytes.

These data and calculations are not so
exact as to exclude the possibility that a very
small percentage of exudate granulocytes may
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come from the tissues rather than the blood.
The possibility is not ruled out that there
exists a tissue pool of granulocytes with func-
tions other than that of supplying granulo-
cytes to an exudate.

Certain assumptions are implicit in this
study. First, it is assumed that cells labeled
with DFP3? are functionally identical to un-
labeled cells. The evidence supporting this
assumption has been presented in detail(7,
12). It would also seem justifiable to as-
sume that DFP32 labeling does not signifi-
cantly damage the granulocytes since labeled
granulocytes readily left the blood and en-
tered an inflammatory exudate. Secondly, for
purposes of calculation it was assumed that
there was no turnover of granulocytes in the
exudate during the first 4 hours. However,
if there were a rapid turnover of granulocytes
through the exudate, this would tend to lower
the exudate SA and would thus prejudice our
results in favor of rather than against the
existence of a tissue pool of granulocytes. It
was also assumed that exudate granulocytes
had acquired no signficant amounts of radio-
activity or unlabeled nitrogenous substances
through phagocytosis of exudative sub-
stances. Other than a few intracellular staph-
ylococci, no phagocytosed materials were ob-
served in smears of the exudate.

Summary. This study was designed to
determine whether inflammatory granulocytes
are derived solely from the blood or from a
hypothetical extramedullary tissue pool of
granulocytes, in addition to the blood. Blood
granulocytes were labeled in vitro with
DFP32, infused, and their subsequent appear-
ance in induced inflammatory exudates
studied. From a comparison of the maximum
blood granulocyte specific activity and the
exudate granulocyte specific activity it was
evident that at least three-fourths of the ex-
udate neutrophils were derived directly from
the blood. To determine if more than three-
fourths of the exudate neutrophils were from
the blood the proportion of granulocytes in
an exudate 4 hours old which had left the
blood during each of the preceding 4 hours
was calculated. Tt was found that approxi-
mately 36% of the granulocytes in-a 4 hour
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exudate had left the blood during the first
hour of inflammation. The figures for the
2nd, 3rd and 4th hours of inflammation were,
respectively, 32%, 25% and 9%, making a
total of 102%. If significant numbers of un-
labeled granulocytes from the tissues had
entered the exudate, the summation of these
percentages should have been substantially
less than 100%. Consequently, these studies
provide no evidence for the existence of a
tissue pool of granulocytes.

We are indebted to Miss Helen Ashenbrucker for
technical assistance. The cooperation of Dr. William
Knott, Warden John Turner and the inmates of the
Utah State Prison is sincerely appreciated. Dr. Paul
Hoeprich kindly maintained the culture of staphylo-
cocci used.
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An enzyme with the ability to accelerate
mutarotation of glucose was first demon-
strated in extracts of the mold P. notatum by
Keilin and Hartree(1). Presence of the en-
zyme was first noted by the fact that action
of notatin (glucose oxidase) from the same
mold upon glucose was accelerated by the
presence of an enzymatic impurity. It was
subsequently shown that glucose oxidase was
specific for the g-form of glucose, and that
mutarotase accelerated the conversion of a-
glucose to the form utilized by notatin. This
property has been used to assay for muta-
rotase(2).

Keston(3) detected large amounts of a
similar enzyme in extracts of rat kidney. It
was proposed that the enzyme functioned in
tubular resorption and membrane transport

* This investigation was supported by grants from
U. S. Public Health Service.

of glucose by accelerating conversion of glu-
cose to a preferentially diffused form. The
theory fell into disrepute when it was shown
that 1-deoxyglucose(4) and «-methylgluco-
side(5), compounds containing no mutarot-
able hydroxyl group, were, however, actively
absorbed.

It has been suggested recently, however(6),
that mutarotase activity is only a coincidental
function of the enzyme protein. In support of
this proposal it was shown that both 1-deoxy-
glucose and a-methylglucoside interact with
the mutarotase active center. Both com-
pounds were efficient competitive inhibitors
of the enzyme acting on a-glucose.

It has been shown(7) that during intestinal
absorption of sugars the concentrative gra-
dient for actively transported sugars is estab-
lished at the epithelial cells lining the wvilli.
Crane(8) has also demonstrated recently a



