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Neutrophil Kinetics in the Dog

KURTA. DEUBELBEISS, JOHNT. DANCEY,LAURENCEA. HARKER, and
CLEMENTA. FINCH

From the Division of Hematology, Department of Medicine, University of
Washington School of Medicine, Seattle, Washington 98195

A B S T R A C T The production of neutrophils in dogs
has been estimated from the number of postmitotic neu-
trophils in the marrow and the transit time of a ['H]-
thymidine pulse. The number of postmitotic neutrophils
was derived from the erythron iron turnover measure-
ment of erythroid number and the neutrophil-erythroid
ratio in bone marrow sections. The mean value for
marrow postmitotic neutrophils in dogs was 5.61±0.56
X 10O cells/kg. The mean transit time of these neutro-
phils was calculated to be 82.1 h. A marrow produc-
tion of 1.65 X 109 neutrophils/kg/day was calculated
from these data.

The turnover of circulating neutrophils was mea-
sured by ['H]thymidine and ["P]diisopropylphospho-
fluoridate (DF"P) labeling of blood neutrophils. ['H]-
Thymidine labeling gave a calculated recovery of 65%,
a ti disappearance time of 6.7 h, and a calculated turn-
over of 1.66 X 109 cells/kg/day. Corresponding results
with DFTP tagging were 51%, 5.4 h, and 2.89 X 109
cells/kg/day. The discrepancy between these two tags
persisted in doubly tagged cells and was considered to
be due to elution of DF"P.

INTRODUCTION

The disappearance from the circulation of neutrophils
labeled with ["P] diisopropylplhosphofluoridate (DF"P )1
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1 4bbreviations used in this pa per: ACD, acid citrate
dextrose; DF"2P, [-'P]diisopropylphosphofluoridate; EIT,
erythron iron turnover; H-F, Hypaque®-Ficoll®g); MITT,
neutrophil marrow transit time; N/E, neutrophil-erythroid;
NRBC, nucleated red blood cell; PIT, plasma iron turn-
over; PMN, postmitotic neutrophil; PMN/E, postmitotic-
erythroid.

has served as a basis for calculating the turnover of
circulating neutrophils in both dogs (1) and man (2).
These studies provide estimates of effective neutrophil
production. In other studies using tritiated thymidine
attempts to determine total marrow neutrophil produc-
tion have been made (3, 4). However, these latter
studies have been of limited usefulness because of the
inadequate methods available for measuring marrow
cellularity. In an accompanying paper, a method for
determining the number of erythroid and neutrophilic
cells in dog marrow has been described (5). In the
present paper this measurement of marrow postmitotic
neutrophils (PMIN) is coupled wvith the measurement
by ['H]thymidine of neutrophil marrow transit time
(AITT) to determine total neutrophil production. The
results of such measurements are compared with blood
neutrophil turnover as measured by ['H]thymidine- and
DF"P-labeled granulocvtes, thereby comparing esti-
mates of total marrow neutrophil production and ef-
fecti-ve neutrophil production in the dog.

METHODS

Animtals studied. Male and female mongrel dogs weigh-
ing 10-12 kg, immunized against canine distempter, and
treated for parasites, were studied after an observation period
of at least 3 wk. Basal hematologic studies on all animals
showed hematocits greater than 40%, white cell counts rang-
ing between 4,000 and 8,0004dl, and plasma iron values in
the normal range of 1.0-2.5 sLg/ml. In one group of animals
marrow neutrophil turnover was derived from measure-
ments of the number of PMNand their rate of transit.
In other normal animals the turnover of circulating neutro-
phils 2 was determined with ['H]thymidine- and DF"2P-
labeled cells.

Measureminett of marrow newtrophils. Methodology in-
volved in determining the number of marrow neutrophils in-
cludes the ferrokinetic measurement of the nucleated red cell
(NRBC) mass (5), and the measurement of the PMN/
erythroid ratio (PMN/E) in bone marrow sections. From

2 The term "neutrophils" instead of "granulocytes" will be
employed in this paper, although it is recognized that these
isotope compounds tag all species of granulocytes. Thus, the
calculation of neutrophil number and turnover will include
about 4% of eosinophils and basophils whose kinetics are not
as yet well defined.
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these two determinations the marrow neutrophil mass is
calculated.

Plasma iron was measured by a modification of the
method of Bothwell and Mallett (6). Erythron iron turnover
(EIT) was calculated by subtracting the nonerythroid com-
ponent (serum iron [,ug/100 ml] X plasmatocrit X 0.0035)
from the plasma iron turnover (PIT) (7). The total num-
ber of NRBCper kilogram was caculated from the following
formula:

NRBC(cells X 101/kg)

- EIT(mg Fe/100 ml/day) X5>48 (1 )
0.90 )

where 5.48 X 109 represents the number of NRBC per
kilogram in normal dogs and 0.90 represents the mean basal
EIT in mg Fe/100 ml whole blood/day (5).

A bone marrow biopsy obtained from the posterior iliac
crest with an electrical drill was fixed in formalin and em-
bedded in methacrylate as previously described (5). Sec-
tions 3 ,um in thickness were stained with naphthol-ASD
chloroacetate esterase to permit identification of primary
granules of the neutrophils and was counterstained with 1%
toluidine blue. Neutrophil-erythroid (N/E) ratios were
based on the counts of 10,000 neutrophilic and erythroid
cells in each of two random marrow sections. The number
of PMNin the marrow was then determined according to
the following formula:

PMN(cells X 109/kg)

PMN
= NRBC(cells X 109 kg) X ratio E (2)

E

where the term PMN/E represents the ratio between PMN
and NRBC.

Meamsremnct of PMNtrantsit tiie. The transit time of
PMNthrough the marrow was determined from the appear-
ance curve of radioactivity in circulation after the intra-
venous injection of 100 juCi/kg of tritiated thymidine
(Q[methv1-H3]thymidine, sp act: 40-60 Ci/mmol, sterile
aqueous solution, New England Nuclear, Boston, Mass.)
diluted with 0.9% NaCl. Duplicate 5-ml samples were col-
lected in 0.75 ml acid citrate dextrose (ACD) (NIH
formula A) 48 h later and every 8 h thereafter for a total
of 6 days. Neutrophils were isolated for counting by
Hypaque@-Ficoll® (H-F) sedimentation (8) in the follow-
ing manner. Blood (5 ml diluted with 15 ml normal saline)
was carefully layered over 9 ml H-F solution (10 parts
33.9% Hypaque'3 [Hypaque sodium 50% brand of sodium
diatrizoate USC, Winthrop Laboratories, New York] mixed
with 24 parts of 9% Ficoll® solution [Pharmacia Fine
Chemicals AB., Uppsala, Sweden]) which had been ad-
justed to specific gravity of 1.077-1.078. The blood was then
centrifuged at 400 g for 40 min at room temperature, and the
material above the red cell/granulocyte layer was discarded.
6 ml of 3% dextran (mol wt: 200,000-300,000, ICN Nutri-
tional Biochemicals Div., International Chemical & Nuclear
Corp., Cleveland) was added and after 30 min the granulo-
cyte-rich supernate was removed; 7 ml of 0.877c NH4Cl was
added to lyse residual red cells. The tubes were centrifuged
at 220 g for 5 min and the supernate was discarded after
which the neutrophils were resuspended in 12 ml of 0.87%o
NH4Cl. A sample was removed for cell count and smear,
and 10 ml of the neutrophil suspension was spun for 10 min
at 2,500 g. The supernate was discarded and the residual

button was solublized overnight in 1 ml NCS (NCS Tissue
Solubilizer, Amersham/Searle Corp., Arlington Heights,
Ill.). After the addition of 16 ml scintillation solution
(toluene 1,000 ml, 2,5-diphenyloxazole [PPO] 5 g, 1,4-bis[2-
(5-phenyloxazolyl)]benzene [POPOP] 0.3 g, Packard In-
strument Co., Inc., Downers Grove, Ill.), radioactivity was
measured in a liquid scintillation spectrometer (Packard
Instrument Co., Inc.) (counting efficiency 38%) and was
expressed as dpm per 106 cells (external standard correction
for quenching). The samples were counted to the 3% level
of statistical accuracy.

Differential counts of 400 cells were done on 60 random
cell buttons, yielding a mean differential of 97.0±2.6%
granulocytes, 0.9±1.5% red cells, and 1.9±1.5%o mononuclear
cells. In 20 subjects direct counts of platelets removed dur-
ing H-F sedimentation amounted to 99+8% of the number
originally counted in the sample.

The MTTwas defined as the interval between the appear-
ance of half of the activity derived from the last myelocyte
generation into the postmitotic pool and the subsequent ap-
pearance of radioactivity in circulating blood. The former
was assumed to be 5 h on the basis of previously published
data (9), a value in accord with our own similar studies.
The appearance of radioactivity in the peripheral blood was
plotted through its intial rise and until it began to fall.
Minimal isotope appearance time in peripheral blood was
represented by extrapolation of the linear portion of this
curve to the baseline. Since the decrease in the first wave
of radioactivity was obscured by the appearance of tagged
cells in subsequent generations, mean appearance time was
taken to be the time of maximum entry of labeled neutro-
phils into the circulation, determined as follows:

F(t) = D(t) + S V(t) (3)

where F(t) represents the rate of entry of labeled neutro-
phils at time t, D (t) the slope of the curve at time t, and
V(t) the mean observed values for neutrophil radioactivity
in circulation at time t. S is a decay constant ln 2 divided by
the half-time disappearance of [3H]thymidine-labeled neutro-
phils in normal dogs. The mean figure for tj of 7.1 h obtained
in 12 normal dogs was employed. The MTT was derived
from the time of maximal rate of entry by subtracting the
5 h required for incorporation of 50%o of radioactivity into
the metamyelocyte compartment after [3H] thymidine injec-
tion. The daily turnover of nonmitotable marrow neutrophils
was calculated from the number of PMN in the marrow
divided by the estimated MTT in days.

Measutrecenitt of blood ncetrophil kinetics. The turnover
of circulating neutrophils was measured in three different
ways. The survival of [3H]thymidine-labeled isologous
neutrophils was measured by transfusing 100 ml ACDwhole
blood from an unmatched donor who had received 300 ,uCi/
kg of [3H]thymidine intravenously 4 days previously. 100 ml
of blood was removed immediately before the infusion of
tagged blood. Duplicate 7.5-ml ACD-anticoagulated blood
samples were collected at 5 min and 1, 2, 3, 4, 6, 8, 11, and
24 h postinfusion. Neutrophils were isolated for counting as
described above. A standard was similarly prepared from the
labeled blood perceding transfusion. Radioactivity levels
reached 20 times background in the 5-min blood sample and
fell to background by 24 h. Reproductibility in determining
the specific activity of blood neutrophils was assessed by
counting 40 separately processed, random, duplicate samples;
the coefficient of variation was 5.5%.

To determine the degree of tritium labeling of other blood
cellular elements, the specific activities of mononuclear cells,
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erythrocytes, platelets, and neutrophils were compared
(Table I). Platelet-rich plasma was obtained by centrifuga-
tion at 200 g for 10 min; contaminating lymphocytes were
then removed by a second spin at 500 g for 5 min. After two
saline washes, platelet buttons were obtained by spinning
at 1,300 g for 30 min. Mononuclear cells and neutrophils
were separated by H-F sedimentation into their respective
layers. The mononuclear cell layer was washed with saline
and then spun at 1,500 g for 10 min. Red cells were pre-
pared by sedimenting the granulocyte red cell fraction after
H-F sedimentation twice in 3% dextran and washing the red
cell sediment with saline. To obtain a similar degree of
quenching among these buttons, 100 gl of 60% perchloric
acid and 200 ,ul of 30% H202 were added to each sample
(10). After digestion at 80°C for 60 min in a shaking
water bath, 5 ml of ethoxyethanol and 10 ml of scintillation
fluid (toluene 1,000 ml, 2,5-diphenyloxazole [PPO] 5 g,
Packard Instrument Co., Inc.) were added. Tritium activity
in a typical experiment showed 110 cpm/106 neutrophils, 25/106
mononuclear cells, 0.1/106 platelets, and 0.04/106 erythrocytes.
On the basis of their respective proportions in the blood,
nonneutrophilic cells contained less than 1% of the sample
activity. Radioactivity in the plasma 96 h after the injec-
tion of [3H]thymidine was about 20 times that of the granulo-
cytes per milliliter of transfused blood. However, when un-
labeled dog blood cells were incubated in labeled plasma and
subsequently separated, the neutrophils had no significant
activity over background. Also, to exclude the possibility that
donor plasma would label recipient neutrophils in vivo, an
untreated dog was injected with 70 ml of plasma from a
dog given [3H]thymidine 4 days previously. No detectable
radioactivity was found in neutrophils harvested from the
recipient animal over the next 24 h.

The survival of DF02P-labeled autologous neutrophils was
measured in six dogs after incubation of 100 ml ACDblood
for 45-60 min with DF32P (Amersham/Searle Corp.) at a
final concentration not exceeding 1.0 gcg DFP/ml of blood.
In this first series of survival studies, a modified nylon
fiber column method of neutrophil isolation was used (11).
The samples were heparinized (20 U heparin/ml whole
blood), reconstituted with Ca++ and Mg'+ ions (both 0.01 M
final concentration), and drawn into 5-ml disposable syringes.
They were then passed through nylon fiber columns at a
constant flow rate of 35 ,ul/min by using a Harvard infusion
pump (Harvard Apparatus Co., Inc., Millis, Mass.) with

TABLE I
Relative Labeling of Blood Cells 4 Days after

[3H]Thymidine Injections

SI) act

cpmj'106 cells

Neutrophils 110.04
MIononuclear cells 25.12
Platelets 0.118
Erythrocytes 0.042

a multiple syringe adapter set. The columns were con-
structed by packing 0.2 g of nylon wool (Fenwal Labora-
tories, Inc., Morton Grove, Ill.) tightly into Silastic® medi-
cal grade tubing (Dow Corning Corp., Midland, Mich.)
(0.104 inch internal diameter) which was attached to a sy-
ringe. Total white cell and differential counts were done on
the blood before and after its passage through the columns,
and the total number of neutrophils retained was calculated.
White cells were diluted in cetrimide solution (12) for red
cell lysis and counted in an electronic particle counter. After
the columns were washed with 4 ml of 0.87% NH4Cl at a
flow rate of 68 jpl/min, they were cut open; and the wool
was placed in a scintillating counting vial and air dried.
Finally, 16 ml of scintillation fluid was added and the sample
was counted for radioactivity.

Isologous neutrophil survival measurements were also
carried out with labeling by both [3H]thymidine and DF32P.
In these studies blood of a donor previously injected intra-
venously with 300 puCi/kg of ['H]thymidine was incubated
with DF32P as described above. The doubly labeled neutro-
phils were then injected into a recipient animal, and blood
drawn at the times specified for single labeling studies was
processed by H-F centrifugation and dextran sedimentation.
Radioactivity was determined in separate channels with ap-
propriate correction for cross counting. 1.6%o of the 32P ac-
tivity was noted in the tritium channel while no 3H activity
was observed in the 32p channel. Counting efficiency was
36%o for 3H and 80%o for 32p.

The number of circulating neutrophils in the recipient was
calculated from an assumed blood volume of 74 ml/kg (13)
and the neutrophil concentration per milliliter blood. The

TABLE I I
Neutrophil Number, Postmitotic Transit Time, and Total Neutrophil Production

Neutrophil
N, E ratio Neutrophil marrow mass marrow Total

transit neutrophil
Dog EIT Erythrohlasts Total Postmitotic Total Postmitotic time production

mg; 100 ml XI1, kg X109, kg days X109, kgday
whole blood, day

1 0.76 4.75 1.27 1.09 6.04 5.18 3.12 1.68
2 0.78 4.87 1.47 1.26 7.14 6.13 3.85 1.59
3 0.70 4.37 1.63 1.39 7.11 6.09 3.44 1.77
4 0.96 6.00 1.17 1.01 7.01 6.04 3.23 1.87
5 0.92 5.60 1.16 0.97 6.49 5.40 3.54 1.53
6 1.05 6.56 0.99 0.73 6.51 4.82 3.33 1.45

Mean 0.86 5.36 1.28 1.07 6.72 5.61 3.42 1.65
SD 0.14 0.84 0.23 0.23 0.44 0.56 (1.19 (. 1
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row N/E ratio was 1.28+0.23, and the postmitotic N/E
ratio was 1.07+0.23. From these figures the total

Dog 2 number of neutrophils was calculated to be 6.72±0.44
Dog4 X 109/kg and the postmitotic cells 5.61+0.56 X 109/kg.
Dog Transit time and turnover of narrow neutrophils.

The appearance time of 'H-labeled neutrophils in cir-
culation is shown in Fig. 1 a and b. No measurable
activity was found during the first 60 h after injection
of the label. Thereafter, the increase in radioactivity
appeared nearly linear between 20 and 70% of maximal
activity. The peak neutrophil specific activity was
reached 95 h after injection. A minimal MTT of 72 h
was determined by extrapolating the ascending straight
part of the line to baseline. The maximum rate of en-

0 70 80 90 100 110 trance of radioactivity, corrected for loss of activity
Hours from circulation was 87.1 h. Allowing for an entrance

time into the PMNpool of 5 h, the true transit time was
) /--T & 82.1 h. With this and a PMNpool of 5.61 X 109/kg, the

b daily neutrophil turnover within the marrow was esti-
- \/ Y mated to be 1.65 X 109 cells/kg/day.

/ 2 Survival and turnover of circulating neutrophils. The
turnover of circulating neutrophils was determined from
blood labeled with DF32P alone, [3H]thymidine alone,
and both isotopes simultaneously. In six autologous
neutrophil survivals with DF32P-tagged cells, the mean
recovery (neutrophil activity extrapolated to 0 time)
was 51±5%; and the half-time disappearance was 5.4

±/ 0.9 h. Mean values for total blood neutrophil pool, cir-
culating pool and marginal pool, expressed as cells X

10,/kg, were 0.93±0.11, 0.48+0.07, and 0.45+0.08, re-
70 80 0H00 spectively (Table III). The neutrophil turnover perHours

tE 1 (a) The appearance of radioactivity in circulat- kilogram per day was calculated to be 2.89±0.57 X 10'.
eutrophils after the intravenous injection of [3H]- The results of six isologous neutrophil survivals with
dine. (b) The mean appearance curve of neutrophil 'H-tagged cells are summarized in Table IV. The mean
ic activity in blood is shown by the solid line. The recovery was 65±9.7% and the mean half-time dis-
has been adjusted to a maximum value of 100% and appearance was 6.7±0.8 h. Total blood neutrophil pool
,-I 1; 4- --I--ohan + ;-A1;,+,n, -+,-AleA ov roe Tovertical 1ines at eacn point inaicaLe standard error. Il ne

dotted line represents appearance rate, corrected for disap-
pearance (see Eq. 3 in Methods).

difference between neutrophil radioactivity injected and the
extrapolated zero time value of neutrophilic activity in cir-
culating blood was taken to represent the marginal pool.
To avoid any bias, the tu disappearance time was determined
by the method of least squares. Neutrophil turnover rate
was calculated in the usual way, with the assumption that
both circulating and marginal pools behave similarly (14).

RESULTS

Marrow neutrophil number. The data used for deter-
mining marrow neutrophil number are summarized in
Table II. The mean EIT of 0.86±0.14 mg Fe/100 ml
whole blood/day was similar to that measured in pre-
vious studies of normal animals in which the turnover
was 0.90±0.11 (5). The number of NRBC was cal-
culated to be 5.36+0.84 X 109 cells/kg. The total mar-

TABLE III
Turnover of DFP2P-Labeled Autologous

Neutrophils in Dogs

Total
blood Circu- Margi- Neutrophil

neutrophil lating nated turnover
Dog pool pool pool to rate

XlO9/kg h X109/kg/'day
1 0.88 0.49 0.39 4.1 3.47
2 0.98 0.57 0.41 4.5 3.61
3 0.94 0.41 0.53 5.7 2.73
4 1.04 0.53 0.51 6.7 2.58
5 0.70 0.38 0.32 6.1 1.91
6 1.03 0.48 0.55 5.5 3.09

Mean 0.93 0.48 0.45 5.4 2.89
SD 0.11 0.07 0.08 0.9 0.57
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and circulating and marginal pools expressed as neu-
trophils X 109/kg were 0.67±0.12, 0.43±0.08, and 0.24
±-0.08. (Granulocyte turnover was 1.66+0.23 X 109 cells/
kg/day. A comparison of DF32P and 3H labeling studies
(Tables III and IV) showed that the latter gave sig-
nificantly lower values for total blood neutrophil pool
(P < 0.005), marginal pool (P < 0.005), and neutro-
phil turnover rate (P < 0.001 ) and a significantly
higher value for t2 (P < 0.05).

This discrepancy was further examined with data
obtained from neutrophils labeled with both isotopes
(Table V and Figs. 2 and 3). The previously noted
differences between total neutrophil pool, marginal
pool, disappearance ti, and neutrophil turnover rate
were reproduced precisely; when tested by the method
of paired comparisons (15) these differences were
highly significant (P < 0.005, 0.005, 0.05, and 0.001).

DISCUSSION

Characterization of blood cell kinetics requires defini-
tion of both the generating marrow mass and the be-
havior of circulating cells. In the erythrocyte and
thrombocyte systems, measurements of erythroid and
megakaryocyte mass reflect the proliferative status of
the marrow and accordingly are referred to as total
erythropoiesis and thrombopoiesis. When cell produc-
tion and destruction are at the same constant rate, the
delivery of viable cells from the marrow to the circu-
lating blood, i.e. effective production, is determined by
dividing the concentration of circulating cells by their
survival time. Such measurements of total and effective
production have been useful for studying quantitatively
the pathophysiology of clinical disorders affecting red
cells and platelets. The present studies were designed
to establish similar measurements for the neutrophil
system.

TABLE IV
Turnover of [3H] Thymridine-Labeled Iso logous Blood

Neutrophils in Dogs

Total
blood Circu- Margi- Neutrophil

neutrophil laring nated turnover
Dog pool pool pool to rate

X109/kg h X)109/'kg/'day
1 0.55 0.44 0.11 6.4 1.43
2 0.55 0.32 0.23 6.2 1.49
3 0.89 0.55 0.34 8.2 1.82
4 0.60 0.45 0.15 7.2 1.39
5 0.68 0.35 0.33 5.8 1.92
6 0.74 0.49 0.25 6.3 1.92

Mean 0.67 0.43 0.24 6.7 1.66
SD 0.12 0.08 0.08 0.8 0.23

The quantitation of marrow neutrophil cellularity
from the NRBCnumber and the N/E ratio has been
described in detail elsewhere (2). The total number
of erythroid precursors was derived from the EIT,
assuming a constant relationship between the number
of immature erythroid forms and the iron they assimi-
late. Erythroid cellularity in normal dogs, previously
determined directly by an isotope dilution technique (5,
16), was found to be 5.48+0.78 X 109 nucleated eryth-
roid cells/kg; and the EIT was 0.90±0.11 mg Fe/100
ml whole blood/day. In the present study the number
of marrow NRBCwas calculated from the EIT and
found to average 5.36±0.84 X 109 NRBC/kg in six dogs.
The postmitotic marrow neutrophil/erythroid ratio and
the postmitotic marrow neutrophil pool size were 1.07
+0.23 and 5.61 X 109 neutrophils/kg compared with
0.96±0.18 and 5.23±0.61 X 109 neutrophils/kg found
previously.

TABLE V
Turnover Studies of Iso.ogous Neutrophils Doubly Labeled with DF32P and [3H]Thymidine

3H DF32P

Total Total
blood blood

Circulating neutrophil Marginated Turnover neutrophil Marginated Turnover
Dog pool pool pool tj rate pool pool tj rate

X]09/kg X1O91kg h X109/kg/day X109/'kg h Xl09/kg/da
1 0.62 0.85 0.24 7.1 1.97 1.01 0.40 6.0 2.80
2 0.43 0.66 0.24 8.4 1.31 0.81 0.39 5.7 2.37
3 0.50 0.71 0.21 6.7 1.77 0.95 0.45 4.4 3.58
4 0.39 0.78 0.39 7.9 1.64 0.84 0.45 5.0 2.80
5 0.39 0.59 0.20 6.0 1.63 0.80 0.41 4.5 2.95
6 0.50 0.89 0.39 9.3 1.59 1.00 0.50 6.0 2.76

Mean 0.47 0.75 0.23 7.6 1.65 0.90 0.43 5.2 2.88
SD 0.08 0.11 0.08 1.2 0.22 0.10 0.04 0.7 0.40
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Hours

FIGURE 2 Disappearance of blood radioactivities after intra-
venous injection of doubly labeled neutrophils. Neutrophils
were labeled in vivo with [3H]thymidine and the same cells
were labeled in vitro with DF32P. In each instance the higher
activity is [3H]thymidine and the lower activity is DF32P.

To calculate the turnover of postmitotic marrow
neutrophils, a measurement of the transit time through
this pool was also required. As a label, [3H]thymidine
was chosen because of its rapid incorporation into mi-
totable cells during S phase. This activity appears in
the postmitotic pool in about 5 h (17). The emergence
pattern of [3H]thymidine-labeled granulocytes in circu-
lation is influenced by the degree of synchrony during

Hours

FIGURE 3 Blood activity (mean of six dogs) for [3H] -

thymidine and DF32P. Shaded area represents standard
error and arrows mark the t, disappearance time.

storage pool transit and the rate of disappearance of
tagged cells from the blood. An assumption was made
that the mean time of exit from the marrow would ap-
proximate the time of maximal entrance of activity into
the blood which was found to be 82.1 h. This figure is
reasonably consistent with other measurements in dogs
by a variety of techniques in which peak activity was
reached at 3-5 days (18-21).

The turnover of marrow neutrophils in normal dogs,
determined by dividing the number of marrow neutro-
phils composing the postmitotic pool by the transit time
through that compartment, was 1.65±0.11 X 109 cells/
kg/day for a group of six normal dogs (Table II).

Correlated studies of blood neutrophil turnover were
performed with [3H]thymidine-labeled isologous neu-
trophils (Table IV). In these studies the half-time dis-
appearance averaged 6.74-0.8 h, and 64% of the labeled
cells were recovered in circulation. A value of 1.66
±0.23 X 109 cells/kg/day was obtained for the turnover
of circulating neutrophils. It is therefore evident that
essentially all neutrophils leaving the marrow appear
in the circulation. (A small difference exists relative
to the cell population measured: the PMNturnover in
the marrow measures only neutrophils, whereas, the
measurement of circulating leukocytes includes all gran-
ulocytes). These data further suggest that measurements
of marrow and peripheral blood neutrophil turnover
are of sufficient precision to permit recognition of ex-
cessive cell destruction in the marrow.

Since the measurements of both marrow and circu-
lating neutrophil turnover obtained with [3H]thymidine
were considerably less than previous reports employing
DF2"P labeling, additional measurements were carried out
comparing the [3H]thymidine and DF"2P labeling of
blood neutrophils. Results obtained with DF32P (Table
III) agreed closely with previous studies (1) but did
not agree with the [3H]thymidine data (Table IV).
Since the results of the single isotope studies were pre-
cisely reproduced and since DF3P tagging did not
cause any change in [3H]thymidine recovery as would
occur with cell loss, it appeared that the DF32P label
was being lost from the neutrophils (Fig. 2). Although
elution was not detected neither could it be entirely
excluded by in vitro studies of tagged neutrophils (22);
however, DF32P elution has been consistently found
with red cell tagging (23). Since the nature and con-
sistency of this elution are not yet defined, the useful-
ness of neutrophil kinetic studies using DF32P is at
present in question.

These studies establish quantitative relationships be-
tween marrow and circulating neutrophil compart-
ments in the dog. Of the 6.7 X 109/kg neutrophilic
marrow cells, about 17% are in the proliferative com-
partment while the remaining 83% comprise the matu-
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ration-storage compartment; the marrow delivers about
30% of the available storage cells to the peripheral
blood daily. Of the 0.75 X 109 neutrophils/kg in the
total blood granulocyte pool, two-thirds are in the
vascular compartment and one-third is marginated in
the microvasculature. The storage pool is approxi-
mately 712 times the blood compartment and represents
a 3-4 day supply of neutrophils. The application of
these techniques to man to characterize kinetically the
quantitative abnormalities of neutrophils will provide
a pathophysiological basis for a systematic approach
to neutropenia and neutrophilia.
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