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Abstract. Neutrophil kinetics of acute experimental infection were studied
with diisopropylfluorophosphate-32P labeling in 31 dogs inoculated intra-
bronchially with pneumococci. In vitro neutrophil labeling indicated a rapid
transit time through the blood in early infections, with an elevated marginal
granulocyte pool sometimes preceding an elevation of the circulating granulo-
cyte pool. 13 hr after infection, the circulating and total blood granulocyte
pools were increased but the rate of neutrophil transit through the blood was
normal. During the recovery from infection there was a marked prolongation
of neutrophil blood transit time, suggesting virtually complete cessation of
bone marrow release of neutrophils into the blood. Labeling of neutrophils
in vivo indicated an increased rate of emptying of the bone marrow storage
pool proportional to the severity of infection as measured by the fever index.
The change in the blood ratio of nonsegmented to segmented neutrophils was
a much more accurate index of the severity of infection than the blood granu-
locyte concentration, correlating significantly with the fever index.

Introduction

Studies of neutrophil kinetics in patients with
chronic infections have been reported by several
workers (1-4) but the effect of acute infection
upon the kinetics of isotopically labeled neutro-
phils has not been studied previously. Such data
are difficult to obtain during the acute phases of
naturally occurring infections in man because pa-
tients rarely consult a physician until infection is
well established and therapy is begun shortly
thereafter. For this reason and since studies in
normal dogs suggest that neutrophil kinetics in
this species are qualitatively similar to those of

* Received for publication 16 June 1967 and in revised
form 2 August 1967.

Supported by a research grant (AM-04489) and a
graduate training grant (AM-5098) from the National
Institute of Arthritis and Metabolic Diseases, Bethesda,
Md. Presented in part at the Ninth Annual Meeting of
the American Society of Hematology, 6 December 1966.

t Faculty Research Associate of the American Cancer
Society; present address: Department of Medicine,
Rutgers Medical School, New Brunswick, N. J.

Address requests for reprints to Dr. John C. Marsh,
Departments of Internal Medicine and Pharmacology,
Yale University School of Medicine, 333 Cedar Street,
New Haven, Conn. 06510.

normal humans, we elected to induce acute infec-
tion in dogs and study the attendant changes in
neutrophil kinetics.

Pneumococcal pneumonia was induced in dogs
by the method "of Terrell, Robertson, and Cogge-
shall (5), a model of infection which was explored
in detail by those workers and by Robertson and
Fox (6). We induced infections of varying
severity, and just before infection and at various
times thereafter initiated leukokinetic studies em-
ploying radioactive diisopropylfluorophosphate
(DF32P) as a label for neutrophils. Data were
obtained regarding the total number and distri-
bution of neutrophils in the blood, the rate of
disappearance of neutrophils from the blood, and
the transit time of neutrophils through the bone
marrow.

Methods

Mongrel dogs of either sex, weighing from 11 to 32 kg,
were given antihelminthic therapy and distemper vaccine
and observed for at least 10 days before use.

Induction of infection. Through the courtesy of Dr.
W. B. Wood, Jr., Johns Hopkins University School of
Medicine, the strain of D. pneumoniae, type I.(A5), that
was used by Terrell and coworkers (5) was obtained. It
was maintained in a synthetic dialyzable broth culture
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medium (7) and for inoculation, from 10' to 106 viable
units were suspended in 10 ml of medium to which was
added 2.5 g of starch (Difco Laboratories, Detroit, Mich.).
Dogs were anesthetized by intravenous injection of pen-
tobarbital (30 mg/kg) or thiopental (15 mg/kg). The
bacterial suspension was injected through a number 12
French, Levin tube which was lodged as far distally as
possible in the tracheobronchial tree through a broncho-
scope. After injection of the bacteria, air was forced
through the tube to flush as much of the suspension as
possible into the bronchi.

Labeling procedure. A brief section noting the general
method employed and the significance of normal labeling
curves is included in appropriate sections in Results.
The activity of the DFaP (Radiochemical Centre, Amer-
sham, England) was approximately 200 ,uc/ml and the
concentration of DF3P in propylene glycol diluent varied
from 0.4 to 0.8 mg/ml. Each batch of DF'P was assayed
in our laboratory (8). For in vivo labeling 3.5 to 5.0 ml
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of DF'2P was injected intravenously and for in vitro la-
beling 0.3 ml was added to approximately 400 ml of whole
blood. All blood samples for determination of leukocyte
specific activity, leukocyte counts, and blood smears were
obtained by jugular puncture.

The previously reported (9) technique for separating
dog granulocytes from whole blood and for determining
the specific activity of the granulocytes (counts per min-
ute per milligram of leukocyte nitrogen) was used with
the following modifications: 20 ml of blood was added to
40 ml of 3% dextran (molecular weight 215,000; Pharma-
chem Corporation, Bethlehem, Pa.) in 0.9% saline con-
taining 0.1% potassium EDTA. The leukocyte but-
ton remaining after hemolysis was washed four times
with cold isotonic saline. All samples for determina-
tion of granulocyte specific activity were obtained and
processed in duplicate. In the in vivo labeling studies,
samples were obtained daily for 10 days. In the in vitro
labeling studies, samples were obtained 3, 6, 12, and 24
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FIG. 1. THE COURSEOF INFECTION (TOP) AND BLOOD GRANULOCYTESPECIFIC
ACTIVITY CURVE (BOTTOM) IN EARLY INFECTION. Granulocytes were labeled in
vitro and infused 4 hr after infection. The shaded area indicates the normal
range of specific activity. NIS, nonsegmented/segmented blood neutrophils.
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FIG. 2. THE COURSEOF INFECTION (TOP) ANDBLOODGRANULOCYTESPECIFIC
ACTIVITY CURVE (BOTTOM) IN ESTABLISHED INFECTION. Granulocytes were
labeled in vitro and infused 13 hr after infection. The shaded area indicates
the normal range of specific activity. NIS, nonsegmented/segmented blood
neutrophils.

hr after reinfusion of labeled blood and in some experi-
ments more frequently.

Clinical course of infections. Blood for leukocyte
counts was obtained hourly for the first 6 hr after in-
fection and then daily for the next 10 days in the in
vivo studies, and at 6-hr intervals during the 1st day of
the in vitro studies. Total leukocyte counts were per-
formed electronically (Coulter Counter, Model B, Coulter
Electronics, Hialeah, Fla.) and 200 cell differential
counts were done on all blood smears. Blood neutrophils
were classified as segmented or nonsegmented on the
basis of whether or not a thread-like filament was dem-
onstrable between nuclear lobes.

It is noteworthy that normal dog peripheral blood con-

tains a much higher number of band, or nonsegmented
forms than is found in human blood. The median con-

trol ratio of nonsegmented to segmented forms was 1.0
with a range of 0,42-2.55, The maximum change in this

ratio was chosen, therefore, as the most easily comparable
index of increasing granulocyte immaturity rather than
the actual percentage of nonsegmented forms.

Bone marrow was aspirated from the sternum before
and 24 hr after pneumococci were inoculated intrabronchi-
ally. Differential cell counts of 500 cells were done on
the marrow smears.

Rectal temperature was recorded and a physical exami-
nation was performed each time a blood sample was ob-
tained. Rectal temperatures were plotted against time for
each individual study and the area of the curve which
exceeded 102.80F was used as a "fever index." The
highest rectal temperature recorded in 14 normal dogs
was 102.80F. Area measurements were made with a

compensating polar planimeter. (Model 4236 M, Keuffel
& Esser Co., San Francisco, Calif.).

Blood samples obtained at 6-hr intervals during the
lst day of infection were cultured on a tryptic digest of
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FIG. 3. THE COURSEOF INFECTION (TOP) ANDBLOODGRANULOCYTESPECIFIC ACTIVITY CURVEIN LATE INFEC-
TION (BOTTOM). Granulocytes were labeled in vitro and infused 25 hr after infection. The shaded area in-
dicates the normal range of specific activity. N/S, nonsegmented/segmented blood neutrophils.

casein-papaic digest of soy broth (Baltimore Biological
Laboratories, Baltimore Md.).

Statistical analyses consisted of correlation coefficients
and t tests (10).

Results
Course of infection

The induced pneumococcal infections varied in
severity from very mild to fatal. No attempt
was made to study in detail the bacteriological and
clinical course of pneumococcal infection in dogs
as was done by earlier workers (5, 6). The typi-
cal infection observed herein was characterized by
rapid onset of fever, neutrophilia, and a marked
"shift to the left" as measured by changes in the
ratio of nonsegmented to segmented (N/S) blood
neutrophils. These findings were evident within
4 hr of bacterial inoculation, persisted for about
24 hr, and then subsided (Figs. 1-3).

Of 39 dogs inoculated with bacteria, eight are
not considered further in this report. Four of

these died within 24 hr of overwhelming infection.
One was autopsied and bilateral consolidation of
the lungs was found. Many Gram-positive diplo-
cocci and neutrophils were evident on a stained
touch preparation from a consolidated area of one
lung. Since the leukocytes of these dogs had been
labeled in vivo, no useful kinetic data were ob-
tained since several days of study are needed. In
another study employing in vivo labeling of four
other dogs, results were uninterpretable because
of technical problems of leukocyte isolation.

Interpretable data were obtained in 31 dogs,
all but one of which survived. Eight were afebrile
throughout the study, 13 developed moderate
fever, and 10 were severely febrile (Table I).
Positive blood cultures were noted in four dogs,
all of which were febrile. Bronchial breathing
was present in one of these for 2 days but dis-
appeared shortly after a single injection of peni-
cillin. This was the only instance in which anti-
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TABLE I

Fever indexes, blood, and bone marrow changes in infected dogs

Bone marrow aspirate
(24 hr)

No. of
Group dogs Fever index* AN/S*j &CGP*§ AM: Eli &I/P¶

U
1. No fever 8 0 0.88 2.69 -0.28** +0.09**

(0.16-2.21) (1.59-6.10)

2. Moderate fever 13 104 2.13 3.41 +0.081t +0.03t$
(30-270) (0.59-5.01) (1.46-8.81)

3. Severe fever 10 594 7.57 3.47 -1.44§§ +0.23§§
(394-1290) (1.38-15.67) (2.11-10.25)

*Mann arniuc fnr arniun -Viimulipm in pari onfI6Pa rpfar Ln rin cra- ivicn vamusY lor group. -nourluurs ill parcianulsus reier to rang>s.
t Maximum increase in ratio of nonsegmented to segmented neutrophils in blood.
§ Ratio of maximum granulocyte concentration to control.
l Mean change in marrow myeloid: erythroid ratio.
¶ Mean change in ratio of marrow immature granulocytes (myeloblasts, promyelocytes, and myelocytes) to post-

mitotic granulocytes (metamyelocytes, mature neutrophils).
** Four dogs in group.
1t Five dogs in group.
§§ Six dogs in group.

bacterial therapy was administered. In another
dog, decreased breath sounds were observed for
1 day. Aside from lethargy, occasional wheezes,
and coarse breath sounds, no other abnormal phys-
ical findings were noted. Most dogs with fever
became afebrile within 3 days of bacterial in-
oculation.

In dogs without fever, little change was noted
in N/S whereas in those with marked fever this
ratio was markedly increased (Table I). There
was a significant correlation between the fever
index and N/S in febrile dogs (r = + 0.62,
P = < 0.01). There was no significant correla-
tion between the fever index and the maximum
change in granulocyte concentration. Although
there was frequently a marked increase in non-
segmented cells, these were virtually all band
forms. Myelocytes were not found and young
metamyelocytes were observed rarely.

15 bone marrow aspirates obtained 24 hr after
infection was initiated were analyzed and com-
pared to control aspirates obtained from the same
dogs (Table I). In severely febrile dogs the
myeloid to erythroid ratio was decreased sig-
nificantly and the ratio of potentially mitotic neu-
trophils to postmitotic neutrophils was increased.

Leukocytes labeled in vitro

Within 4-12 hr of initiating infection, changes
in neutrophil concentration and N/S were ap-

parent (Figs. 1-3). Accordingly at 4, 13, and
25 hr after bacterial inoculation, studies of neutro-
phil kinetics employing neutrophils labeled in
vitro were initiated.

In this type of study, freshly withdrawn blood
is incubated with DF32P for an hour and returned
to the circulation of the donor. Thus, only those
neutrophils which were infused are labeled. The
total blood granulocyte pool (TBGP) is calcu-
lated by noting the degree of labeled cell dilution
5 min after the completion of the infusion (T0).
The number of circulating neutrophils is calcu-
lated from the neutrophil concentration in venous
blood and the blood volume, and is termed the
circulating granulocyte pool (CGP). Subtraction
of the CGP from the TBGP yields an estimate
of the number of marginal leukocytes, this value
being termed the marginal granulocyte pool
(MGP). The rate of decline of blood granulocyte
specific activity (BGSA) is then determined. In
normal dogs in a steady state, the BGSAdeclines
exponentially with a t4 of 4-8 hr (9).

The neutrophils of infected dogs were labeled
in vitro at approximately 4 hr (early infection,
group A), 13 hr (established infection, group B),
and 25 hr (late infection, group C) after inocu-
lation of pneumococci (Table II). None of the
infected dogs can be considered to have been in
a steady state, so calculation of the granulocyte
turnover rate is unjustified. It must be under-
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TABLE II

Fever indexes and blood granulocyte kinetic values in infected dogs whose leukocytes were labeled in vitro

No. of
Group dogs Fever index* TBGP*l CGP*j MGP*j t*j

U 107 G/kg 107 G/kg 107 G/kg hr
Normal (ref. 9) 31 102 54 48 5.6

(48-168) (27-98) (10-86) (4-8)

Infected
A. Labeled at 4 hr

No fever 3 0 118 67 51 3.8§
(68-184) (47-100) (13-85) (3.0-4.2)

Fever 4 306 191§ 78§ 115§ 2.3§
(95-530) (104-337) (68-83) (31-255) (1.8-3.2)

B. Labeled at 13 hr
Fever 4 304 168§11 90§ 6011 5.1

(35-695) (143-202) (34-121) (36-82) (3.6-6.1)

C. Labeled at 25 hr
Fever 4 351 475§ 146§ 329§ 37§¶

(176-428) (94-1027) (65-269) (11-861) (11-65)

* Mean values for group. Numbers in parentheses refer to ranges.
t G, granulocytes; TBGP, total blood granulocyte pool; CGP, circulating granulocyte pool; MGP, marginal granu-

locyte pool; tj, half disappearance time of blood granulocyte specific activity.
§ Differs from normal with P = < 0.05 by t test.

Only three animals in group.
¶ Calculated from first 24 hr of curve (other tj values in Table calculated from first 12 hr).

stood that under these circumstances t4 values
read from different portions of the BGSAcurve
are only approximations but do yield a simple
estimate of whether labeled cells were declining
in the blood at an abnormal or normal rate.

Leukokinetics of early infection. Seven dogs
were studied in the early stage of infection (group
A, Table II). Blood was withdrawn for labeling
2.5 hr after inoculation of bacteria, incubated with
DF82P for 1 hr and reinfused, so that To was ap-
proximately 4 hr after infection.

Three dogs in this group did not become febrile
but did have a slight rise in N/S. In one, a
slight increase in TBGPwas noted but the pool
sizes of these three dogs as a group were not
significantly increased. In the dog with the larg-
est increase in N/S, an abnormally short tj value
(3 hr) was found, while those for the other two
were at the lower limit of normal. There was a
significant decrease in ti, as measured during the
first 12 hr of the BGSAcurve, in these dogs as
compared to normal dogs.

The course of the temperature, granulocyte
count, and N/S, as well as BGSAcurve of one
of the most severely ill dogs, is illustrated in
Fig. 1. After a brief period of neutrophilia, the
dog became neutropenic as N/S rose to 16 times

the control value. BGSAdeclined at an abnor-
mally rapid rate (tj of 2.3 hr) as leukopenia
developed. In this dog pool sizes were normal.
In another severely febrile dog, however, the
TBGP was increased, reflecting a large MGP,
for the CGPwas normal. The tj was abnormally
short (1.8 hr) during the first 12 hr of study in
this dog also.

Statistically significant increases in mean pool
sizes and shortening of the t4 of the BGSAwere
present in the entire febrile group studied in the
early hours of infection. Abnormally high values
of MGP in the presence of normal values for
CGPwere noted in two of the four febrile dogs.
The mean CGP was significantly higher than
the normal mean although no values were outside
the normal range. An abnormally low value for
t1 was noted in each of the four febrile dogs.

Leukokinetics of established infection. All four
dogs in which labeling studies were initiated 13 hr
after bacteria were introduced were febrile. An
example of one such study is shown in Fig. 2 and
the results for the group are summarized in
Table II.

With established infection the CGPand TBGP
were significantly increased but the MGPwas
normal. During the first 10-12 hr the t4 was of
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normal duration but in all four dogs the rate of
decline of BGSAslowed and then plateaued be-
tween 23 and 37 hr after initiation of infection.

Leukokinetics of late infection. The four dogs
in which labeled neutrophils were infused 25 hr
after infection was initiated were all febrile (Fig.
3, Table II).

Blood pool sizes were variable in this group.
The TBGPand CGPwere larger than normal in
three, two of which also had an enlarged MGP.
Curves of BGSAwere' quite complex in all dogs
(the example in Fig. 3 is representative of the
group). The t1 values listed in Table II are ap-
proximations of the curves during the first 24 hr
after labeled cells were infused. In three of the
dogs, no decline in BGSA occurred during the
first 12 hr of study and this plateau was associated
with stable or decreasing neutrophil concentra-
tions and with a decreasing N/S. The range of
BGSA 24 hr after labeling the neutrophils of
normal dogs is 1-12%o of the To value. In these
four dogs the 24 hr BGSAwas 65, 40, 39, and
17% of the To value. 29 hr after labeling (54 hr
after initiation of infection) the slopes of BGSA
decline returned to normal. By this time neutro-
phil concentration and N/S had returned to values
similar to the control.

Leukocytes labeled in vivo
The increase in N/S in the blood, decrease in

marrow myeloid to erythroid ratio, and decrease
in the proportion of postmitotic marrow neutro-
phils suggested an increased rate of release of
neutrophils from the bone marrow into the blood.
The results of the in vivo labeling studies con-
firmed this impression.

Intravenously administered DF82P labels blood
neutrophils, the myelocytes of the bone marrow,
and marrow neutrophils more mature than myelo-
cytes (11, 12). Promyelocytes and myeloblasts,
lymphocytes, eosinophils, basophils, and mono-
cytes are not labeled detectably. Myelocytes are
labeled approximately twice as heavily as more
mature marrow neutrophils. Consequently, the
progeny of the first myelocyte division after
labeling are labeled to the same degree as initially
labeled postmitotic neutrophils. BGSAtherefore
changes little until the progeny of the second
myelocyte division after labeling begin to enter
the blood. The resultant initial plateau in BGSA
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FIG. 4. BLOOD GRANULOCYTESPECIFIC ACTIVITY CURVE
OF AN INFECTED DOGCOMPAREDTO THE MEANCURVEFOR 14
NORMALDOGS (reference 12). Granulocytes were labeled
in vivo 1 hr before infection.

has been termed phase I + II and lasts an aver-
age of 4.8 days in normal dogs (Fig. 4) (12).
Thus, in the normal dog, the average time required
for a myelocyte to complete DNAsynthesis, and
divide, and for the progeny of this division to
traverse the maturation and storage pool of the
marrow and traverse the blood is approximately
4.8 days. As subsequent myelocyte divisions oc-
cur, the label is diluted so that the BGSA falls
(phase III) as the progeny of the divisions reach
the blood. Phase I is a decline of BGSAon the
1st day of labeling due to dilution of relatively
more heavily labeled blood neutrophils by less
heavily labeled marrow neutrophils and phase IV
is due to reutilization of isotope (12).

16 dogs were injected with DF82P 1 hr before
pneumococci were introduced intrabronchially
(Table III). The mean BGSAcurve from 14
normal dogs given DF82P intravenously (12) is
shown in Fig. 4 for comparison with that of one
of the severely febrile dogs. A shortening of phase
I + II and a decrease in half disappearance time
(tI) of phase III is apparent in the infected animal.

There was a significant decrease in the dura-
tion of phase I + II in the infected group as a
whole and the degree of decrease paralleled the
severity of fever (Table III). The duration of
phase I + II was within normal limits in the dogs
that failed to develop fever (group 1), shorter
than normal in all those with severe fever (group
3), and of intermediate duration in dogs with
moderate fever (group 2). The decrease in phase
I + II was statistically significant in both groups
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TABLE III

Fever indexes, leukocyte changes, and phases of the blood granulocyte specific activity
(BGSA) curves in infected dogs whose leukocytes were labeled in vivo

Phases in BGSAcurve

No. of I+II III
Group Dogs Fever Index* AN/S*: ACGP*§ duration* tj*

U days hr
Normal (ref. 12) 14 4.8 46

(3.0-7.1) (32-60)
Infected

1. No fever 5 0 1.15 3.03 4.6 41
(0.64-2.2) (1.59-6.10) (3.1-8.0) (25-58)

2. Moderate fever 8 107 1.58 3.62 3.311 50
(30-270) (0.59-3.57) (1.46-8.81) (2.24.0) (30-75)

3. Severe fever 3 863 9.15 2.80 2.311 3011
(500-1290) (2.83-13.10) (2.11-3.87) (2.0-2.8) (24-35)

* Mean values for group. Numbers in parentheses refer to ranges.
Maximum increase in ratio of nonsegmented to segmented neutrophils in blood.

§ Ratio of maximum granulocyte concentration to control.
fl Differs from normal with P= <0.05 by t test.

of febrile dogs, in which none of the values was

larger than 4 days.
The decrease in duration of phase I + II was

accompanied by a progressive increase in the max-

imum change in N/S in the blood although a

statistically significant direct correlation was not
present (r =-0.28, P = > 0.30). No correla-
tion was observed between the duration of phase
I + II and the degree of neutrophilia. The slope
of phase III of the BGSAwas significantly short-
ened (P = < 0.02) in the most severely febrile
dogs (group 3) and in a few other dogs as well
(Table III). However, there was no demonstra-
ble correlation between the duration of phase I
+ II and the slope of phase III in the infected
group as a whole (r = - 0.09, P = > 0.70).

Discussion

These studies confirm the concept of accelera-
tion of bone marrow release of neutrophils in
response to infection and provide evidence for a

new principle of neutrophil kinetics, namely total

cessation of marrow release of neutrophils during
recovery from the leukocytosis of infection.

It should be kept in mind that the rate of
decline of the blood granulocyte specific activity
(BGSA) curve obtained in the in vitro labeling
method is primarily a function of the bone marrow

release of neutrophils in the blood (13). A very
rapid tj value suggests an acceleration of marrow

neutrophil release.

Within 4 hr of bacterial inoculation, an ac-
celerated rate of release of neutrophils from bone
marrow to blood was observed as evidenced by
an increase in N/S. At times this was detected
before an increase in the concentration of neutro-
phils in the venous blood samples was detected.
An increased rate of release was also indicated
by an abnormally fast rate of decline of the BGSA
curve in the in vitro labeling studies. This is
quite similar to the sequence of events following
the administration of bacterial endotoxin (14).
In two dogs, the marginal granulocyte pool
(MGP) was enlarged during the period of ac-
celerated release even though the circulating granu-
locyte pool (CGP) was not. This is similar to
our previous observations of "masked" granulo-
cytosis in normal human subjects in whom small
skin exudates had been induced (15). In these
studies the MGPwas enlarged selectively so that
neutrophilia was undetected by enumeration of
neutrophils in venous blood samples. The CGP
never became enlarged in the human subjects,
whereas in the present studies "masked" granulo-
cytosis was followed by CGPenlargement. The
response to bacterial endotoxin is also associated
with an enlargement of the MGPbefore that of
the CGP (14). When the bone marrow responds
to a depletion of the blood neutrophil pool by
leukopheresis, the lag period before rise of the
blood neutrophil count has been interpreted as
a replenishment of the MGPbefore the CGP(16).
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From these observations one may speculate that
infection initiates the following chain of kinetic
events. Infection in tissues presents increased
demand for egress of neutrophils from the blood.
The cells must leave the blood by diapedesis from
a marginal position so that an increase in the size
of the MGPdevelops. A feed-back loop, probably
mediated by a plasma factor (17), is initiated
wvhich accelerates the rate at which cells are re-

leased from the marrow. The CGP does not
enlarge until acceleration of release has exceeded
the rate of acceleration of cell egress from the
blood.

The magnitude of the acceleration of marrow

release was reflected in the degree of shortening
of phase I and II of the BGSAcurve after in vivo
labeling as dogs were infected. The duration of

this portion of the curve in the normal dog (mean
of 4.8 days) reflects the temporal size of the post-
mitotic maturation and storage pool of the marrow

(approximately 3.5 days) (12), the myelocyte gen-
eration time (less than 24 hr) (18), and the blood
neutrophil transit time [approximately 6 hr (9)1.
The duration of phase I + II was reduced mark-
edly, in some instances to less than one-half the
normal value, in most febrile dogs, suggesting that
most mature or relatively mature neutrophils had
been released from the storage pool. Differential
counts of marrow aspirates obtained 1 day after
bacterial inoculation were compatible with this
interpretation. Similar shortening of phase I + II
has been observed after administration of bacterial
endotoxin and in two dogs with spontaneous in-
fection (12). The early appearance of radioactive
leukocytes in the blood after the intravenous ad-
ministration of radioactive sodium phosphate was

observed in two patients with acute infection by
Perry, Craddock, and Lawrence (19). These
workers suggested that cells entered not only at a

greater rate than usual but at an earlier period
of cell maturation, as indicated by the methyl-
green pyronin stain (20).

One dog developed severe neutropenia in re-

sponse to infection after first developing transient
neutrophilia (Fig. 1). The development of neu-

tropenia was associated with an abnormally rapid
rate of decrease of BGSAafter in vitro labeling
and with a marked increase in N/S. This sug-
gests that in this dog release of cells from the
marrow was not able to keep up with the acceler-

ated cell loss from the blood. Data from kinetic
observations of labeled cells, the loss of mature
neutrophils from marrow aspirates, and the in-
crease in blood N/S as neutropenia developed
suggest that this dog may well have exhausted his
marrow granulocyte reserve. If the usual mecha-
nism of neutropenia in severe bacterial infections
represents exhaustion of the marrow granulocyte
reserve, then the poor prognostic implications of
such neutropenia (21) is easily explained. There
is no evidence from our studies to support the con-
cept that infection depresses marrow release of
neutrophils.

The degree of neutrophilia, as measured by neu-
trophil concentration in venous blood samples,
proved to be a poor index of severity of infection.
However, N/S changes correlated reasonably well
with the extent of fever. This is compatible with
the clinical observation that in pneumococcal pneu-
monia the degree of "shift to the left" is a better
index of the severity of infection than is the degree
of neutrophilia (6, 21). The size of the CGP
represents a balance of three factors: the rate at
which cells are lost to the tissues, the rate of
release from marrow, and the proportion of blood
cells that are in the MGP. The variability of
CGP/MGPratios observed during the different
stages of infection suggests that the proportion of
marginated cells may be an important factor in
the variability of the degree of neutrophilia as
measured by the CGP. Conversely, the primary
factor that influences the N/S is the rate of re-
lease from marrow.

The studies of dogs in which neutrophils were
labeled in vitro during the short period in which
the infection appeared relatively stable are similar
to reported studies of chronic infection in man
(3, 4). In such dogs, the mean total blood granu-
locyte pool (TBGP) size was increased as was
the CGP, but the MGPwas normal. The rate of
decline of the BGSAfor the group was normal.
This resembles the pattern which has been ob-
served in human subjects with subacute and
chronic infections, in whom the CGPwas more
frequently elevated than the MGPand in whom
the tj of BGSAwas normal or slightly prolonged
(3). Such patients have also been noted to have
abnormally short marrow transit times as mea-
sured by labeling studies employing tritiated thy-
midine (22) or DF32P (4). This suggests that
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in chronic infections the marrow storage pool is,
at least from a temporal viewpoint, decreased in
size. Whether a decrease in myelocyte generation
time is also partly responsible for shortening of
these curves is conjectural. Myelocyte generation
time contributes more significantly to the slope
of phase III of the in vivo DF82P curve than it
does to the duration of phase I + II (12). In
certain severely infected dogs the slope of phase
III was steeper than normal. However, factors
other than the myelocyte generation time influence
the slope of this curve, such as blood transit time,
label reutilization, and most importantly, variation
in the transit time of cells through the postmitotic
compartment (12). Since the onset of phase III
in the infected dogs occurred 2-5 days after the
infection, it is unlikely that the blood transit time
(ti of in vitro curves), which was normal or
prolonged at that time, can account for the ob-
served decrease. From earlier studies, there is
no evidence to suggest that reutilization of isotope
plays any role (12). A reduction in the variation
in postmitotic transit time, which may explain the
acceleration of phase III induced by endotoxin
injection (12), may well be equally responsible
for the accelerated phase III curves associated
with pneumococcal infection.

These dogs appeared to recover from the in-
duced neutrophilia by a virtual cessation of re-
lease of neutrophils from the marrow to the blood.
This mechanism was suggested by the configura-
tion of the blood granulocyte specific activity
(BGSA) curves in animals recovering from in-
fection. As fever disappeared, as N/S declined,
and as the degree of neutrophilia either declined
or stabilized, a plateau appeared in the BGSA
curve derived from in vitro labeling studies. The
failure of BGSAto decline after in vitro labeling
can be accomplished only if no new unlabeled
cells are entering the blood from the marrow or
if labeled cells are returning to the blood from the
tissues. In the latter event, a rise in granulocyte
count would be expected, just the opposite of
what was observed. There is abundant evidence
against the return of neutrophils from the tissues
to the blood. Irradiated dogs subjected to leuko-
pheresis fail to show reentry of granulocytes into
the blood from infected areas (23). Granulo-
cytes labeled with 321p do not reenter the circula-
tion from the tissues in response to leukopheresis

(24) or typhoid vaccine (25). No interchange
of labeled granulocytes between a peritoneal exu-
date and the blood was demonstrable (16). The
lobe count of blood neutrophils during the recov-
ery from leukopenia induced by antineutrophilic
serum suggests that the source of neutrophils is
the marrow, not the tissues (26). Direct obser-
vations have repeatedly shown neutrophils leaving
the blood but not returning to it (27).

Although the slow fall in BGSA is similar to
that seen in leukokinetic studies in patients with
chronic granulocyte leukemia in relapse (2), such
patients have large numbers of immature granu-
locytes which are capable of mitotic division in
the blood. Such immature cells were not ob-
served in our studies and extravascular sequestra-
tion and reentry, or intravascular division are not
a likely explanation for the BGSAcurves observed.

The fall in N/S during the recovery phase sug-
gests that maturation of nonsegmented cells to
segmented ones was occurring in the blood. Ces-
sation of marrow neutrophil release represents ai
efficient mechanism for rapid replenishing of the
depleted marrow storage pool.

The demonstration of a flat BGSAcurve aftei
infusion of in vitro labeled cells is also of somv
interest with respect to the usefulness of the in
vitro DF32P labeling method. In previously pub-
lished studies significant elution of DF32P from
labeled neutrophils or damage to such cells was
not detected (28). If DF32P labeled cells present
in the blood at the completion of the infusion were
subject to elution of the label or were in any way
damaged so that they behaved differently from
unlabeled cells, a flat BGSA curve would not
result.
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