
References and Notes 

1. L. H. Adams and E. D. Williamson, J. 
Franklin Inst. 195, 475 (1923). 

2. J. B. Walsh and W. F. Brace, Felsmechanik 
Ingenietrgeol. 4, 283 (1966). 

3. J. B. Walsh and E. R. Decker, J. Geophys. 
Res. 71, 3053 (1966); W. F. Brace, J. B. 
Walsh, W. T. Frangos, ibid. 73, 2225 (1968). 

4. W. F. Brace, ibid. 70, 391 (1965). 
5. W. R. Wawersik and W. F. Brace, Felsmech- 

anik Ingenieurgeol. 3, 61 (1971); H. Koide 
and K. Hoshino, Jishin 20, 85 (1967); R. J. 
Willard and J. R. McWilliams, Int. J. Rock 
Mech. Min. Sci. 6, 1 (1969); A. Timur, W. 
B. Hempkins, R. M. Weinbrandt, J. Geophys. 
Res. 76, 4932 (1971); S. Baldridge and G. 
Simmons, Eos 52, 342 (1971). 

6. Grinding of a surface follows a procedure 
similar to that for preparation of a polished 
section. We used the following sizes of SiC or 
Al,0 abrasive in the order shown: 130, 57, 
30, 14, 8, and 1 A/m. 

7. After grinding, a specimen was placed in a 
Commonwealth Scientific ion milling instru- 
ment. An ionized argon beam (6 kv) bom- 
barded the sample at an angle of 15? to 17?, 
knocking off individual atoms. The maximum 
intensity was 50 Asa/mm2. From 10 to 50 jum 
of material was removed from the ground 
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Human Blood Monocytes: Stimulators of Granulocyte and 

Mononuclear Colony Formation in vitro 

Abstract. Human blood monocytes in a feeder layer or by use for conditioning 
medium produced a colony-stimulating factor capable of stimulating the in vitro 
growth of colonies of granulocytes and mononuclear cells from human and murine 
marrow. Lymphocytes and neutrophils did not stimulate colony formation, and 
medium conditioned by neutrophils was inhibitory. This suggests that the mono- 
cyte may control granulocyte proliferation and maturation. 
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Colonies of granulocytes and mono- 
nuclear cells can be grown in vitro 
from the blood and marrow of animals 
(1-3) and man (4-8) in the presence of 
a colony-stimulating factor (CSF). Stim- 
ulation of colony growth can be 
achieved by various cell feeder layers 
(1, 2, 4), serums (9, 10), urine (11), and 

by conditioned medium prepared from 
various tissues (12, 13). Partial purifica- 
tion of CSF obtained from human urine 
(14) and mouse fibrobla'sts (15) reveals 
that it is a glycoprotein with a molecu- 
lar weight of approximately 45,000. 

Human blood leukocytes, either in a 
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lar weight of approximately 45,000. 

Human blood leukocytes, either in a 

feeder layer (4) or by conditioning 
medium (12), will stimulate the growth 
of colonies from animal sources and 
at the present time are the best source 
of stimulation for growth of human 
colonies. However, it has not been de- 
termined which specific blood leukocyte 
is responsible for producing CSF. While 
it has been suggested that the neutro- 
phil may be the source of CSF (4), this 
particular cell has also been reported 
to be inhibitory to colony growth (16, 
17). The results of this study indicate 
that the blood monocyte is the cell re- 
sponsible for CSF production and for 
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Table 1. Ability of blood leukocytes to produce colony-stimulating factor. 

Differential leukocyte countt 
Leukocyte 
fraction* Neutro- Lympho- Mono- Eosino- Baso- Coloniest 

phil cyte cyte phil phil 

1) Leukocytes with platelets 51.4 32.6 8.8 7.0 0.2 23 ?t 2.8 
2) Leukocytes 41.6 50.0 6.0 2.4 20 ? 4.0 
3) Mononuclear cells 7.0 58.0 33.0 2.0 24 ? 3.2 

4) Monocytes 2.0 98.0 35 ? 2.8 
5) Lymphocytes 96.0 1.0 3.0 7.0 ? 1.2 
6) Neutrophils 90.0 1.0 9.0 5.5 ? 2.4 
None (control) 5.2 ? 1.6 

* Fractions used to condition medium; 0.5 X 10" cells were incubated with each milliliter of medium 
for all fractions except 4, which contained 0.3 X 100 cells per milliliter. t Percentage of each cell 
type based on a differential of 500 cells. $ Number per 105 mouse marrow cells, mean ? standard 
error of three to five plates stimulated by 0.1 ml of conditioned medium. 
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the stimulation of granulocyte and 
mononuclear cell growth in vitro. 

Eighty milliliters of blood, kept from 
coagulating with ethylenediaminetetra- 
acetate was obtained by venipuncture 
from a healthy young adult and sepa- 
rated into a number of leukocyte frac- 
tions as follows. 

Fraction 1: Mixed leukocytes and 
platelets. A sample of blood was mixed 
with one-fifth volume of 5 percent dex- 
tran-40 and allowed to sediment at 
room temperature for 1 hour. The 

supernatant, which was rich in leuko- 
cytes and platelets, was removed and 
washed three times with Seligmann's 
buffered salt solution (SBSS) (18). 

Fraction 2: Mixed leukocytes without 

platelets. A sample of blood was de- 
fibrinated with glass beads for 30 min- 
utes at room temperature and then 
handled in a manner identical to that 
used for fraction 1. 

Fraction 3: Mononuclear cells and 

platelets. From another sample of blood, 
mononuclear cells were isolated by 
Ficoll-Hypaque density gradient separa- 
tion (19). The mixture of mononuclear 
leukocytes and platelets was then 
washed three times with SBSS. 

Fraction 4: Pure monocytes. A 

sample of cells from fraction 3 was 
passed through a sucrose gradient (19) 
in order to separate the mononuclear 
cells. The platelet-free mononuclear 
cells were then incubated in a concen- 
tration of 5 X 106 cells in 35-mm plas- 
tic tissue-culture dishes (Falcon Plastics) 
for 2 hours to allow the attachment of 

monocytes. Dishes were then washed 

vigorously with SBSS to remove non- 
adherent lymphocytes. Cells in one dish 
were stained with supravital stain to 
determine the, leukocyte differential. 
The cell layer was then lysed with 1N 
NaOH and analyzed for DNA (20) to 
determine the number of cells in the 
monocyte monolayer. 

Fraction 5: Lymphocytes. A sample 
of blood was incubated in 5 percent 
dextran containing iron particles to re- 
move the phagocytic cells (21). The cells 
were then separated by the Ficoll- 
Hypaque gradient and processed as 
described above. 

Fraction 6: Neutrophils. The neutro- 
phils and red cells that passed through 
the Ficoll-Hypaque gradient in the prep- 
aration of fraction 3 were resuspended 
in SBSS containing 1 percent dextran. 

the stimulation of granulocyte and 
mononuclear cell growth in vitro. 

Eighty milliliters of blood, kept from 
coagulating with ethylenediaminetetra- 
acetate was obtained by venipuncture 
from a healthy young adult and sepa- 
rated into a number of leukocyte frac- 
tions as follows. 

Fraction 1: Mixed leukocytes and 
platelets. A sample of blood was mixed 
with one-fifth volume of 5 percent dex- 
tran-40 and allowed to sediment at 
room temperature for 1 hour. The 

supernatant, which was rich in leuko- 
cytes and platelets, was removed and 
washed three times with Seligmann's 
buffered salt solution (SBSS) (18). 

Fraction 2: Mixed leukocytes without 

platelets. A sample of blood was de- 
fibrinated with glass beads for 30 min- 
utes at room temperature and then 
handled in a manner identical to that 
used for fraction 1. 

Fraction 3: Mononuclear cells and 

platelets. From another sample of blood, 
mononuclear cells were isolated by 
Ficoll-Hypaque density gradient separa- 
tion (19). The mixture of mononuclear 
leukocytes and platelets was then 
washed three times with SBSS. 

Fraction 4: Pure monocytes. A 

sample of cells from fraction 3 was 
passed through a sucrose gradient (19) 
in order to separate the mononuclear 
cells. The platelet-free mononuclear 
cells were then incubated in a concen- 
tration of 5 X 106 cells in 35-mm plas- 
tic tissue-culture dishes (Falcon Plastics) 
for 2 hours to allow the attachment of 

monocytes. Dishes were then washed 

vigorously with SBSS to remove non- 
adherent lymphocytes. Cells in one dish 
were stained with supravital stain to 
determine the, leukocyte differential. 
The cell layer was then lysed with 1N 
NaOH and analyzed for DNA (20) to 
determine the number of cells in the 
monocyte monolayer. 

Fraction 5: Lymphocytes. A sample 
of blood was incubated in 5 percent 
dextran containing iron particles to re- 
move the phagocytic cells (21). The cells 
were then separated by the Ficoll- 
Hypaque gradient and processed as 
described above. 

Fraction 6: Neutrophils. The neutro- 
phils and red cells that passed through 
the Ficoll-Hypaque gradient in the prep- 
aration of fraction 3 were resuspended 
in SBSS containing 1 percent dextran. 
After sedimentation for 1 hour at room 
temperature the neutrophil-rich super- 
natant was washed three . times with 
SBSS. 

The differential count of each leuko- 

SCIENCE, VOL. 178 

After sedimentation for 1 hour at room 
temperature the neutrophil-rich super- 
natant was washed three . times with 
SBSS. 

The differential count of each leuko- 

SCIENCE, VOL. 178 



cyte preparation is listed in Table 1. 
Each preparation contained more than 
90 percent viable cells as determined 
by exclusion of nigrosine (22). 

Feeder layers were prepared by the 
method described by Pike and Robin- 
son (4). Cells from fractions 1, 2, 3, 5, 
and 6 were suspended in 0.5 percent 
agar and McCoy's culture medium, and 
1-ml samples containing 100 cells per 
milliliter were plated in culture dishes 
35 X 10 mm. Feeder layers from frac- 
tion 4 were prepared by directly over- 
laying the attached monocyte monolay- 
er with 1 ml of agar. 

Conditioned medium was prepared 
from fractions 1, 2, 3, 5, and 6 as 
described previously (12). From each 
cell fraction 106 cells were suspended 
per 2 ml of McCoy's 5A culture me- 
dium and incubated at 37?C in 7.5 per- 
cent CO,. Conditioned medium from 
fraction 4 was prepared by overlaying 
the attached monocytes with 2 ml of 
McCoy's 5A medium. After 7 days of 
incubation, cells were removed by cen- 
trifugation and the supernatant (condi- 
tioned medium) was passed through a 
Millipore filter (pore size, 0.45 ptm) 
and frozen at -20?C prior to testing 
for CSF. 

The ability of specific leukocyte frac- 
tions and conditioned medium pre- 
pared from these fractions to stimulate 
in vitro colony growth was tested in 
the soft gel system for culturing mouse 
bone marrow described by Pluznik and 
Sachs (1) and by Bradley and Metcalf 
(2). Methylcellulose was used in place 
of agar (12). Human or murine marrow 
cells in a concentration of 105 per milli- 
liter were suspended in 1.6 percent 
methylcellulose containing culture me- 
dium and 10 percent horse serum. 

Colony-stimulating activity of specific 
cell feeder layers was determined by 
overlaying each feeder layer with 1 ml 
of the mixture of methylcellulose, 
serum, and cells. Conditioned medium 
from various leukocyte fractions was 
tested for CSF activity by adding 0.1 
ml to each 0.9 ml of this mixture. One 
milliliter of the combined mixture was 
then plated in culture dishes 35 X 10 
mm. All plates were incubated at 37?C 
in an atmosphere of 7.5 percent CO2 
for a period of 7 days for murine mar- 
row and 16 days for human marrow. 
At that time the number of colonies 
(more than 50 cells) was counted with 
the aid of an inverted microscope. For 
morphological identification, individual 
colonies were removed with a Pasteur 
pipette, smeared between glass cover 
slips, and stained with Wright's stain. 
13 OCTOBER 1972 

Table 2. Stimulation of colony formation by 
feeder layers of blood leukocytes. 

Colonies per 105 
Composition of marrow cells 

feeder layers 
Human Mouse 

Mixed leukocytes 80 ? 4.2 33 + 2.3 
Monocytes 125 + 5.5 62 + 2.4 
Lymphocytes 2.0 ? 0.6 6.0 ? 0.8 
Neutrophils 0.0 0.4 + 0.2 
None (control) 0.0 8.0 ? 1.6 

The separated leukocyte fractions and 
their ability to produce CSF and stimu- 
late in vitro colony formation are given 
in Table 1. Nearly pure separation of 
monocytes (fraction 4), lymphocytes 
(fraction 5), and neutrophils (fraction 
6) was achieved for preparing feeder 
layers and conditioning medium. 

Colony-stimulating factor was pro- 
duced only by those fractions contain- 
ing monocytes. Conditioned medium 
prepared from pure monocytes stimu- 
lated (expressed as the mean + standard 
error of the mean) 35 ? 2.8 colonies 
per 0.1 ml of medium, which was 
significantly greater (P < .05) than 
stimulation by the mixed leukocyte 
fraction. Fractions of lymphocytes (5) 
and neutrophils (6) did not produce 
CSF. In a separate experiment, five 
times as many neutrophils (2.5 X 10") 
were incubated per milliliter of medium. 
This medium likewise did not contain 
colony-stimulating activity. Medium 
conditioned by either 106 monocytes 
or 10" mixed leukocytes stimulated 
47 ? 3.1 and 13 ? 2.3 colonies, re- 
spectively. Platelets did not appear to 
contribute to CSF production, since 
there was no significant difference in 
stimulating activity of CSF produced 
with or without platelets (fraction 1 
versus fraction 2). 

Stimulation of colony formation by 
feeder layers of separated leukocytes 
is given in Table 2. Colony formation 
was stimulated from human as well 
as murine marrow. As with conditioned 
medium, the greatest stimulation was 
by the pure monocyte fraction, which 
stimulated 120 + 5.5 colonies from 105 
human marrow cells and 62 -? 2.4 
colonies from 105 murine marrow 
cells. This was significantly greater 
(P < .02) than stimulation by other 
cell fractions. Lymphocytes (fraction 5) 
and neutrophils (fraction 6) did not 
stimulate colony formation. Colonies 
stimulated by feeder layers of the 
monocyte fraction ranged between 50 
to 1500 cells (mean, 600) for both 
the human and mouse colonies and 
were considerably larger than colonies 

stimulated by other cell fractions. 
Morphologically, colonies from mouse 
marrow were granulocytic and mono- 
nuclear. Colonies from human marrow 
consisted of either eosinophils, neu- 
trophils, monocytes, macrophages, or 
a mixed cell type. 

In order to determine whether con- 
ditioned medium prepared from neu- 
trophils might be inhibitory, 0.1 ml 
of this medium was added to culture 
plates being stimulated with conditoned 
medium from mouse fibroblasts (15). 
Conditioned medium prepared by in- 
cubating 0.5 X 106 neutrophils per milli- 
liter of medium resulted in a slight 
but statistically insignificant decrease 
in colony formation. However, the 
addition of 0.1 ml of conditioned 
medium prepared from 2.5 X 106 
neutrophils per milliliter of medium 
significantly inhibited colony formation 
and resulted in a decrease from 115 
colonies in control plates to 85 colonies 
in plates containing conditioned me- 
dium from neutrophils (P < .05). 

The results of this study indicate that 
the monocyte is the blood leukocyte 
responsible for the production of a 
CSF that is capable of stimulating the 
in vitro growth of granulocytes and 
mononuclear cell colonies from blood 
and marrow of animals and man. 
Colony-stimulating factor was produced 
only by those cell fractions containing 
monocytes, with the greatest activity 
being obtained from the "pure" mono- 
cyte fraction. This was true whether 
feeder layers of specific leukocyte 
fractions or conditioned medium pre- 
pared from these fractions was used to 
stimulate colony growth. Lymphocytes 
and neutrophils did not stimulate 
colony growth either in a feeder layer 
or by use for conditioning medium. 
Platelets did not appear to contribute 
to CSF production since no significant 
difference in activity was noted when 
colonies were stimulated with or with- 
out platelets. 

Neutrophils not only failed to 
produce CSF but medium incubated 
with 2.5 X 106 cells per milliliter was 
inhibitory to colony growth. This 
finding is similar to previous observa- 
tions (16, 17) that neutrophils may be 
inhibitory to colony formation. 

Colony-stimulating factor has been 
obtained from a number of other 
tissues, including mouse embryo, lung, 
uterus, muscle, and liver (13). The 
finding that the blood monocyte is 
the leukocyte responsible for CSF pro- 
duction may help explain its presence 
in these other tissues. It is conceivable 
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that when monocytes leave the blood 
and become tissue macrophages, they 
retain the ability to generate and 
release CSF. The wide distribution of 
these cells throughout the body would 
fit with the finding of CSF in multiple 
organs. Variation in activity in different 
organs may reflect the concentration 
of monocytes and macrophages in these 
tissues. 

The finding that the monocyte 
stimulates the in vitro production of 
granulocytes is of considerable interest. 
However, this finding might not be 
totally unexpected since there are a 
number of physiological and bio- 
chemical events (23) as well as the 
growth pattern of these cells in vitro 
(24) which indicate a close relation 
between these cell lines. This finding 
may also be true in vivo since it is 
known that recovery from marrow 
aplasia or hypoplasia is nearly always 
preceded by the appearance of mono- 
cytes followed by the return of granulo- 
cytes. It may well be that the monocyte- 
macrophage system which is capable 
of performing many specialized func- 
tions (25) is also involved with the 
control of granulocyte proliferation and 
maturation. However, as yet, there is 
no convincing evidence that CSF is a 
physiological regulator of in vivo cell 
production. 

PAUL A. CHERVENICK 
ALBERT F. LoBUoLIO 

Department of Medicine, University 
of Pittsburgh School of Medicine, 
Pittsburgh, Pennsylvania 15213, and 
Department of Medicine, 
Ohio State School of Medicine, 
Columbus 43210 
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was based on multiple ion detection. 

The technique of quantitative gas 
chromatography-mass spectrometry (1) 
is applied to measure the following 
indole alkylamines: serotonin, N-acetyl- 
serotonin (NAS), 5-methoxytryptamine 
(5MT), and melatonin. Serotonin, a 
putative neurotransmitter, is ubiquitous 
in the central nervous system, and ex- 
isting methods are not absolutely specific 
(2). Until recently (3), it was believed 
that NAS, 5MT, and melatonin were 
uniquely located in the pineal gland. 
The specificity of the methods used is 
questionable since they involve either 
bioassay in the case of melatonin (4) 
or elaborate organic solvent extraction 
and reaction with o-phthalaldehyde to 
form fluorophores with the same emis- 
sion and activation spectra (5). 

To form indoles with the appropriate 
vapor pressure for gas chromatography, 
they are reacted with pentafluoropro- 
pionic anhydride (PFPA) to obtain acyl- 
ation of hydroxyl and primary and 
secondary amine groups. When sero- 
tonin reacts with PFPA, the product 
(I) contains three pentafluoropropionyl 
(PFP) groups (molecular weight, 614). 
The product obtained with 5MT con- 
tains two PFP groups (molecular 
weight, 482), 

f a 
C2F5 C00 -- CH2-CH2- N H-COC2F 

N 

co (I) 
C2 F5 

and the internal standard a-methylsero- 
tonin (a-MS) contains three PFP 
groups (molecular weight, 628) (6). 
Those indoles with an N-acetyl side 
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chain react with PFPA, forming a com- 
pound structurally similar to a 6/-carbo- 
line. The reaction product (II) of 
melatonin contains one PFP group 
(molecular weight, 360). 

H2 

CH30 e-CH2 

I 
N 

N (II) CO CH3 

C2F5 

N-Acetylserotonin adds on two PFP 
groups (molecular weight, 492) and 
the internal standard N-acetyltrypta- 
mine (NAT), one PFP group (molecu- 
lar weight, 330). 

The structures and fragmentation pat- 
terns of these acylated derivatives have 
been determined with a LKB 9000 gas 
chromatograph-mass spectrometer. Gas 
chromatograph conditions were: 9- 
foot (1 foot= 0.3 m) glass column 
(inside diameter, 2 mm) packed with 
OV-17, 3 percent on Gas Chrom Q, 
100 to 120 mesh; flash heater, 290?C; 
oven, 210?C; and helium flow, 15 ml/ 
min. All the compounds have similar 
gas chromatographic properties and are 
completely resolved from each other 
(Table 1). Mass spectrometry condi- 
tions were: molecular separator, 250?C; 
ion source, 290?C; electron energy, 80 
ev; trap current, 60 pta; and electron 
multiplier, 3.7 kv. 

Mass spectral analysis of the indole- 
PFP derivatives revealed that their 
fragmentation pattern depends on the 

presence or absence of the N-acetyl 
group. Indoles with an N-acetyl group 
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Gas Chromatographic-Mass Spectrometric Assay of Four 

Indole Alkylamines of Rat Pineal 

Abstract. Gas chromatography-mass spectrometry was used to quantitate 
serotonin, N-acetylserotonin, 5-methoxytryptamine, and melatonin in single rat 
pineal glands. After gas chromatographic separation, the ion density of specific 
fragments of each indole was measured with mass spectrometry. Sensitivity of 
this indole assay is of the order of 10-12 to I0-1: mole. Routinely, specificity is 
based on gas chromatographic retention time and the recording of the ion density 
generated by specific fragments. Absolute identification of the extracted indoles 
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