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SYSTEMIC LABELING OF MONONUCLEAR PHAGOCYTES 

Alvin Volkman 
Richard T. Sawyer 

INTRODUCTION 

The systemic administration of radioactive cellular labels 
to animals provides an effective means of studying the kinetics 
of cell population renewal and the fates of defined cells and 
cell populations. Such labels must be metabolically stable and 
readily quantifiable. Isotopically labeled thymidine is by far 
the most important and widely employed agent for these purposes 
and will therefore be the major subject of this account. Thy-
midine is a specific precursor of DNA, and has a high degree 
of metabolic stability. The incorporation of thymidine into DNA 
occurs for the most part when a cell doubles its chromosomal 
content during the premitotic synthesis of DNA. In mitosis, the 
label is distributed evenly between the daughter cells. Tritium 
( H) has been the most widely used radioactive isotope linked to 
thymidine for in vivo studies. 14C-labeled thymidine is some-
times favored for special purposes because 1 4C has a higher 
energy beta emission than does % . Isotopically labeled analogs 
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of thymidine, most notably iododeoxyuridine, with lz^j or i^ii 
substitutions, have also been employed as DNA-linked cell 
labels. 

Unincorporated thymidine is degraded very rapidly after 
intravenous (iv) or intraperitoneal (ip) administration. For 
this reason the radioactivity as thymidine is effectively 
available for probably no longer than 30 min (1). This narrow 
interval, the availability time, advantageously pinpoints the 
time of labeled thymidine incorporation by cells synthesizing 
DNA. 

Certain physical properties that contribute to the popu-
larity of 3HTdR include decay with a very low energy emission 
(0.0186 MeV) and a half life of 12.35 yr. The energy of the 
emanating particles is spent at an average distance of 1 ym 
from their source. For this reason, %TdR within a cell nucleus 
can be localized visually with a high degree of precision in an 
overlay of photographic emulsion, i.e., autoradiography. After 
appropriate exposure of the emulsion and photographic process-
ing, the presence of the isotopic label is made visible as mi-
croscopic grains of silver with virtually no tracking in the 
overlying emulsion. Cell smears or histological sections pre-
pared in this way can be stained through the emulsion. The 
techniques involved in autoradiography will not be discussed 
any further in this chapter; several good references are recom-
mended (2 - 4). Another means of detecting the activity of 
%TdR is liquid scintillation counting, which will receive ad-
ditional comment elsewhere in this chapter. 

Characteristic cytokinetic features of mononuclear phago-
cyte populations have been described in a number of species in-
cluding humans and have recently been collated (5). Additional 
studies are still needed to clarify problems relating to the 
functional properties, ontogeny and population renewal among 
mononuclear phagocytes. Some of these problems and models for 
tracing the movement of labeled mononuclear phagocytes have re-
cently been discussed (6, 7). 

II. REAGENTS 

A. Tritium-Labeled Thymidine 

We routinely buy sterile aqueous [methyl- H]thymidine 
from either Amersham Radiochemicals (Arlington Heights, Il-
linois) or New England Nuclear (Boston, Massachusetts) and 
store it at 4°C. Radioactivity as thymidine declines slowly 
during storage (about 1%/month) at this temperature and more 
rapidly if the reagent is kept frozen. Solutions in ethanol 
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are said to have longer shelf lives than solutions in saline. 
Maintenance of sterility obviously prolongs shelf life. The 
choice of specific activity (SA) is dictated by the purpose of 
an experiment. Low SA 3HTdR (2-3 Ci/mM) is used for most 
purposes, whereas the use of high SA ^HTdR is restricted to 
"flash" labeling experiments. Dosage is most commonly 
0.5-1 yCi/gm body weight in 0.2 ml for mice and 0.5 - 1 ml 
for rats. Substantial savings are possible under purchase 
contracts if large amounts of %TdR (30 MCi) are to be annually 
consumed. 

B. Nonradioactive ("Cold") Thymidine 

This reagent may be needed to minimize reutilization and 
is obtainable from several suppliers including Sigma Chemical 
Company (St. Louis, Missouri). It can be stored at room tem-
perature. Solutions are prepared in saline to yield doses of 
0.5 yg/gm body weight in volumes of 0.1 - 0.5 ml for mice and 
rats. 

C. Diluents 

Physiological saline as used for the dilution of thymi-
dine preparations should be sterile and pyrogen-free. We find 
it convenient to purchase saline with such specifications from 
Baxter or Abbott Laboratories. 

D. Hypodermic Syringes and Needles 

Disposable syringes in 1- and 5-ml sizes, made by Becton 
Dickinson Company, are ordered through a surgical supply dis-
tributor. Glass syringes are also acceptable but must be tho-
roughly decontaminated after use with radioactive isotopes. 
Disposable needles are also Becton Dickinson products. The 
following sizes are useful: 25-gauge 5/8 in. and 26-gauge 
1/2 in. for iv injection of rats and mice; 20-gauge, 1 1/2 in. 
and 23-gauge, 1 in. for ip injection of the respective species. 

E. Pitfalls 

I. Radiation Hazard 

Although ^HTdR is considered relatively innocuous because 
of the low energy emission of % , this feature makes laboratory 
and animal room contamination difficult to detect with conven-
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tional monitoring. The incorporation of JHTdR into DNA and the 
long half-life of 3H contribute to the biohazard. In most sit-
uations conditions for the use, storage, and survey of radioac-
tive materials will have been established by an institutional 
radiation safety committee. Stringent observance of appropriate 
technique is urged. 

2. Radiation Damage 

The potential for radiation damage to cells is higher with 
%TdR because of the intranuclear energy absorption consequent 
to the very low energy emission. For this reason, total dosage 
should not exceed 1 yCi/gm body weight/day and specific activity 
for all purposes other than flash labeling should not exceed 
3 Ci/mJf. 

III. PROCEDURES 

A. Selection of Subjects 

In vivo labeling with %TdR has been used in a wide variety 
of species. Studies in man have been limited to patients with 
terminal illness (1). Cytokinetic activities of cell popula-
tions can be influenced by age, sex, intercurrent infection, 
nutritional status of the subject, and, undoubtedly, a variety 
of other factors. 

B. Anesthesia 

Intravenous labeling of rats requires anesthetized sub-
jects. Mice, guinea pigs, and rabbits, on the other hand, can 
be injected merely with the aid of conventional restraining de-
vices. Ethyl ether inhalation is preferred for all studies, 
except those involving lung macrophages, because of its short-
lived effects and ease of control. A drawback to the use of 
ether is its potential for explosion but it is very safe when 
used in a well-ventilated room with conventional precautions 
with respect to flame and electrical discharges. About 20 ml 
of ether for anesthesia, United States Pharmacopeia, is poured 
onto cage bedding or cotton wool placed in the bottom of a 
large glass dessicator having a partially stoppered lid. A 
disk of expanded stainless steel is inserted to support the 
animals above the absorbent material. 

The animals are placed in the dessicator after the initial 
high concentration of ether vapor is dispersed by waving a hand 
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over the open top of the vessel. Some rats may manifest con-
siderable reluctance to stay in the dessicator while the lid 
is being replaced; this is the time to watch your fingers· 
Smaller, less-expensive vessels for anesthesia may be improvised 
for mice. We have found that certain brands of kosher gefilte 
fish, available in many urban supermarkets, are sold in screw 
top jars of ideal dimensions for this purpose. Perforate the 
metal jar lid to provide some air intake. 

Occasional additions of 1 - 2 ml of ether, dribbled down 
the inner wall of the vessel, may be necessary for effective 
anesthetization. An appropriate level of anesthesis is indi-
cated by the loss of the corneal reflex which is tested for 
with a whisp of cotton wool. The animal is then transferred 
to the work table and an ether-soaked pledget of cotton wool 
placed close to but not on its nose. Additional ether may be 
added dropwise from a glass dropping bottle or from the original 
ether can. When doing so, the pledget of cotton should be moved 
away from the animal's nose. Liquid ether is very irritating 
and can cause lethal laryngospasm and edema of the respiratory 
tract. We have found through the years that this seemingly 
crude procedure of ether administration permits excellent con-
trol of anesthesia. 

When lung macrophages are to be harvested, animals are 
killed with appropriate doses of sodium pentobarbital (ip). 

C. Route of Injection 

Intravenous injection is the preferred route for 3HTdR 
administration because it provides precise information con-
cerning the quantity of radioactivity entering the blood in a 
narrowly defined interval. Rats and mice are injected in 
lateral tail veins; guinea pigs in hind foot veins, in the 
penile veins, or in an ear vein after local warming. In spe-
cial instances, %TdR may be given ip, intramuscularly, or sub-
cutaneously. When injected ip, 3HTdR rapidly gains access to 
the blood; absorption from other sites is slower and persist-
ence in the blood may be longer. Following iv injection, 
HTdR diffuses rapidly into the extracellular fluid. Our data 
show no differences in the percentages of peritoneal cells that 
become labeled in 1 hr after ip or iv injection of low specific 
activity ( 1 - 3 Ci/mM) 3HTdR. 

D. Injection Regimens: The Cell Cycle 

Tritium-labeled thymidine may be administered one or more 
times before a cell population is sampled. The frequency of 
labeling and the time of sampling are critical and require care-
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ful consideration in the development of an experimental proto-
col, Factors that can strongly influence the results include 
the availability time of %TdR and the cell cycle of the popu-
lation being investigated. The cell cycle is conventionally 
divided into phases beginning with mitosis (M), postmitotic 
rest (G-̂ ) , a phase of DNA synthesis (S) , and premitotic rest 
(G2). When a cell is mitotically inactive for a long period, 
it may be considered to be in Gg. It can be difficult to de-
termine whether a portion of a population has lost the capacity 
to divide or is in a prolonged GQ phase. The phases generally 
differ from each other in duration but the ratio of any phase 
to the average cell cycle time (Tc) is generally typical in un-
perturbed populations. Detailed discussions of the cell cycle 
(1, 8) should be consulted by investigators interested in cyto-
kinetic studies. Although virtually all 3HTdR is incorporated 
during S, not all chromosomes are engaged in DNA synthesis at 
the same time. In addition, under normal conditions, cell di-
vision is not synchronized. When studying the influences of 
any agents administered experimentally, optimal intervals be-
tween the time of experimental treatment(s) and the time of 
^HTdR administration should be carefully determined. 

1. "Flash" Labeling 

The purpose of this procedure is to determine the propor-
tion of a cell population in the S phase of the mitotic cycle. 
Tritium-labeled thymidine is administered iv and the population 
under study is sampled at an interval shorter than the probable 
average minimum duration of S, G2, and M taken together. For 
practical purposes, sampling, in many instances involving the 
sacrifice of the labeled animal, is carried out between 30 and 
60 min after iv administration of 3HTdR. Short sampling inter-
vals must also be maintained when the movement or emigration of 
labeled cells from one compartment into another can influence 
the percentage of cells labeled; i.e., bone marrow precursors 
into the blood or monocytes into exudates. On the other hand, 
sufficient time for 3HTdR to diffuse into extracellular fluids 
is likewise important. 

2. "Pulse" Labeling 

The quantity of radioactivity as thymidine present in the 
plasma following a single iv injection of 3HTdR is determined 
by the rate of thymidine catabolism, a process that takes place 
largely in the liver. A relatively narrow pulselike activity 
curve is the result of the rapidity of the process. Radioac-
tivity as thymidine is effectively available for about 30 min. 
Samples of mononuclear phagocyte populations under study are 
taken at selected intervals. Selected parameters of labeling, 
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for example, the percentage of cells labeled, the mean grain 
count and the distribution of labeled cells are plotted against 
time. Waves of labeled cells from each division initially re-
sult in increased percentages of labeled cells, which later de-
crease as a result of the loss of cells from populations and 
the dilution of label by repeated cell cycles. 

3. Repeated Labeling 

In order to obtain certain types of cytokinetic informa-
tion, the labeling of a continuous series of cell generations 
may be necessary. In addition, cell tracer studies may require 
the labeling of high proportions of a defined population. For 
these purposes, injections of ̂HTdR are repeated at intervals 
shorter than a presumptive minimum cell cycle time (Tc). 

In mice and rats, average durations of Tc for monocyte 
precursors have been estimated to fall between about 10 and 24 
hr; Tc values for macrophages in vivo may be substantially 
longer. Regimens of three injections at 8-hr intervals or four 
injections every 6 hr would be reasonable for attaining a high 
degree of labeling of the monocyte proliferative pool and the 
monocytes generated therefrom. The total daily dose of ^HTdR 
should not exceed 1 yCi/gm body weight. 

4. Saturation Labeling 

It is also possible to administer 3HTdR by continuous in-
fusion. Restraint of animals being continuously infused is 
generally necessary, although this procedure has been carried 
out using a special apparatus on unrestrained rats (9). We 
have found that,Bollman Mann type restraining cages (10) are 
suitable for this purpose. Subcutaneously implantable osmotic 
minipumps manufactured by Alza (Palo Alto, California) may also 
prove effective for the slow sustained release of %TdR for 
periods of about a week. As before, the total daily dose should 
not exceed 1 yCi/gm body weight. 

5. Maintenance of Labeled Animals 

The vast majority of the administered radioactivity is ex-
creted in the urine, and cage bedding becomes heavily contami-
nated. The use of open-bottomed cages is not recommended. 
Animal care personnel should be thoroughly instructed in tech-
niques for the safe handling and cleaning of cages and the dis-
posal of contaminated carcasses and materials as dictated by 
the local radiation safety committee. 
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IV. EVALUATION OF RESULTS 

As indicated earlier, results of HTdR labeling in vivo 
may be measured by liquid scintillation counting or autoradio-
graphy following the removal and preparation of the cells and 
tissues under study. Liquid scintillation counting is useful 
when information concerning the movement of a reasonably de-
fined population must be quantified, i.e., the measurement of 
the intensity of an inflammatory response that is predominantly 
mononuclear and rich in immigrant macrophages. Under such con-
ditions, the radioactivity contributed by other participating 
cells will be relatively small compared with the highly labeled 
macrophages. 

Autoradiography permits individual labeled cells to be 
classified and monitored. Several means of assessment are pos-
sible depending on the goals and design of an experiment. For 
example, if labeling is restricted to a selected site, migration 
pathways of labeled cells and their progeny can be determined. 
Obviously the target for such labeling would be a progenitor 
pool as is found in bone marrow. Effective models for this type 
of labeling have been described (6, 7). 

A. The Labeling Index (LI) 

One of the major parameters in any autoradiographic study 
is the LI, which is simply the ratio of labeled cells to total 
cells in a defined class, and is commonly expressed as a per-
centage. The basic cytokinetic experiment involves plotting 
the change in labeling index against time. Under ideal condi-
tions, the LI is determined by the ratio of the period of DNA 
synthesis (Ts) to the cell cycle time (Tc). An underlying as-
sumption is that all cells of the population under study are in 
cycle. In actuality, many cell populations that have been 
studied contain high proportions of nondividing cells (11). 
Under such conditions the observed LI would be lower than the 
potential LI (LIpot) computed from the cells in cycle and rough-
ly equal to Ts/Tc. That proportion of a population actively di-
viding or cycling has been designated the growth fraction (11) 
and can be estimated from the ratio of the observed LI to LI t, 
provided that the length of the S phase and the cell cycle 
time are known. The growth fraction has received little atten-
tion in cytokinetic studies of mononuclear phagocytes but may 
prove to be very important for the understanding of population 
renewal among resident macrophages. 
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B. Grain Count Analysis 

Changes in mean grain counts have been used to define ho-
mogeneous cohorts of labeled cells (12) and to estimate the 
duration of the cell cycle. In pulse labeling studies many 
cells may have low grain counts for several reasons: (1) the 
parent cell may have incorporated ^HTdR early or late in S 
phase when only a few chromosomes were synthesizing DNA; (2) di-
lution of label may have resulted from multiple divisions; 
(3) salvage of labeled DNA metabolites liberated from dead cells 
may occur. Studies of cell lifespan within a compartment are 
therefore better carried out using the most highly labeled, 
hence most homogeneous cohort of a cell class. There are a num-
ber of pitfalls inherent in the use of grain count halving to 
estimate TQ and detailed accounts should be consulted (1). 

C. The Anatomy of Mononuclear Phagocyte Labeling 

Observations in the rat showed that the in vivo labeling 
characteristics of blood monocytes, and resident and immigrant 
macrophages are distinctive when compared with lymphocytes and 
polymorphonuclear leukocytes (13). Comparable findings with 
quantitative differences have been reported in other species 
(5). In brief, flash labeling indices among all three groups 
of mononuclear phagocytes are exceedingly low, generally less 
than 4%. From 6 - 8 hr after a pulse label, however, increas-
ing percentages of labeled monocytes are found in the blood 
reaching a peak of roughly 40% in 48 hr in rats. Higher figures 
are found in mice. Correspondingly high labeling indices are 
found among immigrant macrophages in foci of inflammation when 
sampled at appropriate intervals. It later became clear that 
greater LI in pulse labeling, when compared to the flash LI re-
flects the mitotic activity within the progenitor pool (14). 
Over 80% of the blood monocytes in rats can become labeled after 
4 - 5 days of continuous infusion o f 3HTdR (14). 

In planning experiments, it is worthwhile to note that only 
small proportions of the morphologic lymphocyte population be-
come labeled after a single injection of 3HTdR and the LI in-
creases slowly during continuous infusion (15). Polys undergo 
prolonged postmitotic maturation in the bone marrow before being 
released. As a result, there is about a 3-day interval after 
3HTdR administration before labeled polys appear in the blood 
in rodents; the interval is somewhat longer in humans. Another 
fact that may be helpful in the planning of experiments involv-
ing systemic labeling of mononuclear phagocytes is that the 
monocyte proliferative pool is radiosensitive (16). 
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V. CRITICAL COMMENTS 

Labeling cells in vivo with JHTdR is a powerful investi-
gative tool that can be applied in a wide variety of models. 
Its use in the study of the cell kinetics of population renewal 
and as an "indelible" cell marker in the study of pathways of 
migration and differentiation is well established. Autoradio-
graphs of labeled cells can be prepared for examination by light 
and electron microscopy. Overall, ^HTdR labeling is a very sen-
sitive method and results are highly reproducible. 

A. Limitations 

There are limitations in the use of ~HTdR. For one, only 
cells in the S phase of the cell cycle incorporate 3HTdR. This 
feature can be a drawback when dealing with a cell population 
or population compartments with a small growth fraction and, 
consequently, a low observed LI. 

In addition, it can be difficult, even impossible, to dis-
tinguish between local %TdR incorporation and low level traf-
fic and emigration of labeled cells in a compartment. There 
are many published experiments concerning macrophage renewal 
that display considerable confusion about this point. In the-
ory, this limitation could be overcome by transferring mono-
cytes or bone marrow from a heavily labeled donor to a histo-
compatible recipient. Since monocytes and monocyte precursors 
are numerically small components in their respective compart-
ments, there may occur a dilution of the labeled inoculum by 
the recipient's own monocytes. This problem is further com-
plicated by the relatively brief half-times of monocytes in the 
blood (8 - 36 hr depending on the species), and attempts to cir-
cumvent these difficulties have been made by transfusing labeled 
bone marrow to a lethally irradiated recipient. Data from such 
models can be difficult to interpret because of the potential 
for radiation damage to the recipient's macrophages. 

A pitfall to be reckoned with in all in vivo labeling 
studies involving %TdR is the reutilization or salvage of de-
graded DNA following its liberation during the death of labeled 
cells. A simple way to minimize reutilization effects is to 
restrict analyses to more highly labeled cells. This approach 
is not wholly infallible and does sacrifice precise quantita-
tion. Another approach is to increase the body thymidine pools 
by the administration of nonradioactive (cold) thymidine. A 
so-called pulse-chase with cold thymidine is of limited value 
since cold thymidine is metabolized as rapidly as any other 
thymidine. As a result, the effect of the chase is largely 
over within 30 minutes. In experiments where reutilization was 
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considered a particularly undesirable source of interference 
with the interpretation of autoradiographs restrained rats 
were repeatedly or continuously infused with cold thymidine 
(16). If reutilization is a major concern, parallel experi-
ments with poorly reutilized 125j_udR should provide a means 
of indirectly estimating salvage effects. 

£. Interpretation of Data 

References already cited provide examples and discussions 
of this important aspect of in vivo cell labeling. Some mis-
cellaneous points will be addressed in this section because 
their particular relevance. 

1. The Significance of a Labeled Cell 

Labeled cells found after a flash label represent cells 
in S phase, not the number of dividing cells. Following a 
pulse label, a labeled cell may be either pre- or postmitotic, 
depending on the sampling interval and the respective durations 
of S, G2, and M. 

2. Concommitant Changes in Labeling Indices 

Parallel and sequential elevations in labeling indices 
occurring in two or more compartments or population subclasses 
do not constitute hard evidence that one subpopulation gives 
rise to the others. Before such a conclusion can be made, 
there must be direct evidence that this is so. Alternatively 
the possibilities that the ostensibly derivative populations 
are dividing independently or are being "fed" from unidentified 
pools must be rigorously excluded. 

3. The Significance of Labeled Immigrant Mononuclear 
Phagocytes 

The prerequisite for interpreting this occurrence is the 
exclusion of the possibility that label was incorporated lo-
cally by dividing cells. Once the immigrant nature of such 
cells is established, the number of interpretations are limited. 
One that is commonly overlooked in the study of normal animals 
is that perturbation has inadvertently taken place and hence 
one is looking at a "normal" monocyte response to an inflamma-
tory stimulus yielding labeled macrophages. If such an occur-
rence can be excluded, the next question is whether the labeled 
immigrants are about to take up lodging and become resident 
macrophages or whether they represent a stream of traffic 
through an independent compartment. One hopes that objective 
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rather than legislative distinctions between residents and 
transients can be found. It is probable, however, that in 
vivo cell labeling by itself will not be able to provide satis-
factory answers to this question bearing on the origin of func-
tional heterogeneity in macrophages. Functional studies and 
the development of differentiation markers are also needed to 
help resolve these problems. 
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