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Variation of Alkaline Phosphatase Activity Among Cells of Inducible

and Constitutive Strains of Human Fibroblasts.'*

George M. Martin

(29287)

(Introduced by Earl P. Benditt)

Department of Pathology, University of Washington School of Medicine, Seattle

Investigators concerned with enzyme in-
duction in microorganisms commonly assume
that all of the cells in a genetically homoge-
neous population behave similarly. Evidence
is presented here that this may not be true
for an instance of enzyme induction in cul-
tures of diploid human fibroblasts.

Cox and Pontecorvo(1l) reported differ-
ences among established strains of human
fibroblasts with respect to the activity of
alkaline phosphatase of lysates of the mass
cultures. Under the conditions of their experi-
ments, most strains had no measurable alka-
line phosphatase activity unless permitted to
grow in the presence of small amounts of a
substrate of that enzyme. Two more unusual
types were noted: “constitutive” strains
which demonstrated relatively high enzyme
activity and “non-inducible” strains, which
had no measurable enzyme activity even after
treatment with substrate.

Methods, Histochemical stains for alkaline
phosphatase were originally performed (on
coverslip monolayers) for the purpose of con-
veniently classifying strains with respect to
their enzyme activity when grown with or
without an inducing substrate (1 mM phenyl
phosphate). The diploid strains, of typical
“fibroblast” morphology, had been established
for periods of 2-10 months by explant or
trypsinization techniques and were grown in
Waymouth's medium with 10% calf serum.
Cultures for pleuropneumonia-like organisms

* Supported in part by U.S.P.H.S. grants. A por-
tion of this work was done under a USPHS fellowship
in the Genetics Dept., Glasgow University, Scotland.

were negative. A modification of the method
of Fredricsson(2) was employed for the alka-
line phosphatase stains. Fredricsson discov-
ered that diffusion of enzyme could be greatly
diminished when the Gomori technique was
performed in an incubation medium of 40%
acetone; only slight inhibition of enzyme
activity resulted. Our experience confirmed
this; aqueous incubations yielded a more dif-
fuse precipitation of calcium phosphate, with
less sharp localization and considerably more
nuclear staining, generally accepted as an
artifact(3). Fixation in formalin (at 4°C,
pH 7.0 for IS mill) did not prevent this dif-
fusion, which was quite evident when aqueous
incubations were carried out in the presence
of di Na p-NOa phenyl PO4; even after
the coverslip was removed from the incuba-
tion medium, enzymic hydrolysis continued
at a rapid linear rate (as measured by the
optical density of p-NOg phenol at 410 n#).
Markedly improved preparations resulted
even with final concentrations of acetone of
only 16%; the higher concentration recom-
mended by Fredricsson was less preferable
because a variable degree of precipitation
of substrate was observed. A second modifi-
cation was a doubling of the calcium concen-
tration, designed to favor the “capture reac-
tion” (precipitation of the enzymically liber-
ated phosphate as calcium phosphate).
Finally, in order to prevent resolubilization of
the precipitated phosphate, all rinses subse-
quent to the enzyme incubation were in 40%
acetone buffered with 10 mM 2 amino-2-
methyl 1-propanol-HCI, pH 9-10. Controls
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FIG. 1. .lkaline phosphatase stain of monolayer
of human fibroblasts grown in medium containing
2 mM phenyl POi for 6 days. Fixed in neutral buff-
ered formalin at 4°C for 5 min. Incubated in 2.5 ml
2% Xa “-glycerophosphate, 2.5 ml 2% Xa veronal,
0.5 ml 4% Ca(XOs)», 0.5 ml 0.8% MgCU and 4 ml
of 40% acetone for 5 hr at 37°C. Calcium phosphate
precipitate converted to CoS by treatment with 2%
Co(XOn)* and 0.2% (XH.)*S. both in 40% acetone.
Xuclear staining is due to light counterstain with
safranin. Scale = 0.01 mm per division.

incubated without substrate and treated with
enzyme inactivating agents (heat and methyl
alcohol) failed to show intracellular deposits
of cobalt sulfide.

Results. It was surprising to find that all
preparations examined (over 100 coverslip
monolayers from 12 strains) showed marked
variation in enzyme activity from cell to cell.
The heterogeneity could not be solely attrib-
utable to the histochemical “all or none” arti-
fact (4). The appearance varied from no dis-
cernible precipitate of cobalt sulfide to jet
black deposits covering the entire cytoplasm,
with all gradations in between. A typical
field is shown in Fig, 1, which was from a
monolayer which had grown for 6 days in the
presence of 2 mM phenyl PO4 (without
change of the medium). As is suggested in
the illustration, clusters of cells (? small
clones) with high enzyme activity could oc-
casionally be noted, but more commonly, the

distribution of “active” cells appeared to be
random. Fields identical to that of Fig. I
could be found in a “constitutive” strain
classified by the method of Cox(l) and in a
strain tentatively classified as constitutive by
a method developed by the author(5). With
long incubation times (up to 16 hours), defi-
nite enzyme activity could be demonstrated
in one non-inducible and in all non-induced
strains having low specific activities; here
again, one could find all gradations of activ-
ity from cell to cell.

By far the greatest enzyme activity was
observed in monolayers which had been
grown for periods of up to 3-4 weeks without
change of medium. This “self-induction”
phenomenon (1) is now thought to be related
to the degradation of cystine and cysteine,
which repress the synthesis or activation of
alkaline phosphatase in human fibroblast cul-
tures (6). Degree of enzyme activity varied
markedly from cell to cell. There was an ap-
parently artifactual deposition of cobalt sul-
fide along the loose margins of partially de-
tached cells, but enzyme activity was not
otherwise related to any discernible morpho-
logic differences. Enzyme activity was not re-
lated to the degree of cytoplasmic degenera-
tive change as evidenced by fine and large
droplet fatty alteration (stainable with neu-
tral fat stains such as Fettrot 7B and Oil
Red O) or accumulations of lipochrome pig-
ments. Apparently phagocytized material was
occasionally noted, but could not obviously
be related to the degree of enzyme activity.
The degree of confluence of various groups
of cells within a given monolayer was defi-
nitely not correlated with enzyme activity.
Enzyme activity did not appear to be corre-
lated with the number of nucleoli or with the
size of cells, nuclei and nucleoli. The distri-
bution of enzyme activity within monolayers
grown on 22 mm square cover slips vertically
arrayed in Columbia staining jars containing
10 ml of medium could not be differentiated
from monolayers grown in the conventional
horizontal position; therefore, oxygen and
other concentration gradients did not appear
to influence enzyme activity.

Using a quantitative microfluorometric as-
say developed by Rotman(7), based upon
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the micro-droplet spray technique of Collins
(8), we have successfully measured the en-
zyme activity of single human fibroblasts
grown in culture. The results substantiate
the histochemical observations of heterogene-
ity: up to 9-fold differences in enzyme activ-
ity have been observed among cells derived
from the same monolayer.t

Discussion. Synchronization and cloning
experiments are in progress to evaluate fur-
ther the cellular heterogeneity of alkaline
phosphatase activity. Preliminary results
using the dilution plating method of cloning
(9) have been inconclusive, since in our
hands “clones” of diploid human fbroblasts
derived with this technique usually can be
shown to arise from small clumps of cells
rather than from single cells. Attempts to
establish clones from isolated single cells
(using micro-pipetting techniques, micro-
capillaries and feeder layers) have so far
been unsuccessful. We hope that others more
skilled in cloning techniques will also pursue
this line of investigation.

Our knowledge of the frequency of mitotic
recombinational events in organisms such as
Aspergillus nidulans{10) suggests that such
mechanisms are not at all likely entirely to
account for the marked degree of heterogene-
ity observed. While there is still no informa-
tion concerning the occurrence of mitotic
crossing-over in mammalian cell cultures, mi-
totic non-disjunction is not likely to be a
sufficiently frequent event in diploid human
fibroblast cultures in view of the reports of
prolonged karyotype stability from several
laboratories(11). Should the variation in en-
zyme activity and/or synthesis prove to be
“physiologic,” these observations would still
be significant, especially in view of the avail-
ability of quantitative techniques for assay
of enzyme activity in single cells. We are
profoundly ignorant of the detailed biochemi-
cal events which occur during the mitotic
cycle of a cell, especially under conditions of
enzyme adaptation. It would be of great im-
portance to establish the stage of the cycle
during which alkaline phosphomonoesterase

t Unpublished data of J. Tierney and G. M. Mar-
tin.

activity and/or synthesis is enhanced and/or
repressed and to discover the responsible
mechanisms. Such investigations could clarify
the ultimate function(s) of this group of en-
Zymes.,

It should be emphasized that even under
apparently optimal conditions for induction
of alkaline phosphatase in vitre (“self-induc-
tion”), substantially longer incubation times
(60-120 minutes) were required to obtain re-
sults comparable to those which are regularly
observed (using similar or identical tech-
niques) with certain tissues (renal tubular
and intestinal epithelia, healing wounds)
from humans and other mammals, in which
incubation times of 5-15 minutes suffice to
demonstrate marked enzyme activity. If we
assume that the enzyme activity which we
observe histochemically is related to enzyme
concentration and in turn, to rates of enzyme
synthesis, this suggests that even when “in-
duced,” the genome of the cultured fibroblast
is still in a state of relative repression with
respect to the synthesis of alkaline phospha-
tase(s). Two regulatory loci and one structu-
ral locus have been described for the alkaline
phosphatase of E. coli(12). Several genetic
loci are also known to control the synthesis
of the enzyme(s) in Aspergillus nidulans
(13). The situation in man is likely to be
even more complex, especially in view of the
apparent heterogeneity at the cellular level.

Summary. Histochemical studies of 12
strains of diploid human fibroblasts derived
from newborn foreskins revealed marked va-
riation of alkaline phosphatase activity within
all populations, whether classified as constitu-
tive for the enzyme or inducible by substrate,
Variation was also apparent in non-induced
populations having low activity and in “self-
induced” populations having high activity.

The author is indebted to Professors G. Pontecorvo
and E. P. Benditt for encouragement and advice.
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