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ABSTRACT. Vincristine (VCR) is an active agent in the treatment of acute lymphoblastic leukemia (ALL).
We evaluated the relationship between the cytotoxic activity of VCR and the degree of VCR saturation of
cellular drug binding sites, using the MOLT-3 ALL cell line. When MOLT-3 cells at a density of 1 3 106 or 1 3
108 cells/mL of pH-controlled medium were exposed to VCR for 1 hr, its cytotoxic activity on cells at high
density was 10-fold less than on cells at low density (inoculum effect). The number of VCR binding sites
measured by Scatchard analysis was 9.25 3 106/cell. At high cell density, the saturation of VCR binding sites
was one log order less than that at low density. Irrespective of cell density, curves of cell-kill versus the degree
of VCR saturation of the cellular binding sites overlapped each other. Minimal cytotoxic activity was observed
at 0.3% VCR saturation, and nearly maximal cytotoxic activity occurred at about 25% saturation, with the IC50

at about 4% saturation. These data show that the VCR-induced cell-kill effect is dependent on the degree of
saturation of VCR binding sites rather than on the extracellular VCR concentration. The lesser cell-kill on cells
at high density can be explained by the lack of drug molecules to sufficiently saturate cellular binding sites. This
phenomenon may be responsible, at least in part, for the poor chemotherapeutic outcome of ALL patients with
high leukocyte counts at presentation. BIOCHEM PHARMACOL 55;8:1229–1234, 1998. © 1998 Elsevier Science
Inc.
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The cytotoxic activity of certain antineoplastic agents such
as VCR‡ and DXR becomes progressively less efficacious
when cell density is increased [1–3]. This phenomenon is
termed the inoculum effect. The inoculum effect was
demonstrated originally in microbial systems in which the
size of the inhibitory zone produced by certain antibiotics
was influenced by the inoculum size of the microorganisms
tested [4, 5]. The exact mechanisms underlying the inocu-
lum effect observed for antitumor agents have not been
fully clarified. Our previous studies suggested that the
inoculum effect was the result of the unavailability of VCR
or DXR molecules to saturate cellular binding sites when
cells at high densities are exposed to the drugs [3]. In the
present paper, we demonstrate that VCR-induced cell-kill

effect is indeed proportional to the degree of VCR satura-
tion of cellular binding sites.

MATERIALS AND METHODS
Cell Line and Cell Culture

The MOLT-3 ALL cells [6] were maintained in RPMI-1640
medium containing 10% (v/v) heat-inactivated FBS and
were fed twice a week with fresh medium. Cells in expo-
nential growth at .90% viability were used for all experi-
ments. Cells were examined periodically for Mycoplasma
contamination with the MycoTect kit (LifeTechnologies)
and were found to be negative.

Drug Exposure and Determination of Inoculum Effect

Inoculum effect was measured as described previously [1–3].
Briefly, VCR sulfate (Sigma Chemical Co.), supplied as
powder, was initially reconstituted according to the accom-
panying manufacturer’s instructions and was diluted further
in Dulbecco’s PBS. The drug dilutions were freshly prepared
for each experiment.

Because previous experiments showed that, at a cell
density of 108 cells/mL, the pH of the RPMI-1640 medium
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containing 10% FBS decreased to 6.3 by the end of a 1-hr
incubation period and the change in the pH influenced the
concentration–response curve of VCR [3], we used pH-
controlled medium throughout the present experiments.
The pH of the medium could be maintained by adjustment
of the pH to 7.4 with 0.35 M of HEPES. A 1-hr exposure
to the medium containing HEPES did not affect cell
viability or subsequent cell growth, and additions of drug
solution at the concentration ranges studied did not alter
the pH.

The cells were suspended in the pH-controlled RPMI-
1640 medium containing 10% FBS at a cell density of 1.1 3
106 or 1.1 3 108 viable cells/mL. Aliquots of 0.9 mL of cell
suspension were placed in tissue-culture tubes (Falcon
3033, Becton-Dickinson) and exposed to 0.1 mL of graded
concentrations of VCR for 1 hr at 37° in a shaking
incubator. For control, 0.1 mL of Dulbecco’s PBS was added
to the cell suspension instead of the drug solution.

At the end of the incubation period, the cells were
washed twice with medium containing 10% FBS, and the
cell density was readjusted to 5 3 104 cells/mL. Each
0.2-mL aliquot of cell suspension was placed in a 24-well
flat-bottomed plate (Falcon 3047) in triplicate and then
incubated for 3 days at 37° in a humidified atmosphere
consisting of 5% CO2 and 95% air. Following incubation,
viable cells were quantified using the MTT (Sigma) assay as
described previously [3]. Concentration–response curves
were drawn by plotting the absorbance, expressed as a
percentage of the untreated control value, against the drug
concentrations tested.

Measurement of Intracellular VCR Contents

Cellular contents of VCR were measured by the method
described by Totsuka et al. [7]. Various concentrations of
[3H]VCR (sp. act. 7.2 mCi/mg, Amersham Radiochemicals,
final concentration 0.0625 to 1 mg/mL) with or without
500-fold excess unlabeled VCR were added to the cell
suspension at a final cell density of 4 3 106 viable cells/mL
of the medium containing 10% FBS. After a 4-hr period of
incubation at 37° in a shaking incubator, 0.5-mL aliquots of
the reaction mixture were removed and were superimposed
on the mixture of mineral oil (Sigma) and silicon oil
(Fluka), of which the final density was adjusted to 1.031
g/mL, followed by immediate centrifugation at 12,000 g for
1 min to separate the cells from the supernatant under the
oil layer. After saving the supernatants and removal of the
oil, the cell pellets were solubilized in 100 mL of 1% Triton
X-100 (v/v). The supernatants saved and the cell pellets
solubilized were transferred to counting vials containing 5
mL of the scintillant BCS (Amersham). Radioactivity was
determined by a liquid scintillation counter (Packard,
model 1900CA). The residual binding in the presence of
excess unlabeled VCR was assumed to represent nonspe-
cific binding. In this case, the nonspecific VCR binding
sites may include membrane protein/lipid and cellular low
affinity acidic proteins distinct from tubulin. The difference

between the total binding and the nonspecific binding was
taken to be specific VCR binding. For Scatchard analysis to
calculate the overall number of VCR binding sites per cell,
the VCR concentration in the supernatants after a 4-hr
incubation was regarded as free VCR concentration.

Cellular Retention of VCR

Cells at a density of 1 3 106 or 1 3 108 viable cells/mL of
pH-controlled medium were incubated with [3H]VCR sup-
plemented with non-radioactive VCR for 1 hr at 37° in a
shaking incubator. At the end of the incubation, 0.5 mL of
reaction mixture was removed and placed on the oil
mixture (final density 1.031 g/mL) in a microcentrifuge
tube, followed by immediate centrifugation at 12,000 g for
1 min. Cell pellets were harvested for the measurement of
radioactivity as described above. The remainder of the cell
suspension was washed twice with ice-cold Dulbecco’s PBS
plus 1% bovine serum albumin and 1 mM of EDTA,
resuspended in drug-free culture medium at a cell density of
106 cells/mL, and then incubated again at 37°. After 0.5, 1,
2, and 3 hr of incubation in drug-free medium, 0.5 mL of
the cell suspension was harvested for the measurement of
radioactivity retained in the cells.

Determination of Total Protein Content

Total protein content was determined as described by
Harlow and Lane [8]. Exponentially growing cells (1 3 107

cells) were collected by centrifugation, resuspended in 200
mL of lysis buffer (2% sodium dodecyl sulfate, 100 mM of
dithiothreitol, 60 mM of Tris, pH 6.8) by mixing vigor-
ously, and boiled for 5 min. After shearing DNA by
sonication, the sample was centrifuged at 10,000 g for 10
min. The concentration of total protein in the supernatant
was measured by the pyrogallol red-molybdate method as
described by Watanabe et al. [9].

RESULTS
Inoculum Effect

Figure 1 shows the sensitivity to VCR of MOLT-3 cells as
measured at a cell density of 1 3 106 (low) or 1 3 108

(high) cells/mL in the pH-controlled medium. The cell-kill
activity on cells at high density was one log order less than
that at low density. These results are confirmatory of our
earlier observations [1–3].

Number of VCR Binding Sites in MOLT-3 Cells

Table 1 shows the primary VCR binding data obtained
from measurements of intracellular VCR contents, as well
as specific binding values. These data were used for Scat-
chard analysis (Fig. 2). Bound/free (B/F) versus bound (B)
values were plotted to determine the number of VCR
binding sites in MOLT-3 cells [10]. The linear least square
regression equation was y 5 20.025x 1 0.384, and the line
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intersected on the x (B) axis at 15.36 (pmol/106 cells).
Hence, MOLT-3 cells had VCR binding sites of 15.36 3
10212(/106 cells) multiplied by Avogadro’s number of
6.0225 3 1023 or approximately 9.25 3 106 sites/cell.

The total protein content of the MOLT-3 cells was
approximately 1.5 mg/107 cells, which can be converted to
150 pg/cell. Based on an estimate of about 2% of total
protein being tubulin, the tubulin content of MOLT-3 cells
can be calculated as 3 pg/cell. Since the molecular weight
of dimeric tubulin is approximately 110 kDa, a single
MOLT-3 cell was considered to have 1.6 3 107 molecules
of total tubulin, or 9.9 to 11 3 106 molecules of unpoly-
merized tubulin assuming 30–40% to be in the polymerized
state. This number of tubulin molecules per cell matched
beautifully with our result obtained by Scatchard analysis
(9.25 3 106 binding sites/cell).

Cellular Retention of VCR by MOLT-3 Cells

The retention of VCR was measured in MOLT-3 cells that
had been preloaded for 1 hr with increasing concentrations
of VCR, washed, and transferred to drug-free medium (Fig.
3). The retention of VCR reached a plateau after a 3-hr
incubation in drug-free medium. The pattern and values of
VCR retention were in agreement with previous findings
measured in different leukemic cells [11, 12]. For the same
VCR concentrations used in the medium, the plateau levels
of VCR retained in cells at high cell density were approx-
imately 1/10 as compared with those at low cell density.

Relationship between VCR-Induced Lethality of
MOLT-3 Cells and the Degree of VCR Saturation of
Cellular Binding Sites

The plateau levels of VCR intracellular concentrations in
the retention study were assumed to represent the fractions
of VCR tightly bound to their binding sites (mainly
tubulin) [13]. The degree of VCR saturation of the cellular

FIG. 1. VCR sensitivity of MOLT-3 cells at a cell density of 1 3
106 (‚) or 1 3 108 (E) cells/mL in pH-controlled RPMI-1640
medium containing 10% FBS. Each data point represents the
mean value for 3 independent experiments performed in tripli-
cate. All experimental values were within 15% of the mean.

FIG. 2. Bound/free (B/F) vs bound (B, expressed as picomoles
per 106 cells) plot.

TABLE 1. Primary VCR binding data used for Scatchard analysis

VCR concentration
in the medium
(mg/mL)

Total binding
(pmol/culture tube)

Non-specific binding
(pmol/culture tube)

Specific binding
(pmol/culture tube)

VCR in the supernatant
after 4-hr incubation

(pmol/tube)

0.0625 17.6 3.6 14.0 48.4
0.125 33.6 6.8 26.8 123.6
0.25 46.0 9.2 36.8 236
0.5 57.6 11.6 46.0 480
1.0 64.0 12.8 51.2 1024

MOLT-3 cells were incubated at 37° with the indicated concentrations of VCR for 4 hr. Each culture tube contained 4 3 106 cells/mL. Each data point represents the mean
of 3 independent experiments performed in duplicate. All experimental values were within 15% of the mean. Specific binding values, expressed as pmol per 106 cells, correspond
to B values in Fig. 2.
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binding sites can be calculated by the plateau level of
intracellular VCR molecules divided by 9.25 3 106 (VCR
binding sites/cell). In Fig. 4, the degree of VCR saturation
of the cellular binding sites and the VCR-induced cell-kill
effect (measured by the MTT assay 72 hr after a 1-hr
exposure to VCR) were plotted. Irrespective of the cell
density during the exposure to VCR, curves of cell-kill
versus the degree of VCR saturation of the cellular binding
sites overlapped each other. Thus, the minimal cell-kill
activity was observed at 0.3% VCR saturation. With
increases in drug saturation, the cell-kill activity increased
progressively, and near maximal cell kill occurred at about
25% saturation. The VCR concentration producing 50%
inhibition of cell growth (IC50) was at the VCR saturation
of approximately 4%.

DISCUSSION

To clarify the mechanisms of inoculum effect, we investi-
gated the relationship between the degree of drug satura-
tion of the cellular binding sites and drug-induced cytotoxic
activity at two different cell densities. At the high cell
density, the cytotoxic activity of VCR was 10-fold less than
that at low cell density, and this reduced biological activity

was correlated with a one log order decrease in the degree
of VCR saturation of the cellular binding sites. To achieve
VCR saturation necessary for equivalent cytotoxic activity,
10-fold higher drug concentrations were required for cells at
high cell density compared with those at low density.
Irrespective of cell density, however, the cytotoxic activity
of VCR correlated with the degree of drug saturation of the
cellular binding sites. These observations indicate that
VCR-induced cytotoxicity is dependent on the degree of
saturation of VCR binding sites rather than the extracel-
lular VCR concentrations.

The number of VCR binding sites per one MOLT-3 cell
was shown to be 9.25 3 106, which can be converted to
9.25 3 1014 sites for 108 cells/mL of cell suspension. The
numbers of VCR binding sites for MOLT-3 cells were
essentially identical to those of vindesine receptors reported
in MOLT-4 cells [7]. A 1 mg/mL (or 1.0845 3 1026 M)
concentration of VCR corresponds to 6.53 3 1014 VCR
molecules/mL. In the retention study, MOLT-3 cells at a
density of 108 cells/mL exposed to 1 mg/mL of VCR
retained 1 pmol VCR/106 cells or 6.022 3 1013 VCR
molecules/108 cells. Therefore, approximately 10% of VCR
in the medium bound to the cellular binding sites. This
resulted in 6% saturation of the cellular binding sites,

FIG. 3. Retention of VCR by MOLT-3 cells. Cells at a cell density of 1 3 106 (panel A) or 1 3 108 (panel B) cells/mL were preloaded
with the indicated concentrations of VCR for 1 hr, washed, and then incubated in drug-free medium at a cell density of 1 3 106

cells/mL. The intracellular VCR was measured at the indicated time points and expressed as picomoles VCR per 106 cells. Each data
point represents the mean of 3 independent experiments performed in duplicate. All experimental values were within 15% of the mean.
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producing 80% cell-kill. One microgram of VCR mole-
cules/mL appeared to be insufficient to saturate critical
levels of the cellular binding sites when the high density of
cells was used. Similar calculations for the cell density of
106 cells/mL resulted in 25% saturation and close to 100%
cell kill. Therefore, our data clearly show that the lesser
cytotoxic activity of VCR against cells at high cell density
can best be explained by the lack of enough drug molecules
to saturate cellular binding sites. In this context, the lack of
enough drug molecules to saturate critical levels of leuke-
mic cells’ drug-binding (or target) sites proves to be the
cause of the inoculum effect.

Singer and Himes [14] reported that the presence of
about 1 tubulin–Vinca alkaloid complex molecule per 100
tubulin molecules or 1% binding was sufficient to produce
50% inhibition of proliferation in murine B16 melanoma
cells. In our study, the VCR saturation at IC50 was about
4%. This difference in IC50 values between those reported
by Singer and Himes and our results may be related to the
different cell lines used and the different manner of VCR
exposure (43 vs 1 hr).

Vinca alkaloids were shown to mediate cytotoxicity in
mammalian cells by binding to tubulin, the protein subunit
of microtubules, and to prevent the polymerization of
tubulin to form microtubules with arrest of cells in mitosis
[15]. Vinca alkaloids are widely used for the treatment of
malignant diseases, particularly ALL [16]. Admittedly, in
vitro data cannot be extrapolated directly to leukemic
patients; however, our observations may have the following
clinical implications. At the time ALL is first diagnosed or

at subsequent clinical recrudescence of the disease, the
body contains approximately 1012 leukemic cells/m2 of
body surface area [17]. Therefore, the number of VCR
binding sites in the total leukemic cells/m2 equals 9.25 3
1018/m2, assuming fresh ALL cells have approximately the
same number of binding sites as MOLT-3 cells. A clinical
dose of 1.4 mg of VCR/m2 corresponds to approximately
1 3 1018 molecules. Therefore, even if all the VCR
molecules entered leukemic cells and bound to the binding
sites, only 10% of cellular binding sites could be saturated.
Moreover, VCR has been shown to bind to many host
organ tissues, making the whole body a potentially infinite
sink for the drug [18]. If one adds host cell mass and various
pharmacokinetic barriers until the drug reaches target sites
within individual cells, far fewer leukemic cellular binding
sites are expected to be saturated by the standard doses of
VCR.

Clinically achievable VCR concentration 3 time prod-
uct was reported to be 0.025 to 0.103 mg z hr/mL [19, 20],
while we found that in vitro VCR concentration 3 time for
IC90 of MOLT-3 cells was 2 or 0.2 mg z hr/mL at a density
of 108 or 106 cells/mL, respectively. Because 106 leukemic
cells/mL, the low cell density we studied, corresponds to
only 103 leukemic cells/mL in peripheral blood, even from
the viewpoint of concentration 3 time, the VCR molecules
available clinically appear to be insufficient. It is possible
that this phenomenon is responsible, at least in part, for
poor chemotherapeutic outcome of ALL patients with high
leukocyte count at presentation [21, 22].

In the treatment of patients with ALL, VCR is usually
administered in a combination with other antileukemic
agents. VCR is known to interact with other agents with
synergistic or antagonistic effects, depending on the drugs
combined and the sequences used [23]. In addition, in the
clinic VCR is given weekly. The effects of insufficient
concentrations of VCR in combination with other drugs
and of repetitive VCR exposure on cytotoxic activity are
yet to be determined. Our data may serve as a basis to study
this concept in a more realistic in vivo model.
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