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In Vivo Clonogenic Tumor Cell Kinetics after BCNU

Table 3
Effect of specimen and total tumor size on cell yield

Untreated tumor specimens (<40 mg) were disaggregated, and the cell yields (no. of cells/mg) were compared for “‘small’’ and "large”
specimens. The influence of total tumor size was determined by comparing the cell yields from specimens obtained from small and large

tumors.
Analysis of disaggregated specimen size Analysis of total tumor size
Specimens Tumors evalu-
evaluated ated
Median Wt Median Wt
Tumor specimen range Cell yield® “ (cells  tumor wt range  Cell yield>  (cells
culture® Dates wt (mg) No. (mg) x 104/mg) (mg) No. (mg) x 10*/mg)
7 2/5/75-3/26/75 14 9 6-12 476 = 142 33 10 6-32 428 = 174
12 14-33 37.8 + 146 1 33-341 41.2 + 131
9 6/10/75-7/11/75 7 8 4-6 33.8=+73 19.5 7 4-16 379 + 40
8 8-20 317+ 113 9 19-120 28.8 + 10.5
10 8/13/75-9/11/75 5.5 8 3-5 26.1 = 15.9 8 7 3-6 238 +5.7
7 6-10 25.0 + 8.8 8 8-161 271+ 16.9

2 9L tumor cultures are rejuvenated from a frozen cell stock every 3 months to prevent changes induced by long-term tissue culture (6).

Cultures are numbered consecutively.

® No significant difference between *‘small”” and “large’’ specimens or tumors (Student's t test, p > 0.1).

“Mean = S.D.

formed on specimens weighing less than 40 mg (Table 3).
Differences between cultures may be attributable to the
disaggregation procedure (degree of specimen mincing,
trypsin potency, etc.) or to the tumor architecture itself.
Therefore, accurate computation of the relative cell yield
after therapy requires a comparison of the treated tumor to
untreated tumors only for the same culture.

The CFE's for 3 specimens from each of 2 untreated
tumors expressed as a percentage were 11.2, 15.8, and 19.4
and 14.0, 11.1, and 13.2, respectively. Similar results ob-
tained from multiple specimens of other tumors indicate the
variability in CFE attributable to biological and technical
factors for unperturbed, histologically ‘‘homogeneous’’ tu-
mors (2).

The CFE for untreated tumors is independent of the total
tumor size over a 100-fold range in weights (3 to 424 mq)
(Table 4, Section A). Tumors smaller than 3 mg could not be
separated accurately from adjacent brain tissue, and ani-
mals usually died when tumors attained a weight of 300 mg,
although larger masses were occasionally noted. Within an
individual experiment the log tumor cell kill 24 hr after an
LD,, of BCNU is independent of total tumor size over a
similar weight range (Table 4, Section B). The differences
noted between experiments may be attributed to variability
in drug administration, pharmacokinetics, and/or biologi-
cal factors. Consequently, for accurate representation of
results of treatment, multiple experiments have been per-
formed.

The maximum cell kill from BCNU is observed 30 min after
i.p. administration of an LD,,, and no change in the mean
measured surviving fraction is apparent over the subse-
quent 4 days (Chart 1). Between Days 4 and 14, the surviving
fraction increases, reaching a plateau at a value of approxi-
mately 0.1. The standard errors for each tumor, derived
from the evaluation of 10 to 15 plates, were usually less than
10% of the values measured and were small compared to
differences observed between several tumors treated identi-

OCTOBER 1976

Table 4
Effect of tumor weight on CFE for untreated tumors and log kill for
treated tumors
In Section A, the CFE for small and large untreated tumors was
compared in 2 experiments. In Section B, the log cell kill? for small
and large tumors was compared in 2 experiments 24 hr after i.p.
administration of an LD,, of BCNU.

Tumors evaluated

Experiment No. Wt range (mg) Mean = S.D.
CFE (%)*

A. 18 7 3-31 16.2 = 12.8
5 52-191 206 =75

23 5 4-116 20.8 = 12.3
7 200-424 253+ 49

Log Cell Kill®

B. 18 7 3-27 3.69 = 0.35

7 30-194 3.44 + 0.55

23 6 25-55 3.18 £ 0.36

7 71-420 2.98 + 0.29

“ Log cell kill = — [log (surviving fraction)] = — [log (CFE treated

+ CFE control)]. Each unit represents a 10-fold decrease in surviv-
ing fraction.

® No significant difference between “‘small’” and “large” tumor
groups (p > 0.2, Student’s t test).

cally. The most pronounced disparity among tumors is ob-
served on Days 8 and 11, when surviving fractions differ by
as much as 1000-fold between tumors analyzed in the same
experiment.

After therapy with an LD,, of BCNU, tumor weight appears
to increase slightly for the 1st 3 to 4 days, followed by a
decrease to pretreatment levels by the end of the 1st week
(Chart 2). Tumor size decreases further during the 2nd
week, reaching a nadir of approximately 40% of pretreat-
ment size on Day 14. This time course corresponds pre-
cisely with that observed for the removal of dead cells from
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Chart 1. Posttreatment measured surviving fractions for 20 days after an
LD,, of BCNU. Each point represents an individual tumor; each symbo/
represents separate experiments performed at different times.
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Chart 2. The relative total cell number for 20 days after an LD,, of BCNU,
calculated as the product of the mean relative tumor weight and the mean
relative cell yield for each posttreatment interval (see text for explanation).
Each point represents the mean + S.E. for 7 to 13 analyzed tumors. — -,
extrapolated values; -~ - - -, the untreated situation.

an intracerebral location (4). After Day 14, tumor weight
again increases, at a rate similar to that seen for untreated
tumors of comparable size. The cell yield decreases to
about one-half that obtained from untreated tumors by Day
2 and appears to return to control levels by Day 8. The
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relative total cell number decreases slightly during the 1st 4
days and decreases further during the 2nd week after treat-
ment in a pattern identical to the change in tumor weight.
The adjusted surviving fraction for tumors exposed to an
LD,, of BCNU shows that there is a 2- to 4-day lag period
before the clonogenic pool initiates significant repopulation
(Chart 3). The exponential portion of this curve was deter-
mined by least-squares regression analysis to have a corre-
lation coefficient of 0.99 and a slope of 0.44, indicating a
cell-doubling time of 37.9 hr. Repopulation of the clono-
genic cell pool is complete by 23 days posttherapy.

The maximum cell kill from a 0.5 x LD, of BCNU is
observed at 6 hr after drug administation (Chart 3). No
change in the measured surviving fraction is apparent in the
1st 2 to 3 days; thereafter, the surviving fraction increases to
0.3 by Day 7. Marked variability in results is noted again,
especially from the 2nd to the 4th day. Tumor weight in-
creases parallel to untreated tumor growth for the 1st 3 to 4
days and appears to plateau thereafter (Chart 4). The cell
yield decreases after the 4th day to 70% of control values by
Days 6 to 7. The increase in relative total cell number closely
approximates the change in tumor weight, with the excep-
tion of a slight decrease after the 5th day. The adjusted
surviving fraction shows a 1- to 2-day lag period before cell
repopulation ensues (Chart 7). The exponential portion of
this curve was determined by least squares regression anal-
ysis to have a correlation coefficient of 0.99 and a slope of
0.80, indicating a cell-doubling time of 20.7 hr. Clonogenic
pool repopulation is complete 7 days after therapy.

Treatment with 0.25 x LD,, of BCNU results in mean
measured surviving fractions of 0.26, 0.14, and 0.27 for
tumors analyzed 1.5, 6, and 24 hr after therapy (no signifi-
cant difference; p > 0.05, Student's t test), respectively.
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Chart 3. Posttreatment clonogenic tumor cell kinetics following 0.25 (A),
0.50 (m), and 1.00 (®) x LD,, of BCNU. Each point represents the product of
the measured surviving fraction and the relative total cell number for that
posttreatment interval (see text for explanation). The exponential repopula-
tion curves were derived from a least-squares regression analysis of all points

-after their respective lag periods; evaluation of these slopes determined a

cell-doubling time during repopulation of 14.5, 20.7, and 37.9 hr for 0.25,
0.05, and 1.00 x LD,,'s, respectively.
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Chart 4. Posttreatment measured surviving fractions for 7 days, after a
0.50 x LD,, of BCNU. Each point represents an individual tumor; each
symbol represents separate experiments performed at different times.

Therefore, it may be inferred that the maximum antitumor
activity for the 1st day following a 0.25 x LD,, of BCNU
occurs by 1.5 hr posttreatment. A slightly lower surviving
fraction is observed by Day 2, after which the measured
values increase to a plateau at approximately 0.3 (Chart 5).
Tumor weight increases parallel to tumor growth of controls
with a possible slight decrease between Days 5 and 7 (Chart
6). Cell yield decreases only after the 5th day to about 70%
of control values. The increase in relative total cell number
parallels the change in tumor weight, with the exception of
a slight decrease after Day 5. The adjusted surviving frac-
tion shows a 2-day lag before significant cell proliferation
(Chart 7). Regression analysis of the 3 points on Days 2, 3,
and 4 showed a correlation coefficient of 0.99 and a slope of
1.14 indicating a cell doubling time of approximately 14.5
hr. Repopulation of the clonogenic pool is complete by Day
4.

A summary of the results observed for all 3 BCNU doses
appears in Table 5. Increased animal life-span was esti-
mated by extrapolation from the relationship between cell
kill and animal life-span (6). Assuming a reasonable median
untreated animal life-span of 21 days, the anticipated in-
creased life-span agrees closely with the measured repopu-
lation interval for 0.50 and 1.00 x LD,, of BCNU.

DISCUSSION

The accurate determination of posttreatment clonogenic
cell kinetics using a quantitative cellular assay requires a
model system that permits near total tumor exptirpation.
Analyses should be performed at frequent intervals until
treated animals start dying and must be randomized for the
treatment group. Experiments should be repeated multiple
times because of variability in this system. Therapy should
be administered to tumors of identical size or, alternatively,
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untreated CFE and cell kill must be independent of tumor
weight as has been demonstrated in the present study. The
measured surviving fraction must be adjusted to give a true
evaluation of the clonogenic cell population, since dead
cells are removed in vivo and damaged cells are lysed
during disaggregation. The adjustment procedure outlined
here requires an accurate determination of the total number
of cells obtainable from tumors of variable sizes. Since
trypsinization of whole tumors may result in inconsistent
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Chart 5. The relative total cell number for 7 days after a 0.50 x LD,, of
BCNU, calculated as the product of the mean relative tumor weight and the
mean relative cell yield for each posttreatment interval (see text for explana-
tion). Each point represents the mean (+ S.E.) for 6 to 15 analyzed tumors.
----, the untreated situation.
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Chart 6. Posttreatment measured surviving fractions for 6.5 days after a
0.25 x LD,, of BCNU. Each point represents an individual tumor; each
symbol represents separate experiments performed at different times.
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cell yields as a result of the mincing procedure and enzyme
exhaustion, small, representative tumor specimens have
been utilized to determine the number of cells per mg. This
cell yield is multiplied by the total tumor weight to deter-
mine the number of cells that could be disaggregated from
the whole tumor. The use of this method is permitted by the
independence of cell yield and specimen size (<40 mg) and
the representative results from multiple specimens of indi-
vidual tumors. Any animal tumor system fulfilling the above
criteria and capable of colony growth in vitro may be ana-
lyzed in a similar manner.

The evaluation of clonogenic cell kinetics using the col-
ony formation assay and its adjustments may, however, give
erroneous results if the trypsinization procedure differen-
tially damages clonogenic cells from treated and untreated
tumors. Our standardized disaggregation technique makes
this an unlikely possibility. Second, if additional, nonmalig-
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Chart 7. The relative total cell number for 6.5 days after a 0.25 x LD,, of
BCNU, calculated as the product of the mean relative tumor weight and the
mean relative cell yield for each posttreatment interval (see text for explana-
tion). Each point represents the mean = S.E. for 9 to 19 analyzed tumors.
-~ =--, the untreated situation.

nant cells (e.g., lymphocytes) infiltrate the treated tumor
and cannot be eliminated or differentiated from tumor cells,
an inappropriately low CFE and, therefore, a greater treat-
ment effect may be indicated. No cellular infiltration has
been observed in the 9L BCNU-treated tumor (M. L. Rosen-
blum, unpublished observation). Finally, if a treated tumor's
stroma changes after treatment, the cell yield may be al-
tered. We have determined that trypsinization of untreated
tumors for 10 and 20 min results in the same cell yield and
CFE (M. L. Rosenblum, unpublished observation). There-
fore, a 10-min exposure achieves the maximum harvesting
of single cells, and a stromal change that permits a greater
cell yield would be unlikely. It is difficult to conceive of a
posttreatment change in tumor architecture that would ren-
der trypsinization less effective. Nevertheless, if cell yield
markedly decreases after treatment, such an alteration must
be considered.

Posttreatment analyses based on tumor volume changes
may greatly underestimate cell kill and inaccurately repre-
sent subsequent cell proliferation (8). Tumor weight meas-
urements following 0.25, 0.50, and 1.00 x LD,,'s of BCNU
did not reflect the efficacy of therapy at the cellular level.
Since BCNU is normally administered 14 days after trans-
plantation and median control animal life-span is usually 21
days, a treatment must result in a reduction of tumor size
after 7 days in order to demonstrate increased animal sur-
vival. A change in tumor weight during this 1st posttreat-
ment week is dependent on several factors. The multiplica-
tion of surviving clonogenic cells that had previously been
in the nonproliferating as well as the proliferating cell pools,
the swelling of damaged cells, and extracellular edema will
all increase tumor mass. In addition, cells rendered non-
clonogenic by BCNU may divide several times before ceas-
ing proliferative activity (K. Wheeler, personal communica-
tion). On the other hand, a decrease in tumor weight is
dependent on dead cell lysis and removal. Since significant
dead cell removal probably does not occur during the 1st
week (4), any decrease in the rate of tumor growth during
that period will depend solely on the fraction of cells killed
and their residual proliferative potential. The observations
following 0.25 and 0.50 x LD,,'s of BCNU imply that a
pronounced cell kill must be achieved in order to decrease
tumor size 7 days after drug administration. In fact, after a
treatment that kills 86% of clonogenic cells (0.25 x LD,,),
little difference in tumor weight is noted compared to con-

Table 5

Summary of posttreatment kinetics of clonogenic tumor cells surviving BCNU therapy and a
comparison with animal survival

Increase in ani-

BCNU dose Cell kil Repopulation  mal life-span©
(fraction of Proliferation interval®
LD,,) % Log,o lag (days) CTp? (hr) (days) % Days
0.25 86.0 0.85 2 15 3 0 0
0.50 97.8 1.65 1-2 21 7 26 6
1.00 99.96 3.44 2-4 38 23 97 20

¢ Doubling time of surviving clonogenic cells after proliferation lag.
® Time from treatment until the number of clonogenic cells returns to untreated levels, i.e.,

surviving fraction = 1.

¢ Estimated from previously published cell kill versus animal life-span relationship (6) assuming a

median untreated animal life-span of 21 days.
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trols (Chart 6), and no increase in animal life-span is ob-
served (Table 5). These results demonstrate the basis for the
previously demonstrated cell kill threshold that must be
exceeded to detect antitumor activity based on animal sur-
vival (6).

The cell yield of a tumor is defined as the number of cells
surviving the disaggregation procedure per mg of tumor
specimen. A dead or doomed cell with membranes suffi-
ciently intact to resist digestion by trypsin will be included in
the cell yield, whereas cells with damaged membranes may
be destroyed by trypsinization and not counted, despite
occupying volume in the tumor prior to disaggregation.
This explains the discrepancy often observed between cell
yield, which usually decreases during the 1st week after
therapy, and dead cell removal, which occurs primarily
during the 2nd week (4). Cell yield may also decrease as a
result of an increase in tumor extracellular space due to
edema or by the development of giant cells. However, nei-
ther edema nor giant cells affect either the measured surviv-
ing fraction or the relative total number of tumor cells, since
the decrease in cell yield is balanced by an equal increase in
tumor weight.

The absence of change in the surviving fraction of clono-
genic cells during the 1st day after any BCNU dose suggests
that in vivo repair of BCNU-induced potentially lethal dam-
age does not occur. In fact, the initial period of apparent
nonproliferation of the clonogenic pool is approximately 2
days for 0.25 to 1.00 x LD,,'s. This proliferation lag may be
the result of an induced cell cycle delay. The presence of a
latency period suggests that sequential administration of a
cell-cycle-specific agent before the 2nd posttreatment day
may be less efficacious than if the agent is given at a longer
interval after BCNU therapy.

The repopulation rate for surviving clonogenic cells de-
pends on the dose of BCNU. The cell doubling time of 38 hr
following an LD,, is clearly greater than after a 0.50 and 0.25
X LDy, (21 and 15 hr, respectively). The difference between
the 2 latter values may not be significant, considering the
few points analyzed and the large biological variation. The
reason for a slower reproliferation rate after the largest dose
is unclear. Surviving cells may reside a greater distance
from vascular structures in an environment less able to
support active proliferation due to nutrient deficiencies. As
a result, the growth fraction of survivors may be lower after
the largest BCNU dose. This would imply that sequential
cell-cycle-specific therapy may be more effective following
a0.250r 0.50 x LD,, than after an LD,,. However, the slower
repopulation rate may be the result of primary cellular fac-
tors such as ‘‘nonlethal damage’ or the selection of cells
with longer cell cycle times. ‘‘Nonlethal damage’ implies
that a fraction of clonogenic cell progeny dies due to inher-
ited damage (1). Under such circumstances the fraction of
potentially clonogenic cells dividing at any time may ac-
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tually be large despite slow repopulation, and no difference
in growth fraction or susceptibility to subsequent cell-cycle-
specific therapy would exist between large and small BCNU
doses. On the other hand, if this therapy results in the
selection of cell populations with different cell cycle times,
the schedules required to attain maximal effect from a sub-
sequent cell-cycle-specific agent would vary, since such
drugs should be administered for at least 1 cell cycle (7).
The time to complete repopulation of the clonogenic pool
(surviving fraction = 1) should, and does, correspond to the
increase in animal life-span anticipated from treatment with
a 0.50 and 1.00 x LD,, of BCNU (Table 5). This observation
lends support to the calculated repopulation rates and fur-
ther validates the colony formation assay as an accurate
indicator of in vivo chemotherapeutic effect. Furthermore,
the repopulation interval indicates the longest time that may
elapse before additional therapy should be administered in
order to achieve a stepwise decrease in the clonogenic
population and retain a potential for tumor cure.

ACKNOWLEDGMENTS

The tumor used in this study was provided by William H. Sweet, Paul L.
Kornblith, Jannette L. Messer, and Beverly O. Whitman of Massachusetts
General Hospital, Boston, Mass. We thank Kathleen Smith, Rhonda Borg,
Carol Maroten, Stephanie Pentecost, and Benjamin Usog, for their excellent
technical assistance, and Kenneth Wheeler and Marvin Barker, for their
invaluable general support.

REFERENCES

1. Barendsen, G. W., and Broerse, J. J. Experimental Radiotherapy of a Rat
Rhabdomyosarcoma with 15 MeV Neutrons and 300 kV X-rays. Il. Effects
of Fractionated Treatments Applied Five Times a Week for Several
Weeks. European J. Cancer, 6: 89-109, 1970.

2. Barker, M., Hoshino, T., Gurcay, O., Wilson, C. B., Nielsen, S. L.,
Downie, R., and Eliason, J. Development of an Animal Brain Tumor
Model and Its Response to Therapy with 1,3-Bis(2-chloroethyl)-1-nitro-
sourea. Cancer Res., 33: 976-986, 1973.

3. Benda, P., Someda, K., Messer, J., and Sweet, W. H. Morphological and
Immunochemical Studies of Rat Glial Tumors and Clonal Strains Propa-
gated in Culture. J. Neurosurg., 34: 310-323, 1971.

4. Kumar, A. R. V., Hoshino, T., Wheeler, K. T., Barker, M., and Wilson, C.
B. Comparative Rates of Dead Tumor Cell Removal from Brain, Muscle,
Subcutaneous Tissue, and Peritoneal Cavity. J. Natl. Cancer Inst., 52:
1751-1755, 1974.

5. Rosenblum, M. L., Knebel, K. D., Wheeler, K. T., Barker, M., and Wilson,
C. B. The Development of an in Vitro Colony Formation Assay for the
Evaluation of in Vivo Chemotherapy of a Rat Brain Tumor. In Vitro, 17:
264-273, 1975.

6. Rosenblum, M. L., Wheeler, K. T., Wilson, C. B., Barker, M., and Knebel,
K. D. In Vitro Evaluation of in Vivo Brain Tumor Chemotherapy with 1,3-
Bis(2-chloroethyl)-1-nitrosourea. Cancer Res., 35: 1387-1391, 1975.

7. Skipper, H. E., Schabel, F. M., Jr., and Wilcox, W. S. Experimental
Evaluation of Potential Anticancer Agents. XXI. Scheduling of Arabino-
sylcytosine to Take Advantage of Its S-phase Specificity against Leuke-
mia Cells. Cancer Chemotherapy Rept., 57: 125-141, 1967.

8. Wilcox, W. S., Griswold, D. P., Laster, W. R., Jr., Schabel, F. M., Jr., and
Skipper, H. E. Experimental Evaluation of Potential Anticancer Agents.
XVII. Kinetics of Growth and Regression after Treatment of Certain Solid
Tumors. Cancer Chemotherapy Rept., 54: 273-282, 1970.

3725

2202 1990100 G0 U0 158NB Aq Jpd'81 LE01 09019/ L ZL9BEZ/APA-0j0ILE/SOLI90UED/BI0"S|BUINOLIOEE//:d)Y WO} PAPEOUMOQ



