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ABSTRACT

The present experiments were conducted to determine the effects of
cyclophosphamide (150 mg/kg) on the pathophysiology of RIF-1 solid
tumors and to determine the temporal relationship between treatment
mediated changes in tumor vascular physiology, cell proliferation, and
chemoresponsiveness in vivo. Capillary permeability and plasma and
extracellular water volumes were determined by a '"I-bovinc serum
albumin, "Cr-EDTA double isotope dilution assay at various intervals

after cyclophosphamide. Tumor blood flow and exchangeable erythrocyte
vascular volumes were determined by "RbCl distribution and "Cr-labeled

erythrocyte dilution methods.
Cell proliferation in RIF-1 tumors, assessed by |'I l|thymidine labeling

index and tumor growth fraction (primer-dependent DNA polymerase
labeling assay) measurements, was inhibited for up to 3 days by cyclo
phosphamide. Although tumor regrowth was not apparent until Day 10,
cell kinetic studies indicated proliferativi- recovery in the surviving cell

population on Days 4 and 5 after treatment. Increases in tumor blood
flow and tumor vascular volumes were temporally coincident with this
proliferativi- response. In split-dose experiments, the time-dependent
increases in the chemoresponsiveness of RIF-1 tumors, after cyclophos
phamide, may be due not only to the increased proliferation of repopu-
lating cells, but also to vascular responses attendant with cytoreduction.

INTRODUCTION

Vascularity and vascular perfusion profoundly influence the
response of solid tumors to most therapeutic modalities. Vas
cular insufficiency (1, 2), low perfusion (3), and stasis (4-6)
may not only limit intratumoral drug distribution (7), but also
result in radioresistance (8). Cell proliferation is also influenced
by tumor vascular physiology and the proximity of cells to
tumor capillaries (9, 10). Although hormones (11), hyperther-
mia (12, 13), and ionizing radiation (6, 12, 14, 15) have been
shown to produce changes in tumor microvascular physiology,
the effects of chemotherapy have received less attention (12,
16).

Since increased cell proliferation is often observed during
recovery from subcurative cytotoxic cytoreduction in solid tu
mors (17-21), increases in tumor vascularity and/or vascular
perfusion may provide physiological support for the prolifera-
tive response. Therapy-mediated changes in tumor vascularity
could provide a rationale for the design of new therapeutic
strategies and explain why chemoresponsiveness in some tu
mors, during proliferative recovery, is greater than what might
be expected from the cell kinetic changes alone (17-19).

The present experiments were conducted with RIF-1 tumors
to determine the effect of subcurative doses of Cp2 on tumor

vascular pathophysiology and to determine the temporal rela
tionship between Cp-induced vascular responses, proliferative
recovery, and changes in chemosensitivity.

Received 4/6/87; revised 3/18/88; accepted 4/26/88.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported by a gift to the AMC Cancer Research Center from

John E. Fuller, Sr., and by CA39596 awarded by the Department of Health,
Education, and Welfare.

2The abbreviations used are: Cp, cyclophosphamide; BSA, bovine serum
albumin; ECV, extracellular water volume; ID, injected dose; IWV, interstitial
water volume; PV, plasma water volume; PDF, primer-dependent DNA poly
merase labeling; Td, volume doubling time; TLI, tritiated thymidine labeling
index; VRBC, packed red blood cell volume; NEN, New England Nuclear; NMR,
nuclear magnetic resonance.

MATERIALS AND METHODS

Animals and Tumor Models. The RIF-1 tumor model was maintained
in vitro and passaged in female C3H/He (Jackson Laboratories, Bar
Harbor, ME) mice as described previously (11, 21, 22). Tumors were
produced by s.c. inoculation of 1 x IO5tissue culture cells and initiated

into studies 14 days later, when mice were 8 to 10 wk of age. All mice
were housed, 10 to 12 mice/cage, in a temperature- and humidity-
controlled room with a 12-h light-dark cycle. Mice were fed standard
mouse chow (Purina, Evansville, IN) and water ad libitum.

Cyclophosphamide (Cytoxan; Mead Johnson, Evansville, IN) was
freshly prepared prior to use and administered at ISO or 100 mg/kg in
0.2 ml of sterile water by i.p. injection. Regrowth delay, to 4 times
pretreatment size, expressed as a multiple of the volume doubling time
(21, 23, 24), was used to assess the effect of single and sequential Cp
treatments in vivo. Regrowth delays after sequential treatment were
compared with those obtained after the same total dose (250 mg/kg)
given acutely.

Tumor Vascularity and Vascular Function. Tumor PVs and ECVs
were determined using a '"I-BSA, 51Cr-EDTA double isotope dilution
technique (25) as described previously for RIF-1 tumors (11). Approx
imately 300,000 cpm dialyzed I25I-BSA (approximately 25 MCi/Mgof
BSA), and 400,000 cpm of "Cr-EDTA (200 to 500 Ci/g of chromium;

NEN, Boston, MA) were mixed to 0.1 ml and injected, i.V., via the
lateral tail vein. At various intervals (up to 1 h) after injection, animals
(5/time point) were killed by cervical luxation, and the tumors were
immediately frozen in situ (dry ice-ethanol bath) and resected in toto.
The tissues were weighed and counted for radioactivity in a 3-channel
gamma well counter (Packard Instruments, Downers Grove, IL). Im
mediately prior to killing, blood samples were obtained from the
postorbital venous plexus, the plasma was separated by centrifugation,
and the radioactivity per Â¿ilwas determined. Injection standards were
prepared and counted along with the tissue samples. Radioactivity was
expressed as the percentage of ID per gram of tissue or per n\ of plasma.
Thus, at any time after injection, the distribution volume of the radio-
labeled probe is calculated as

% of ID/g of tumor â€¢*â€¢% of ID//tl of serum = Â¿il/gof tissue

Lines of best fit for the 125I-BSAdata were determined by linear least-

squares regression analysis, and plasma volumes (with 95% confidence
limits) were estimated by extrapolating /il/g (125I-BSA)versus time to t
= 0 (11, 25). The slope (pl/g/min) of the regression line (with 95%
confidence limits) was calculated and taken to estimate the capillary
permeability surface area product (11, 25).

The mean ECV was determined when plasma and ECV "Cr-EDTA
were in equilibrium (-20 to 30 min after i.v. injection), that is, at
plateau values for the 51Cr-EDTA Â¿il/gversus time curve. Plateau values

were taken as the asymptote (A) for the line of best fit with the equation

y = A- Be"

where x and y are time in minutes and Â¿il/g,respectively (11, 25). Lines
of best fit were determined using an iterative least-squares computer
curve-fitting routine.

Inasmuch as plasma "Cr-EDTA rapidly equilibrates with total-body

extracellular water, and this probe is rapidly excreted by the kidney
(26), the "Cr-EDTA distribution volume of tissues can be estimated
with a 2-point assay after bilateral nephrectomy. Functional bilateral
nephrectomy was accomplished, in ether-anesthetized mice, by ligating
the renal pedicle with 000 surgical suture. The wounds were closed
with wound clips, and the mice were allowed to recover for 1 h. Mice
were then given injections, i.V., with the '"I-BSA, "Cr-EDTA cocktail

described above, and the distribution volumes were determined in 5
mice at 30 and 60 min. ECVs were expressed as the mean (Â±SEM)
"Cr-EDTA distribution volume for 10 mice. PVs were estimated as
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the '"I-BSA dilution volume at t = 0 by regression analysis as described

above. Since corticosteroids are known to affect tumor capillary perme
ability (11), and the surgical stress would, undoubtedly, prompt release
of endogenous adrenal hormones, capillary permeability estimates, by
this 2-point assay, cannot be considered reliable.

Total tissue water content was determined by weighing tissues (10
per study interval) before and after drying in tared vials at 105Â°Cfor

24 to 72 h. Usually, 24 h/250 mg of tissue were sufficient to reach a
stable dry weight. Total tissue water, taken as the difference between
tissue wet and dry weights, and corrected for ambient conditions, was
expressed as /i'/g of wet weight.

The interstitial (extravascular, extracellular) water volume was cal
culated as the difference between the ECV and PV. Cellular water was
calculated as the difference between total tissue water content and ECV.
Both interstitial and cellular water volumes were expressed as f/'/g of
wet weight (11).

The packed RBC volume, which readily exchanges with the general
circulation, was determined with s'CR-labeled RBCs prepared from

donor mice of the same strain, age, and sex as described previously (11,
27). Chromium-labeled RBCs (150,000 cpm in 0.1 ml) were injected
into cohorts of 10 mice, via the lateral tail vein, 30 min prior to killing.
"Cr radioactivity per ml of packed venous RBCs and per gram of tumor

tissue was expressed as a percentage of the injected dose. Thus, the
tissue dilution volume is calculated from

"Cr (% of ID/g) + "Cr (% of ID/M1of packed RBC) = n\/g

The effect of Cp on tumor and renal blood flow was determined by
""RM Ã•distribution as first described by Sapirstein (28). Approximately
200,000 cpm of "RbCl (10 to 25 Ci/g; NEN, Boston, MA), in 0.1 ml
of phosphate-buffered saline, were injected via the lateral tail vein.
Forty-five s later, mice were killed by cervical luxation, and the tumors
and kidneys were quickly exposed and frozen in situ (dry ice-ethanol
bath). Tissues were removed in toto and weighed, and the radioactivity
was determined. As in the experiments above, injection standards were
prepared, and the tissue uptake was expressed as a percentage of the
ID. Tissue "RbCl distribution reaches an equilibrium 30 to 60 s after

i.v. injection, and the percentage of ID/g can be taken to indicate tissue
perfusion as a percentage of the cardiac output (28).

Cell Proliferation. The effect of Cp on tumor cell proliferation was
assessed by serial measurements of TLI and POP index at various
intervals after treatment. The TLIs were determined by a 30-min in
vitro trinatoci thymidine (2.0 /iCi/ml, 20 Ci/mM; NEN, Boston, MA;
37Â°C)pulse labeling procedure (11, 21, 29) and autoradiography (NTB-

2 emulsion; Kodak, Rochester, NY) of cytocentrifuge preparations. At
least 400 cells, in Giemsa-stained autoradiograms, were counted for
each of 5 tumors per study interval. Autoradiographic exposure times,
3 to 5 days, were determined by test sets. Mean grain counts were
always in excess of 50 grains/cell, background was less than 1 grain per
equivalent cell area, and cells with 3 or more grains over the nucleus
were considered labeled.

The PDP assay (30, 31) was used to assess changes in the growth
fraction of RIF-1 tumors after Cp. Unfixed cytocentrifuge preparations
of mechanically dispersed RIF-1 tumor cells were dipped in 0.125%
agar several times to strip off the cytoplasm and to leave a thin agar
film over the remaining adherent nuclei. The slides were fitted with
glass incubation chambers, and 0.5 ml of the incubation medium was
added. This solution contained adenosine, guanosine, and cytidine (0.2
mM); MgCh and KC1 (5 mM); 400 mg/ml of Ficoll (Sigma Chemical
Co., St. Louis, MO), and 5 //Ci of tritiated TTP (54 Ci/mM; NEN,
Boston, MA) in 0.02 mM tris-buffer (pH 7.4). The preparations were
incubated at 37"C for 45 min. The incubation chambers were removed,

and the preparations were rinsed, fixed (acidic formaldehyde), and
prepared for autoradiography.

Labeling indices (PDP index) were determined by counting at least
400 cells in Giemsa-stained autoradiograms. Autoradiographic expo
sure times (7 days) were determined by test sets. Background was
generally less than 2 grains per equivalent nuclear area, mean grain
counts ranged from 20 to 30 grains/nucleus, and nuclei with 4 or more
grains were considered labeled.

Previous studies showed that this autoradiographic assay provides a
good estimate of the growth fraction in unperturbed RIF-1 tumors and

that changes in the PDP index after therapy may reflect changes in the
fraction of proliferating cells (1, 2, 5, 6, 30).

Data Analysis. Estimates of PV, vascular permeability, and ECV in
control tumors and at various intervals after cyclophosphamide were
made using at least 5 study intervals, after isotope injection, and at
least 5 tumors per sampling interval. Least-squares linear regression
analysis was used to estimate tumor plasma volume, capillary permea
bility, and their respective 95% confidence limits (32). Student's t test

was used to assess the difference between means, and P < 0.05 was
considered adequate justification to reject the null hypothesis (32). In
tumor-bearing mice, after bilateral renal ligation, the mean "Cr-EDTA
distribution volume was determined from the 30- and 60-min data (10
mice). Student's / test was used to compare group means and treatment

responses.

RESULTS

Fig. 1 shows representative 51Cr-EDTA and 125I-BSA distri
bution data for RIF-1 tumors using the double isotope dilution

technique. The ECV increased from 215 /Â¿l/gin control tumors,
to approximately 380 n\/g by 2 days after Cp. The tumor PV
(Y intercept on the I25I-BSA ml/g versus time plot) was signif

icantly (P < 0.05) greater in the treated tumors than in un
treated controls. I25I-BSA extravasation rates (0.70 nl/g/min),

however, were similar in both studies.
Table 1 shows the results from 2 serial experiments to assess

the effect of Cp on RIF-1 tumor water distribution, vascular
volume, and vascular permeability. In Experiment 1, PVs,
ECVs, and capillary permeability for RIF-1 tumors were deter
mined using the 5-point dilution assay typified in Fig. 1. In
Experiment 2, tumor PVs and ECVs were determined by a 2-
point assay, l h after bilateral renal ligation. Tumor mass
decreased throughout the 7-day study interval, but total tumor
water content, per gram of tissue, varied little during this period.
Only on Day 4 was there a statistically significant increase (5%)
in total tumor water noted.

The physiologic distribution of RIF-1 tumor water was mark
edly affected by Cp treatment. Plasma and extracellular water
volumes, determined in mice after kidney ligation (Experiment
2), were similar to the estimates made by the 5-point assay in
intact mice (Experiment 1) at all study intervals. Although
increases in tumor plasma volumes were seen within 2 days
after Cp treatment, exchangeable RBC vascular volumes were
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Fig. 1. '"I-BSA (â€¢,â€¢)and "Cr-EDTA (Â»,A) distribution in untreated (â€¢.

*) RIF-1 tumors and in RIF-1 tumors 48 h after 150 mg/kg of Cp <â€¢A). Points,
mean for 5 tumors; bars, SEM.
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Table 1 Effect ofCp (ISO mg/kg) on water distribution, vascular volume, and vascular permeability in RIF-1 tumors

Days
afterCpControl0

l'

Oli21

211414115151171

711Tumor

mass Total water
(g)0-1/g)0.96

Â±0.04* 790 Â±8*

0.66 Â±0.050.67

Â±0.04 810 Â±10
0.27 Â±0.010.27

Â±0.02 830 Â±12
0.17Â±0.030.33

Â±0.02 816 Â±9
0.20 Â±0.010.10

Â±0.01 799 Â±3
0.15 + 0.01VRBC

PV(*l/g)
W/g)28

Â±2' 34 Â±3C
36Â±521

Â±2 53 Â±4
62Â±847

Â±5 47 Â±6
48Â±836

Â±3 40 Â±5
58Â±913

Â±1 28 Â±3
31 Â±5ECVGJ/g)215

220Â±6380

362 Â±16420400

Â±17410455

Â±32230254

Â±21IWV

Cell water
(Ã-1/g)(Ml/g)181

575 Â±8*

184Â±6290

427 + 10
300 Â±16373

430 Â±12
352 Â±17370

406 Â±9
397 Â±32202

569 Â±3
223 Â±21'"I-BSA

permeability
Oil/min/g)0.71

Â±0.03C0.68

Â±0.030.57

Â±0.041.02

Â±0.071.13

Â±0.09

Â°I, intact mice, n = 10 for total water and VRBC; II, l h after renal ligation, n = 10.
* Mean Â±SEM.
c Mean Â±95% confidence interval.

unchanged until Day 4, when significant increases (approxi
mately 70%) in VRBC were observed. Such increases could
reflect the opening of constricted tumor capillaries and/or
vasodilation as the tumor regressed. Since the ratio of vascular
to cellular water space would reflect tumor vascular perfusion,
the VRBC data presented here would suggest that, on Days 4
and 5 after Cp, vascular perfusion was nearly twice that seen in
controls.

The Cp treatment also produced marked changes in the total
extracellular water content of RIF-1 tumors. The extracellular
water content increased nearly 60% within 2 days and approx
imately 100% by 5 days after Cp. The marked increase in
extracellular tumor water was, in large measure, due to an
increase in extracellular, extravascular (interstitial) water. Cy-
clophosphamide, at the dosage used, had no affect on capillary
permeability for at least 4 days. On Day 5, however, the 125I-

BSA extravasation rate was significantly (P < 0.01) greater
(43.7%) than that seen in the untreated controls. Although
tumor regrowth was not yet evident on Day 7 after Cp, the
physiological distribution of tumor water was similar to that in
the untreated tumors. The exchangeable RBC vascular volume
was approximately 50% ofthat in controls, but capillary perme
ability remained significantly greater than in untreated tumors.

Table 2 shows the results from experiments to determine the
effect of Cp on tumor and renal vascular perfusion. Tumor/
kidney cardiac output distribution ratios were determined to
normalize variations between experiments. In untreated control
mice, the fractional distribution of the cardiac output to the
kidney was somewhat variable, but no correlation with tumor
mass was detected. In RIF-1 tumors, however, the 86RbCl

distributions suggested a strong negative correlation between
tumor mass and blood flow. Tumor/kidney cardiac output
distribution ratios indicated a 2-fold decrease in total tumor
perfusion as tumor mass increased from 0.13 to 1.75 g.

Experiment 1 was initiated with tumors averaging 1.75 g,
while in Experiment 2, smaller tumors were used. No significant
change in tumor blood flow was seen until Day 2 when the
tumor percentage of ID/g was significantly less than in controls.
The tumor/kidney ratio, however, indicated no significant
change for Day 2 tumors. Increases in tumor blood perfusion
were noted as early as 3 days after Cp treatment, and maximal
perfusion was observed on Days 4 and 5. In both experimental
groups, the tumor/kidney distribution ratios, on Day 4, were
not only greater than those found for the respective pretreat
ment controls, but also greater than those for untreated size-

Table 2 Effect of 150 mg/kg ofCp on the distribution ofMRbCI in RIF-1 tumor

and kidney

Days
afterCpControls1*23Day

112Day

212Day

312Day

412DayS12Day

72Day

102Tumor

mass(g)1.75Â±0.81C0.77

Â±0.060.13
+0.011.69

+0.140.65

Â±0.030.21

Â±0.020.75

Â±0.150.17
Â±0.010.70

Â±0.130.17
Â±0.010.10

+0.020.25

+ 0.06Tumor

(%
ofID/g)2.1

Â±0.13.4
+0.35.1

+0.41.7

Â±0.12.4

Â±0.2*4.1

Â±0.43.7

Â±0.1''8.0
Â±0.8*'2.8

Â±0.2"4.6
+0.3'6.2

Â±0.4**4.3

Â±0.9T/C"0.810.711.211.802.361.331.351.821.26Kidney

(% of
ID/kidney)3.9

Â±0.35.5
Â±0.54.8
Â±0.53.0

Â±0.23.7

Â±0.43.0

Â±0.44.1

Â±0.25.7
Â±0.73.9

Â±0.44.0
Â±0.74.4

Â±0.42.7

Â±0.2T/K0.54

Â±0.020.62
Â±0.031.10

Â±0.060.57

Â±0.040.71

Â±0.041.37

Â±0.07''0.90

Â±0.06'"1.40
Â±0.07"''0.72

Â±O.OS*'1.15
Â±0.09''1.41

Â±0.09^1.75

Â±0.13*'

' T/C, treated/control; T/K, tumor (% of ID/g) + % of ID/kidney.
b Experiments 1, 2, and 3.
c Mean Â±SEM (n = 9).
' Significantly (P < 0.05) different from pretreatment control.
'' Significantly (/' < 0.05) different from similarly sized, untreated tumors.

matched tumors (i.e., the Group 2 and Group 3 controls).
Perfusion in Group 2 tumors remained significantly increased
for up to 10 days after Cp treatment.

Fig. 2 shows the proliferative response in RIF-1 tumors after
treatment with 150 mg/kg of Cp. Pretreatment TLIs and PDP
labeling indices were 17 Â±4% and 42 Â±3%, respectively. At
24 h after Cp, TLIs were reduced by over 60%. Recovery of
TLIs was noted between Days 3 and 4 after Cp. TLIs on Days
4, 5, and 7 were significantly (P < 0.05) higher than those in
the pretreatment control. PDP indices decreased for up to 3
days after Cp, suggesting marked reduction in the fraction of
actively proliferating cells during this interval. Repopulation of
the proliferating cell pool was seen on Day 4, and an expansion
of the tumor growth fraction was noted on Days 5 and 7.
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Fig. 2. The effect of 150 mg/kg of Cp on the TLI (â€¢)and PDF index (PDPl;
I) in RIF-1 tumors. Points, mean for 5 tumors; bars, SEM.
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Fig. 3. Regrowth delay, expressed as a multiple of the volumetric doubling
time, for RIF-1 tumors treated with 100 mg/kg (â€¢)or 150 mg/kg (A) of Cp
alone and those calculated for a 100-mg/kg of Cp test dose (â€¢)given with or at
various intervals after a 150-mg/kg of Cp priming dose. Points, mean for 6
tumors; bars, SEM.

The results from experiments to determine the growth-inhib
itory effects of a second chemotherapy treatment, applied dur
ing intervals of increased vascular perfusion and tumor cell
proliferation, are shown in Fig. 3. In these experiments, tumor-
bearing mice were first treated with a 150-mg/kg of Cp primary
dose and then with a 100-mg/kg of Cp test dose at various
intervals thereafter. The regrowth delay observed for tumors
treated with 150 mg/kg alone was subtracted from the regrowth
delay seen after the sequential treatment. In this way, the effects
of scheduling on the response, to the 100-mg/kg test dose
treatment, could be assessed. Treatment with 100 and 150 mg/
kg of Cp, alone, produced regrowth delays of 1.5 Â±0.2 and 2.4
Â±0.4 Tds, respectively. When the primary and test doses were
given together (250 mg/kg of Cp), regrowth delays (2.9 Â±0.4
Tds) were 0.5 Tds longer than after 150 mg/kg alone. Regrowth
delays for the 100-mg/kg test dose, given on Days 1 and 2,
were longer than the regrowth delay for 100 mg/kg, given on
Day 0, but were not as long as the regrowth delay for 100 mg/
kg of Cp given alone. Between Days 3 and 5 after Cp, the
response to the 100-mg/kg test dose increased markedly. On
Day 5, regrowth delays from the 100-mg/kg test dose were
approximately 5 times longer (P < 0.01) than that seen when
the test dose was combined with the priming dose and signifi

cantly (P < 0.05) longer than the regrowth delay observed for
the 100-mg/kg test dose alone. The overall response to the total
250-mg/kg of Cp treatment was increased from 2.9 Tds, in the
acute dose group, to approximately 5 Tds in the 5-day sequen
tial 2-dose group (P < 0.01). Increased Cp responsiveness was
also observed with 7- and 10-day sequence intervals.

DISCUSSION

Cyclophosphamide treatment of RIF-1 tumors produced
marked changes in tumor cell proliferation. An initial interval
of reduced cell proliferation was followed by proliferative re
covery of surviving cells. This proliferative response was char
acterized by increases in the TLI and by an expansion of the
proliferating cell pool. Clonogenic cell proliferation was not
monitored in this study. However, changes in the TLI after
dexamethasone (11, 33) and in residual tumor after surgical
cytoreduction (21) reflected the time course of proliferative
recovery in the clonogenic cell population. Although the time
course of the proliferative response to Cp in RIF-1 tumors was
unique, the response pattern was not unlike that seen in several
other tumor lines after Cp (17, 19, 20, 34, 35) and other
cytotoxic agents (18, 20, 23, 36-38).

Treatment, with 150 mg/kg of Cp, also produced profound
changes in RIF-1 tumor pathophysiology. Increases in tumor
plasma and interstitial water volumes were seen within 48 h of
treatment. Such early changes are likely the net result of cell
lysis and water rÃ©sorption,as the I25I-BSA extravasation data

suggested no changes in vascular permeability for at least 4
days. Increases in vascular perfusion were seen prior to the
onset of proliferative recovery. At the onset of proliferative
recovery (Day 4), tumor edema was still marked, but vascular
perfusion was nearly twice that seen in untreated controls.
Further, vascular perfusion was also greater than that seen in
size-matched, untreated controls. In studies reported by Vogel
(16), 86RbCl distribution in a mammary tumor model after
thiotEPA treatment was also increased relative to size-matched,
untreated controls. "Cr-labeled RBC dilution experiments sug
gested increases in RIF-1 tumor RBC vascular volumes during
proliferative recovery after Cp. Such results might indicate
better tissue oxygÃ©nationduring the initial stages of prolifera
tive recovery. A close temporal relationship between increases
in cell proliferation and increases in vascular patency was also
noted in RIF-1 tumors after dexamethasone treatments (12).

Increases in 125I-BSAextravasation rates were not seen until

after the onset of proliferative recovery. Such observations
might indicate that increased capillary permeability, after Cp,
is a secondary response, produced by metabolites from the
rapidly regenerating tumor cell population. On the other hand,
since endothelial cells probably proliferate more slowly than
the RIF-1 tumor cells (39,40), and Cp cytotoxicity is expressed
when cells attempt to progress through the cell cycle, increased
capillary permeability could reflect the delayed expression of
Cp-induced endothelial cell cytotoxicity.

Split-dose, regrowth delay experiments with RIF-1 tumors
demonstrated that sequential administration of 150 and 100
mg/kg of Cp can be therapeutically superior to the same total
dose, given acutely. Regrowth delays for a 100-mg/kg of Cp
test dose, given 5 days after a 150-mg/kg primary dose, were
about 5 times longer than regrowth delays attributable to the
100-mg/kg dose in the 250-mg/kg acute dose study and about
70% longer than that seen for 100 mg/kg of Cp alone. Overall,
the regrowth delay in the 5-day split-dose group was approxi
mately 2 Tds longer than for the same total dose (250 mg/kg)
given acutely.
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Although cell proliferation, in RIF-1 tumors, was increased
on Days 4 and 5 after treatment, a 25% increase in the tumor
growth fraction seems inadequate to fully account for the en
hanced Cp responses seen on Day 5. Although Cp metabolites
were not quantitated in this study, the increases in tumor
vascular space and vascular perfusion, during proliferative re
covery, may have resulted in enhanced antitumor effects
through increased, intratumor distribution of cytotoxic Cp me
tabolites.

In summary, proliferative recovery and intervals of increased
chemoresponsiveness, in RIF-1 tumors after Cp, were closely
related to intervals of increased vascular patency and vascular
perfusion. If such vascular responses could be serially deter
mined in vivo, it might be possible to implement therapeutic
strategies to exploit both cell kinetic and vascular responses for
a therapeutic gain. In this regard, in vivo 3IP-NMR spectral
characteristics were closely correlated with the well-perfused
fraction in RIF-1 tumors (41), and in our studies with RIF-1
tumors, increases in intracellular pH, determined by in vivo 31P-

NMR spectroscopy, were observed during the proliferative re
covery interval (42). In other studies, we demonstrated that Cp-
mediated changes in RIF-1 extracellular water distribution can
be detected by proton NMR techniques (43).
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