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Abstract. The accumulation of methotrexate (MTX) in the 
presence of vinblastine (VBL) and vincristine (VCR) was 
studied in isolated rat hepatocytes. In accordance with our 
recent study on vindesine (VDS), we found VBL and VCR 
to reduce net MTX accumulation significantly at 15 min 
after MTX addition. Drug concentrations of 100 gM VBL 
and 500 gM VCR led to 67% and 82% reductions in intra- 
cellular MTX, respectively. Since there was only a slight 
inhibition of MTX efflux by 100 gM VBL, the accumula- 
tion data demonstrate that the major effect of VBL is on 
MTX influx. Dixon-plot analyses are suggestive of com- 
petitive inhibition of the MTX influx, yielding inhibition 
constants (Ki values) of 55 gM for VBL and 110 gM for 
VCR. Since the Ki values correspond grossly to plasma 
levels obtained in humans shortly after the infusion of 
therapeutic doses of the vinca alkaloids studied herein, the 
interaction with MTX uptake could serve to diminish the 
toxicity of MTX to nonmalignant cells. 

Introduction 

Vinca alkaloids have been employed as investigative and 
therapeutic tools in vivo and in vitro in studies aimed at 
increasing the tumor response rate and reducing the non- 
tumor-cell toxicity of methotrexate (MTX) [9, 39, 42, 51, 
54]. Vincristine (VCR), in particular, has been observed to 
enhance the intracellular accumulation of MTX in tumor 
cells in vitro by several mechanisms [4, 10, 11, 15, 19, 57, 
58], including decreased efflux [3, 16]. Similar effects 
were found in tumor cells in vivo, but higher concentra- 
tions of VCR were needed [4, 10]. In nonmalignant mouse 
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intestinal epithelial cells, Chello et al. [10] could not show 
any effect of VCR on MTX uptake in vitro or in vivo. 

We have demonstrated that the vinca alkaloid vindesine 
(VDS) inhibits the influx and accumulation of MTX in 
freshly isolated rat hepatocytes [7]. On the basis of these 
observations, we questioned whether the vinca alkaloids 
VCR and vinblastine (VBL) share these properties of VDS. 
In this report we present data in support of a probable 
competitive inhibition of MTX transport into isolated rat 
hepatocytes by VCR and VBL, suggestive of a common 
perturbation of MTX transport by vinca alkaloids. 

Materials and methods 

Drugs and chemicals. L-Ghitamyl-3,4-[3H]-MTX (specific activity, 
41.0 Ci/mmol; purity, 99.3% as determined by high-performance liquid 
chromatography, HPLC) was purchased from New England Nuclear 
(Boston, Mass., USA). Formulated MTX (purity, 99% as determined by 
HPLC) was a gift from Nycomed A/S (Oslo, Norway). Formulated VCR 
was kindly provided by Eli Lilly & Co. (Indianapolis, Ind., USA). VBL 
(Velbe) was obtained from Eli Lilly S. A. (Oslo, Norway). Collagenase 
(type I, 300 U/mg), bovine albumin (fraction V, defatted), and HEPES 
buffer were obtained from Sigma Chemical Company (St. Louis, Mo., 
USA). Insta-Gel II scintillation liquid was supplied by Packard Instru- 
ments Co. (Groningen, The Netherlands). All other reagents were of 
analytical grade. All samples containing MTX were stored protected 
from light. 

Preparation of hepatocyte cell suspensions. Nonfasted male Wistar rats 
weighing 210- 250 g (Charles River, WIGA GmbH, Sulzseld, Germany) 
were used for the experiments. Following ether anesthesia and laparoto- 
my, the liver cells were prepared essentially by the methods of Berry and 
Friend [5] and Seglen [47], with our previously reported modifications 
[7]. Cell viability was 95.5%_+ 1.9% (mean _+ SD) at the start and 
91.5%+4.1% at the end of the incubation maximum 3 h later. There was 
no difference in viability between VBL- and VCR-treated hepatocytes. 

The incubation medium contained 5.5 mM glucose, 137 mM NaC1, 
5.37 mM KC1, 0.81 mM MgSO4, 4 mM CaC12, 0.34 mM KH2PO4, 
20 mM HEPES buffer, and 2% bovine serum albumin and was adjusted 
to pH 7.4 at 37 ~ C with NaOH. 

Transport experiments with VBL and VCR. For influx studies, hepatocyte 
cell suspensions of 0.5 ml for Dixon-plot analysis and 1.5 ml for dose-re- 
sponse studies (mean, 0.87 x 106 cells/ml) were incubated under agita- 
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Fig. 1. Effect of VBL on hepatocellular uptake of MTX. Freshly isolated 
rat hepatocytes were exposed to 1 gM [3H]-MTX after 20 rain preincuba- 
tion with increasing concentrations of VBL. Data represent mean 
values _+ SD (n = 3). Open circles, no VBL; filled circles, 12.5 gM 
VBL; open triangles, 25 pM VBL; filled triangles, 50 gM VBL; open 
squares, 100 pMVBL 

Table 1. Decreased net [3H]-MTX accumulation in isolated rat hepato- 
cytes pretreated with VBL 

VBL MTX % Decrease in 
(gM) (pmol/106 cells) cellular MTX 

0 67,8 • 8.5 - 
12.5 49,5 + 7.3* 27.0 
25 42.6 + 1.5 37.2 
50 29.6 • 2.3 56.3 

100 22.4 • 1.4 67.0 

Hepatocytes were preincubated with VBL for 20 rain prior to incubation 
in 1 pM [3H]-MTX for 15 min. Data represent mean values • SD 
(n : 3) 
* P <0.05 between 0 and 12.5 gMVBL 

(37 ~ C) containing 100 ~tM VBL or isotonic saline. Aliquots of 100 ~tl 
were removed at 0, i, 2, 3, 5, 10, and 20 rain following the completion of 
washing procedures. 

The obtained samples were immediately pipetted into 1.5-ml poly- 
ethylene microcentrifuge tubes containing a mixture of dinonyl phtalate 
and dibutyl phtalate (1 : 3, v/v; 250 gl), overlying 1 ml ice-cold isotonic 
saline (0 ~ C). The cells were separated from the medium by centrifuga- 
tion within less than 10 s [I ]. Further handling prior to the determination 
of cell radioactivity has been described in detail elsewhere [ 1 ]. 
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Fig. 2. Efflux of MTX in the presence of 100 gM VBL. Hepatocytes 
were preloaded with 1 p.M [3H]-MTX for 60 rain. After the addition of 
100 gM VBL or isotonic saline, the hepatocytes were incubated for 
20 rain prior to a washing procedure. The cells were then reincubated in 
100 gM VBL (filled circles) or isotonic saline (open circles). Data repre- 
sent mean values +_ SD (n = 5) 

tion for 30 rain at 37~ prior to preincubation with 0 -  100 gM VBL and 
0 -500  gM VCR for 20 min. [3H]-MTX was then added to final concen- 
trations of 1 - 10 pM. Both MTX and the vinca alkaloids were added at 
levels 100 times higher than the final concentrations in the hepatocyte 
suspensions. Samples (100 gl) of the incubation medium were removed 
at 0.5, 1.5, 2.5, 5, 10, and 15 rnin after MTX addition. 

For the efflux study, hepatocytes were preloaded for 60 lnin with 
1 pM MTX, which was followed by the addition of 100 JaM VBL or 
isotonic saline and a further incubation for 20 min. Efflux was initiated 
by washing the hepatocyte suspensions once in ice-cold saline. Cell 
pellets were immediately resuspended in MTX-free incubation medium 

Calculations and statistics. MTX efflux was analyzed according to a 
one-compartment model. The half-life parameter was calculated as de- 
scribed elsewhere [6]. Statistical analyses were performed using the 
nonparametric Mann-Whitney U-test (Microstat; Ecosoft Inc., Indi- 
anapolis, Ind.). Statistical significance was defined as P <0.05. All re- 
sults are expressed as mean values _+_ SD. 

Results 

Effects of  VBL on MTX transport 

Hepatocellular influx of 1 gM [3H]-MTX over 15 rain at 
increasing concentrations of VBL is illustrated in Fig. 1. 
VBL at 100 ~tM significantly inhibited MTX uptake at as 
early as 30 s after MTX addition. 

Table 1 shows the effects of escalating VBL concentra- 
tions on the accumulation of [3H]-MTX in hepatocytes. 
Concentrations as low as 12.5 gM VBL inhibited MTX 
accumulation significantly, whereas 100 pM VBL reduced 
the accumulation of MTX by 67.0%. 

To examine whether the vinca alkaloids would also 
interfere with MTX efflux (Fig. 2), hepatocytes were pre- 
loaded with 1 ~tM [3H]-MTX for 60 rain to approach the 
steady state for intracellular MTX. At 20 rain after a wash- 
ing procedure, intracellular MTX was significantly less 
reduced in VBL-treated hepatocytes (22.6%+3.9%) as 
compared with controls (31.6% + 8.4%). The half-life (tl/2) 
values obtained for MTX efflux in VBL-treated cells and 
controls were 60.3 + 16.0 and 39.7_+ 10.4 rain, respec- 
tively, demonstrating a slight inhibitory effect of VBL on 
MTX effhix. Thus, the decline in net MTX accumulation 
by VBL is caused by a gross reduction in MTX that is not 
counterbalanced by a moderate effect on MTX efflux. 

We therefore determined the kinetics of inhibition of 
MTX influx by VBL using Dixon-plot analysis at various 
concentrations of [3H]-MTX ( l -10gM)  and VBL 
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Fig. 3. Dixon-plot analysis of MTX influx in isolated rat hepatocytes 
exposed to VBL. Hepatocytes were preincubated with 0 -100  gM VBL 
before the addition of 1 - 10 gM [3H]-MTX. At 10 min after [3H]-MTX 
addition, hepatocyte suspensions were collected for examination of the 
rate of MTX influx. Open circles, 1 ~ [3H]-MTX;filled circles, 2.5 gM 
[3H]-MTX; open triangles, 5 gM [3H]-MTX; filled triangles, 10 gM 
[3H]-MTX 
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Fig. 5. Dixon-plot analysis of MTX influx in isolated rat hepatocytes 
exposed to VCR. Hepatocytes were preincubated with 0 -500  ~tM VCR 
before the addition of 1 - 10 gM pH]-MTX. At 10 min after pH]-MTX 
addition, hepatocyte suspensions were collected for examination of the 
rate of MTX influx. Open circles, 1 gM [3H]-MTX;filled circles, 2.5 gM 
[3H]-MTX; open triangles, 5 03/1 [3H]-MTX; filled triangles, 10 gM 
[3H] -MTX 
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Fig. 4. Effect of VCR on hepatocelhilar uptake of MTX. Freshly isolated 
rat hepatocytes were exposed to 1 gM [3H]-MTX after 20 rain preincuba- 
tion with increasing concentrations of VCR. Data represent mean 
values + SD (n = 3). Open circles, 0 gM VCR; filled circles, 50 gM 
VCR; open triangles, 100 gM VCR;filled triangles, 250 gM VCR; open 
squares, 500 gM VCR 

(0-100  gM). Figure 3 displays an apparent Ki value of 
55 gM for inhibition of MTX influx. 

Effects of VCR on MTX transport 

Figure 4 illustrates the influence of 0 - 5 0 0  gM VCR on the 
uptake of 1 gM [3H]-MTX over a 15-rain exposure period. 

Statistically significant inhibition occurred at 50 gM VCR, 
whereas 500 pM VCR decreased hepatocellular MTX by 
as much as 82.2% (Table 2). A Dixon-plot analysis for 
determination of the kinetics of inhibition of MTX trans- 
port by VCR is presented in Fig. 5. The apparent Ki value 
obtained for inhibition of MTX influx was 110 gM. 

Discussion 

The effects of vinca alkaloids on MTX transport have been 
described in several reports. However, the results remain 
contradictory [3, 4, 7, 10, 11, 23, 53]. We recently reported 
the observation of decreased MTX uptake in isolated rat 
hepatocytes induced by the vinca alkaloid VDS [7]. 
Herein, we present data in support of a similar effect of 
VBL and VCR on the hepatocellular accumulation of 

Table 2. Inhibition of net [3H]-MTX accumulation in isolated rat hepato- 
cytes pretreated with various concentrations of VCR 

VCR MTX % Decrease in 
(gM) (pmol/106 cells) cellular MTX 

0 113.0 _+ 13.3 - 
50 71.4 + 6.1" 36.8 

100 58.1 + 10.7 48.6 
250 33.5 _+ 2.9 70.4 
500 20.1 + 2.4 82.2 

Hepatocytes were preincubated with VCR for 20 min prior to incubation 
in 1 gM [3H]-MTX for 15 min. Data represent mean values _+ SD 
(n = 3) 
* P <0.05 between 0 and 50 g2Vl VCR 
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MTX. We also report a moderate inhibition of the efflux of 
MTX by VBL. 

Net accumulation of MTX was reduced 67% and 82% 
by VBL and VCR, respectively. Hepatocytes were prein- 
cubated for 20 rain with the vinca alkaloids, since it has 
been reported that a 10- to 20-rain incubation interval is 
essential for VCR to influence cell transport [25]. Al- 
though MTX efflux was slightly inhibited by VBL, the net 
reduction in cellular MTX accumulation demonstrates that 
inhibition of influx is by far the dominating effect of VBL. 

Our data corroborate the report of Strum et al. [53], who 
found VCR inhibition of amethopterin uptake by the isolat- 
ed perfused rat liver. In contrast, experiments using VCR 
in different tumor cells have demonstrated augmented 
MTX uptake [3, 10, 19, 57]. In one of the few studies 
examining MTX transport interactions in nonmalignant 
cells, Chello et al. [10] showed no effect of VCR on the 
cellular transport of MTX in normal mouse intestinal 
epithelium. Whether there is a difference between tumor 
cells and nonmalignant cells in general in their handling of 
the combination of MTX and VCR remains ambiguous. 

Dixon-plot analysis revealed Ki values for VBL 
(55 gag) and VCR (110 gM) that were, respectively, simi- 
lar to and slightly higher than that determined for VDS 
(57 gM) [7]. As is the case for VDS [7], the inhibition of 
MTX uptake by both VBL and VCR appears to be com- 
petitive, as the extrapolated lines intersect above the ab- 
scissa. However, since the intersection of the lines is fairly 
close to the x-axis, it is difficult to exclude the possibility 
of a noncompetitive interaction. The concentrations of 
vinca alkaloids applied in the hepatocyte suspensions 
correspond grossly to the human plasma levels obtained 
shortly after the infusion of therapeutic doses [40, 41]. 

Most mammalian cell types have similar systems for the 
uptake of reduced folates and MTX [27, 30, 49, 53]. In 
isolated rat hepatocytes, however, the carrier-mediated up- 
take of 5-methyltetrahydrofolate has been found to differ 
from that responsible for MTX transport [17, 20, 29, 
31, 32]. In this system, Gewirtz et al. [20] described a high- 
and a low-affinity route for MTX influx. Both routes have 
been suggested to be energy- and sodium-dependent [21, 
49]. In an attempt to characterize further the uptake routes, 
those authors could not detect a significant difference be- 
tween the two routes in the presence of inhibitory sub- 
stances [21] and under the various conditions [20] investi- 
gated. The rapid and substantial decrease in cellular MTX 
accumulation noted in the present study is compatible with 
an inhibitory effect on both influx routes by vinca alka- 
loids. 

With regard to efflux, mechanisms in tumor cells have 
been extensively studied [24 -26 ,  45, 50]. Part of the efflux 
proceeds via the bidirectional reduced-folate influx system 
[24], but whether a single [45, 50] or multiple [24, 25] 
unidirectional, energy-dependent route(s) handle the main 
MTX efflux remains elusive. In isolated hepatocytes, 
Gewirtz et al. [22] have induced MTX release by 
o~-adrenergic agents in the presence of calcium and meta- 
bolic energy. It is presently unknown whether this is the 
main or only the functional efflux route for MTX in hepa- 
tocytes. Further studies are in progress in our laboratory to 
explain the effect of the vinca alkaloids on MTX efflux. 

The observation that VBL, VCR, and VDS interact with 
MTX by generating a detrimental effect on the cellular 
drug uptake may be suggestive of a mutual target of action 
for all three vinca alkaloids. But whether all vinca alkaloids 
act uniformly [14, 28, 44, 48] or whether each substance 
undergoes a specific interaction with cellular tubulin [55] 
has not been resolved. A possible interaction between 
vinca alkaloids and MTX could occur at the level of the 
cytoskeletordplasma membrane connection. By interrupt- 
ing the assembly of microtubules and hence possibly alter- 
ing the cytoskeleton/plasma membrane [36, 43, 46], vinca 
alkaloids could disturb the MTX transport system. 

Our previous study on VDS [7] was initiated as part of 
a series of experiments aimed at outlining strategies for 
reducing MTX toxicity and improving the rates of response 
to this established anticancer agent. By decreasing the 
hepatocellular influx of MTX, VDS reduced the formation 
of the metabolite 7-hydroxymethotrexate (7-OH-MTX) 
[7]. Since 7-OH-MTX may limit the toxicity of MTX to 
malignant cells [18, 37] by reducing cellular MTX entry 
and synthesis of the potent MTX polyglutamates [12, 13, 
35], an interaction leading to reduced 7-OH-MTX synthe- 
sis may be advantageous. Furthermore, 7-OH-MTX has 
been suggested to be a possible mediator of both hepato- 
and nephrotoxicity [2, 8, 33, 34, 38, 56]. We assume that 
by limiting the hepatocellular influx of MTX, VBL and 
VCR inhibit 7-OH-MTX formation as well. Such an inter- 
action may contribute to a decrease in unwanted MTX- 
associated toxicity in chemotherapy regimens combining 
vinca alkaloids and MTX. 

We conclude that VBL and VCR as does VDS, inhibit 
the hepatocellular uptake of MTX in a probably competi- 
tive manner. This interaction should be further exploited to 
clarify the mechanisms involved. 

Acknowledgements. The senior author (E. S.) is a fellow of the Nor- 
wegian Cancer Society. The authors gratefully acknowledge the excel- 
lent technical assistance and good advice of Ase V~rtun, Anders Ander- 
sen, Oyvind Edvardsen and Petter C. Endresen. 

References 

1. Aarbakke J, Ueland PM (t981) Interaction of S-adenocyl-homocys- 
teine with isolated rat hepatocytes. Mol Pharmaco119: 463 

2. Banerjee AK, Lakhani S, Vincent M, Selby P (1988) Dose-depen- 
dent acute hepatitis associated with administration of high dose 
methotrexate. Human Toxicol 7:561 

3. Bender RA, Bleyer WA, Frisby SA, Oliverio VT (1975) Alteration 
of methotrexate uptake in human leukemia cells by other agents. 
Cancer Res 35:1305 

4. Bender RA, Nichols AP, Norton L, Simon RM (1978) Lack of 
therapeutic synergism between vincristine and metbotrexate in 
L1210 murine leukemia in vivo. Cancer Treat Rep 62:997 

5. Berry MN, Friend DS (1969) High-yield preparation of isolated rat 
liver parenchymal cells. J Cell Bio143:506 

6. Bremnes RM, SlCrdal L, Wist E, Aarbakke J (1989) Formation and 
elimination of 7-hydroxymethotrexate in the rat in vivo after 
methotrexate administration. Cancer Res 49:2460 

7. Bremnes RM, Smeland E, SlCrdal L, Wist E, Aarbakke J (1991) The 
effect of vindesine on methotrexate hydroxylation in the rat. Bio- 
chem Pharmaco142:1561 



213 

8. Bremnes RM, Smeland E, Huseby N-E, Eide TJ, Aarbakke J (1991) 
Acute hepatotoxicity after high-dose methotrexate administration to 
rats. Pharmacol Toxicol 69:132 

9. Chello PL, Sirotnak FM (1981) Increased schedule-dependent syner- 
gism of vindesine versus vincristine in combination with metho- 
trexate against L1210 leukemia. Cancer Treat Rep 65:1049 

10. Chello PL, Sirotnak FM, Dorick DM (1979) Different effects of 
vincristine on methotrexate uptake by L1210 cells and mouse intesti- 
nal epithelia in vitro and in vivo. Cancer Res 39:2106 

11. Chello PL, Sirotnak FM, Dorick DM, Moccio DM (1979) Schedule- 
dependent synergism of methotrexate and vincristine against routine 
L1210 leukemia. Cancer Treat Rep 63:1889 

12. Fabre G, Matherly LH, Fabre I, Cano J-P, Goldman ID (1984) 
Interactions between 7-hydroxymethotrexate and methotrexate at the 
cellular level at the Ehrlich ascites tumor in vitro. Cancer Res 44:970 

13. Fabre G, Fabre I, Matherly LH, Cano J-P, Goldman ID (1984) 
Synthesis and properties of 7-hydroxymethotrexate polygluta- 
myl derivatives in Ehrlich ascites tumor cells in vitro. J Biol Cbem 
259:5066 

14. Ferguson PJ, Cass CE (1985) Differential cellular retention of 
vincristine and vinblastine by cultured human promyelocytic leu- 
kemia HL 60/CI cells: the basis of differential toxicity. Cancer Res 
45:5480 

15. Fry DW, Yalowich JC, Goldman ID (1982) Augmentation of the 
intracellular levels of polyglntamyl derivatives of methotrexate by 
vincristine and probenecid in Etu-lich ascites tumor cells. Cancer Res 
42:2532 

16. Fyfe MJ, Goldman ID (1973) Characteristics of the vincfistine- 
induced augmentation of methotrexate uptake in Ehrlich ascites 
tumor cells. J Biol Chem 248:5067 

17. Galivan J, Balinska M, Nimec Z, Fox MP (1982) Factors controlling 
the concentrations of methotrexate in cultured hepatic cells. Adv 
Enzyme Regu120:111 

18. Gankroger JM, Wilson L (1984) Protection of cells from 
methotrexate toxicity by 7-hydroxymethotrexate. Br J Cancer 
50:327 

19. Gewirtz DA (1985) Serum protein reduction of the enhancement of 
methotrexate accumulation by vincristine and 4'-demethyle- 
pipodophyllotoxin in the Ehrlich ascites tumor cell in vitro. Cancer 
Res 45:6290 

20. Gewirtz DA, White JC, Randolph JK, Goldman ID (1980) Transport, 
binding, and polyglutamation of methotrexate in freshly isolated rat 
hepatocytes. Cancer Res 40:573 

21. Gewirtz DA, Randolph JK, Goldman ID (1980) Potent bile salt and 
organic anion inhibition of methotrexate uptake and accumulation in 
the freshly isolated rat hepatocyte. Cancer Res 40:1852 

22. Gewirtz DA, Randolph JK, Jaramillo M (1985) Induction of 
methotrexate release from rat hepatocytes in suspension by 
~-adrenergic agents: involvement of calcium and metabolic energy. 
Arch Biochem Biophys 237:237 

23. Goldman ID, Gupta V, White JC, Loftfield S (1976) Exchangeable 
intracellular methotrexate levels in the presence and absence of 
vincristine at extracellular drug concentrations relevant to those 
achieved in high-dose methotrexate-folinic acid "rescue" protocols. 
Cancer Res 36:276 

24. Henderson GB (1992) Separation and inhibitor specificity of a sec- 
ond unidirectional efflux route for methotrexate in L1210 cells. Bio- 
chim Biophys Acta 110:137 

25. Henderson GB, Tsuji JM (1988) Identification of the bromosulfoph- 
thalein-sensitive effiux route for methotrexate as the site of action of 
vincristine in the vincristine-dependent enhancement of methotrexate 
uptake in L1210 cells. Cancer Res 48:5995 

26. Henderson GB, Tsuji JM, Kumar HP (1986) Characterization of the 
individual transport routes that mediate the influx and efflux of 
methotrexate in CCRF-CEM human lymphoblastic cells. Cancer Res 
46:1633 

27. Henderson GB, Tsuji JM, Kumar HP (1987) Transport of folate 
compounds by leukemic cells. Biochem Phannaco136:3007 

28. Himes RH, Kersey RN, Heller-Bettinger I, Samsom FE (1976) Ac- 
tion of the vinca alkaloids vincristine, vinblastine, and desacetyl 
vinblastine amide on microtubules in vitro. Cancer Res 36:3798 

29. Home DW (1990) Na + and pH dependence of 5-methyltetrahy- 
drofolic acid and methotrexate transport in freshly isolated hepato- 
cytes. Biochim Biophys Acta 1023:47 

30. Home DW, Reed KA (1992) Transport of methotrexate in ba- 
solateral membrane vesicles from rat liver. Arch Biochem Biophys 
298:121 

31. Home DW, Briggs WT, Wagner C (1976) A functional, active trans- 
port system for methotrexate in freshly isolated hepatocytes. Bio- 
chem Biophys Res Commun 68:70 

32. Home DW, Briggs WT, Wagner C (1978) Transport of 5-methyl- 
tetrahydrofolic acid and folic acid in freshly isolated hepatocytes. 
J Biol Chem 253:3529 

33. Jacobs SA, Stoller RG, Chabner BA, Johns DG (1976) 7-Hydroxy- 
methotrexate as a urinary metabolite in human subjects and rhesus 
monkeys receiving high dose methotrexate. J Clin Invest 57:534 

34. Jacobs SA, Stoller RG, Chabner BA, Johns DG (1977) Dose-depen- 
dent metabolism of methotrexate in man and rhesus monkeys. 
Cancer Treat Rep 61: 651 

35. Lankelma J, Van der Klein E, Ramaekers F (1980) The role of 
7-hydroxymethotrexate during methotrexate anticancer chemothera- 
py. Cancer Lett 9:133 

36. Luna EJ, Hitt AL (1992) Cytoskeleton-plasma membrane interac- 
tions. Science 258:955 

37. Matherly LH, Seither RL, Goldman ID (1987) Metabolism of the 
diaminofolates: biosynthesis and pharmacology of the 7-hydroxyl 
and polyglutamyl metabolites of methotrexate and related antifo- 
lates. Pharmacol Ther 35:27 

38. Menard DB, Gisselbrecht C, Marty M, Reyes F, Dhumeaux D (1980) 
Antineoplastic agents and the liver. Gastroenterology 78:142 

39. Miller LP, Hancock C, Miller DR, Chello PL, Sirotnak FM, Tan 
CTC (1984) Sequential combination of methotrexate and vindesine 
in previously treated children with acute leukemia. A phase I - I I  
study. Am J Clin Oncol 7:465 

40. Owellen RJ, Hartke CA, Hains FO (1977) Pharmacokinetics and 
metabolism of vinblastine in humans. Cancer Res 37:2597 

41. Owellen RJ, Root MA, Hains FO (1977) Pharmacokinetics of vin- 
desine and vincfistine in humans. Cancer Res 37:2603 

42. Poppitt DG, McGown AT, Fox BW (1984) Collateral sensitivity of a 
methotrexate-resistant L 1210 cell line to the vinca alkaloids. Cancer 
Chemother Pharmacol 13:43 

43. Regnla CS, Sager PR, Berlin RD (1986) Membrane tubulin. Ann NY 
Acad Sci 466:832 

44. Rivera-Fillat MP, Pallares-Trujillo J, Domenech C, Grau-Oliete MR 
(1988) Comparative uptake, retention and action of vincristine, vin- 
blastine and vindesine on routine leukaemic lymphoblasts sensitive 
and resistant to vincristine. Br J Pharmacol 93:902 

45. Schlemmer SR, Sirotnak FM (1992) Energy-dependent efflux of 
methotrexate in L1210 leukemia cells. J Biol Chem 267:14746 

46. Schliwa M (1986) The cytoskeleton: an introductory survey. 
Springer, Wien Berlin Heidelberg New York, p 47 

47. Seglen PO (1973) Preparation of rat liver cells. III. Enzymatic re- 
quirements for tissue dispersion. Exp Cell Res 82:391 

48. Singer WD, Himes RH (1992) Cellular uptake and tubulin binding 
properties of four vinca alkaloids. Biochem Pharmaco143:545 

49. Sirotnak FM (1985) Obligate genetic expression in tumor cells of a 
fetal membrane property mediating "folate" transport: biological 
significance and implications for improved therapy of human cancer. 
Cancer Res 45:3992 

50. Sirotnak FM, O'Leary DF (1991) The issues of transport multiplicity 
and energetics pertaining to methotrexate efflux in L1210 cells 
addressed by an analysis of cis and trans effects of inhibitors. Cancer 
Res 51:1412 

51. Sirotnak FM, Schmid FA, Temple C Jr, Montgomery JA (1983) 
Optimum scheduling during combination chemotherapy of routine 
leukemia. Additional examples of schedule-dependent synergism be- 
tween S-phase-specific antimetabotites and agents inducing mitotic 
or pre-mitotic (G2) arrest. Cancer Chemother Pharmacol 11:205 

52. Strum WB, Liem HH (1977) Hepatic uptake, intracellular protein 
binding and biliary excretion of amethopterin. Biochem Pharmacol 
26:1235 



214 

53. Strum WB, Liem HH, Muller-Eberhard U (1978) Effect of 
chemotherapeutic agents on the uptake and excretion of amethopterin 
by the isolated perfused rat liver. Cancer Res 38:4734 

54. Tejada F, Zubrod CG (1979) Vincristine effect on methotrexate 
cerebrospinal fluid concentration. Cancer Treat Rep 63:143 

55. Van Belle SJP, De Smet MC, De Mey JE, Storme GA (1991) 
Cellular pharmacoldnetics of vinblastine and other vinca alkaloids in 
MO4 cells. Anticancer Res 11: 465 

56. Wang Y-M, Fujimoto T (1984) Clinical pharmacokinetics of 
methotrexate in children. Clin Pharmacokinet 9:335 

57. Warren RD, Nichols AP, Bender RA (1977) The effect of vincristine 
on methotrexate uptake and inhibition of DNA synthesis by human 
lymphoblastoid cells. Cancer Res 37:2993 

58. Zager RF, Frisby SA, Oliverio VT (1973) The effects of antibiotics 
and cancer chemotherapeutic agents on the cellular transport and 
antitumor activity of methotrexate in L1210 murine leukemia. 
Cancer Res 33:1670 


