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A.BSI]RACT

Melphalan is a member of a highly reactive group of chemotherapeutic

compounds called the nitrogen mustard family. Although its exact

pharmacological mechanism of aetíon has not been established, its reactive

side arms have the potential to enter into reactíons resulting ín alkyl-

ation of various nucleophilic groups, íncluding those found in DNA, RNA and

protein of both normal and neoplastic cells. The original aim of íncor-

porating a phenylalanine resídue into the drug nitrogen mustard \,ras to

promote incorporation of the alkylating agent into protein and hence to

increase the specificíty of action of the drug. Melphalan has been used in

the treatment of multiple myeloma, and carcinoma of the breast and ovary.

The mechanism of melphalan transport in a variety of mammalian cell

lines has been investigated. Previous results from this laboratory

suggested that melphalan uptake by L517BY cells occurred by an acLive,

ca'rri.er mediated by two distinct amino acid carríers; these are the L

system (leucine-preferring) and a transport carríer resembling the ASC

system (alanine - serine -cysteine) .

Further characterization of melphalan transport by L5178Y lymphoblasts

is beíng undertaken. Investígation of the pH optimum of melphalan

transport by the tr^7o separate carrier systems revealed that optimal

activity occurred at a pH of approximately 4.5 for both systems. Studies

on the chemical specificity of the amino acid carriers involved has also

been performed using system specific amino acid analogues. BCH (2-

aminobicyclof?. 2 . llheptane-2-carboxylic acid) and BCO (3-aninobicyclo-

13.2.1loctane-3- carboxylic acid) are two such inhibitors of the L system.

A comparison of the effect of BCH and BCO on melphalan transport has
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revealed that BCO is at least 2-fold more reactive than BCH as an inhíbitor

of drug transporL.

Preliminary evidence has also been obtained suggestíng that melphalan

transport may be calcium dependent. Calcium-depleted medium decreased the

uptake of melphalan and this reduction was mediated by both a decreased

rate of drug influx and an increased rate of drug efflux. The effect of

altering the extracellular calcium concentration revealed that there may be

an optimum extracellular calcium concentration, approximately 1 pM for teh

uptake of melphalan in L5178Y cells. As well as reduction of melphalan

uptake was observed in the presence of potassium concentrations which may

have resulted in a stimulated calcium entry. These sLudies support the

hypothesis that melphalan flux varies inversely with calcium f1ux.

Intracellular calcium plays an íntricate role in lymphocyte activation and

regulates a varieLy of cellular functions. It was hypothesized xhax

calcium effectors may modulate melphalan transport in L5178Y lymphoblasts

in vitro, and, therefore, an investigation of the effect of ealcium channel

blockers and calmodulin inhibitors on melphalan uptake was undertaken.

The calcium channel blockers, verapamil and diltiazeme, increased

melphalan uptake, v;hereas the calcium channel agoníst BAYK8644 and the

calcium channel ionophores A23L87 reduced melphalan uptake in L5178Y

lymphoblasts. As well, the calcium chelator, EGTA, íncreased melphalan

uptake, whereas trifluoperazine decreased drug transport. In conclusion,

these results suggest that calcium effectors modulate the uptake of

melphalan in L5178Y lymphoblasts, and more specifically, supports the

hypothesis that melphalan flux varies inversely with calcium flux.

The synthetic vasopressin analog l-deamino-8 -D-arginine vasopressin
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(dDAVP) has been shown to influence a wide range of cell-membrane-related

events. Accordíngly, the effect of dDAVP on membrane transport of various

alkylatíng agents and amino acids was evaluated in L5178Y lymphoblasts in

vitro. dDAVP stimulated melphalan uptake but conversely inhibited uptake

of nitrogen mustard, choline (the natural transport substrate for the

nitrogen mustard carrier), and leucine. No effect on the uptake of

cyclophosphospharnide or glutamine was observed. Increased melphalan uptake

was due to effects on both substrate influex and efflux. The effect of

dDAVP on melphalan influx \,ras particularly complex: dDAVP stirnulated

melphalan influx by amino acid transport system ASC but inhibited influx by

system L, resulting in a net increase in unidirectional drug influx.

Melphalan efflux was inhibited by dDAVP. Decreased uptake of nitrogen

mustard, choline and leucine was due, at least in part, to decreased

substrate influx. However, the mechanisms of inhibition were dissimilar:

inhibition of substrate influx TÀras non-competitíve for choline, but

competitive for leucíne. In conclusion, dDAVP induced diverse but

apparently specífic effects on membrane transport of several alkylating

agents and amÍ-no acids. Since the accumulation of alkylating agents such

as melphalan within tumor cells is a major determínant of cytotoxicity,

dDAVP may have a role as a biological response modifier.
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The History of Allqrlating Agents

The bíological effects of alkylating agents v/ere first recognized by

Meyer (f887) and Ehrlich (1898), who reported that these highly reactive

compounds r^Iere cytotoxic (1). During l,Iorld War I, the use of sulfur

mustard in chemical warfare lead to the fínding that the compound's

vesicant action affected the eyes, skin, and respiratory tract. However,

in 1919 Krumbhaar and Krumbhaar discovered that exposure to sulfur mustard

had more serious systemic effects including leukopenia, aplasia of the

bone marrow, ulceration of the gastrointestinal tracc, and dissolutÍon of

lymphoid tissue (2). After exploring the biologícal propertÍes of sulfur

mustard, the potentíal usefulness of the alkylating agent vras recogntzed

and the synthesis of other compounds took place, such as nitrogen mustard,

a structural analogue of sulfur mustard.

The cytotoxic action of the nitrogen mustards on l}'rnphoid tissue was

recognized in the period between World War I and II when extensive investi-

gations on the biological and chemical properties of these compounds were

conducted. It was during thÍs time that the effect of the nÍtrogen

mustards on transplanted lymphosarcoma in míce v¡as studíed by Dougherty,

Goodman, and Gillman (2). In 1942, the first clinical trials with the

nitrogen mustards were conducted; this marked the beginning of chemotherapy

for the treatment of neoplastic disease (2).

At the end of l^Iorld War II, studies on the nitrogen mustards were

declassified (2,3) . The appearance of several reports on the antitumor

activíty of the nitrogen mustard compounds in a variety of solid tumors,

chronic lymphocytic and myelocytic leukemia, and Hodgkin's disease trig-

gered the search for new alkylating agents, with selective cytotoxicity for



turnor cells (3). For example, the phenylalanine derívacive of nitrogen

mustard, melphalan, e¡as synthesized with the aim of being selectively

concentrated by tumor cells actively involved in protein synthesís (ie

multiple uryeloma) (3) . A large number of alkylatíng agents, íncluding

several híghly reactíve nitrogen mustard analogues have since been designed

and synthesized, each varying in its clinical effectiveness; however,

compounds selective for cancer cells have not yet been found. The

extensive líterature on the alkylating agents encompasses topícs such as

mechanism of action, cytoLoxic and mutagenic effects, interactions with

cellular macromolecules, transport, and clinical treatment of neoplastic

disease (1, 3-12). A thorough review of the literature on melphalan by

Furner and Brown covers a variety of clinical and pharmacological aspects

of the drug including topics such as its biochemical and physiological

effects, toxicity, and more relevant to this work, pharmacokinetic studies

(13).

This study examines the cellular transport of the alkylating agent,

melphalan using murine L517BY lymphoblasts as a model. Attention was

focused on those areas of transport which had not yet been charactertzed.

In addition, the compound 1-deamino-8-D-arginine wasopressin (dDAVP) was

investígated with emphasis on its effect on the transport of melphalan as

well as other nitrogen mustard derivatives and physiological substrates.

Mechanism of Membrane Transport of Melphalan. Nitrogen Mustard and Cyclo-

phosphamíde

a) Melphalan Transport

The mechanism of melphalan transport in

lines has been investigated including murine

a variety of mammalian cell

L72L0 leukemia cells (14,15),



murine L5178Y lyrnphoblasts (16,L7), LPC-l plasmacytoma cells (18) and MCF

human breast cancer cells (19). Evídence suggesting thar the uptake of

melphalan proceeds by an active, carrí-er mediated mechanism has been

obtained (1,6,17, 19). In vitro uptake obeyed Michealis-Menten kinetics and

demonstrated chemical specificity in that other alkylating agents including

nítrogen mustard, hydrolyzed nitrogen mustard, hydrolyzed chlorambucÍl, and

cyclophosphamide had no effect on melphalan uptake by L5178Y lymphoblasts

(L6,T7). In addition, cyclophosphamide, chlorambucil, busulfan, and

methotrexate did not effect the level of melphalan uptake by LL21-0 ce1ls

(20). As well, uptake proceeded against a concentration gradient of about

8 fold when transport r^ras measured in an environmenc free of extracellular

amino acids, vras temperature sensitive, partially sodium sensitive and

inhibited by a varíety of metabolic inhibitors including ouabain, p-

hydroxymercuribenzoate, oligomycin, antimycin A and carbonyl cyanide-

3-chlorophenylhydrazorre (CCCP), an inhibitor of oxidative phosphorylation

(L7).

Drug uptake was biphasic suggesting the involvement of 2 transport

systems (L6,I7). In a varíety of mouse and human cell types, including

L5178Y lymphoblasts, melphalan uptake is mediated by two distinct amino

acid carriers. Amino acid transport systems were initially considered as

the possible carriers that transported melphalan into the cell because it

was found that leucine decreased melphalan cytotoxicity in L721-0 cells

(2L); subsequently, evidence which supported this possibility was found not

only in L1210 cells, but also ín L5178Y lymphoblasts (L7) and LPC-1 plasma-

cytoma cells (18).



There are three neutral amino acid transport systems which have

overlapping specificities (22). These are the sodium independent L

(leucine-preferring) system, the sodium dependent A (alanine-preferring)

system and the ASC (alanine-serine-cysteine) transport system. B-2-amino-

bicyclo12,2,llheptane-2-carboxylic acid (BCH), a specific inhibitor of the

L amino acíd transport system (23,24) inhibited melphalan transport

(17,18); however, it was less effective than leucine in reducing melphalan

transport and cytotoxicity (1), which suggested that another amino acid

transport system besides the L system mediated melphalan transport.

Melphalan uptake vlas not affected by the syntheLic amino acid, 2-methyl-

amino-isobutyríc acid (MeAIB), a specific ínhíbitor of the A amino acíd

transport system, but was inhibited by seríne, alanine or cysteine, under

conditions where the L and A amino acid carriers were saturated by BCH and

MeAIB (L7). These results led to the conclusion that the BCH-MeAIB

insensitive, sodium dependent component of melphalan transport \^/as mediated

by an ASC like system (L7). Therefore, all the carrier mediated uptake of

melphalan \¡/as accounted for by the L and an ASC líke amino acid transport

systems.

Kinetic studies revealed that the two transport systems in L517BY

ce11s were heterogeneous wíth respect to

Vmax, for melphalan transport (17). The

higher affinity for melphalan than the L

capacity of the L system was found to be

the kinetic paramecers, I(m and

ASC system \,/as found to have a

system. However, the transport

far greaxer than that of system

ASC. AIso, at pharmacological concentrations (1-10 pM), melphalan

transport was equally divided between the two transport systems; however,

at higher concenLrations of drug, the L system increasingly contributed to



the uptake of melphalan, consistent with the apparently greater capacity of

the L system eompared to the ASC system (17).

The mechanism of melphalan efflux from L5178Y lymphoblasts occurs by a

process dífferent from the influx mechanism (25). Approximacely 80% of the

drug taken up by the cells was exchangeable and the efflux time course

followed a first order process for the first five minutes of drug efflux.

It has not been clearly established whether melphalan efflux occurs by

simple díffusion or a nonsaturable , ca:rríer mediated process. Melphalan

efflux Ís sodíum índependent and not inhibited by amino acids on the same

síde of the membrane, supporting a simple diffusÍon mechanism of melphalan

efflux (25). However, efflux of melphalan is stimulated by the presence of

amino acids in the extracellular medium (25,26). The most effective amino

acids in stimulating melphalan efflux from L5178Y lymphoblasts rvere

glutamate, glutamine, aspartate, serine, cysteine, and threonine (25),

consistent with a trans-stimulation phenomenon observed with membrane

carriers (27).

b) Nitrogen Ì,fustard

Transport of nítrogen mustard (HN2) v¡as found to occur by an active

carrier mediated rnechanism (28). Uptake proceeded against a concentration

gradient, was inhibited at 4"C, and partially inhibited by the metabolic

inhibitor dinitrophenol, all of whieh implied an active transport process

was involved. A carrier mechanism for HN2 transport was suggested because

influx obeyed Michaelis-Menten kínetics and demonstrated chemícal specifi-

city (ie other alkylatíng agents did not inhibít HN2 influx). The trans-

port carrier for HN2 in both normal and leukemic human lymphoid cells, rat



v¡alker 256 carcínosarcoma cells, and L5178Y murine lymphoblasts was

identifíed as the choline carríer (29-3L). In L5178Y ceIls, choline influx

uias competitively inhibíted by HN2; similarly, choline acted as a

competitive inhibitor of HN2 influx (30). Other examples of drug uptake by

transport carriers of physiological substrates included methotrexate

transport on the folic acLd carrier (32), 5-fluorouracil and 5-bromouracil

transport on the pyridimine carrier (33), and 8-mercaptoadenine and

8-bromoadenine uptake on the purine carrier (34).

c) Cyclophosphamide

Uptake of cyclophosphamide has previously been investigated in L5178Y

lymphoblasts and chick embryo liver cells (35). Drug transport was found

to be carrier mediated and to consist of two transporu components in both

the normal and neoplastic cell models studied. Since cyclophosphamide

could not be accumulated against a concentration gradient (i.e. uptake

never exceeded a ceLL/medium ratio of one), it was suggested that transport

was not an acLive process. Kinetic analysis of cyclophosphamide ínflux

revealed a saturable low dose transport component and a high dose transport

system that was technically unsaturable (35). Besides demonstrating

saturation kinetÍcs, Iow dose cyclophosphamide transport rnras temperature

and sodium dependent and partially inhibited by metabolic inhibitors,

suggesting that transport ¡.¡as mediated by a facilitated diffusíon process

(35). High dose cyclophosphamide transport demonstrated sodium and

temperature sensitivity as well (35), but failure to demonstrate satltr-

ability leaves the nature of the transport system still to be elucídated.



Modulation of Calcium Permeability and its Implications on Helphalan

Transpor,E

Calcium ions are ímportant in many biological processes including the

regulation of cellular metabolic pathways such as glycolysis and respir-

ation and the activation of a variety of enzymes including the protein

phosphokinases and guanyl cyclase (36). As well, the cation is vital to

cellular processes such as permeability, adhesiveness, growth, intracel-

lular communication, coupling of electrical activation to cellular

secretion, excitatÍon-contraction coupling of cardiac and smooth muscle,

and metabolism of bone (36-41-). Tumor cells generally have a decreased

calcium content and less ability to bind calcium (38). Impairments of

tumor cell calcium metabolism are thought to be responsible for particular

tumor ceIl characteristics including abnormal growth, the Crabtree effect

(inhibition of respiration by glucose) and an uncontrolled rate of aerobic

or anaerobie glycolysis (38, 42, 43). The cytoplasmic calcium concen-

tration is a crucial factor in the regulation of a variety of cell

activities. Normally a low (0.1 to 1.0 ¡¿M) concentration of calcium in the

cytosol of animal cells is maintained (44). An increase in the cytosolic

calcium concentration, which triggers cellular events, can be due to

calcium entry from the exterior via transmembrane transport or to mobí1-

ization from intracellular stores (45).

Calcium permeability vía calcium channels has been apprecíated for

over 30 years (46) . Today it is known that calcium channels, which

transfer rnillions of permeant ions per second (47), are in fact pores

which have been classified into various types (48). Calcium channels are

widely distribuÈed (47,48), and Fleckenstein was the first to demonstrate



thaL calcium channel blockers can modify the role of caleium in biological

processes by inhibiting the entry of calcium into the cell (49). A variety

of calcium entry blockers are currently available which hawe permitted che

study of the calcium ion in both normal and pathological situations. These

agents may facilitate biochemical purification of calcium channels and as

well, have provided the clinician v¡ith therapeutíc agents for treatment of

a variety of diseases (37). These calcium channel blockers are generally

nonspecific in that they act on a variety of tissues including cardiac and

smooth muscle, the gasterointestinal tract, the tracheobronchial tree,

chromaffin tissue and secretory cells such as mast and pancreatic beta

cel1s (37).

Among the newest and most interesting calcium channel modulators is a

farnily of over 7,000 compounds known as the dihydropyridines (47,50, 51).

Reeently dihydropyridines such as nifedipine and BAY K 8644 have been

studied extensively. Although the compounds are similar structurally and

interact with the same specific receptor on the calcium channel, they have

opposite effects on calcium channel activity in that nifedipine is a

calcium channel antagonist, whereas BAY K 864¿+, whích increases calcium

influx, is a calcium channel agonist (50, 52). Other dihydropyridines have

mixed effects (50). The finding of dihydropyridines with both antagonistic

and agonistic effects discount the hypothesis of binding and physical

blocking of the calcium channel pore as a mechanism of action of calcium

antagonists. Instead, modulation of calcíum channel gating may account for

the opposing actions of the dihydropyridines. In the absence of drugs,

calcium channels have 3 modes of gating behavíour: mode 1 is described as

short openings, mode 2 is expressed as current recordings of long openings



and short closings, and mode 0, due to channel unavailability, has no

openings. Calcium agonists enhance mode 2, while calcium antagonists

promote mode 0 (50). Besides cardiac tissue, neuroblastoma and dorsal root

ganglion cells exhibit modes 0, L and 2, and in the presence of BAY K 8644,

show a favoured mode 2 (50). The existence of endogenous calcium channel

modulators is possible when one considers the apparent ubiquitous existence

of this type of gating behaviour and response to BAY K 8644 (50, 53, 54) .

The use of calcium channel blockers to overcome multiple drug

resístance has recently been investigated by Tsuruo and colleagues (55-58).

These compounds have been shown to enhance the ce1lular accumulation and

retention of chemotherapeutic agents (57). For example, verapamil is a

calcium channel blocker that reduces excitation-contraction couplíng in

smooth and cardiac muscle cells (49), and recently has been shown to

increase the cellular accumulation of anthracyclines and vinca alkaloids in

a variety of ce1l lines (55-62). Increased cytotoxicity of anthracyclines

and vinca alkaloids by werapamil have also been observed, both in vivo and

in vitro in some parental ce11 lines and resistant sublines including

Ehrlich ascítes carcinoma, P388 leukemia, Lewis lung carcinoma, human

ovarian and bladder carcinoma, colon adenocarcinoma and 816 melanoma (59-

62). One possible mechanism of resistance to chemotherapeutic drugs is

íncreased efflux of drug (63). Verapamil has been shown to decrease active

drug efflux, an effect which may be mediated either through ínteractions of

verapamil with the cell membrane and in particular, with membrane transport

systems or through intracellular calcium and calcium-dependent enz)¡me

actívities (55, 64-67). Ling et aI found Chinese hamster ovary cells

exhibiting multiple drug resistance r'¡ere cross-resistant to melphalan as
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well (68), hence the possibility that verapamil may effect the accumulation

and cytotoxicíty of melphalan was examined. Although efflux of melphalan

presurnably occurs by a passive diffusion mechanism (25), verapamíl or

possibly other calcium channel blockers may affect cellular melphalan

accumulation and retention. Robinson et al found that verapamil augmented

melphalan-induced growth delay of subcutaneous murine fibrosarcomas (69).

As well, enhanced cytotoxicity of melphalan to murí-ne bone marrow and

fibrosarcomas by verapamil, v/as observed and appeared to be partially

accounted for by increased melphalan uptake (69). The finding that

verapamil increased melphalan uptake prompted the following Ínvestigation

on the effect of calcium and calcium channel modulators on melphalan

transport by murine L5178Y lymphoblasts.

The Role of Vasopressin and its Analosues in the Vasopressor and

Antidiuretic Responses

a) Introduction to Vasopressin

The native nonapeptide, vasopressin is synthesized ín the neurons of

the supraoptic and paraventricular nuclei of the hypothalmus and trans-

ported via neurosecretory granules down neuronal axons to the posterior

pituitary (70, 71), where it is stored until it is secreted in response to

an appropriate stimulus (70). Secretion of vasopressÍn is stimulated by an

acute increase in osmolarity of extracellular fluid (73-75) an abrupt

reduction of extracellular volume (73), or a non specifie stress (74,75).

The kidney is the target organ for the antidiuretic activity of vasopressin

in mammals (75, 76). Vasopressin íncreases the permeability of the cell

membrane in the collecting ducts of the kidney, so that more urater passes
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through them and back into the blood from the urine, thus decreasing the

excretion of water from the kídneys (74, 77). ALxhough the principal action

of vasopressin in humans is to control r^rater secretíon, ít also stimulates

the contraction of vascular smooth muscle (78). The antidiuretic and

pressor effects of vasopressin suggest that vasopressin mediates more than

one type of receptor-response coupling pathway.

b) SSmthetic Antagonists of the Vasopressor and Anti-diuretic Responses to

Vasopressin

The search for antagonists of vasopressor and antidiuretic responses

to vasopressin has lead to the synthesis of a variety of vasopressor

analogs and more recently antidiuretic antagonists (79). The synthesis of

effective antagonists of vasopressor and antidiuretic actiwity has enabled

the roles of endogenous vasopressin to be investigated.

Vasopressor antagonists have been used to study the roles of vaso-

pressin ín regulating blood pressure in normal and pathophysiologic states

(79,80) and in memory processing (72). For example, through the use of

vasopressor antagonísts evidence was obtained that vasopressin has an

important function maintaining blood pressure after hemorrhage in dogs (81,

82) and during dehydration in rats (83, 84). Vasopressin antagonists may

also be useful in clarifying the role of vasopressin in hypertension in

humans (79).

The development of antidiuretic antagonists could have other clinical

advantages as well (79,80); for example, in the treatment of

Schwartz-Bartler syndrome (syndrome of inappropriate secretion of

antidiuretic hormone) and hyponatremia. Other clinical situations where

antidiuretic antagonists would be beneficíal include a variety of other
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pathologic conditions wiÈh vasopressin-induced water retention such as

portal hypertension, conjestive heart faílure, chronic bíle duct obstruc-

tion, cirrhosis, hypothyroidism, and adrenocortical insufficiency (79,

85). Since current methods for treating vasopressin-induced r^rater

retention have pronounced side effects and other disadvantages, the

developrnent of therapeutically useful antidiuretic antagoní-sts would be

va1uable.

c) Vasopressin Receptors

Structural analogues of vasopressin have aided in the characterizatíon

of vasopressí.n receptors. The development of specifíc agonists have

indicated that the receptors mediating the antidiuretic and vascular

responses to vasopressín are different. The V1 receptors have been shown

to mediate adenylate cyclase-independent responses, including glyco-

genolysis in rat hepatocytes and vasocontriction in vascular smooth muscle

(80). Conversely, it is through the activation of adenylate cyclase that

the antidiuretic response is elÍcited by the binding of vasopressín to the

V2 receptors found on the renal tubular cells (80).

Vasopressin is also active in the central nervous system (80).

Vasopressin receptors in the brain, distinct from the V1 and Y2 receptors

(80), mediate a variety of behavioral responses including learning and

memory, brain development, development of tolerance, physical dependence on

ethanol and opiates, and drug seeking behaviour (86). It is not clear

whether it is a single type or an entire class of vasopressin recepcors

that are involved in the diverse regulatory role of vasopressin in the

central nervous system (80). There are also vasopressín receptors in the
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adenohypophysis that mediate the release of adrenocortícotropin hormone

(70, 80, 87, 88). It has not been establíshed whether the vasopressin

receptors in the adenohypophysis are the same as tshose that mediate the

behavioral effects mentioned above (80).

Finally there are receptors on uterine smooth musele cells that

reeogníze oxytocin (71), a native nonapeptide identical to vasopressin in

structure except at amino acíd positions 3 and 8 where isoleucine is

substituted for phenylalanine and leucine is substituted for arginine of

vasopressin respectívely. Uterine-type oxytocin receptors ín the brain

also exist which mediate neuronal excitation in the hippocampus (7I). The

relevance of this response is not clear.

A SSmthetic Antidiuretic Agonist

Agonists are currently being used as pharmacological tools to investi-

gate the responses to vasopressÍn both in the central nervous system and at

perÍpheral target organs (80) . 1-deamino-8-D-arginine wasopressin (dDAVP)

ís an example of an antidiuretic agoníst that has very 1ittle vasopressor

activity (80). For its antidiuretic activity, it is the drug of choice in

the treatment of central diabetes insipidus (80, S9-93) and it is also

clinically useful in the treatment of childhood enuresis (94). For its

ability to increase the concentration of plasma factor VIII levels, dDAVP

is useful in the management of haemophilia (95). Upon administration of

dDAVP, bleeding time is shortened in both normal populations and in

patients with a variety of bleeding disorders including uremia (96, 97) ,

von I^Iillebrand's disease (97-fOf), platelet functional defects (97),

isolated prolongation of the bleeding time (97) , haemophilia A (95 , 97 , 98,
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101), and asprin-induced plaÈelet lesions (97). dDAVP therapy may reduce

the need for Lransfusions or the use of blood products ín the Lreatment of

these disorders, which would be an immense therapeutic advancement (95).

dDAVP is potent, long lasting, and has few side effects; it may possibly be

the most clinically useful synthetic analogue of the neurohypophyseal

hormones that has been developed thus far (80).

dDAVP has been shown to affect a variety of membrane related events

íncluding release of factor VIII related antigen, plasminogen actiwator,

prostacyclín from wascular endothelium (95, 96, 102-108), and factor VIII

procoagulant activity from hepatic sinusoidal endothelial cells (98).

Effects of dDAVP have been observed in platelets as well; platelet adhes-

iveness was increased, whereas platelet volume and count r¡rere consistently

decreased by dDAVP (97>.

Therefore, a wide range of membrane related events appear to be

influenced by dDAVP. Accordingly, a study on the effect of dDAVP on

membrane transport of three alkylating agents used clinically in the

chemotherapy of neoplastic di-sease, including melphalan, was undertaken.

}.IATERIALS

Melphalan IL-p- (ð.L-2-chlorotl4c]ethylamino) phenytalaninel, specific

activity 9.9 or L4.2 nCí/mMole was synthesized by M. Leaffer of the

Stanford Research Institute, Menlo Park, California and was obtained as a

gift frorn Dr. R. Engle, Developmental Therapeutics Program, Divisíon of

Cancer Treatment, National Caneer Institute, Bethesda, Maryland. Nitrogen

mustard tdi(1,2- lI4Cl -2-chlorethyl)methylaminel, specific activity 3. 2

mCi/mMole, vras obtained fron Mallinckrodt Chemical LrÏorks, St. Louis,
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Missouri. Cyclophosphamide [2-bis-(2-chloroethylamino) tetra hydro-2H-

L,3,2-oxazophosphorine 2-oxide] , ring-4- tlaC] , specífic activíty 2.74

mCi/mMole, \¡Ias purchased from New England Nuclear, Boston, Massachusettes.

L-leucine 14,5-3g(U)1, speeific activity 5.0 Ci/mMole, was obtained

from New England Nuclear, Boston, MassachuseLtes and v¡as diluted with

appropriate amounts of unlabelled L-leucine from Fisher Scientífic Company,

Chemical Manufacturing Division, Fair Lawn, Nevr Jersey to give a specific

activity of 5 or 50 rnCi/mMole. Choline -L,2- [lac] chloride, specific

activity 7.2 nCi/rnYlole and IL-(U-1aC)] glutamine, specific actiwity 2.54

mCi/mMole qrere purchased from New England Nuclear, Boston, Massachusettes.

Radioactivity was determined by liquid scintillation spectrophotometry

using a scintillation mixture containing 49.5% PCS (a complete phase

combining system for liquíd scintillation counting and radioactive aqueous

samples), obtained from Amersham Corporation, Arlington Heights, Illinois

and 49.5% xylenes and L% gLacial acetic acid both obtained from Fisher

Scientific Company, Chemical Manufacturing Division, Fair Lawn, New Jersey.

The following amino acids \,rere purchased from Fisher Scientific

Company, Chemical Manufacturing Division, Fair Lawn, New Jersey:

L-alanine, L-glycine, L-glutamine, and L-phenylalanine. L-arginine,

L-histidine, L-methionine, L-serine, L-tryptophan and L-valine were

obtained from Nutritional Biochemicals CorporaËion, Cleveland, Ohio.

2-aminoisobutyric acid (AIB) was purchased from Sigma Chemical Company,

St. Louis, I,Iissouri. D,L-P-2-aminobicyclo- 12,2,1]-heptane-2-carboxylic

acid (D,L-BCH) was received from Calbiochem-Behring Corporation, La JoIla,

California. Dr. H. Christensen from Ann Arbor Michigan synthesized and

kindly donated 3-aminobicyclo- 13,2,ll -octane3-carboxylic acid (BCO) .
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Ã23187 r¡ias obtained as a gift from Dr. J. Gerrard, v¡ho in turn

purchased it from Calbiochem-Behring Corporation, La Jolla, California.

Nifedipine was generously donated by Dr. D. Frankel from Míles Labora-

tories, Limited, Rexdale, Ontario. BAY K 8644 was received as a gift from

Dr. A. Scriabine from Miles Laboratories, Limited, New Haven, Conneticut.

Trifluoperazine was a kind gift from Dr. P. Lam, who in turn received it

from Smith Kline and French Canada Limited, Missaussauga, Ontario.

1-Deamino-8-D-arginine vasopressin (dDAVP) \,ras generously supplied by

Richmond Pharmaceuticals, Incorporated, Richmond, Ontario.

Sodium hydroxide, sodium chloride, sucrose, and potassium sulfate were

obtained from Fisher Scientific Company, Chemical Manufacturing Division,

Fair Lawn, New Jersey. Trí-zma Base, was purchased from Sigma Chemical

Company, St.Louis, Missouri, and is referred to as "Tris" in the text.

Dulbecco's phosphate buffered saline (DPBS) was obtained as a 10-fold

concentrated stock solution from Gibco Laboratories, Life Technologies

Incorporated, Chagrin Falls, Ohio. Dilution of the DPBS stock solution

with deionized \,¡ater yielded the standard transport medium used in this

work. Transport medíum depleted of calcium and magnesíum was obtained by

diluting a 10-fold concentrated stock solution of calcium and magnesium

depleted DPBS, purchased from Gibco Laboratories, with deionízed \^rater.

This transport medium has the same composition as DPBS excepL 0.I g/I CaCl2

and 0.1 g/I YLgCL2-6H2O have been omitted and is therefore referred to in

the text as Cl"lD medium (ie calcium and magnesium depleted medium). Calcium

depleted medíum is defined as CMD medium to which 0.L g/L ùfgCL2'6H20 has

been added. Likev¡ise, magnesium depleted medium refers to CMD medium to

whích 0.L g/L CaCI2 has been added.

A modified Hank's balanced salt solution was used for experiments that
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required sodium-depleted medium. Sodiun depletion was achíeved by sub-

stituting the sodium chloride found in Hank's balanced salt solutíon, (145

rneq/liter) with an equimolar amount of Tris. Therefore, the sodium

depleted condition stated in the text refers to the above transport medium.

Fischer's medium for leukemíc cells for míce, horse serum and a

penicillin-streptomycin solution qrere purchased from Gibco LaboratorÍes,

Life Technologies, Incorporated, Chargrin Fal1s, Ohio.

METHODS

Suspension cultures of murine leukemic L5178Y lymphoblasts v/ere grovrrr

ax 37oC in Fischer's medium supplemented with 10% horse serum and the

antibiotics penicillin and streptomycin. Cell volume and cell counLs v/ere

determined by using a Coulter Model Zg1 electronic particle counter

calibrated with paper mulberry spores (mean cell dianeter, 12.5 p.n).

Transport studíes were performed in DPBS (unless stated otherwise)

with 2 to 4.5 x 106 cells/ml. Uptake was determined by incubating cells

with the radioactively labelled drug in vítro ax 37oC in a shaking \,tater

bath. At fixed time intervals, aliquots r^rere removed and incubations

terminated by rapid chilling to 4"C and centrifuging through a layer of

0.25 M sucrose in Hopkin's vaccine tubes to remove extracellular radio-

activity. The Hopkin's tubes were each washed 3 tímes above the cell

pellet, dried, and the cells were solubilized in 0.5 N sodíum hydroxide.

Radioactivity was determined by liquid scintillation spectrophotometry.

Uptake \^ras expressed as moles/cell or moles/ceLL/minute. The formula used

to calculate moles was derived from radioactive disintegrations:
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radioactivity of sample (DPM)
Moles :

specific activity of substrate (Ci/mole) x 2.22 x LOIZ (dpn/Ci)

where 2.22 x LOLZ apn/Ci is the definition of a curie (Ci) .

Efflux studies of ¡14C1melphalan were performed by loading the cel1s

with the labelled drug for 10 minutes at 37'C. The incubation was termi-

nated by chilling the cell suspension and centrifuging through sucrose in a

urinary sediment tube. After washing the urinary sediment tube 3 times,

the cell pellet 'hras resuspended in a sufficient volume of transport medium

to minimize the problem of drug re-entry, and a tíme course of efflux was

determined at 37"C using cell separation methods descrÍbed above. A ce11

aliquot vras removed after the cells had been loaded wíth drug for 10

minutes in order to determine the initial intracellular concentration of

labelled drug.

Time courses of drug efflux \^rere used to calculate the first order

rate constant (K), for melphalan efflux. This efflux rate was determined

from the negative slope of a semilogarithmic plot of the time course of

efflux. The half-time (tL) for efflux r,¡as calculated using the formuLa x\

: Ln2/K, where tL is defined as the time it takes for 50% of the exchange-

able drug to leave the cell (25).



L9

RXSIILTS

MELPHATÁN TR.ANSPORT BY L5178Y LYMPHOBIASTS

A- Time Course of Melphalan Uptake

A time course of the uptake of melphalan by L5178Y lymphoblasts was

performed. Uptake of ¡l4Clmetphalan in vitro ax 37"C was linear for

approximately 2 minutes at 10 pYI lL4llmelphalan and then approached a

plateau phase (figure 1). This pattern of drug uptake over time was also

found at a drug concenLration of 1OO pM tl4C]melphalan (data not shown).

B. Temperature Dependence of l{elphalan Uptake

Uptake of I pM tf4Clmelphalan by L5178Y lymphoblasts !4gii!¡q was

determined aX 37 "C and 4'C. The tírne course in figure 2 illustrates that

melphalan uptake was strongly temperature-dependent. Uptake ax 37'C

increased steadily with time, unlike uptake ax 4"C rr¡hich remained almost

constant. These resulcs are in accordance with work previously published

from this laboratory which suggested uptake of melphalan was Lemperature-

dependent (L7).

C. Sodium Dependence of Melphalan Uptake

A comparison of tl4C]melphalan uptake by L5178Y cells in vitro at 37"C

in sodium-depleted versus control medium demonstrated the partial sodium-

dependency of melphalan transport (figure 3). Uptake of 1 pM

tf4C]melphalan (mean + SE of 12 determinatíons) at one minute by cells in

Hank's balanced salt solutíon (the control transport medium) was 0.58 +

0.04 attomole/cell, whereas uptake by cells in sodium-depleted medium was

0.36 t 0.04 attomole/cell or 557" of control; thís difference was statisti
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FIG 1: Time course of the uptake of 1O p¡ut LlíClmelphalan by L5l78Y cells

in vitro at 37'C. Cells at a concentration of approximately

3 x 106 cells/ml were incubated in DPBS with the drug and at the

times indicated, aliquots of cells \^rere removed and radioactivity

was determined by rnethods described in the text.
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FIG 2: Time course of the uptake of I ¡lM [l4C]melphalan by L51-78Y cells

in vitro at 37"C (O) and at 4oC (@). Radioactivity rvas

determined by urethods described in the text, and uptake is

expressed as attomoLe/ceLL.



U
P

T
A

K
E

 O
F

 ['
O

C
] 

M
E

LP
H

A
LA

N
(A

T
T

O
M

O
LE

/ 
C

E
LL

)

I 
C

Ir

m c 7.
r O



4r',

FIG 3: Histogram demonstrating the effect of Na+-depletion on uptake of

1 and 10 ¡rM ll4C]melphalan at I min. Approximately 3 to 4 x 106

cells/ml were incubated in HBSS in the presence ( ü) or absence

( ñ) of Na+ and drug uptake was determined as described in the

text. Each bar represents the mean * SE of L2 or 18 determin-

ations of 1 or 10 ¡rM t14c]melphalan uptake, respectively. The

data were anaLyzed by an unpaired, tlùo-tailed t-test.
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D.

cally signíficant (p<0.001). Similarly, uptake of l0 pM ¡l4Clmetphalan

(mean + SE of 18 determinations) at one minute by cells suspended Ín the

control medium was 3 .97 + 0.22 attomole/cell and that by cells in sodium-

depleted medium was 2.19 + 0.08 attomole/cell or 627" of control and the

difference r¡ras statistically significant (p<0.00f ).

Kinetics of Melpha1an Influx

A kínetic analysis of melphalan uptake by L5178Y lymphoblasts revealed

that uptake foIlowed biphasic kinetics, raising the possibility that two

carriers mediate melphalan transport . lLaC]melphalan uptake was measured

at 2 minutes to ensure that initial uptake velocity \¡ras determined, over

the concentration range of 3.3 to 66.7 p\I in vitro ax 37"C. The kinetic

parameters Km and Vmax were derived by linear regression analysis of

Lineweaver-Burk plots corrected for 2-component interaction by the Neal

equation (3, 109). The corrected Km and Vmax (mean + SE) for melphalan

transport by the low affinity component \,ras 69.5 p,l{, and 11 .27 x 10-17

mole/cell /mirn, respectively, compared to 6.29 p.YI and L29 x 10-17 mole/

cell/min for the high affinity component (Figure 4). These results are in

accordance with work previously published from this laboratory, which

eventually led Èo the identification of the 2 transport components as the L

and ASC amino acid carriers (17).

E. Effect of Extracellular pH on Melphalan Influx

Experiments \¡/ere performed to determine the effect of extracellular pH

on melphalan influx by L5178Y cells. Melphalan influx rates were deter-

mined over a pH range of 3 to 9 and then plotted as drug influx velocity
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FIc 4: Kinetic analysis of [14C]melphalan uptake by L5178Y cells for 2

min. at 37 "C in vitro. Reciprocal uptake velocity, V in

rnole/cell /min. x 10-17 i" plotted versus reciprocal drug

concentration, S in ¡;M. T}l.e 2 lines v¡ere obtained by linear

regression analysis. The lÍnear regression equatíon obtained for

Iow dose uptake vras y : 3.31X + 0.2I, with a correlation

coefficient of 0.968, and the equation for high dose uptake v¡as y

: 5.02X + 0.08, with a correlation coefficient of 0.933.
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(moles/ce11/minuce) versus extracellular pH. Influx velocity v¡as obtained

by performing a time course of ¡l4C1metphalan uptake ax 37"C as illustrated

in the inset in figure 5. The slope of the influx data in this exarnple

was determined by linear regression analysis and represents the influx

velocity at pH 5. Time courses over 90 seconds rrere performed to ensure

that unidírectional drug influx was measured, since melphalan uptake is

linear for approximately 2 minutes.

Melphalan uptake is mediated by two amí-no acid transport systems known

as system L and system ASC (17). To determine the effect of pH on

melphalan influx by system L, sodÍum-depleted medium was used since system

ASC is sodium-dependent. A saturating concentration of BCH (ie 5 mM), a

specific inhibitor of system L was used to anat.yze the effect of pH on

melphalan influx by system ASC. Therefore, in figure 5, the 3 pH curves

represent the effect of extracellular pH on melphalan influx by 1) both

system L and system ASC, 2) system L, and 3) system ASC. These experíments

have shown that ín L5178Y cells, system L and system ASC have similar pH

optima of approximately pH 1r.5.

Effect of L Amino Acids on Uptake of Melphalan by L5178Y L¡runphoblasts

ín vitro.

The effect of L amino acids on the uptake of melphalan was examíned.

Table l shows that uptake of 1¡rM ll4C1rnelphalan (mean + SE of 4 determi-

nations) at I minute was significantly inhibited by of a variety of amino

acids. L-leucíne was the most potent inhibitor of tlaC]melphalan trans-

port; in DPBS uptake was 3.01 + 0.27 axtomole/cell, whereas in the presence

of 1 mM L-leucine, iü was 0.92 + 0.21 attomole/cell. This 69.4% reduction

F.
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FIG 5: The effect of extracellular pH on influx of 10 pM [l4C]melphalan

by L5178Y cells in viËro ax 37"C. Melphalan influx by borh amíno

acid systems q/as determined in PBS (@), that by system L in

sodir.m-depleted medium (ffi) and that by system ASC in medium

containing 5 mM BCH ( Â). The influx velocity data were obtained

by linear regression of time courses of drug influx over 90 secs

at each pH (as illustrated by Ehe example in the inset, for drug

influx by the intact system at pH 5). The linear regression

equation of chis time course was y:0.19 x tO-17X + 4.1 x 10-17

with a correlation coefficient of 0.998. The influx velocity

derived from the slope of this curve was 11.2 x 10-17 rnol.s/eeLL/

min. and rvas plotted on the pH profile (see arrow).
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was highly significant (p<0.001) compared to the conLrol, consistent with

the obserwation that L-leucine shares a common transport carrier v¡ith

melphalan in L1210 (15) and L5178Y cells (17). Some of the amino acids

tested did not significantly inhibit melphalan transport ín this study.

The inhibitory effect of some of the amino acids and not others, suggests

melphalan transport is chemically specific.

G. A Comparison of the Effect of BCH and BCO on Melpha1an Uptake

Inhibition of melphalan uptake by the L system inhibitors BCH and BCO

\^ras compared in L5178Y cells. Uptake of 10 pM [l4C]melphalan \¡/as measured

at one minute in the presence of 0.1 to 10 ¡rM BCH or BCO. The concen-

tration of inhibitor which resulted in a 507" reduction of drug uptake was

found to be 0.25 nM BCH and 0.075 mM BCO (figure 6); thus, BCO was

approximately 3-fold more potent than BCH as an inhibitor of melphalan

uptake.

H. Effect of Galcium and Magnesium Depletion on Melphalan Transport

Time courses of drug uptake by L5178Y cells were performed co

determine the effect of calcium and magnesium depletion on melphalan

transport. Uptake of 1 pM ¡l4Clmetphalan at 37oC (mean + SE of 5 deter-

minations) by L5178Y cells incubated in calcium, magnesiun-depleted (CMD)

medium or DPBS was linear for approximately 2 minutes and then approached

plateau phase (fígure 7). However, the reduced uptake of melphalan by

cells incubated in CMD medium, suggested calciurn rnay play a role in the

uptake of melphalan.
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FIG 6: The effect of increasing concentration of BCH (ffi) or BCQ (@) on

uprake of lO ttç [1-4C]melphalan by L5178Y cells after 1 min.
I

incubation in vitro at 37"C.



.:it!.

z.
O
-
.50
T.
z.

àe

tlNHlBlTORl x lO-3M



35

FIG 7: Time course of rhe uprake of I pM Ir4c]melphalan by L5178Y cells

in virro ax 37'c in ç^2+ gr?+-depleted PBS (@) and PBS (c).

Approxima:Le:-.y 2 xo 4 x 106 cells/ml were preincubated for 10 min.

in the presence or absenc e of Ca2+ and Mg2+ before the addition

of ¡l4Clmetphalan. Aliquots of cell suspensions \,¡ere removed at

the times indicated and radioactivity was determined by methods

described in the text.
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Studies were performed to determíne if the reduced uptake of rnelphalan

observed in the time course described in figure 6 was statistically

significant. After a 10 minute preincubatíon in either DPBS or CMD medium,

a tíme course of uptake of 1¡^øM ¡14C1metphalan by L5178Y cells r^¡as

performed (figure 8). There \,ras no measurable effect of calcium depletion

on uptake of melphalan at 1 minute; however, at 10 and 30 minutes there was

a reductíon in uptake of melphalan by cells incubated in the CMD medium

compared to control ce1ls. Uptake of melphalan at 10 minutes v/as 6.89 +

0.13 attomole/cell in control cells compared to 5.38 + 0.40 attomole/cell

for cells suspended in CMD medium (p:0.01). Similarly, at 30 minutes

uptake of melphalan was 9.7L + 0.22 atxomole/cell in control cells compared

to 6.09 + 0.48 attomole/cell for cells incubated in CMD medium (p<0.001).

EFFECT OF CALCIUI{ AND CALCII]M ELIIX I.ÍODIIIATION ON MELPTIAI^AN TRANSPORT BY

L5178Y LYMPHOBIASTS

A. Effect of Calcir¡m and Magnesíum Depletion on Melphalan Influx

The effect of calcium and magnesium depletion on melphalan ínflux was

assessed by determining drug influx rates. Unidirectional influx rates can

be obtained by measuring drug uptake over a time period in which uptake ís

linear. Uptake of melphalan is linear for 2 minutes (figure 1); therefore,

after a 10 minute preincubation in DPBS or CMD medium, L5178Y cells were

exposed to 10 LtlI lI4C] melphalan and uptake v/as measured over 90 seconds.

The influx rate was obtained from the slope of the linear regression

equation of the uptake curve. The ínflux rate (mean + SE of 10 determin-

ations) for the control cells r¿as 0.46 + 0.03 attomole/cell/second compared

to 0.34 + 0.04 attomoLe/ceLL/second for cells in CMD medium (figure 9);
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FIG 8: Histogram demonstraring the effect of. ca2+ Mg2+-aepletion on

uptake of 1¡r!1 ilaClmelphalan ar 1, l0 and 30 rnin. by L517gy

lynphoblasts in vitro at 37'C. Approximately 3 ro 4 x 106

cells/mr were preincubated. for 10 urin. in the presence (tr) or

absence (@) of caL+ and Mg2+. Drug uptake r¿as determined as

described in the text and each bar represents the mean * sE of 4

determínations. The data were analyzed by an unpaired 2-taired

t-Cest.
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F]G 9: Effect of. Ca2+ Mg2+-depletion on unidirectional influx rate of

¡14C1metphalan by L5178Y lymphoblasts in vitro ax 37"C. The

unidirectional influx rate vras derived from a time course

measuring initial velocity of drug uptake over 90 sec. in the

presence (+) and absence ( - ) of Ca2+ and ytg2* . The data were

anaLyzed statistícally by a 2-xaLLed paired t-test.
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t.}:ris 267" reduction of ínflux rate \^ras statistically signÍficant (p:0.0f5)

and therefore may partially account for the decreased uptake of melphalan

observed in fígure 6 and 7.

Effect of Calcir¡m and l{agnesir:m Depletion on Melphalan Efflt¡x

Efflux studies were performed to decermine if an increased rate of

drug efflux contributed to the apparent reduction of uptake of melphalan

observed in CMD medium. L517BY lymphoblasts vrere loaded \.rith 10 pM

¡l4Clmetphalan for 10 minutes in DPBS; cells \.{ere centrifuged and resus-

pended ín DPBS or CMD medium to examine the effect of extracellular

calcíum depletion on Lhe melphalan efflux rate. By performing a time

course of melphalan efflux, the efflux rate r^ras determined and half-time

(th) of drug efflux calculated from the formula x4: LwZ/K, where K is the

first order rate constant determined from the negative slope of the linear

regression equation of the line obtained using a semi-logarithmic plot of

exchangeable drug versus time (25).

The tL (mean + SE of 6 determinations) for rnelphalan efflux in DPBS

was 8.4 + I.4 minutes compared to 9.4 + I.5 minutes in CMD medium and this

difference \^ras not sígnificant. However, if L5178Y cells were loaded with

10 ¡.rM ¡l4Clmetphalan for 10 minutes in CMD medium, centrifuged and then

resuspended in DPBS or CMD medium, the tk (mean + SE of 6 determinations)

for melphalan efflux in DPBS was 8.6 + 1.1 minutes compared to 5.6 + 0.1

minutes in CMD medium, and this difference was statistically significant

(p:0.03). Therefore, the reduced t\ for melphalan efflux from cells in CMD

medium may help explain the apparent reduction of melphalan uptake observed

previously.



43

Effect of Calei¡:m and Hagnesium on Cell Voh¡¡ne of L5178Y L¡rmphoblasts

The cell volume of L5178Y cells suspended in transport media with

differing divalent cation compositions r¡ras determined. Cells were incu-

bated for 10 minutes aX 37 oC in DPBS as well as in calcium-depleted,

magnesium-depleted, or CMD depleted medium (see text for description of

media), and then ceII wolume determinations were performed on the cells

which remained in the different media. The cell volume (mean + SE of 2

determinations) of cells incubated in DPBS was 956.0 + 26.2 femtoliters

and that of cells incubated in CMD free medium \¡/as L20L.0 + 50.3 femto-

liters; this 25.6% Íncrement in cell volume was statistically significant

(p<0.05). Cells incubated in calcium-depleted medium had a mean cell

volume of L273.7 + 150.5 femtoliters, but this increase was not statisti-

cally significant. Finally, the mean cell volume of cells incubated in

magnesium-depleted medium was 971.6 + 13.8, similar to the mean cell volume

of the control cells (figure 10). It is not likely that the increased mean

cell volume of cells exposed to CMD medium is responsible for the consis-

tently reduced level of intracellular ¡14C1rnetphalan observed in the

transport studies descríbed earlier; in fact, one would expect conditions

that increase cell wolume would also increase levels of intracellular

drug. Since decreased levels of ¡14C]melphalan have been observed in

experiments examining the effect of calcium and magnesium depletion on

melphalan transport, these alterations of ceII volume support the notion

that melphalan transport may be calcium or magnesium-dependent.
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FIG 10: Effecx of Ca2+ and/or ttg2+ depletion on eell volume of L5178Y

lymphoblasts. Cells were incubated for 10 min. at 37 "C in DPBS

containin1 O.g rnM Ca2+ and 0.5 nM Mg2+ or in Ca2+-depleted PBS

containing 0.5 mM tlt2+, or l{g2+-depleted PBS containing 0.9 nM

c^2*, or ca2+ l,tg2+-aepleted PBS containing no ca2+ or M,g2+. cell

volumes were determined in a Coulter Model Zg1 electronic

particle counter (Coulter Electronies, Inc.), calibrated with

paper mulberry spores (mean cell diamexer L2.5 ¡rM) . The data

(mean + SE expressed in femtolíters) were analyzed by an unpaired

2-tai]-ed t-test.
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D- Effect of CaCL2 on Melphalan Uptake

The effect of increasing the extracellular calcium concentration on

melphalan uptake by L5178Y cells was investigated. After 10 min preincub-

ation in DPBS or DPBS v¡ith 2.5 fù4 CaCL2, L4NI tl4Clmelphalan was added ro

the cells and uptake was measured ax 37oC after 10 min in the presence of

the drug. Ll4Clmelphalan uptake (mean + SE) by cells treated with 2 .5 pþI

CaCI2 was 10.1 + 0.8 attomoLe/cell compared to 15.4 + 0.7 attomoLe/ceLLby

cells incubated in DPBS (Table 2). Tine 34% decrease in ¡l4clmelphalan

uptake by cells exposed xo 2.5 ¡.rI"1 CaCl2 was statistically significant (p <

0.00r) .

E. Effect of K2SO4 on Melphalan Uptake

To further investigate the role of calcium fluxes on the transport of

melphalan, the effect of K2SO4 on ¡l4Clmelphalan uptake by L5178Y lympho-

blasts was determined. The control and K2SO4 treated cells rÀrere pre-

incubated for 7 minutes in transport media of sirnilar osmolarity before the

addition of ¡14Clmelphalan, which was incubated with the cells for an

additional 5 minutes. Uptake of 1 ¡rM ¡l4C1metphalan (mean + SE of 6 deter-

minations) was 14.3 + 0.48 attomole/cell by control cells and 13.0 + 0.16

atxomole/cell for cells incubared \^rith 60 mM K2SO4 (Table 2), and this

difference r¡ras statistically signíficant (p:0. 025) .

F. Effect of EGTA on Melphalan Uptake

The effect of the calcium chelator, EGTA, on uptake of melphalan by

L5178Y lymphoblasts vras investigated. After a 10 minute preincubation ín

DPBS or DPBS with 1 mM EGTA, 1 pÌrI ¡l4C1metphalan was added to each set of
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G.

cel1s. Uptake of melphalan was measured in sextuplicate at 10 or 30

minutes (Table 2) and this experiment v/as representatíwe of several

performed. At 10 minutes drug uptake (mean + SE) by control cells was 7.1

+ 0.5 atxomoLe/cell, and that ín the presence of 1 mM EGTA was 9.5 + 0.6

attomole/cell; this 33% increase was statistically significant (p:0.0f4).

At 30 minutes, uptake of 1 pM tl4Clmelphalan by the control cells was 8.6

+ 1.0 attomole/cell, whereas uptake in the presence of 1 mM EGTA was 13.5

+ 0.9 attomole/cell; this 57% increment in uptake rvas statistically

significant (p:0.004) .

Effect of EGTA on Melphalan Influx

The effect of EGTA on influx of melphalan was determined. L5178Y

cells were preincubated for 10 minutes in media with or without EGTA before

beginning the influx studies. The rate (mean + SE of 11 experiments) of

unidirectional influx of l0 pÌuI lL4clmelphalan in L5178Y cells was 0.31 t

0.03 attomole/cell/second and that in the presence of EGTA v¡as 0.34 + 0.02

attomole/ceIL/second and this difference was not statistically significant.

Effect of the Calcium Ionophore A23L87 on Melphalan Transport

The effect of the calcium ionophore A23L87 on uptake of melphalan by

L5178Y lymphoblasts \,ras investigated (figure 11). After a 10 minuce

preincubatíon in DPBS, a time course of 1 pI4 tl4Clmelphalan uptake by

L5178Y cells was performed simultaneously ín DPBS contaíning I pYI A231-B7

and in DPBS (control). The transport media for both the control and

A23L8l-treated cells contained.0.5% Dì,ISO, the solvent used to dissolve the

íonophore. Over the first 20 minutes, there l{as a reductíon ín

H.
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FTG 1l: Tiure course of the uptake of 1¡rM tlaClmelphalan by L5178Y cell,s

in vitro at 37oC in the presence (@) and absence (O) of l pM

A23I87 .
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tlaClmelphalan uptake by

but by 30 minutes, uptake

the cells íncubated

reached the control

in the presence of A23I87,

value.

Effect of Trifluoperazine on Melphalan Transport

The effect of che calmodulin inhibitor, trifluoperaztrte on uptake of

melphalan by L5178Y lymphoblasts \^ras investigated (figure 1-2). After a 10

minute preincubation in DPBS, trifluoperazine or 0.01% DMSO (the solvent

used to dissolve trifluoperazine) and Il4C1melphalan were added simul-

taneously to the celIs. The time course shows a decreased uptake of 1 pM

¡14C1metphalan ín the presence of 10 pM trifluoperazine over the first 20

minutes of uptake, but by 30 minutes, melphalan uptake in cells incubated

with trifluoperazine approximated that of control cells.

Effect of Nifedipine a Calcir¡m Charurel Antagonist, on Melphalan

Transport

A study was performed to determine if nifedipine effected melphalan

uptake by L5178Y cells. Nifedipine is light sensitive; therefore, experi-

ments were performed under strict filtered light. After a 10 min prein-

cubation in DPBS or DPBS with various concentrations of nifedípine, cells

were incubated \,/ith 1¡¿M Il4Clnelphalan for an additional 10 minutes and

then uptake of the drug was determined. Uptake of ¡l4Clrnelphalan by cells

in the absence of nifedípíne was 2I.I + 0.9 attomoLe/ceLl; the presence of

10 or 50 pM nifedipine did not significantly effect melphalan uptake

compared to cells which vrere not treated with nifedipine. However, uptake

of ¡l4Clmelphalan by L5l78Y cells incubated \,rith 100 pM nifedipine was 15.9

+ 1.3 attomole/cell, and this 257" decrease lÄras statistically significant

(p:0.018; Table 2).
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FIG 12: Time course of the uptake of 1 ¡rM ¡l4C1melphalan by L5ll8Y

lymphoblasts in vitro at 37 oC in the presence (@) and absence

(O) of l0 pM trifluoperazine.
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K.

Accordingly, a time course of melphalan uptake by L5I7BY cells was

performed in the presence of nifedipine. Cel1s were preincubated ín the

absence or presence of 100 pM nifedipíne for 10 minutes before the addition

of I pM tl4Clmelphalan. Initially, there r¡¡as very little difference in the

uptake of ¡l4a]melphalan by cells in the absence or presence of nifedipine;

however, as time progressed, there Ïras a marked reduction of melphalan

uptake in cells treated with nifedipine compared to untreated control ce11s

(figure 13). The concentratÍon of nifedípíne used in these studies had no

effect on cell viability, as measured by tr)rpan blue exclusion.

Effect of BAY K 8644 on Ì[elphalan Transport

The effect of BAY K 8644, a caleium channel agonist, on melphalan

transport was investigated in L5178Y cells. BAY R 8644 is slightly light

sensitive, therefore experiments were performed as prewiously described for

nifedipine. After a 10 minute preincubation, uptake of 1 pM lLAClmelphalan

by L5I7BY cells rnras measured at 10 min in the absence and presence of BAY K

8644 ax concentrations ranging from 0.1 to 10 pM. Significant reductions

of melphalan uptake were evident at concentrations of 0.1 and I ¡rM BAY K

8644 compared to cells incubated in DPBS (control); uptake by control cells

was 9.3 + 0.5 attomoLe/eell compared to 6.9 + 0.6 attomoLe/eeLL for cells

exposed to 0.1 ¡rM BAY K 8644 (p:0.018) and 7.L + 0.2 attomole/cell in

cells exposed to 1 pM BAY K 8644 (p:0.004; Table 2). There was no effecu

of 10 ¡iM BAY K 8644 ott ¡l4Clmelphalan uptake. Trypan blue dye exclusion

revealed that over 957" of the cells were viable at all concentrations of

BAY K 8644 examined. Accordingly, 1¡.rM BAY K 8644 was used in the

following study of the effect of BAY K 8644 on melphalan transport over a

time course of 30 minutes.
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FIc 13: Time course of the uptake of 1¡rM tl4Clmelphalan by L5l78Y cel.l.s

in vitro ax 37"C in the presence (@) anã absence (O) of 1-00 pM

nifedipine.
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Cells were preincubated for 10 minutes in the presence or absence of 1

pM BAY R 8644 prior to the addition of 1 pM tl4Clmelphalan. Uprake of

t14c]rnelphalan by L5178Y cells over 30 minutes was reduced in Lhe presence

of BAY R 8644 compared to untreated control cells (figure 14).

L. Effect of Diltiazem or,. l{elphalan Uptake

The effect of diltíazem on uptake of melphalan by L5178Y lymphoblasts

was investigated. Cells were preincubated ax 31 "C for l0 min in DPBS or

DPBS with 0.5 ¡rM diltiazem. Uptake of ¡l4Clmelphalan (mean + SE) by

lymphoblasts treated with diltíazern was 15.0 + 0.7 attomoLe/cell and that

of control cells was 11.9 t 0.8 attomole/ceLL (Table 2); xinís 26% íncrement

was statistically significant (p:0.025).

l{. Effect of Verap¡mi1 on Melphalan Uptake

The effect of the calcium channel blocker, verapamil, on uptake of

melphalan by L5178Y lymphoblasts r^ras ínvestigated. After a 10 min

preincubation in DPBS or DPBS with 0.1 pM verapamil, L pYI ¡l4Clmetphalan

was added to each set of cells. Uptake of ¡l4tlmelphalan (mean + SE) by

control ce1ls after 10 min v¡as 10.9 + 0.1 attomoLe/ceLL and drug uptake in

the presence of verapamíl was 13.8 + 0.9 attomoLe/ceLl (Table 2); thus

26.67" increment in uptake was statistically significant (p : 0.029).
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FIG 14: Time course of the uptake of 1¡.rM ¡l4C¡metphalarr by 1-51-7BY ceJ.l-s

in vitro at 37oC in the presence (@) and absence (O) of I ¡rM

BAY K 8644.
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EFFECT OF dDAVP ON MEMBRANE TRANSPORT

A. Effect of dDAVP on Membrane Transport

Initially, the effect of dDAVP on melphalan transport v/as investigated

in L5178Y lymphoblasts in vitro. Uprake of 1 pM tl4Clmelphalan ar 10

minutes \^ras measured in the absence and presence of dDAVP at concentrations

ranging from 2.5 to 500 rù,f. The stirnulatory effect of dDAVP on melphalan

transport was evident at all doses of dDAVP except at 500 nM (figure 15).

Trypan blue dye exclusíon revealed xhax 667" of the cells exposed to 500 n-l"t

dDAVP were viable compared to over 957. cell viabitity at all other concen-

tratÍoris of dDAVP. Thus cytotoxicity apparently contributed to the reduced

uptake of melphalan in the presence of 500 nì,Í dDAVP. The most striking

effect of dDAVP on melphalan transport was observed at 100 nì,I dDAVP.

Uptake of ¡14C1me1phalan by control cells was 8.4 + O.B atromoLe/ceLL

compared to 16.4 + 0.3 attomoLe/celL by cells exposed to 100 rì-M dDAVP, and

this 95% increment in melphalan uptake was statistÍcaIly significant

(p<0.0001). Accordingly, 100 nM dDAVP was routinely used to study rhe

effect of dDAVP on membrane transport.

B. Effect of dDAVP on Uptake of Alþlating Agents and Other Substrates

The effect of dDAVP on membrane transport of three alkylating agents

used clinically Ín the treatment of neoplastíc disease (melphalan, nitrogen

mustard and cyclophosphamide) was examined. Uptake of 1 pM t14C]melphalan

(mean + SE) at 10 min by L5178Y cells was 10 .7 + 0.5 attomole/cell and

that in the presence of 0.1 pM dDAVP was 17.3 + 1.1 attomoLe/cell (Table

3); Eil.í-s 627. increment in drug uptake was highly significant (p < 0.001).

Melphalan transport is mediated by neutral amino acid carriers (systern L
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FIG 15: A histogram demonstrating the dose-response effect of dDAVP on

uptake of 1 ¡;M ll4C]melphalan at l0 min in L5178Y lymphoblasts in

vitro. Approximately 3 x 106 cells/ml were preincubated for 10

min. in PBS in the presence or absence of dDAVP. Drug uptake was

determj-ned as described in the text. Each bar represents the

mean t SE of 4 determinations; the data were analysed by an

unpaired 2-Laíled t-test.
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and ASC), therefore the effect of dDAVP on uptake of two neutral amino

acids was determined. Uptake of 10 ¡rM [3H]leucine at 10 minutes was 204.2

+ lB.5 attomole/eeLL, but uptake by cells in the presence of 0.1 ¡.rM dDAVP

was 78.8 + 2.9 attomoLe/ceLL; this striking reduction in uptake was also

highly significant (p < 0.001). Uptake of 1 ¡rM [14C]gluramine in rhe

absence of dDAVP by L5178Y cells was 11.3 + 1.1 attomol.e/c'e1J-, whereas

uptake in the presence of 0.1 ¡rM dDAVP was L2.5 + 1.8 attomole/celL; this

difference \¡ras not significant (Table 3).

Uptake of 1 pM ll4C]nitrogen mustard by L5178Y eells at 10 minutes was

5.5 + 0.3 attomole/ceLL in the absence of dDAVP and 4.2 ! 0.3 attomoLe/celL

by eells exposed to 0.1 ¡rM dDAVP (Table 3). Tlni-s 247" decrement in drug

uptake was statistically signifieant (p < 0.02). Nitrogen mustard is

actively transported on the choline carrier (31); therefore, the effect of

dDAVP on choline uptake was investígated. Uprake of 1 pM tl4Clcholine

chloride at 10 minutes was 35.5 + attomole/cell, whereas uptake was 27.4 +

0.8 attomol-e/ce1-1- by cells treated with 0.1 pM dDAVP (Table 3); this 237"

reduction in the presence of dDAVP was highly significant (p < 0.001).

Finally, the effect of 0.1 pM dDAVP on the uptake of 100 pM

cyclophosphamide was examined. Uptake of ¡l4Clcyclophosphamide was 37.J +

2.4 axxomole/cell in the absence of dDAVP compared to 38.8 + 3.7

attomole/cell in the presence of dDAVP; this dífference r^ras not statistic-

ally sígnificant.

A time course of uptake of melphalan by L517BY lymphoblasts in the

presence and absence of 0.1 pM dDAVP was performed (figure 16). Uptake of

IpYf l,14C1rnelpha1an by either the control or dDAVP-treated cells r^¡as linear

for approximately 2 minutes and then approached a plateau phase; however,
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FIc 16: Time course of the uptake of l pl"t tlaClmelphalan by L5178Y

ly:rphoblasts in vitro , atr 37 'C in the presence (@), and absence

(O) of 0.1 ¡-rM dDAVP. Approximately 2 to 4 x 106 cells/mL wexe

preincubated for 10 min. in PBS in the pre,sence or absence of

dDAVP before the addition of tl4Clmelphalan. Aliquots of cell

suspensions were removed at the times indicated and radioactivity

was determined by methods described in the text.
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C.

in the presence of dDAVP, transport of melphalan by L517BY cells was

enhanced compared to control cells throughout the 20 minute time course.

The effect of dDAVP on a time course of uptake of 10 /rM l3H]leucine by

L5178Y cells was determined as well (figure 17). Uptake of ¡3Hlleucine

throughout the 30 min time course r.ras reduced in the presence of dDAVP.

possible explanation for these observations vras that dDAVP was affecting

the influx and/or efflux rate of these 2 substrates.

Effect of dDAVP on Uni-directional Influx Rate of Alþlating Agents and

Other Substrates

}felphalan Transport

Melphalan influx occurs by two neutral amino acid transport carriers,

system L and system ASC (1). The rate of drug influx \¡ras determined with

both systems operatíng (intact system) or with only the L or ASC system

functioning. Separation of the two transport systems v/as achieved by

selective inhibition of one system at a time. Measurement of melphalan

influx by system ASC was achieved by selectively inhíbiting system L with

the synthetic amino acid, P-2-aminobicyclo[2,2,I]heptane-2-carboxylic acid

(BCH), a specífic antagoníst of system L (1). Drug influx by system L was

studied by selectively inhibiting system ASC with sodium depletion, since

system ASC, unlike system L, is sodium-dependent.

Time courses extending over a 90 second period were performed to

determíne the effect of 0.L pYI dDAVP on the unidirectional influx rate of

tt¡¡ lL4c] melphalan. Influx rates were calculated from the slope of the

linear regression line obtained from each time course. In 9 out of 11

experíments performed on the intact system there was an increase in the
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FIG 17: Time course of the uptake of 10 pM [3H]leucine by L5178y

Iymphoblasts in vitro, at 37 "C in the presence (@) and absence

(C) of 0.1 ¡-rM dDAVP. Transport studies were performed using

methods described in the text and the caption for Fig. t6.
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Ínflux rate of melphalan in the presence of dDAVP (Table 4). The influx

rate of melphalan (mean + S.E.) in the absence of dDAVP Íras 0.048 + 0.003

attomole/cell/second and that in the presence of dDAVP was 0.057 + 0.005

attomole/ce11/second; this L77" increment was statistically significant (p :

0.05, 2-xall paired t-test).

Investigation of the effect of dDAVP on the unidirectional influx rate

of melphalan by system ASC revealed that in the presence of dDAVP there was

an increased influx rate in 5 out of 6 experiments performed (Table 4).

The mean influx rate in the absence of dDAVP was 0.042 + 0.006 attomole/-

cell/second and that in the presence of dDAVP was 0.057 + 0.005 attomole/

cell/second and as with the intact system, this 36% increase was

significant (p : 0.036, z-xall paired t-test). Conversely, melphalan

influx by system L was decreased in the presence of dDAVP in each of the

four experiments performed (Table 4). The mean influx rate in the absence

of dDAVP was 0.020 + 0.003 attomole/cell/second compared to 0.015 + 0.002

attomole/celL/second with dDAVP present, and tir.Ls 257" reduction was

statistically significant (p:0.035, 2-xaLL paired t-test).

Leucine Transport

To further investigate the effect of dDAVP on uptake of leucine,

unidirectional influx studies were performed. To ensure that initial

uptake velocities v/ere being measured, a time course of substrate uptake

over 90 sec vras measured. In 3 out of 3 experíments attempted, there \¡ras a

decrease in unidirectíonal influx rate in the presence of 0. I pI4 dDAVP; in

the control cells, the rate (mean + S.E.) was 0.202 + 0.028 attomole/-

eell/second, whereas in cells exposed to dDAVP, Lhe rate eras 0.L22 + 0.020

D.
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attomole/cell/second; Ehis 40% decrement was híghly significant (p :

0.014, z-xalr- paíred t-test).

E. Nitrogen Mustard Transport

The effect of 0.1 pM dDAVP on the unidirectional influx rate of

nitrogen mustard in L5178Y cells was determined (figure 184). It has

previously been shown that unidirectional influx of nitrogen mustard occurs

for up to 60 minutes (29), unlike melphalan or leucine, where uptake is

linear for approximately 2 minutes. The influx rate of 1 pM [l4cinitrog"r,

mustard in control cells was 0.572 + 0.054 axxomoLe/cell/minute and that

for dDAVP-treated cells was 0.22L + 0.042 attomole/cell/rninute; this 61%

reduction was highly significant (p < .001), using the t-test to compare

the significance of the difference of slopes (figure 184). The experiment

in figure 184 is represeritative of three others also performed. Therefore,

reduced uptake of nitrogen mustard in the presence of dDAVP may be due in

part to inhibition of unidirectional drug influx.

F. Gholíne Transport

Unidirectíonal influx of choline chloride Tras examined in the presence

and absence of 0.1 ¡rM dDAVP (figure 188). The influx rate of 1 ¡rM

il4Clcholine chloride in control cells was 4.72 + 0.19 attomole/cell/minute

and thac in the presence of 0.1 ¡rM dDAVP was 0.19 + 0.35 attomole/cell/

minute; this 24-foLd decrease in influx velocity was híghly significant (p

< 0.001), using the t-test to compare the signifícance of the difference of

slopes. Therefore, the reduction of choline uptake by dDAVP was due at

least in part to inhibition of unidirectíonal drug ínflux.
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FIG 18: Time course of unidirecrional influx of 1 ¡rM [laC]nì{Z (panel A)

and of I ¡rM [14C1.hotine chloride (panel B) in L5178Y

lymphoblasts ín vitro, at 37"C, in the presence (@), and absence

(C) of 0.1 pM dDAVP. Transport studies rvere performed using

methods described in the text and the caption for Fig. L6. Over

the tirne period studied, uptake was linear indicating that

initial uptake velocity was being measured. The regression

equation for HN2 influx in the control plot was y : 5 .72 x tO-19X

- 2.L4 x 10-18 wich a correlation coefficient of 0.9825, and that

in the presence of dDAVP was y : 2.2L x f0-1k + 4.67 x

10-18 with a correlation coefficient of 0. 9354. The data were

analysed by a 2-tailed, t-test comparing the significance of the

difference of the slopes. In panel B, the regression equation

for choline influx in the control plot was y:4.72 x lO-lBX +

3.10 x 10-18 v¡ith a correlation coefficient of 0.gg75, and. that

in the presence of dDAVP \,ras y : L.g4 x 1O-19X + 8.28 x 10-18

with a correlation coefficient of 0.3056. The data were analysed

by a 2-tailed t-test comparing the significance of the difference

of the slopes.
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G. Effect of dDAVP on the Kinetics of Gholíne Influx

In an attempt to elucidate Lhe mechanism of inhibition of dDAVP on

choline transport, a kinetic study was performed. Influx of tlaC]choline

chloride by L5178Y cells over the concentration range 1 to 10 ¡.rM was

determined in the absence or presence of 0.1 ¡.rM dDAVP (figure 19). The

kinetic parameters, Km and Vmax, \^rere deriwed from the slopes and inter-

cepts of the linear regressíon equations of the Lineweaver-Burk plots

(figure 18), where Vmax : L/y- intercept and Km : slope x Vmax. The Kn

(mean + SE) for choline transport by control cells was 4.3 + 1.9 plrl , and

that for cells treated with dDAVP was 4.L + L.4 p,l[,. This difference rn/as

not statistically significant. However, the Vmax (mean + S.E.) for control

cel1s was 11 .7 + 3.9 attomoLe/eeII/min and that of cells treated with dDAVP

was 2.9 + 0.7 attomoLe/eeLL/min, and the difference \¡ras highty significant

(p < 0.001). The 4-fold decrease of Vmax with no change in the Km

suggested that inhibition of choline transport by dDAVP vras non-competitive

in nature.

H- Effect of dDAVP on the Kinetics of Leucine Influx

Kinetic studies were performed to determine the mechanism of inhib-

ition of leucine Ëransport by dDAVP. Influx of ¡3Hlleucine at one minute

ín L5178Y lymphoblasts over the concentration range 0.5 to l0 ¡rM was

determined in the absence or presence of 0.1 ¡lM dDAVP and the mean *

S.E. of 3 experiments is presented as a Lineweaver-Burk plot (figure 20).

Km's and Vmax's \¡rere obtained from the linear regression equations of the

Lineweaver-Burk plots (figure 20). The Krn (mean + SE) ín control cells in

the absence of inhíbitor was 8.95 + 2.36 p,YI and that in the presence of
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FIG 19: Kinetic analysis of the mechanism of inhibition of choline influx.

by dDAVP in L5l78Y lymphoblasts. Influx of 1 to 10 pM

[IaC]choline chloride v¡as determined at 10 min. at 3J'C in L5178Y

lymphoblasts after preincubation for 10 min. in PBS in the

presence (@), or absenc. (O) of 0.1 pM dDAVP. The data are

plotted by the double reciprocal method of Lineweaver-Burk with

reciprocal uptake velocity, V, in moles x 10-17 cell/min. on the

ordinate against reciprocal ¡rM substrate concentration on the

abscissa. Each point represents the mean t SE of 4 determin-

ations; on occasion the confidence íntervals were Ëoo small to be

illustrated. The lines were obtained by linear regression

analysis. The Iinear regression equaEion for the control plot

v¡as y :3.64 x tOl7x + 8.53 x 1016 with a correlation

coefficient of 0.8814, and that of the plot in the presence of

dDAVP l¡as y : L.44 x 1018X + 3.50 x 1017 with a correlation

coefficient of 0.9205. The data were analysed by a 2-taÍled t-

test comparing the significance of the difference of the slopes

and inÈercepts.
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FIG 20: KÍnetic analysÍs of the mechanism of inhibition of leucine influx

by dDAVP in L5178Y lymphoblasrs. Influx of 0.5 ro 10 pM

[3Hlleucine \das determined ar 1 min. ax 37'C in L5l78y cells

after preincubation for 15 sec. in PBS in the presence (@), or

absence (O) of 0.1 ¡rM dDAVP. Reciprocal uptake velocity, V, in

attomole/celI/min is plotted on the ordinate against reciprocal

pM leucine concentration on the abscissa. Each point represents

the mean + SE of 4 determinations; on occasion the confidence

íntervals were too small to be illustrated. The lines were

obtained by Iinear regression analysis. The linear regression

equation for che conrrol plor was y : 1.55 x tO17X + 3.38 x 1016

with a correlation coefficient of 0.9834 and that in the presence

of dDAVP Ì{as y :2.88 x 101bÈ1.16 x 1016 wirh a correlarion

coefficient of 0.9887.
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dDAVP \das 3l .7 ! 7 .27 p,YI; this 3.5 fold increase was statistically

significant (p < 0.05). The Vmax (mean + SE) for control cells was 28.9 +

8.4 attomole/ceLL/minute compared to 86.2 + 36.2 attomoLe/ceLL/minute in

the presence of dDAVP; however, this 3-fold increase vras not statístically

significant. The 3.5-fold increase of Km in the presence of Ínhibitor

wÍthout a decrease of Vmax suggested that inhibition of leucine transport

by dDAVP vras competitive in nature.

The K1 for dDAVP as inhibitor of leucine transport was 42 n-M, which

was determined from the Lineweaver-Burk plot (figure 20), using the

formula:

Km':Km(l + [IJ7xi¡

where Km' or the apparent Km was derived from the X-intercept of the

Lineweaver-Burk plot ín the presence of inhibitor, Km from the X-intercept

of the control line in the absence of inhibitor, and [I] was the concen-

tration of the inhibitor, dDAVP. (28, 30, 32).

I. Effect of dDAVP on Melphalan Efflux

The effect of dDAVP on melphalan efflux from L5178Y lymphoblasts was

determined. Cells were incubated with 1 i¿M [14C1*elptralan for 10 minutes

ax 37"C, washed, resuspended in medium ¡,¡ith or without 0.1 pM dDAVP, and

then a time course of drug efflux vras performed. Efflux was rapid for the

first 5 minutes, and reached a plateau level by 30 mi.nutes, with

approximately 15 xo 2O7" of the initial radioactivity remaining ín the

cells. The first order rate constant K and the half-time (x4) for efflux

over the first 5 minutes were obtained by linear regression analysis of a

semi-logarithmic plot of exchangeable intracellular melphalan (expressed as
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a percentage of the initial exchangeable intracellular melphalan 1eve1)

plotted against efflux time (see METHODS). The tL (mean + S.E. of L4

determinations) was 4.7 ! 0.4 minutes for the control cells and 5.4 + 0.4

minutes for the cells exposed to dDAVP. This 15% increase in tL in Ehe

presence of dDAVP was statistically significant (p : 0.016).

J. Effect of dDAVP on Cell Voh¡me

Cel1 volume determinations of L5178Y lymphoblasLs r.trere performed in

the presence and absence of dDAVP, since a change in cell volume may affect

transport and therefore complicate the interpretation of the uptake

results observed with dDAVP. In each of the 6 sets of cell volume deter-

minations, the mean ce1l volume was slightly íncreased by the presence of

0.1 pM dDAVP (fígure 21). The cell volume (mean + SE) for the 6 control

determinations was 993.6 + 20.4 femtoliters and that for the dDAVP-treated

cells was 1075.1 + 33.0 femtoliters, and this 8% difference v¿as statisti-

cally significant (p : 0.014, 2-xa7L paired t-test). Although dDAVP has

been shown to increase melphalan uptake, it had no apparent effect on the

uptake of cyclophosphamide or glutamine, and inhibited the uptake of

nitrogen mustard, choline and leucine. These varied effects and the

magnitude of change suggested that the 87. increment in cell volume observed

in the presence of dDAVP could not account for the observed changes in

transport.
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FIG 21: Effect of dDAVP on cell volume of L5178Y lymphoblasts. The mean

cell volume of L5178Y lymphoblasts v¡as determined in the presence

and absence of 0.1 ¡rM dDAVP. Cells at a concentration of 2 xo 4

x 106 cells/rnl were íncubated for 20 min ax 37"C in PBS with or

without dDAVP. Cell volume was determined by a Coulter

electronic particle counter as described in the caption for Fig.

10. The data are presented as mean cell volume in femtoliters

and were analysed statistically by a 2-taíLed paired t-test.
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DISCUSSION

MELPHAIÁN TRANSPORT BY L5178Y LYMPHOBIASTS

Studies of melphalan uptake by L5178Y cells in vitro have been

extended to further identify relevant characteristics of melphalan

transport. Established conditions were used in this transport study to

control against factors that may effect drug uptake such as osmolariXy,

temperature, pH, and transport inhibítors (27). The standard transport

medium consisted of a buffered salt solution used at pH 7.2 and 37"C. In

previous investigations of transport of alkylating agents, hydrolyzed

compounds were preferred to intact drug in order to prevent the complic-

ation of alkylation reactions (30, 32). However, it has previously been

established that intact and hydroLyzed melphalan are transported by

different mechanisms (16, 17), and therefore, the use of íntact melphalan

in this study vras necessary. The problem of alkylation of active sites on

carrier proteins vras not considered significant, since it has previously

been shown that less than 5% of melphalan is found in the membrane fraction

of L517BY cells (16). In addition, uptake studies of ¡l4Clmelphalan by

L5178Y cells have shown tl;rat 957. of the radioactivity is found in the cell

sap fraction (17), whích also would suggest that alkylation to carrier

proteins located in the cell membrane is not a significant problem.

In this study, and Ín previous investÍgations of the mechanism of

uptake of melphalan by L5178Y cells, evidenee suggesting that two amino

acid carriers were involved was obtained (17). Melphalan uptake vras found

to occur against a concentration gradient of 8-fold, and followed biphasic

MichaelÍs-Menten kinetics, whích suggested it was transported by carrier

mediated processes involving two independent transport systems (1-7).



Uptake was shown to be temperature-sensítive, as it was completely

inhibited at 4"C and was found to be partially Na+-dependent (17). The

metabolic inhibitor ouabain, an antagonist of the Na+/K+ ATP."", also

partially ínhibited melphalan uptake by L5178Y cells (16, L7).

Collectively, these findings suggested that the mechanism of uptake of

melphalan was by an active carrier-mediated process. Finally, amino acids

were found to inhibit rnelphalan transport, whereas other alkylating agents

had no effect on drug uptake, which suggested the transport mechanism ¡,ras

chemically specific (17). Inhibition studies of melphalan transport by

L5178Y cells using specific, neutral amino acids as inhibitors and

recíprocal studies, in which inhibition of uptake of specific amino acids

such as L-leucine by melphalan suggested that the amino acids and melphalan

vrere competing for the same transport caxxíer (17). The discovery that

melphalan cytotoxicity was reduced in L1210 cells in the presence of L-

leucine or L-glutamine provided additional support for a conmon transport

system (14, 15, 2L). Finally, to elucidate which of the three neutral

amino acid transport systems described by Christensen and Oxender \¡rere

involved in melphalan transport by L5178Y cells, synthetic amino acid

analogues such as BCH and 2-MeAIB were employed (17). This work 1ed to the

finding that all of the carrier-mediated uptake of rnelphalan could be

accounted for by the L and ASC systems (17).

The neutral amino acíd transport systems have been characterized wíth

respect to their substrate specificities. The L syscem effectively

transports the aromatic and branched chain amino acids including L-

phenylalaníne, L-waline, L-isoleucine and L-leucine (22, 27). Amino acids

with short, polar or linear side chaíns such as L-glycine and L-alanine are
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transported by system A (27). System ASC is most effective for the

transporL of L-alanine, L-serine, and L-cysteine in Ehrlich cells (27,

732), although the transport system has been shown to have a broader

substrate specificity in other cell lines (110, LzO, L2L). For example, in

Chinese hamster ovary cells and rat hepatocytes, effective transport of L-

threonine, L-isoleucine, L-leucine and L-phenylalanine has been observed

(110, L2O). From its structure, one would expect melphalan to have

affinity for system L and ASC and not system A. Melphalan is the

phenylalanine deriwative of nitrogen mustard (3, 13), whieh structurally

means the drug is composed of a phenylalanine molecule attached to t\,/o

chloroethyl side arms. Melphalan transport mediated by system L is

plausible since system L can accomodate branched or aromatíc moieties, both

of v¡hich are represented in the struture of melphalan. System ASC has been

shown to have a relatively wide substrate specificity, transporting amino

acids such as phenylalanine (110) and, therefore, its reacËivity with

melphalan seems reasonable. It is not surprising that melphalan is

transported by more than one of the neutral amino acid transport systems

since Ëhey do have overlapping substrate specificities.

Characterization of these two transport systems in L5l78Y lymphoblasts

revealed that they were heterogeneous with respect to their affinities and

capacitíes for rnelphalan transport (17). Determination of the kinetic

parameters K¡', which is a measure of the bínding affinity between the drug

and transport carrier (3), and Vmax, which is a measure of the number and

rnobility of transport carriers (3) , reflected the L system's lower affinity

but higher capacity for melphalan compared to the ASC system. Melphalan

transport by the L system had a K* of 80 ¡,rM and a Vmax of 11.0 x LO-L7
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mole/cell/minute, whereas melphalan transport by the ASC system had a Krn of

10 pM and a Vmax of 2.2 x 10-17 rnole/cell/uLtr- (L7).

Investigation of the pH optima of rnelphalan transport by the trvo

separate carrier systems was achieved by usíng saturating concentrations of

BCH, a specific inhibitor of the L system (17, 23), or a Na*-depleted

transport medium to inhibit the ASC system, and revealed that optímal

activity occurred at a pH of approximately 4.5 for both systems. This

finding is in accordance with other studies which have shown that system L

is stimulated by a lowered extracellular pH (27). The effect of a lowered

extracellular pH is known to be variable on system ASC and inhibits system

A (27). This study would suggest that in the L5l78Y cell, melphalan

transport by the L system and possibly the ASC system, may in fact be

stimulated by a lowered exLracellular pH.

The synthetic amino acid, B-2- aminobicyclo 12,2,1 ]heptane-2-carboxylic

acid (BCH), has been widely used to discriminate the L system from other

transport agencies for neutral amino acids as ít is a specific substrate

for the Na+-independent component for neutral amino acid transport (17,

23). The synthesis of BCH results in a preparation containing a racemic

míxture of the D and L isomers (23). The stereoisomerism is a technÍcal

disadvantage in that the biologically more reactive levorotatory (1R, 25,

45) isomer has not been made readily available (f11). However, this

problem has been circumvented with the íntroduction of another methylene

group into the bridge containing the carboxyl and amino groups to form the

optically s¡rmmetrical molecule 3 - arnínobicyclo 13 .2 .1 ] octane - 3 - carboxylic

acid (BCO). Devoid of isomeric conLamination, BCO has approximately twice

the transport reactivity compared to BCH and yet is equally specífic for
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the L system (111). An investigation comparing BCH and BCO as inhibitors

of melphalan transport \^ras performed and revealed that BCO is aX LeasX 2-

fold more reactive than BCH as an inhibitor of drug transport. Therefore,

the optical symmetry of BCO appears to be an advantage of using BCO over

BCH as an inhibitor of melphalan transport.

EFFECT OF CAI.CIIn{ AND CAI.CII]M ELTIX HODIIIATION ON MELPHATAN TRANSPORT

Intracellular calcium plays an intricate role in lymphocyte

activation and regulates a variety of cellular functions (36, 44).

Calcium-dependent hormonal regulation of amino acid transport by system A

has been investigated (112,113); however, regulation of melphalan or amino

acid transport by systems L and ASC are poorly understood (f14). As well,

calcium channel blockers have recently been used in conjunction with

various chemotherapeutic agents to circumvent multídrug resistance, a major

lirnitation of cancer chemotherapy (68). It was hypothesízed xt'ax calcium

effectors may modulate melphalan transport and therefore, an investigation

of the effect of calcium channel blockers and calmodulin inhibitors on

melphalan uptake hras undertaken.

The effect of extracellular calcium on melphalan transport v/as

assessed in L5178Y lymphoblasts in vitro and evidence suggesting melphalan

uptake may be calcium-dependent was obtained. Time course studies of

melphalan uptake in the presence and absence of calcium revealed a marked

reduction of melphalan uptake by L5178Y cells in the calcium poor transport

medium as compared to uptake by cells in DPBS, the calcium contaíning

transport medium. Further inwestigation revealed a reduction of melphalan

uptake by L5178Y cells in calcium poor medium may be explained by both a
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reduced rate of influx and an increased rate of efflux. Extracellular

calcium has been shown to play an important role in stabilizíng the plasma

membrane in that as the external calcium concentration is increased,

permeability ís decreased (1f5). In addition, modulation of extracellular

calcium by chelators has been shown to increase human lymphocyte membrane

permeability and cation leak resulting in an elevated intracellular Na+

level (115). Therefore, vre postulated thac the effect of reducing

extracellular calciurn on melphalan uptake may be related to an alteration

in membrane integrity rather than a direct calcium dependency. This

hypothesis vras supported by a cell volume study which demonstrated that a

statistically significant 25% íncxease in mean cell volume was observed in

the calcium depleted medium as compared to cells suspended in the calcium

containing medium. However, the finding that melphalan uptake by murine

L5178Y lymphoblasts \^/as significantly reduced in calcium depleted medium

could not be satisfactorily explained by a leaky cell membrane which was

found to sr¡¡ell the cells. In fact, one ¡¿ould expect to observe an

augmentation of drug uptake in conditions that increased cell volume.

Therefore, the possibility of a calcium dependent component of melphalan

transport was further investigated.

The effect of altering the extracellular Ca2+ concentration on the

uptake of ¡l4alrnelphalan by L517BY lymphoblasts was ínvestigated. Reducing

the extracellular Ca2* concentration from the control transport medium

level of 0.9 mM to the Ca2+-depleted medium which did not contain added

Ca2* resulted in a 227" reduction in ¡l4Clmelphalan uptake by L5178Y cel1s.

As well, increasíng the extracellular Ca2* concentration to 2.5 mM resulted

in a 34% decrement ín drug uptake compared to uptake by the conËrol cells.
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This bell-shaped curve for drug uptake observed in this study suggests that

there may be an optímum extracellwlar Ca2+ concenLratíon (approxímately I

Ðl{) for the uptake of ¡l4alrnelphalan by L5178Y lymphoblasts. This

interpretation is consistent with the finding that melphalan influx is

decreased in Ca2+-depleted transport medium. Another possible explanation

for the observed reduction of drug uptake in the presence of higher calcium

concentrations ís the stabilizing effeet of calcium on the plasma membrane

which is known to reduce permeability and impair ion fluxes (115 , I27).

Investigation of the effect of poLassium or, ¡14C]melphalan uptake

revealed a reduction in drug accumulation in L5178Y ceIIs. Concentrations

of 15 xo 20 nM extracellular potassium has a depolarizing effect on the

plasma membrane, resulting in an increased calcium ion permeability in a

variety of tissues including squid axons, invertebrate muscle, vertebrate

cardiac muscle (L22) and vascular tissues such as rabbit aorta, mesenteric

vessels and arteries (116). Concentrations of potassium símilar to that

used in this study have induced a 3 to 6-fo1d increase in calcium ion per-

meability in rat brain nerve terminals (L22). A potassium-stimulated

calcium entry which apparently reduces ¡l4Clmetphalan uptake would appear

to support the hypothesis that melphalan flux varies inversely with Ca2+

flux as suggested by other studies in this investigation. As uptake is the

net result of drug influx and efflux, it is possible that a depolarization-

dependent calcium permeabilíty stimulates either drug influx or efflux.

Further investigation may lead to a better understanding of the potassium

effect observed on the uptake of melphalan.

The use of calcium channel blockers or calmodulín inhibitors to

overcome multidrug resistance is a recent chemotherapeutic innovation (56-
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58). These agents have been shown to increase the cellular accummulation

of two classes of chemotherapeutic drugs, the anthracyclines and the vinca

alkaloids, although their mechanism of circumventing drug resistance is

unclear at this tine (55 -62) . Ling et al (1983) have shown that Chínese

hamster ovary ce1ls exhibiting pleiotropic drug resi.stance are cross

resistant to the alkylating agent melphalan (68), a member of a class of

compounds called the nitrogen mustards. As well, Robinson et al (f985)

have recently shown that verapamil, a calcium channel blocker potentiates

melphalan uptake in murine fibrosarcoma and bone marrow (69).

Many cell types have receptors that are functionally linked to

calcium channels in the plasma membrane (116). Receptor activation via

ligand binding opens calcium channels, allowíng extracellular calcium into

the cell, an outflow of intracellular calcium from cell organelles, or

both, leading to an increase in cytosolic calcium, a putative mediator of

cellular response (IL7). It is possible that amino acid transport proteins

such as system L or ASC are examples of such membrane receptors. In this

investigation, modulation of melphalan uptake by calcium channel blockers,

calmodulin inhibitors or other conditions which affected the extracellular

concentration or altered calcium fluxes across the cell membrane was

investigated.

The effect of verapamil, a calcium channel inhibitor, on melphalan

uptake by L5178Y cells was examined and it was shown to stimulate melphalan

uptake. Although the mechanism by which verapamil affected melphalan

transport \,ras not determined in this investigation, others have suggested

that veraparnil increases cellular accummulation and retention of drugs from

the vinca alkaloid and anthracycline classes by interacting with the cell
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membrane and interfering with an active drug efflux mechanism (55-58).

Robinson et al found that verapanil increased melphalan accummulation by

murine bone marrow (69). This verapamil-induced increase in intracellular

rnelphalan vras reversible and independent of external calcium (69). As

well, Robinson found verapamil retarded efflux of melphalan from murine

bone marrow, although the precise mechanisur of nelphalan efflux in L5178Y

lymphocytes is as yet unknown (25>.

Since melphalan uptake rather than unidÍrectional drug influx was

measured in this study with L5178Y cells as well as in Robinson's

investigation (25), factors including drug efflux, bínding or metabolism

may complicate the interpretation of the verapamil effect on melphalan

transport. These possiblities were not investigated.

Consistent wíth the effect of veraparnil on melphalan uptake was the

fínding that another calcÍum channel blocker, dllLiazem, I^ras also found to

increase melphalan uptake. Stimulation of melphalan uptake by either

diltiazem or verapamil may have clinical relevance. Although it seems

premature at this time to speculate on the therapeutic importance of these

observations, the finding that the transport of an antineoplastic agent

such as melphalan is potentiated by drugs widely used in clincial practice

may be a significant contribution to cancer chemotherapy.

The effect of the calcium ionophore A23L87 and the calcium channel

agonist BAY K 8644 on melphalan uptake by L5178Y cells r¡as investigated.

Although these agents have completely different mechanisms of action, they

both have the similar net effect of reducing the extracellular calcium

concentration and stimulating calcium ion flux across rhe plasma membrane

(50, 116, 118, L25). A23L87 inserts into the plasma membrane to form a
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calciurn channel resulting in a rapid influx of calcium (118, 119), whereas

BAY K 8644 increases the probability that the calcium channel will exhibit

a mode of gating marked by long opening and brief closing events (50,53).

Both 423187 and BAY K 8644 reduced melphalan uptake ín L5L78Y cells. These

observations support the suggestion that calcium flux varies inversely with

melphalan flux in L5178Y ce11s. The finding that chelatíon of extracel-

lular calcium by EGTA augmented melphalan uptake may also be explained by

the above hypothesis as chelaton of extracellular calcium may induce an

outward calcium ion flux. Although the EGTA effect may appear consistenL,

alteration of extracellular calcium concentrations by chelation and

modulation of calcium fluxes across the cell membrane may not necessarily

be comparable and possibly affect melphalan uptake by unrelated mechanisms.

In mouse kidney cortex, 
^23L87 

or testosterone stimulate amino acÍd

transport and it has been suggested that androgenie stimulation of membrane

transport function involves extracellular calcíum influx and a

mobilization of intracellular calcium (113). As well, transport of amino

acids by rat hepatocytes is regulated by glucagon through the nobilization

of intracellular calcium (112). In the above two studies, the calcium

dependency of amino acid transport was investigated using AIB, an amino

acid prirnarily transported by systern A, although it is transported by

system L and ASC to a smaller extent (120, L2L, L23).

In the present study, we did not find A23L87 stimulates melphalan

uptake. It is possible that the apparent calcium dependency of amino acid

transport by system A in mouse cortex or re-x hepatocytes is not as readily

detected by studying melphalan uptake, possibly because melphalan is

transported by systems L and ASC rather than system A in muríne L5178Y

lymphoblasts.
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Our investÍgatíon also revealed that the reduction of melphalan uptake

in the presence of A23L87 disappeared by 30 rnin. This observation is

consistent with the general finding of others in that the effect of 
^23L87

in sustaining a cellular response is not usually as sustained as when cells

are activated by an extracellular messenger that mobiLizes intracellular

calcium (44). As wel1, A23L87 -mediated depression of melphalan uptake may

have been overcome with time because the ionophore exchanges one calcium

ion for two hydrogen ions (L24). Thís activity may lower the extracellular

pH, a condition v/e found to stimulate the rate of melphalan influx.

Although we initially predicted that the calcium channel "agonist" BAY

K 8644 would stimulate melphalan uptake, our unexpected finding that it

reduced drug uptake may be explained if the calcium channel antagonistic

actívity of BAY K 8644 is considered. For example, it has been reported

that BAY K 8644 has mediated both increases and reductions in calcium

channel current in both Purkinje fibers and single ventricular cells (50).

In this investigation, the decrease in melphalan uptake observed in the

presence of BAY K 8644 exhibiting calcium channel gating behaviour marked

by quick openings and long closing supports the hypothesis that nelphalan

transport is calcium-dependent. Consistent with this hypothesis is our

finding that another member of the dihydropyridine family, nifedipine, a

calcium channel blocker structurally similar to BAY K 8644, apparently

reduced melphalan uptake as well.

Alternatively, if BAY K 8644 ís behaving as a calcium channel agonist

in our experimental conditions, then it appeared that increased calcium

flux into the ce1l may by some mechanism decrease melphalan uptake. This

opposite hypothesis is consistent with other results we obtained such as
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the increased uptake of melphalan in the presence of the calcitm channel

blockers verapamil and diltiazem arrd the chelator EGTA, and the decreased

uptake in the presence of the calcium ionophore A23I87. As well, the

dihydropyiridines used in this investigation bind specifically to sites on

the calcium channel uhat eompounds such as the calcíum antagonists

verapamil and diltiazem cannot interfere with competitiwely (125). This

specificity nay help explain the seemingly opposite net effect on melphalan

uptake of the calcium antagonísts verapamil and diltiazem compared to the

dihydropyridines nifedipine and BAY K 8644, because there are like1y

different mechanisms of altering drug transport íf the calcium ion

modulators bind to more than one location on the calcium channel.

Trifluoperazíne, an effectíve inhibitor of calmodulin, appeared to

reduce melphalan uptake by murine L5178Y lymphocytes. In this study it

was not determined whether the observed decrease in uptake of melphalan in

the presence of trifluoperazine was in fact due to a direct Ínhibition of

calmodulin or an alternative mechanism of inhibition. A serious limitation

of the use of calmodulin inhibitors, includíng trifluopetazine is that they

have been shown to reduce lymphocyte ATP levels (726), raising the

possibility that Èhe reduced uptake of melphalan may not be a direct result

of calmodulin inhibition, but rather a result of an inhibited cellular

energy metabolism.

As well, a correlation between the inhibition of calmodulin by various

drugs including trifluoperazirte and the membrane stabilization property of

the same compounds exists, with the better calmodulin inhibitors beíng the

better membrane stabilizers (f27). Membrane stabilízation resulting from

nonspecific, hydrophobic interactions of trifluoperazíne with the cell
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membrane may perturb it such that there is a reduction in melphalan binding

sítes. Conseguently, Lhe reduction of melphalan uptake in the presence of

trifluoperazLrte may be independent of calmodulin inhibition.

Finally, calmodulín stimulates phospholipase 42, an enz)rme which

hydrolyzes membrane phospholípids, thus reducing membrane integrity

(L27). Therefore, inhibition of calmodulin could contríbute to membrane

stabilization through a decrease in phospholipase A2 activity. Membrane

stabilization involves impairment of ion fluxes (L27), therefore it ís not

surprising that trifluopexazLne effects melphalan uptake as melphalan

uptake is partially sodium dependent, (15,17,18) and possibly calcium

dependent.

EFFECT OF dDAVP ON MEMBRANE TRANSPORT

The vasopressin analogue, dDAVP, has been irnplicated in a variety of

membrane related events (97, LO4,109, 128); however, the effect of dDAVP

on transport of substrates across the cell membrane has not been examined.

Therefore, a study of the effect of dDAVP on transport of various chemo-

therapeutíc alkylating agents and native substrates (ie arnino acids) was

performed, and may support the hypothesis that dDAVP has a role as a

biological response rnodifier.

The effect of the vasopressin analogue 1-deamino-8-D-arginine

vasopressin (dDAVP), on the transport of a variety of chemotherapeutic

agents and physiological substrates by murine L5178Y lymphoblasts \,'las

determined. dDAVP was found to stimulate melphalan uptake, yet inhibit the

uptake of nitrogen mustard, choline and leucine. Furthermore, dDAVP did

not appear to alter the uptake of cyclophosphamide or glutamine. Stimul-
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ation of melphalan uptake by dDAVP was found to be due to an increased

rate of drug ínflux as well as a decreased rate of efflux. Reduction of

uptake of nitrogen mustard, choline and leucine was found to be due at

least in part to a decreased rate of influx; the effect of dDAVP on the

efflux rate of these substances was not determined. Thus, dDAVP apparently

had diverse effects on the transport of the specific substrates examined.

The diversity and specificity of the modulating effect dDAVP had on

membrane transport suggested that more than one effector mechanism was

operative. Evidence which supported this inclination was revealed from a

kinetic analysis of the mechanisms of inhibition of leucine and choline

influx. dDAVP was found to be a competitive ínhibitor of leucine influx,

whÍch by definition suggested dDAVP competed v¡ith leucine for the transport

carrLer 's substrate binding sites. This finding \^ras not surprising, since

dDAVP is a small pepÈide and therefore may have the potential to inÈeract

with amino acid carriers such as the leucine carrier. Conversely,

inhibition of choline influx by dDAVP v¡as shown to be non-competitive,

which suggested that the inhibitor effected the number and/or mobility of

the choline carriers. For example, by dDAVP binding to its own receptor,

it perhaps interferred with the actiwity of other membrane proteins, such

as the choline carrier, and therefore displayed characteristics of a non-

competitive inhibitor when a kinetic study r,.ras performed. Therefore, the

inhibitory effeets of dDAVP on membrane transport may be due to a direct

effect on the transport carrier, or an indirect result of dDAVP binding to

its own receptor.

The dDAVP induced effects on melphalan influx Þrere more complex. The

drug rnelphalan is transporÈed into the cell by two distinct amino acid
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carriers known as system L and sodium-dependent system similar to system

ASC (15, L7, 18). dDAVP appeared to increase melphalan influx when both

systems were functioning. However, analysis of rnelphalan influx by each

amino acid transport carrier separately revealed dDAVP decreased influx by

system L but stimulated melphalan influx by the ASC-like system. The

mechanisms by which dDAVP inhibited melphalan influx by system L, yet

stímulated drug influx by the ASC-like carrí-et are unknown. Reduced

melphalan influx by system L was consistent with the finding that dDAVP

inhibited leucine influx as leucine is primarLLy transported by system L ín

L5178Y lymphoblasts (17) .

Although dDAVP inhíbited transport of melphalan and leucine by system

L, uptake of glutamine appeared unaltered by the vasopressin analogue.

However, the absence of an observed effect of dDAVP on glutamine uptake

does not exclude the possibility that dDAVP inhibited glutamine influx by

system L. Glutamine transport is also mediated by system A and system ASC

(22, 130-132); therefore, it is possible that glutamine influx by

individual amíno acid transport systems was inhibited and/or stimulated by

dDAVP but no net effect on uptake was observed. Therefore, these observa-

tions suggest that the interactions of dDAVP with the different amíno acid

transport systems are complex and that further investigation is required

before they will be fully understood.

Membrane transport is sometimes regulated by mechanisms which effect

the number or activity of existing transport carriers; however, other

mechanisms are known to exist (133). For example, vasopressin was recently

shown by freeze fracture electron microscopy to mediate \^rater transport in

toad urinary bladder by stimulating fusion of cytoplasmic tubular struc-
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tures \^rith apical membrane, thereby making sites available for water

movement into the eell (134). It is possible that similar structural

changes induced by the vasopressin analogue dDAVP may hawe affected the

transport of substrates studied in this investigation.

The neuropeptide vasopressin has both pressor and antidiuretic

actiwity, which are mediated by at least tvro t)æes of vasopressín receptors

known as the V1 and V2 receptors (80). The V1 receptor mediates vasocon-

striction of vascular smooth muscle and the V2 receptor mediates \.raLer

reabsorption (80, 135, 136). dDAVP differs structurally from the native

peptide vasopressin by two modífications, which include deamination of the

cysteíne at position one and substitution of D-arginine for the L-form at

position eight (80). It ís the latter modification that reduces pressor

actÍvity and increases the ratio of antidiuretic to pressor activíty (79,

80). Thus, dDAVP has a specificity for the V2 receptor and therefore it

was possible that the effects observed in this study lrere partíaLLy Y2

mediated.

Aecordingly, the effect of dDAVP on the volume of L5178Y lymphoblasts

was determined. It was revealed that exposure to dDAVP resulted in an

eight percent increase of the cell volume, which supported the notíon that

dDAVP influenced the movement of water across the cel1 membrane. However,

the observed effects of dDAVP on the uptake of the substrates examined were

not likely due to a volume increment of this size. For example, it was

unlíkely that an eight percent increase of cel1 volume would result in the

observed sixty percent augmentation of melphalan uptake. An íncreased cell

wolume may in fact mask a dDAVP induced reduction of uptake. Therefore,

the decreased uptake of nitrogen mustard, choline and leucine found in the
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presence of dDAVP apparently were not explaíned by the increased cell

vohune. However, perhaps the small increase in cell volume did rnask

effects of dDAVP on the transport of cyclophosphamíde and glutamine, the

two substrates examined whose uptake r¡/as apparently unaltered in the

presence of dDAVP. Therefore, the diverse effects of dDAVP on substrate

transporc observed uray partially be attributed to dDAVP's influence on

vrater movement as well as on substrate transporL directly.

Previous ínvestigations have shown effects of other modulators on the

transport of nitrogen mustard, choline, and melphalan. For example,

transport of nitrogen mustard and choline was stimulated by the drugs

cocaine, morphine, and atropine in L5178Y cells (35) and in normal and

leukemic human white blood cells (137). The mechanisms by which these

drugs stimulated transport of nitrogen mustard and choline \¡ras revealed

from kinetic studies which showed that in the presence of a stimulator

there r,ras an increased Vmax. Stirnulation r\Ias maximal when the concen-

tration of the stimulator was five times that of the transport substrate.

Another sLudy revealed that melphalan uptake by hurnan breast cancer ce1ls

in vitro was inhibited by the antiestrogen tamoxifen (138). Melphalan

influx by system ASC and system L was decreased and melphalan efflux \¡Ias

increased rvhen tamoxifen and melphalan \{ere present in equimolar concen-

trations (138).

Unlike the examples presented in the previous tI.{o studies, effeets on

the transport of alkylating agents and amino acids presented in this

investigation were achiewed at a concentration of modulating agent much

lower than that of the transport subsLrate. dDAVP inhibited transport of

nitrogen mustard and choline and stimulaËed transport of melphalan at a
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concentration ten times lower than that of the transport substrate. In

addítion, dDAVP rnarkedly reduced leucine influx at a concentration 100-fold

lower than that of leucine. Therefore, the observations presented in this

study together with comparisons from previous investigations suggested that

dDAVP is a potent modulator of the membrane transport of melphalan,

nitrogen mustard, choline and leucine.

The pharmacological concentrations of dDAVP found to be so effective

in modulating the transport of melphalan in the murine L5l78Y lymphoblast

suggested that dDAVP may have clinical potential. The alkylating agent

melphalan, has been widely used in the LreatmenL of multiple myeloma (L4L,

L42), cancer of the ovary (f43) and testes (144), as an adjuvant to surgery

in patients ¡,rith primary breast cancer (145), and more recently in the

treatment of neuroblastoma and other solid tumors (13, L39, 140).

Accumulation of an antineoplastic agent within tumor cells ís a major

determinant of cytotoxicity, therefore analysis of the potency of dDAVP on

the stimulation of melphalan uptake may be strikingly significant when

applied to clinical situations.

Further studies investigating the effect of dDAVP on melphalan uptake

by human cell lines may provide insight into the potential clinical

usefulness of dDAVP. Also, a study on the effect of dDAVP on melphalan

upËake by a rnelphalan resistant human ce11 line may be important. Since

drug resistance is a major determinant in the failure of a patient's

response to chemotherapy, it rnay be clinically valuable to determíne if

dDAVP has an effect on circumventing drug resistance. The present study

and future investigations may reveal that dDAVP has a role as a biological

response nodifier.



99

TASLE EFFECT OF A-I{INO ACIDS ON THE UPTAKE OF MELPTIAIAN BY
L5178Y LYMPHOBI¿,STS IN VITRO

A.¡IINO ACID MELPHALAN UPTAKEìt
(attomole /ceLL)

% OF CONTROL P VALUElrl<

Control
L- leucíne
L-methionine
L-phenylalanine
L-valíne
L- serine
L-A1B
L-alanine

Control
L- glutamine
L-histidine
L- tryptophan
L-arginine
L- glycine

3 .01
0.92
L,L4
1. 33
1.61
L.92
2.L2
2.L6

2.89 X
L.t+z +
1.71 +
1.89 +
2.08 +
z.LL +

+ 0.27
+ 0.2I
+ 0.11
+ 0.11
+ 0.07
+ 0.31
+ 0.32
+ o.zL

30. 6
37 .9
44.2
53.5
63.8
70.4
71.8

49.r
59 .2
65.4
72.0
73.0

<0. óor
<0.001

0.001
0.002
0.038

N. S.
0.047

0.006
0.017

N. S.
N. S.
N. S.

0. 33
0. 14
0. 1s
0.47
0. 36
0. 19

Approximaxely 2 to 4 x 106 cells/ml were incubated with 1 pM [14C] -

mglphalan in the absence or presence of 1 mM amino acid. Uptake of
IraC]melphalan was measured at I nin. Radioactivity was determíned as
described in the text; the data represent the mean + S.E. of 4
determinations.

Data were analyzed by an unpaired, t\{o-tailed t-test comparing the
significance of the difference of the mean uptake levels.
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TABLE 2: EFFECT OF CALCIIIM FLIIX MODULATION

BY L5178Y LYMPHOBLASTS

ON UPTAKE OF MELPHAI-AN
IN VITRO

ca# ¡,IODULATOR MODUIÁ,TOR

CONC (¡¿M)
MELPHAIÁN UPTAKE*

(attomole/cell)+ 5g

CONTROL MODULATOR P VALUE+

EGTA
EGTA^^

NIFEDIPINE

BAY K 8644

DILTIAZEM

VERAPAMIL

CaCL2

Ko SOr,L+

1000
1000

100

1

0.5

0.1

2500

60000

7.I+
8.6 +

zL.l +

9.3 +

11.9 +

10.9 +

15.4 r

I/+.3 +

9.5 +
13.5 +

15.9 +

7.L+

15.0 +

13.8 +

10.1 r

13.0 +

0.5
1.0

0.9

0.5

0.8

0.1

0.7

0.5

0.6
0.9

2.7

0.2

0.7

0.9

0.8

0.2

.014

.004

.018

.004

.02s

.029

<. 001

.025

ApproximaxeLy 2 xo 4
PBS with or without
time and uptake was
as described in the
determinations.

x 106 cells/ml were pçeincubated for 10 min. in
the Ca++ *odnl"tor. tLaClmelphalan was added at 0

measured at l0 rnin. Radioactivity was determined
text; the data represent the mean + SE of 4 xo 6

Uptake r^ras measured at 30 min.

Data were analyzed by an unpaired, Lwo-tailed t-test comparing the
significance of the difference of the mean uPtake levels.
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TABLE 3: EFFECT OF dDAVP ON UPTAKE OF A},IINO ACIDS AND ALKYLATING AGENTS BY

L5178Y LYì4PHOBLASTS IN VITRO

SUBST.
CONCN
(i¿M) CONTROL

UPTAKE*
( attomoles/cell )TRANSPORT

SUBSTRATE dDAVP P+

Amino acid
Leucine
Glutamine

10 204.2 + 18. 5 7 8.8 + 2.9 <0.001
1 l_1.3 + 1.1 r2.5 + L.8 NS

Alkylatíng agent or analog

Melphalan 1 10.7 + 0.5 17.3 + 1.1 <0.001
Nitrogen mustard 1 5.5 + 0.3 4.2 + 0.3 <0.02
Choline I 35.5 + 0.9 27.4 + 0.8 <0.001
CyclophospharnÍde# 100 37 .7 + 2.4 38.8 t 3.7 NS

* Approximately 2 to 4 x 106 cells/rnl were preincubated for 10 min in PBS with or
without 0.1 ¡rM dDAVP. Radiolabelled transport substrate was added at 0 time,
and substrate uptake r,/as measured at 10 min except for cyclophosphamide.
Radioactivity was determined as described in the text and the legend for Fig.
1; the data represent the mean + SE of four to six determinations.

+ Data were analyzed by an unpaired two-tailed t-test comparing the significance
of the difference of the means. NS : not significant.

++ Cyclophosphamide uptake vras measured at 30 min.
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TABLE 4: EFFECT OF dDAVP ON UNIDIRECTIONAL INFLUX RATE OF MELPHAIÁN IN L5178Y
LYMPHOBIÁ.STS IN VITRO

SUBST. NO. SUBSTRATE INFLIJX RATE

TRANSPORT CONCN TRANSPORT 0F (attomole/ceLL/sec)
SUBSTRATE (pM) MEDIUM EXPT. CONTROL* dDAVP+ P++

I4elphalan 1 DPBS 11 0.048 + 0.003 0.057 + 0.005 0.05
Melphalan 1 BCH 6 0.042 + 0.006 0.057 + 0.005 0.036
Melphalan I Sodiurn- 4 0.020 + 0.003 0.015 + 0.002 0.035

depleted
medium

* Mean + SE of the number of paired experiments for each set of experimental
conditions shown. The influx rate was derived from a time course measuring
initial velocity of drug uptake over 90 sec in the presence and absence of
dDAVP. Melphalan influx in the presence of 5 mM BCH is mediated primarily by
amino transport system ASC, whereas drug influx in sodium-depleted medíum
occurs mainly by system L, as descríbed in the text.

+ The concentration of dDAVP was 0.1 pM.
++ Data were anaLyzed statistically by a two-tailed paired t-test.
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