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INTRODUCTION 

Ae Statement of the Problem 

The sodium-proton (Na+-H+) exchanger is a plasma 

membrane protein that catalyzes the carrier-mediated 

exchange of Na+ for H+ across the·membrane. This protein 

has recently been identified in a variety of cell types 

(for a review, see Ref. 1). Under physiological 

conditions, this exchanger (also known as antiporter or 

counter-transporter) couples_ ~the uphill efflux of H+ from 

the cell and the downhill influx of Na+ into the cell. 

This Na+-H+ exchanger activity is electrically neutral 

because its action-does not alter the membrane potential. 

The inwardly-directed Na+ gradient necessary to drive the 

exchanger is generated and maintained by the action of the 

plasma,membrane Na+-K+-ATPase. In recent years, 

investigators have demonstrated that the Na+-H+ exchanger 

is closely linked to the maintenance of cell homeostasis by 

playing a crucial role in the.regulation of intracellular 

pH (2) and cell volume (3). Furthermore, numerous studies 

have indicated that the Na+-H+ exchanger plays a pivotal 

role in the initiation of cell growth and proliferation in

response. to activation stimuli and growth factors such as 

insulin and epidermal growth factor (4-6). Another vital 
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role of th~ Na+-H+ exchanger in epithelial cells is the 

generat~on of a microclimate acid pH on the external 

surface of the brush-border membrane of these specialized 

absorptive cells. This microclimate acid pH results in a 

pH gradient which is inwardly-directed and serves as the 

energy source for the symport of numerous organic solutes 

(7-~1) as well as counter-transport of other solutes such 

as organic cations (12). 

The brush-border membrane of the 

syncytiotrophoblast layer of the human placenta forms the 

first barrier between the maternal and fetal .circulations 

12 

(13). Therefore, this membrane plays an important role in 

the transport of nutrients, gases,. waste products, 

hormones~ and immunological factors. from maternal blood to 

fetal blood and vice versa. Among the cells previously 

known to possess the Na+-H+ exchanger, only renal tubular 

and small intestinal epithelial cells ~re similar to the 

placental syncytiotrophoblast in that they are enveloped by 

a differentiated plasma membrane. The plasma membranes of 

these cells consists of two distinct regions, brush-border 

membrane and basolateral membrane (basal membrane in the 

case of syncytiotrophoblast), which are functionally and 

structurally different. The brush-border membrane of all 

these cells is involved in various transport processes. In 

renal and intestinal epithelial cells, Na+-H+ exchange 

activity has been shown to be present in the brush-border 



membranes (14-17) as well as in the basolat~ral membranes 

( 18' 19) • 

13 

Having standardized a procedure for preparing 

brush-border membrane vesicles from term human placentas 

this project was initiated by investigating the mechanisms 

of Na+ transport across this specialized membrane. These 

initial studies constitute the first objective of this 

project and led to the identification, for the first time, 

of a highly active placental Na+-H+ exchanger. The 

placental brush-border membrane vesicles provided us with 

an excellent model for subsequent investigations on the 

Na+-H+ exchanger in a human tissue. The next major 

objective of this project was to identify additional 

inhibitors of the Na+-H+ exchanger which would facilitate 

the further characterization of this_ vital transporter. 

Indeed, with the aid of the newly-identified inhibitors of 

the exchanger, the amino acid environment at the Na+ 

bindi~g site of the human placental Na+-H+ exchanger has 

been defined which was the third objective of this project. 

Finally, since the Na+-H+ exchanger creates a pH gradient 

across the syncytiotrophoblast brush-border membrane, the 

final objective of this project was to identify proton

gradient driven transport systems in placental brush-border 

membrane vesicles which would provide additional functions· 

for the placental Na+-H+ exchanger. 



B. Review'of Related Literature 

;t... Functional and Structural Aspects of Human 

Placenta 

· a. Syncytiotrophoblast Brush-Border 

Membrane 

The brush-border membrane of the 

14 

syncytiotrophoblast forms the first barrier between the 

maternal and.fetal blood compartments. Furthermore, this 

specialized memb.rane functions as ·a discriminating barrier 

and plays· a significant role in ·~the .exchange of nutrients, 

hormones, waste pro~u.cts, ·. and immunological factors between 

the mother an~ fetus (13). 

The term placenta weighs 500 to· 600 grams, usually 

about one sixth the weight of the. fetus (unpublished 

obserV-ations). The major structural compon~n:t·s of th~ term 

human placenta are the villi. (Fig-. 1) • These highly

branched structures are surrounded by the intervillous 

spaces which are filled with maternal blood. The core of 

the villus contains the fetal capillaries while the outer 

laye~ of the Villus consists of a layer of epithelial cells 

which are fused to form a syncytiotrophoblast (Fig. 2). 

·The cytotrophoblast cells, which are prevalent and prolific 

during the first half of gestation, continually fuse to 

form the syncytium (20). 



Fig. 1. Diagrammatic Cross-Sectional Representation of 

the Human Term Placenta 

Taken from Truman, P. and Ford, H. c. 1984. 

The Brush Border of the Human Term Placenta. 

Biochim. Biophys. Acta, 779: 141 (13). 

Permission granted by the publisher. 
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Fig. 2., Diagrammatic Representations of Sections 

_Through a Chorionic Villus·. 

a. Cross-section, magnification X180. b. 

Cross-section, magnification X1800. 

Taken from Truman, P. and Ford, H. c. 1984e 

The Brush Border of the Human Term Placentae 

Biochim. Biophys. Acta, 779: 141 (13). 

Permission granted by the publisher. 
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However, in the second half of pregnancy, cytotrophoblast· 

proliferation slows while fusion continues. T~is results 
I . 

in a loss of the cytotrophoblast cells, since they 

eventually become incorporated within the growing 

syncytium. The outer membrane of the syncytiotrophoblast 

(the membrane facing the intervil~ous space) is the brush-

border membrane, it possesses an enormous surface area for 

the selective transport of various substrates between the 

maternal and fetal blood (21). 

b. Placental Circulation 

The placenta compromises the interface·between the 

maternal and fetal blood (22). As such, the placenta is 

p~rfused by two separate circulatory systems; one for the 

maternal blood and the other for the fetal blood (Fig 3). 

In the system for fetal circulation, deoxygenated 

blood leaves the fetus and passes through the umbilical 

arteries to the placenta (23). As the arteries enter the 

placenta they branch radially before entering the villi to 

give the placenta its disc-like shape. The blood vessels 

form an extensive artery-venous-capillary system within 

the villus: This situation brings the fetal blood very 

close to the maternal blood for various exchange processes. 

Once replenished, the fetal blood passes through the 

placental venous system to eventually converge into the 

umbilical vein which returns the blood to the fetus. From 

there·the blood by-passes the portal circulation by 



Fig. 3. Schematic Drawing of a Section Through a Full

Term Placenta. 

Taken from Moore, K. L. (1982) The Developing 

Human: Clinically Oriented Embryology (23)e 

Permission granted by the ptiblishere 

18 



THE FETAL MEMBRANES AND PLACENTA 

d.ecidua parietalis 

membrane 

chorionic plate intervillous space 

anchoring villus 

myometrium 
veins arteries 

maternal circulation 



19 

traversing·the fetal liver in the ductus venosus. The 

ductus venosus .then joins the inferior vena cava where the 

blood enters the right side of the heart. Once in the 

heart, the oxygenated fetal blood is pumped into the fetal 

arteriai system through a shunt known as the ductus 

arteriosus which allows the blood to by-pass the immature 

fetal lungs. This circulatory cycle repeats when the blood 

enters the umbilical artery after branching from the 

internal iliac artery. 

The maternal blood within the intervillous space is 

temporarily outside the maternal circulation; it enters the 

intervillous space via 80-100 spiral or endometrial 

arteries (Fige 3). The entering blood is at a higher 

pressure than that in the intervillous space and it enters 

the "roof" of the intervillous space to bathe the villi and 

drain to the floor of the intervillous space or decidua 

basalis, where it enters the endometrial veins. The 

maternal circulation of the placenta is generally supplied 

by the uterine arteries. As the blood leaves the placenta, 

the endometrial vein anastomoses with the uterine veins. 

For a review on the control of fetal placental circulation 

see ref.· 24. 

c. Physiological Roles of the Human Placenta 

Aside from acting as an endocrine tissue (see 

below), the ulti~ate role ·of the placent.a is to mediate 

the transfer of solutes between two genetically distinct 
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beings. During this process the placenta must preserve 

the homeostatic balance of hormonal, nutritive, 

respiratory, and excretory functions necessary for optimal 

fetal growth as well as maternal well-being. Almost all 

materials are transported across the placental membrane by 

one of the following mechanisms: simple diffusion, 

facilitated diffusion, active transport, and pinocytosis 

(25) • 

Another vital activity of the placenta involves the 

metabolism of many substratesm The placenta has the 

capacity to synthesize glycogen, cholesterol, and fatty 

acids, some of which serve as a source of nutrients and 

energy for the developing embryo and fetus. Many of the 

metabolic activities are critical for the placenta's role 

in transfer and endocrine functions (23)·. 

de Endocrine Properties of Human Placenta 

The placental syncytiotrophoblast expends a 

tremendous amount of metabolic energy for the conversion,of 

various precursors from both the maternal and fetal blood 

into substances (hormones) with important biological 

action. Because of this high metabolic activity of the 
I 

syncytiotrophoblast, the placenta requires an extremely 

active Na+-H+ exchanger so that the intracellular pH is 

adequately regulated for optimal hormone synthesizing 

conditions •. These placenta-derived hormones provide 

effects on the maternal side as well as provide parameters 
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to monitor the well-being of fetoplacental unit (26). The 

majority of these substances fall into the categories of 

protein and steroid hormones. The well-documented protein 

hormone products of the placenta are human chorionic 

gonadotropin (hCG) and human placental lactogen (hPL). 

hCG is structurally and functionally similar to 

luteinizing hormone and can induce .hypertrophy and 

luteinization of ovarian interstitial and thecal cells of 

the ovary. Individuals with mature follicles will ovulate 

if given purified hCG. In addition, hCG shows slight 

follicle stimulatory activity (i.e. FSH activity). 

Evidence that the syncytiotrophoblast synthesizes hCG is as 

follows: a) hCG levels are detectable in the blood and 

urine 10 days after ovulation when placentation has begun 

and qisappear from the blood and urine following 

therapeutic abortion, b) hCG levels persist following 

intra-uterine fetal death if the pl.acenta_remains 

metabolically.active, c) in pregnant women who have been 

hypophysectomized, the hCG levels are s.imilar to those 

which are observed in normal pregnant women, d) in vitro 

placental tissue synthesizes hCG (26, 27) .• 

The· hCG levels in maternal blood and urine peak at 

about 60-80 days gestation arid. then rapidly decrease to a 

lower basal level for th~. remainder of gestation. Because 

of the tremendous levels of hCG produced by the placenta 

early in pregnancy, the detection of hCG in urine and blood 
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has formed the basis of laboratory diagnosis of pregnancy 

(28). puring pregnancy hCG acts to stimulate and ma.intain 

the corpus luteum which produces steroids (29). By the 

time the placenta decreases its rate of hCG production, the 

fete-placental unit is capable of synthesizing all the 

steroids necessary to maintain the pregnancy and the corpus 

luteum involutes. 

Human placental lactogen (hPL) is also secreted by 

the syncytiotrophoblast (26). This polypeptide hormone 

possesses both prolactin and growth hormone like actions. 

In relative terms, hPL shows about 1% of the -activity of 

·equal amounts of human growth hormone (somatotropin). The 

rate of secretion of HPL in pregnant w.omen is the I greatest 

of any protein ho~one in humans. hPL is·a major placental 

secretory product, accounting forrlQ%· of all placental· 

protein production at term (30). 

The primary role of hPL in human pregnancy appears 

to be the maintenance of available glucose for the fetus. 

This is accomplished by insulin antagonism, especially 

during the later half of pregnancy. Also hPL is largely 

responsible for the development of gestational diabetes in 

pregnant women who are not known to have had diabetes 

before they became pregnant and who do not require insulin 

after pregnancy (27). 

The human placenta produces two principal classes of 

steroid hormones, progestagens and estrogens. Late in 
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pregnancy, the placenta secretes 250 mg or more of 

progest.erone (P4) per day. This value can increase to 800 

mg in cases of multiple fetuses. The major source of 

cholesterol for P4 biosynthesis in the placenta is low-

density lipoprotein (LD~) from the maternal circulation 

(31) • 

After the first three to four weeks· of pregnancy, 
' nearly all estrogens are produced in the trophoblast. The 

placenta lacks !?a-hydroxylase activity but is capable of 

producing large quantities of estrogen due to its 

remarkable capacity to aromatize 19-carbon steroids 

produced primarily in the fetus (32). 

2. Functions of the Na+-H+ Exchanger 

The essential function of the Na+-H+ exchanger. 

involves the transfer of Na+ into the cell and. the efflux 

of H+ out of the cell. This plasma membrane protein 

mediated process plays a critical ro~e in the regulation of 

numerous physiological functions. The current evidence 

suggests that the Na+-H+ exchanger i~.involved with·the 

control of intracelluiar pH (2),~initiation of cell growth 

and proliferation (4-6), regu~ation of acid/base balance by 

mammalian kidney (33), and the establishment of a 

transmembrane pH gradient (7-12). It is not unreasonable 

to assume that the Na+-H+ exchanger of the human placental 

brush-border membrane would serve similar functions. 



a. Regulation of· Intracellular pH 

The activation of neutrophils by various 

stimulatory agents results in an alteration of the 

cytoplasmic.pH (2). This intracellular pH response is 

biphasic: initially the pH decreases followed by a 
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compensate~ alkalinization which is more prolonged and may 

actually overshoot the initial intracellular pH. prior to 

the stimulation of the cell. Placing the cells in Na+-free· 

·media wili exaggerate the initial intracellular 

acidification phase and.inhibit the. intracellular pH ~ise 

which is associated with the second phase. Theincrease in 

the .cytoplasmic pH is accompanied by an extracellular 

acidification, which" is blocked by amiloride, suggesting 

.involvement with the Na+-H+ exchanger. The evidence for 

such an exchanger in neutrophils was established by 
,, 

measuring amiloride-sensitive Na+ uptake and N.a+-induced 

alkalinization in acid-loaded cells (34, 35). The 

regulation of intracellular pH in other cell types by the 

Na+-H+ exchanger has also been. described (1). 

b. Initiation of Cell Growth and 

Proliferation 

Activation of the Na+-H+ exchanger i$ one of the 

earliest signals in the mitogenic response of cultured 

fibroblasts to stimulatory agents such as polypeptide 

growth .. factors (6) .' This activation increases 

intracellular Na+ concentrations and·causes cytoplasmic 
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alkalinization. The ability of growth factors to rapidly 

induce ~ytoplasmic alkalinization indicates that activation 

of the Na+-H+ exchanger is a primary response of the cells 

to the mitogenic factors and not a secondary response of 

the. cell to secrete H+ in response to a growth factor 

induced increase of cellular metabolisme The exact 

sequence of biochemical events which couples the exposure 

of the cell to growth factors with the stimulation of the 

Na+-H+ exchanger remains to be elucidated. However, 

numerous investigators· .have presented. evidence that the 

stimulation.of the exchanger is due to an increase in the 

affinity of the intracellular H+ binding site for internal 

protons (36, 37). The increa·se of apparent affinity of the 

Na+-H+ exchanger for cytoplasmic H+ is most likely due to 

conformational changes in the exchanger protein. . The most 

popular hypothesis· ex;plaining how the ... growth,· factors alter 

the affinity of the exchanger for intracellular H+ involves 

the phosphorylation of critical amino acids on the Na+-H+ 

exchanger protein (38). 

c. Role of Na+-H+ Exchanger in Acid/Base 

Regulation by the Kidney 

The Na+-H+ exchanger in the renal proximal,tubule 

is responsible for the bulk, if not all, of the H+ 

secretion into the glomerular filtrate (33). In 197.6 Murer 

et al provided evidence for the first time for a Na+-for-H+ 

exchange mechanism in rat renal brush-border membrane 
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vesicles (16). Indeed 1 this was the first demonstration of 

a direc~ly coupled Na+-H+ exchange process in any cell 

type.. One of 'the major functions of the kidney is to 

maintain hydrogen ion or H+ balance. The balance of total 

body H+ can be upset by several factors (39). Leading-

causes of increase or decrease of total body H+ 

concentration are various metabolic .disorders which 

generate H+ or bicarbonatE7 5_d~crease of.~+) such as 
-. 

diabetic ketoacidosis or-potassiu~ depletion secondary to 

hyperaldosteronemia (alkalosis). A second fa~tor which may 
~ 

alter H+ balance is the respiratory rate.,- ·The third source 
'., ,· 

of net bodily gaih or loss of H+ is t~e gastrointestinal 

secretions leaving the body~ Vomitus contains large 

amounts of acid (H)+ while the ~ntestinal secretions are 

generally alkaline (net loss of bicarbonate a-nd gai-n of 

H+). During these periods of alteration of H+ balance the 

renal proximal tubule Na+-H+ exchanger is appropriately 

modulated to partially compensate for·the particular H+ 

imbalance. 

d. Establishment of Transmembrane Proton 

(H+l Gradient 

The brush-border membranes of both the small 

i~testine (40) arid the renal proximal tubule (3·3) are 

exposed to a pH gradient. The orientation of this 

transmembrane Hi- gradient is inwardly-directed towards the 

cytoplasm. That is the luminal pH is acidic while the 
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cytoplasm is relatively alkaline. In the kidney, the Na+-H+ 

exchang~r of the brush-border membrane is primarily, if not 

solely, responsible for this pH gradient (9). In the small 

intestine, the brush-border merobrane Na+-H+ exchanger is 

the most likely factor which produces the acidic conditions 

along the intestinal brush-border membrane (7). In both 

cell types, low intracellular Na+ levels are preserved by 

the basolateral Na+-K+ ATPase. This produces an inwardly

directed Na+·gradient which serves to energize the brush

border membrane Na+-H+ exchanger. 

The evidence for the presence of an inwardly

directed H+ gradient across cellular membranes in general 

is substantiated by the finding that the intracellular pH 

in nearly all animal cells has been found to be higher than 

predicted if H+ were passively distributed across the cell 

membrane (41).. In order,to create these conditions, ·the 

cell must actively extrude acid. A significant 

contributor to this acid extrusion is again the Na+-H+ 

exchanger, which is associated with other cellular 

membranes in addition to the brush-border membrane. Other 

contributors to acid extrusion include K+-H+ exchanger 

found in stomach (42), the H+ pump found in kidney (43), 

and the Na+-dependent Cl-HC03 exchanger that apparently 

exchanges internal H+ and Cl- for external Na+ and Hco3-

( 41) . 



3 .. Membrane Transport Systems 

~ellular membranes are selective permeable 

barrierse The precise control of the transport of various 

organic solutes and ions by the plasma membrane permits the 

establishment of distinct intracellular and extracellular 

compositions (44). Some of the mo~e important roles of the 

membrane transport systems are to regulate the cell volume 

and maintain cellular pH and ionic composition. The 

transport systems also allow the cell a means of 

concentrating vital metabolic sub~trates within the cell. 

The actual mechanisms by which the solutes traverse the 

plasma membrane may be active (requiring the input of free 

energy) or passive (resulting in the net loss of free 

energy and occurring spontaneously). 

ae Active Transport 

A membrane transport process is active when· the 

input of net free energy is required. This input of.energy 

through ATP hydrolysis can be either directly or 

secondarily coupled to the transport of a solute against 

its electrical and or chemical gradient. This definition 

of active membrane transport systems has led to the 

distinction between primary, secondary, and tertiary 

transport systems (45). These distinctions are based upon 

the relationship of the solute which is transported against 

i~s electrical and or chemical gradient and the point at 

which the free energy input actually occurs. Furthermore, 
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active membrane transport systems are typically mediated by 

a plasm~ membrane protein. 

1. Primary Active 

In primary active transport, the input of free 

energy is directly coupled to the translocation of the/' 

solute across the membrane against an electrical and or 

chemical gradient. The stereotypical primary transport 

system is the well established Na+-K+ ATPase. ~his plasma 

membrane protein maintains hfgh concentrations of K+ and 

low concentrations of Na+ within the cell relative to the 

extracellular medium~ During the catalytic action of this 

membrane protein, ATP is hydrolyzed to ADP,and Pi 

(±norganic phosphate) to provide the necessary free energy 

so that Na+ and K+ can be transported· against tneir 

respective gradientse Other examples of primary active 

transport systems include the K+-H+ ATPase of the stomach, 

the Ca++-ATPase of the sarcoplasmic reticulum, and the. 

mitochondrial H+-ATPase. 

2. Secondary Active 

/ 

As. the name implies, a secondary active transport 

system consists of ~he transport of a solute against its 

elec~rical and or chemical gradient by a mechanism which is 

secondarily driven by an ionic gradient that has been 

created by a primary active transport system •. A· good 

example of a secondary active transport system is the Na+ 

dependent transport of glucose into many animal cells. 
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This transport system utilizes the inwardly-directed Na+ 

gradien:t as the energy source for the translocation of 

glucose against its chemical gradient into mammalian cells. 

The Na+ gradient is established and maintained by the Na+

K+ ATPase which is a primary active transport systeme 

Because it also exploits the inwardly-directed Na+ gradient 

as an energy source, the Na+-H+ exchanger is also a good 

example of a secondary active transport system. In this 

case the primarily established Na+ gradient is secondarily 

driving the efflux of H+ from the ·.cell. Thus the protons 

(H+) are being extruded by a secondary active transport 

mechanism .. 

3. Tertiary Active 

A -third mechanism of active membrane transport 

utilizes an ionic gradient which is established by a 

secondary active transport system. Hence, any transpo~t 

system which utilizes this ionic qradient·would be referred 

to as a tertiary transport system. Presently, the proposed 

tertiary transport systems are all energized by a H+ 

gradient which is generated by the secondary active Na+-

H+ exchanger. An inwardly-directed H+ gradient serves as 

the driving force for the tertiary active transport of 

dipeptides (7-9), folate (10), and leucine (11) into 

various mammalian cells. Another active transport system 

which meets the criteria for being identified as tertiary 

active is the organic cation-proton exchanger (46, 47). 
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b. Passive Transport 

In thermodynamic terms, a passive membrane transport 

process is defined as one in which the system loses. free 

energy (44). These transport systems operate irt a 

spontaneous fashion and may be either protein mediated 

(facilitated) or unmediated (simple diff~sion across the_ 

membrane lipid bilayer). In both cases the solute crosses 

- the membrane so that it leaves a compartment where the 

concentration of the solute is high to enter-a compartment 

where the solute concentration is relatively low. This 

type of membrane transport is also-known as transport down 

the concentration gradient. 

1. Facilitated Passive 

The identifying characteristic-of facilitated 

passive transport is that it exhibits saturation kinetics. 

In other words, just as an active transport system shows 

substrate saturation, a facilitated passive transport 

mechanism will demonstrate a leveling off of the initial 

transport rates as the concentration of the transported 

substrate increases. Therefore, the facilitated passive 

t~ansport systems are mediated by a plasma membrane 

proteine 

2. Unmediated ·simple Diffusion 

This type of membrane transpo~t is not mediated by 

a protein carrier or channel and the rate at which the 

substrate traverses the membrane is usually proportional to 
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the concentration of the. solute. Therefore, this type of 

membran~ transport does not exhibit saturation kinetics. 

Factors which may influence the rate of unmediated simple 

diffusion are the size of the molecul~, the n~t ch~rge of 
. ' . 

the molecule, and the lipid solubility of the molecule. A 

small, uncharged, and lipid soluble molecule would be able 

to traverse a membrane lipid bilayer quite r~adily. 

4. Utilization of Brush-Border Membrane Vesicles 

for study of Epithelial Cell Transport Systems 

Epithelial cells of the renal tubule, small 

intestine, and human placenta perform· numerous complex 

transcellular and paracellular transport pr~cesses which 

u~timately result in various solutes crossing.the 

epithelial lining. During the transcellular transport 

processes, the solute will interact with numerous cellular 

components including the brush-border membrane, cytosolic 

organelles, and the basolateral (basal in the case of the 

placenta) membrane. In order to gain a clearer 

understanding of the nature of these transport mechanisms, 

it is desirable to analyze the individual components of the 

transcellular transport process. Under the appropriate 

conditions, the epithelial brush-border membrane can be 

purified in the form of membrane vesicles to be exploited 

for the study of transport systems associated with this 

membrane. Major advantages of using brush-border membrane 

vesicles rather than intact tissue are essentially related 
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to the degree of control available to the investigator 

during ~he transport studies. This includes the ability to . 

exactly define the ionic conditions and energy sources on 

both sides of the membrane (48).. In addition, the 

complexity of brush-border membrane epithelial transport is 

reduced by eliminating various cellular meta~olic 

activities. The membrane vesicles provide a model for 

precise measurements of the independent transport rates. 

performed by membrane proteins, thus allowing for 

determination of kinetic parameters and substrate 

specificities of the membrane transport protein of 

interest. Essentially, the rate of transport for a 

p~rticular substrate is determ~ned by measuring the uptake 

of the radiolabeled substrate into the intravesicular 

space. 

The early methods described for isolating brush

border membranes were based on the relative rigidity of the 

brush-border as compared with the more fragile basolateral 

membranes. Thus, large amounts of brush-border membrane 

fragments were obtained which differed sufficiently from 

other cellular organelles in their sedimentation rate to 

make their separation by density gradient possible (49). 

Today, the procedure for isolation of brush-border membrane 

is based on the reactions of the different membranes with 

the divalent cations Mg++ and Ca++ which allows for 

differential precipitation of the various membrane 
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subtypes. Due to the relatively high content of negatively 

charged, sialic acid residues,, the brush-border membrane 

surface of epithelial cells is able to counterbalance the 

two charges of the cation. other membranes have a lower 

charge compensating capacity on their surfaces. This 

permits the divalent cations to crosslink the non-brush

border membranes and a coprecipitate is formed, leaving 

enriched brush-border membranes in the supernatant (49, 

50)c Purification of the brush-border membrane can be 

easily assessed with the appropriate marker enzymes (48). 



MATERIALS AND METHODS 

A. Materials 

Harmaline,_ nigericin, valinomycin, cimetidine, 

clonidine, histamine, histidine, diethyl pyrocarbonate 

(DEP), N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline 

(EEDQ),NN'-dicyclohexylcarbodi-imide (DCCD), 4,4'-

diisothiocyanostilbene-2,2'-disulfonic acid (DIDS), and 

Rose Bengal were obtained from Sigma Chemical Co. Carbonyl 

cyanide 4-trifluoromethoxyphenylhydrazone (FCCP) was from 

Alidrich Chemical. Amiloride was a generous gift from 

Professor K. Green, Department of Physiology and 

Endocrinology, Medical. College of Georgia. 

Dimethylamilori.de was kindly provided by Dr. Edward J. 

Cragoe, Jr., Merck, Sharp & Dome Research Laboratories, 

West Point, Pennsylvania. Loperamide was supplied by 

Janssen. All other chemicals were of the highest 

analytical grade available. 

Carrier-free 22NaCl (radioactivity, 200 uCijml) was 

obtained from the Radiochemical Center (Amersham, England). 

L-[5-3H]Proline (specific activity, 9.9 Cijmmol), D-[U-

14c]Glucose (specific activity, 360mCijmmol), and L-[U--

35 
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14c]-Lactate (specific activity, 177.3 mCijmmol) were from 

New Eng~and Nuclear-Dupont. 

Normal term placentas were obtained through the 

courtesy of Dr. Lawrence D. Devoe and Dr. Murray A. 

Freedman. 

B. METHODS 

1. Preparation of Human Placental Brush-Border 

Membrane Vesicles 

The syncytiotrophoblast brush-border membrane 

vesicles from normal term human placentas were prepared 

according to the procedure described by Ganapathy et al. 

(51) with a few modific~tions. Magnesium was used instead 

of calcium as the aggregating cation in the present 

studies. Brush-border membrane vesicles isolated.by Mg+2 

precipitation were employed in uptake studies because it 

has recently been demonstrat'ed that membrane vesicles 

prepared by ca+2 precipitation show increased leakiness to 

H+ and other cations compared with membrane vesicles 

prepared by Mg+2 precipitation (52). The placentas were 

obtained within 30 min of delivery and processed 

immediately. After removing the maternal decidua using a 

sharp blade, the placental villous tissue (central portions 

of the placenta) was removed from the chorionic plate. The 

tissue was .cut into small pieces so as to expose the 

syncytiotrophoblast brush-border membrane and placed in a 

500-ml beaker. All the subsequent steps were performed at 
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4°C. The tissue was rinsed three times.with 200 ml of 10 

mM N-2-pydroxyethylpiperazine-N'-2-ethanesulfonic acid 

(HEPES)/tris(hydrox~ethyl)aminomethane (Tris), pH 7.0, 

containing 300 mM mannitol t:o remove blood cells. The-. 

washed tissue was placed in 300 ml ·of. the same buffer and 

agitated on a.magnetic stirrer for 30 min. ·This procedure 

loosened the brush-border membrane from the 

syncytiotrophoblast. After agitating, the placental slurry 

was filtered through six layers of,cheese cloth and the

filtrate was centrifuged at s,ooo g for 15 min to remove 

any remaining blood cells .. The resulting supernatantwas 

centrifuged at 60,000 g for 30 min. The pellets 

.representing crude brush-border membranes were collected in 

50 ml of the previously described buffer and homogenized in 

a loose-fitting Dounce glass homogenizer using 10 strokes. 

A stock solution of MgC1'2 (1 M) was added to the homogenate 

so as to give a final concentration of 12 mM MgC12. Th.e· 

mixture was stirred for 1 min and let stand for 10 min. It· 

was then centrifuged at 3,000 g for 15 min to remove the 

Mg+2-aggregat.ed, non-brush-border membranes. The 

supernatant containing the brush-border membranes was 

centrifuged at 60,000 g for 30 min. The membrane pellets 

were suspended in the preloading buffer and centrifuged 

again. This washing procedure was repeated twice, and the 

final pellets were suspended in a small volume of the 

preloading buffer by passing through a 25-gauge needle. It. 
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was assumed that this procedure resulted in effective 

equilibration of the intravesicular space with the 

preloading buffer. The composition of the buffer is given 

in the respective legend· to the figure or table. The 

protein concentration was de.termined using the: Lowry method 

(53) and adjusted to 6 mgjml. The final preparation was 

distributed in small aliquots in plastic tubes and stored 

frozen in liquid nitrogen until use. Preliminary studies 

indicated that storage by this procedure did not have any 

deleterious effects on membrane transport. 

The purity of the brush-border membranes was 

monitored by assaying alkaline phosphatase, a marker enzyme 

for the brush-border membrane of human placenta (51). The 

enzyme was assayed using p-nitrophenyl phosphate as the 

substrate. The specific activity of alkaline phosphatase 

in the purified brush-border membrane was compared with 

that of the washed placental tissue homogenate and the 

enrichment of the activity ranged from 16.0- to 32.8-fold 

(mean, 26.1-fold). The enrichment of alkaline phosphatase 

activity in the brush-border membrane isolated by ca+2 

precipitation rang~d from 15.7- to 22.7-fold with a mean 

valUe of 19.1 (51). Thus the purity of the brush-border 

membranes isolated with Mg+2 was greater.than that of the 

membranes isolated with ca+2. 
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2. Uptake Measurements 

yptake measurements were made by a rapid filtration 

technique as previously described (54) using Millipore 

filters .(pore size, 0.65 ~m; nitrocellulose composition)e 

The specific conditions for each experiment are given in 

the figure and table legends. In general, uptake was. 

initiated by mixing 40 ul of the membrane suspension (0.24 

mg protein) with 160 ul of uptake buffer containing labeled 

substrate. The mixture was shaken gently at 25°C in a 

gyratory water bath shaker. At the end of the incubation 

period, uptake was stopped by adding 3 ml of ice-cold 150 

mM KCl in 18 mM HEPES/Tris buffer, pH 7.5. The suspension 

was then rapidly filtered through a Millipore filter and 

washed three times with 5 ml of the same buffer. The 

filter was then placed in a counting vial and 7.5 ml of 

scintillation cocktail were addede The scintillation 

cocktail consisted of toluene-Triton X-100 in a ratio 2:1 

(vjv) containing.4 grams of 2,5-diphenyloxazole (PPO) and 

0.1 gram of p-bis(2-(5-phenyloxazolyl)]benzene 

(POPOP)/liter of toluene. The radioactivity was counted in 

a liquid scintillation spectrometer (Beckman, Model LS-230 

or LS-3133T). Correction for nonspecific binding to 

membranes and filters was done by subtracting from all data 

the value of a blank prepared routinely by adding membranes 

to a tube to which stop buffer had already been added. 

Typically, the nonspecific binding represented less than 5% 



of the total uptake~ Statistical analysis was done using 

Student,•s t-test and differences at the p<0.05 level were 

considered significant. 

3. Treatment with Group-Specific Reagents 

40 

Membrane vesicles were treated at pH 6.4 with a, 

histidyl-group-specific reagent, DEP, or with carboxyl

group-specific reagents, EEDQ and DCCD, as previously 

described (55). Stock solutions of EEDQ and DCCD were made 

in ethanol, whereas stock solutions of DEP were made by 

mixing DEP and ethanol followed by dilution with the 

buffer. The concentration of ethanol during the 

pretreatment of the membranes with DEP, EEDQ, and DCCD was 

o;o5%, 1%, and 5% (vjv) respectively. Equal concentration 

of ethanol was added to the corresponding controls. After 

treatment, the reaction mixture was diluted with the 

preloading buffer. The membrane vesicles were collected by 

centrifugation and washed one more time with the same 

buffer. The final membrane pellets were suspended in a 

small volume of the preloading buffer. The protein 

concentration was adjusted to 6 mgjml. When the treatment 

of the membranes with DEP, EEDQ, or DCCD was done in the 

presence of amiloride, cimetidine or clonidine, these 

protecting agents were first added to the membranes 

followed by the group-specific reagents. Since amiloride, 

cimetidine, and clonidine are all freely reversible 

inhibitors of the exchanger, these agents could be almost 
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completely removed from the membranes by the washing 

procedu~e. In these protection experiments,· control 

membranes were treated with the protecting agents alone in 

the absence of the group-spec~fic reagents. 

4. Photo-Oxidation of Histidyl Residues 

Membrane vesicles (protein concentration 0.2 mgjml) 

were equilibrated at pH 7.0 with 0.1 ~M-Rose Bengal for 2 

hr in the dark. Photo-oxidation for varying 'lengths of 

time was performed-in a Rayonet photochemical reactor 

(model RPR-400; Southern New England Ultraviolet Co., 

Hamden, CT, U.S.A .. ) equipped with a fan that maintained the 

temperature below 35°C. After irradiation, the membranes 

were washed twice with 150 mM-KCl/25 mM-MES/Tris buffer, pH 

5.5. All operations, including irradiation, washing, and 

uptake measurementsf were done under a red light, because 

exposure of the control membranes (no irradiation) that 

were equilibrated with Rose Bengal to the laboratory 

fluorescent light itself caused complete inactivation of 

the Na+-H+ exchanger. If these precautions were taken, 

Rose Bengal in the absence of irradiation did not affect 

the exchanger activity. 



RESULTS 

A. Demonstration of Na+-H+ Exchanger Mechanism in Human· 

Placental Brush-Border Membrane Vesicles 

1. Effect of an Outwardly-Directed Proton 

Gradient on Na+ Uptake 

Membrane vesicles were preloaded with either 25 mM 

MES/Tris, pH 5.5, containing 150 mM KCl or 18 mM 

HEPES/Tris, pH 7.5, containing 150 mM KCl. Uptake of 1 mM 

Na+ was measured in a medium containing 18 mM HEPES/Tris, 

pH 7.5 and 150 mM KCl. When the vesicles preloaded with 

pH 5.5 buffer were used to assay Na+ uptake, there existed 

an outwardly-directed proton gradient across the membrane 

. ([H+]i>[H+] 0 ), whereas when the yesicles preloaded with pH 

7.5 buffer were used, there was no proton gradient 

([H+]i=[H+] 0 ). Figure 4 shows that the initial rates of 

Na+ uptake in the presence of an outwardly-directed proton 

gradient were many fold greater than the uptake rates in 

the absence of a proton gradient. However, the 

intravesicular concentration of Na+ at equilibrium (60-min 

incubation) was the same in the presence and absence of a 

proton gradient. The results in Fig. 4 also show that ~he 

imposition of an initial proton gradient ([H+]i>[H+] 0 ) 

42 



Fig. 4. Effect of an outwardly-Di~ected Proton Gradient 

on Na+ Uptake. Membrane vesicles were 

suspended in either 25 mM MES/5 mM Tris, pH 

5.5, containing 150 mM KCl, or 18 mM HEPES/12 

mM Tris, pH 7.5, containing 150 mM- KCle Uptake 

of 1 mM Na+ was studied in 18 mM HEPES/12 mM 

Tris, pH 7.5, containing 150 mM KCl and labeled 

Na+. Closed circles, [pH]i = 5.5, [pH] 0 = 

7.2 (due to carry over of preloading buffer); 

open circles, [pH]i = [pH] 0 = 7.5. Each point' 

represents the mean of two determinations. 
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resulted in a transient uphill accumulation of Na+ inside 

the vesicles because the intraveslcular concentration of 

Na+ at 5 min was more than twice the equilibrium value. In 

contrast, there was a slow but gradual.~ccumulation of Na+ 

inside the vesicles with time in the absence of a proton 

gradient, but the intravesicular concentration of Na+ never 

exceeded the equilibrium value., The data thus suggest that 

an outwardly- directed proton gradient can energize the 

uphill transport of Na+ in the human placental brush-border. 

membrane vesicles. The equilibrium Na+ uptake was the same 

both in the presence and absence of a proton gradient since 

as the experimentally imposed proton gradient dissipates 

with time, the Na+· gradient can no longer be maintained. 

The pre~ence of an outwardly-directed proton 

gradient can stimulate Na+ uptake in the placental brush

border membrane vesicles by two mechanismsG First, if the 

brush-border membrane is significantly permeable to 

protons, this would result in an interior-negative membrane 

potential due to proton diffusion down the gradient that in 

turn would accelerate Na+ uptake.· Second, if Na+ can be 

exchanged with H+ across the membrane by the Na+-H+ 

exchange mechanism, known to exist in the brush-border· 

membrane of other cell types, then the presence of an 

outwardly-directed proton gradient can·stimulate this: 

process. The results in Fig. 5 indicate that the second 

mechanism was indeed responsible for the proton gradient-



Fig. 5. Effects of FCCP and Niqericin on Proton 

Gradient-Induced Na+ Uptake. Membrane vesicles 

were suspended in pH 5.5 buffer and uptake of 1 

mM Na+ was studied at pH 7.2. FCCP or 

nigericin was added to uptake buffer from a 

stock solution (FCCP, 5 mM; nigericin, 7.5 mM) 

prepared in ethanol. Equal concentration of 

ethanol was added to control. Final 

concentrations of FCCP and nigericin were 20 and 

30 ~M, respectively. Closed circles, 

control; open circles, FCCP; half-close~ 

circles, nigericin. Each point represents the 

mean of two determinations. 
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coupled Na+ uptake in the placental brush-border membrane 

vesicle~. FCCP is a proton ionophore that rapidly 

dissipates the electrochemical proton gradient across the 

membrane and accordingly also produces changes in the 

membrane potential. Nigericin is an ionophore that 

facilitates electroneutral Na+-H+ or· K+-H+ exchange across 

the membrane. The effects of FCCP and nigericin on Na+ 

uptake in the presence of an outwardly-directed proton 

gradient ([pH]i=5.5, [pH] 0 =7.2) were investigated. 

The results of these experiments (Fig. 5) show that the 

presence of FCCP drastically reduced the initial rates of 

Na+ uptake and completely abolished the uphill 

accumulation of Na+, whereas the equilibrium value remained 

unaffected. Under the experimental conditions employed, 

FCCP not only dissipates the artificially imposed proton 

-gradient but also generates an interior-negative membrane 

potential due to the ionophore-induced facilitated 

diffusion of H+ down the gradient. If Na+ uptake can be 

influenced by changes in the membrane po~ential, FCCP under 

these conditions would be expected to stimulate Na+ uptake. 

That FCCP instead inhibits Na+ uptake suggests that the 

membrane potential does not play a role in the uptake of 

Na+ in these membrane vesicles. The decrease in Na+ uptake 

in the presence of FCCP was therefore due to the 

dissipation of the proton gradient~ These data provi~e 
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evidence for the existence of a Na+-H+ exchange mechanism 

in the human placental brush-border membrane vesicles. 

Nigericin stimulated the initial rates of Na+ 

uptake, btit there was no indication of uphill transport of 

Na+ in the presence of the ionophore (Fig. 5)e · Since 

nigericin facilitates Na+-H+ exchange, the intravesicular 

concentration of Na+ in the presence of the ionophore 

reaches the equilibrium value faster than in the absence of 

the ionophore. However, since nigericin also dissipate~ 

the proton gradient rapidly and thereb¥ eliminates the 

energy source of the membrane Na+-H+ exchange mechanism 

there was no accumulation of Na+ against a concentration 
r 

·gradient. 

2. Effect of Membrane Potential on Na+ Uptake 

The Na+-H+ exchanger in renal and intestinal brush-

border membrane vesicles has been shown to be electrically. 

neutral (14-16, 52)) and the coupling ratio between Na+ and 

H+ is -1.0 (56). In most of these studies, a valinomycin

induced K+-diffusion potential was used to investigate the 

effect of membrane potential on the exchange system. 

Kinsella and Aronson (14, 56), however, used FCCP to 

generate a H+.diffusion potential in the presence of an 

initial proton gradient and found that the· ionophore had 

absolutely n6 effect on.Na+ uptake in renal brush-bo~der 

membrane vesicles. These results differ from·ours since in. 

the present study FCCP caused marked·inhibition of Na+ 
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uptake. The inhibition was not· due to changes in the 

membran~ potential but due to dissipation of the proton 

gradient. The Na+-H+ exchanger is electrically neutral in 

the placental brush-border membrane vesicles as it is in 

the renal and intestinal brush-border membrane vesicles and 

the differences in the effects of FCCP on Na+ uptake in the 

placental and renal brush-border membrane vesicles are most 

likely due to differences in the electrically driven Na+

and H+ .conductances in these membranes. 

To confirm that the membrane potential does not 

influence Na+ uptake in placental brush-border membrane 

vesicles, the effect of a valinomycin-induced K+ diffusion 

potential on Na+ uptake was examinede In these experiments 

the vesicles were preloaded with a pH 5.5 buffer containing 

100 mM K2so4 • Uptake of 0.5 mM Na+ was measured in a pH 

7.2 buffer containing 300 mM mannitol. The experiment was 

done in the presence and absence of 10 ~M valinomycin. 

Under these·conditions, valinomycin is expected to produce 

an interior-negative K+ diffusion potentiale However, the 

data given in Table I show that both the initial rat~ of 

Na+ uptake (1-min incubation) and the equilibrium uptake 

(60-min incubation) were similar in the presence and 

absence of valinomycin. In addition, an outwardly-directed 

H+ gradient was found to e~ergize uphill'. transport of Na+ 

even when the vesicles were short circuited by the 

presence of equal concentrations of K+ on either side of 



Table I. Effect of Valinomycin-Induced K+ Diffusion 

Potential on Na+ Uptake. Values are means ± SD 

of triplicates. Membrane vesicles were 

preloaded with 25 mM MES/5 mM Tris, 100 mM 

K2so4 , pH 5.5G Uptake of 0.5 mM Na+ was 

measured at pH 7.2 with 1-min (initial rate) 

and 60-min (equilibrium). incubations. Final 

concentration of valinomycin was 10 ~M. 

Results are given as mean ± SD of 3 

determinations. 
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Incubation Conditions 

Intravesicular 

pH • 5.5 

K+ = 200 mM 

pH a 5.5' 

K1"" = 200 mM 

Extravesicular 

pH -= 7. 2 . 

K+ = 40 mM 

pH • 7.2 

K+ = 40 mM 

Valinomycin 

+ . 
Na uptake 

(nmol/mg pro~ein) 
1 min 60 min 

6.07 ± 0.07 2.58 ± 0.05 

5.13 ± 0.05 2.63 :t 0.02 
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the membrane and the presence of valinomycin (Figs 6). 

Consequ~ntly, the membrane potential does not play any role 

in the uptake of Na+ in placental brush-border membrane 

vesicles. Therefore, like the Na+-H+ exchanger of renal 

and intestinal brush-border membranes, the Na+~H+ exchanger 

of placental brush-border membrane is.also electrically 
I 

neutral. 

3. Effects of Dimethylamiloride and Harmaline on 

Na+ Uptake 

Amiloride and harmaline are well known inhibitors of 

the Na+-H+ exchanger in many cell types. The inhibition 

constant for amiloride was 25 J..I.M in renal brush-border 

membrane vesicles (57) and 230 J.t.M in ileal brush-border 

membrane vesicles (15). Harmaline is generally less potent 
' ' 

as well as less selective than amiloride .as an--inhibitor of 

the Na+-H+ excha-nger (58). Many amiloride derivatives have 

been shown to be more potent than the parent compound in 

inhibition of the exchanger (59). The ··-·inhibition of the 
. ' ' 

placental Na+-H+ exchanger_by.dimethylamiloride (DMA), erie 
' ' 

of the most potent amilorid~ analogues ~n,own to inhibit-the 

exchanger in other cell types was investigated;: ·and its. 

potency was compared with that of harmaline. The effect of 

DMA on the proton gradient-coupled Na+ uptake is 

illustrated in Fig .. 7. DMA at a concentration of 50 J..I.M 

caused 80-90% inhibition of 1 mM Na+ uptake. The dose · 

response of DMA inhibition of Na+ uptake was then studied 

\. 



Fig. 6. Effect of an outwardly-Directed Proton Gradient 

on Na+ Uptake in Short-Circuited Membrane 

Vesicles. Membrane vesicles were suspended. in 

pH 5.5 buffer containing 150 mM KClc Uptake of 

Oc5 mM Na+ was studied at pH 7.2 in presence 

of 150 mM KCl and 10 ~M valinomycin. Each 

point represents the mean of two 

determinations. 
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Fig. 7. Effect of Dimethylamiloride on Na+ Uptake. 

Membrane vesicles were suspended in pH 5.5 

buffer and uptake of 1 mM Na+ was studied at pH 

7.2m Final concentration of dimethylamiloride 

was 50 ~M. Close circles, control; open 

circles, dimethylamiloride. Each point 

represents the mean of two determinations~ 
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(Fig. 8). The inhibition· constant for this amiloride 

analogu~ was -0.32 ~M and 80-90% inhibition was observed at 

100 ~Me The DMA-insensitive Na+ uptake constituted only 

10% of the total Na+ uptake in placental brush-border 

membrane vesicles and 90% of Na+ uptake therefore occurs 

via the DMA-sensitive Na+-H+ exc~anger in these vesicles. 

Figure 8 also shows the dose response of harmaline 

inhibition of Na+ uptake. The inhibition constant was 

-100 ~M and 70% inhibition was observed at 1 mM. This 

inhibition constant for harmaline as the inhibitor of the 

Na+-H+ exchanger in placental brush-border membrane 

vesicles_is comparable to the inhibition constant (90 ~M) 

o~served in renal brush-border membrane vesicles (58). 

Comparable data for DMA in either renal or intestinal 

brush-border membrane vesicles are not available. The 

inhibition constant for this compound has been determined 

to be 0.17 ~Min A431 cells (59). This value is close to 

0.32 ~M calculated in th~ present study using placental 

brush-border membrane vesicles. 

4. Reversibility of DMA Inhibition 

The reversibility of the inhibition of H+ gradient

dependent Na+ uptake by DMA was then examined. Membran~ 

vesicles were preincubated for 1 min in the presence of.a 

H+ gradient ([pHji=5.5; [pH] 0 =7.3) with o, 0.1, or 1 ~M 

DMA. One-minute uptake of Na+ was then measured into these 

vesicles at pH 7.3 with the concentration of the inhibitor 



Fig. 8 .. Dose Response of Inhibition of 

pimethylamiloride and Harmaline of Na+ Uptake. 

Membrane vesicles were suspended in pH 5.5 

buffer and uptake of 1 mM Na+ was studied at pH 

7.2~ DMA conce~tration was varied from 10 nM 

to 316 ~Mf whereas harmaline concentration was 

varied from 0.316 ~M to 3.16 mM. Incubation 

time was 1 mine Closed circles, 

dimethylamiloride; open circles, harmaline. 

Each point represents the mean of two 

determinations .. 
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during the uptake mea.surement being adjusted to either 0. 1 

or 1 J.t.M ,• The results given in Fig. 9· show that 1 J.t.M DMA 

caused more inhibition (90%) compared with the inhibition 

caused by 0.1 J.t.M inhibitor (45%)~ When the membrane 

vesicles were preincubated with 1 J.t.M DMA and Na+ uptake 

was subsequently measured into. the vesicl~s at the 

inhibitor concentration of 0.1 J.t.M, the inhibition-of Na+ 

uptake was found to be only 40%. If the inhibition by DMA 

were to be irreversible, the inhibition under these 

conditions should have been 90% rather than 40%. Instead, 

the inhibition of Na+ uptake by 0.1 J.t.M DMA was the same 

whether the vesicles had been preincubated with 0.1 or 1 J.t.M 

inhibitor. These results show that the inhibition of H+ 

gradient-dependent Na+ uptake caused by DMA is completely 

reversible. 

Dubinsky and Frizzell (60) have recently shown that 

the inhibition of the Na+-H+ exchanger by amiloride may be 

at least partly due to the collapse of the H+ gradient by 

the drug. Similar studies have not been done with 

amiloride analogues such as DMA. In the experiment 

described in Fig. 9, membrane vesicles were preincubated 

with ei th.er o. 1 or 1 J.t.M DMA in the presence of a H+ 

gradient ([pH]i=5.5; [pH] 0 =7.3). When the Na+ uptake was 

subsequently measured into the vesicles with the inhibitor 

concentration during the uptake measurement adjusted to 0.1 

J.t.M, Na+ uptake was similar in both-cases. If DMA were to 



Fig. 9. Reversibility of Dimethylamiloride Inhibition. 

Membrane vesicles preloaded with 25 mM MES/5 mM 

Tris, pH 5.5 and 150 mM KCl were used. 10 

microlit~rs of memb~ane suspension (0.16 mg 

protein) was preincubated for 1 min. ·with 

either 90 ~1 of uptake buffer (18 mM HEPES/12 

mM Tris, pH 7.5 with 150 mM KCl), 90 ~1 of 0.11 
( 

~M DMA or 90 ~1 of 1.11 JJ.M DMA. (solutions of 

the inhibitor were made in the uptake buffer). 

pH of this-preincubation mixture was 7.3. 

After preincubation, 1 min Na+ uptake (0.5 mM) 

was measured at pH 7.3 by incubation of these 

vesicles with either 900 JJ.l of the uptake 

buffer or 900 JJ.l of uptake buffer containing 

0.1 or 1 JJ.M DMA. Labeled Na+ was added to 

uptake buffer. Na+ uptake in presence of 50 

J.LM DMA was subtracted from all uptake values 

to calculate DMA-sensitive Na+ uptake. 

Results are given as mean ± so of 3 

determinations. 
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dissipate the H+ gradient, the Na+ uptake into the vesicles 

preincupated with 1 ~M inhibitor should ·have been less than 

dthe Na+ uptake into the vesicles preincubated with 0.1 ~M 

inhibitor. In addition, the fact that the inhibition by 

DMA is totally reversible also argues against the idea that 

the collapse of the H+ gradient by the inhibitor plays a 

significant role in the mechanism of inhibition. 

Therefore, the conclusion is that DMA inhibits the H+ 

gradient-dependent Na+ uptake in human placental brush

border membrane vesicles by directly interacting with the 

Na+-H+ exchanger protein rather than by any nonspecific 

effect such as the exhaustion of the driving force. 

5. Kinetics- of the Placental Na+-H+ Exchanger 

To determine a time point at which the initial rates 

of Na+ uptake can be measured, the time course of H+ 

gradient-dependent Na+ uptake ([pH]i=5.5; [pH] 0 =7.2) was 

studied with low (0.5 mM) and high (50 mM) concentrations 

of Na+. , Figure 10 shows that at both concentrations Na+ 

uptake was linear at least up .to 1 min. 

The effect of increasing c9ncentrations of unlabeled 

Na+ on the initial rates of 22Na+ uptake (1.min incubation) 

in the presence of an outwardly-directed proton gradient 

was then examined. The experiment was performed in the 

presence as well as the absence of 50 ~M DMA to calculate 

the kinetic constants for,the.Na+ uptake that occurs 

exclusively by the DMA-sensitive Na+-H+ exchange. mechanism. 



Fig. 10. Time Course of H+ Gradient-Dependent Na+ 

?"otake. Uptake· of Na+ was determined in the 

presence.of H+ gradient ([pHJi = 5.5; [pH] 0 = 

7.2). Data represent only dimethylamiloride

sensitive Na+ uptake. A: 0.5 mM Na+; B: 50 mM 

Na+. Each point represents the mean of two· 

determinations. 
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As shown in Fig. 11, unlabeled Na+ competed with 22Na+ for 

the upt~ke, but this competition was observed only in the 

absence of DMAe In the presence of the inhibitor, 

increasing concentrations of unlabeled Na+ had no effect on 

22Na+ uptake. These results demonstrate that the DMA

insensitive Na+ uptake is not saturable and occurs via 

simple diffusion and virtually all the carrier-mediated 

saturable Na+ uptake in the placental brush-border membrane 

vesicles occurs via the exchange mechanism. The 

diffusional component represented only about 10% of the 

total uptake. When the results were plotted as total Na+ 

uptake vs., sodium concentration (Fig. 12), ·the data 

conformed to Michaelis-Menten kinetics indicating the 

saturability of the Na+-H+ exchange mechanism with respect 

to Na+. The linearity of the Na+ uptake up to 1 min with 

low as well as high concentrations of Na+ (Fig. 10) 

indicates that the observed kinetics were primarily due to 

the saturation of the Na+-binding site of the exchanger 

rather than exhaustion. of the driving force. The kinetic 

constants were calcul.ated by fitting the data into a linear 

plot (Eadie-Hofstee plot, v vs. vjs; not shown) and using 

the linear regression analysis. The apparent Kt for Na+ 

was 7.8 +1c2 mM and the maximal velocity, Vmax' was 38.7 

±2.4 nmoljmg protein/min. The affinity constant for Na+ 

for the placental Na+-H+ exchanger is within the range of 

the previously reported values which varied from 5 to 



·Fig. 11. Inhibition of Labeled Na+ Uptake by· Increasing 

Concentrations of Unlabeled Na+. Proton 

gradient-stimulated 22Na+ uptake (1 min) was 

measured in presence of increasing 

concentrations of unlabeled Na+ (1 mM to 50 

mM). Experiment was done in presence and 

absence of 50 J.LM DMA. Closed circles, absence 

of DMA; open circles, presence of DMA. Each 

point represents the mean of two 

determinations. 
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Fig. 12e Effect of Na+ Concentration on its Uptake. 

~a+ uptake {1 min) was studied in the presence 

of a proton gradient {[pH]i = 5.5; [pH] 0 = 

7.2). Each point represents the mean of two 

determinations. 
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16 mM different studies with renal and intestinal brush

border membrane vesicles (14, 15, 17). 

6. Binding vs. Transport of 22Na+ 

62 

The nonspecific binding vs. transport of 22Na+ was 

studied by investigating the effect of osmolality of the 

incubation medium on the equilibrium uptake of 22Na+ (Na+, 

0.5 mM; 60 min incubation). The results are given in Fig. 

13. The equilibrium Na+ uptake increased with decreasing 

medium osmolality, indicating that the membrane vesicles 

were intact and responded-to the changes in the 

osmolality. The relationship between the uptake and the 

reciprocal of osmolality was linear (r2 = 0.97). 

E~trapolation of the line to infinite osmolality 

(1/osmolality = zero) showed that there was some 

nonspecific binding of Na+ to the membranes under the 

experimental conditions. The binding component accounted 

for -40% of the uptake observed under standard conditions 

(330 mosmol). This component was probably much smaller in 

most experiments where the incubation time was as short as 

1 min .. 

7. Cation Specificity of the Na+-H+ Exchanger 

To determine the cation specificity of- the placental 

Na+-H+ exchanger, the ability of various monovalent cations 

to compete with 22Na+ for the uptake process was 

investigated. In ·these experiments, uptake of 1 mM Na+ was 

studied and the concentration of. inhibitory cations, when 



Fig. 13. Effect of Medium Osmolality on Eauilibrium Na+ 

~ptake. Membrane vesicles were s-uspended in 25 

-mM MES/5 mM Tris, pH 5.5, containing 300 mM 

Mannitol. Uptake of Na+ (0.5 mM) was studied 

at pH 7.2. Concentration of mannitol in uptake 

buffer was varied to give different osmolality 

values. Time of incubation was 60 min. Each 

point represents the mean of two 

determinations. 
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present, was 25 mM. Table II shows the effects of chloride 

salts of various monovalent cations on the initial rates 

of Na+ uptake. Li+ and Na+ caused 85-90% inhibition, 

whereas K+, Rb+, and Cs+ had no effect. These results show 

that Li+ can effectively substitute for Na+ in the exchange 

process in placental brush-border membrane vesicles, but 

K+, Rb+, and Cs+ had little affinity for the system. These 

data agree with the previous reports on the renal and 

intestinal brush-border membrane Na+-H+ exchanger (14, 15, 

61, 62). Tetr.amethylammonium (TMA+) did not inhibit Na+ 

influx in intestinal brush-border membrane vesicles (15), 

but tnese studies show that tetraethyla~onium. (TEA+) 

;significantly inhibited Na+ uptake (>50%) in placental 

brush-border membrane vesicles. The af.finity of choline, 

if any, for the placental Na+-H+ exchanger was very small. 

The nature of Li+ inhibition of Na+ uptake in 

placental brush-border membrane vesicles was studied by 

measuring the initial rates of Na+ uptake at two fixed 

concentrations (2 and 8 mM) in·the presence of increasing 

concentrations of Li+ (0, 0.5, 1, 2, 5, 7.fJ, and 10 mM). 

When the reciprocal of the initial uptake rate was plotted 

on the ordinate as a function of Li+ concentration (Dixon 

plot), two· straight lines (r2>0.98) were obtained (Fig. 

14). The lines intersected at a point above the abscissa 

indicating competition between Li+ and Na+.. The da.ta, 



Table II. Cation Specificity of Placental Na+-H+ 

~xchanqer. Values are given as means ± SD from 

three determinations. Membrane vesicles were 

preloaded with 25.mM MES/5.mM Tris, .300 mM 

Mannitol, pH 5.5. One-minute uptake of Na+ (1 

mM) was measured at pH 7.2. The uptake buffer 

contained mannitol, chloride salt of monovalent 

cations, and traces of 22Na+·. Final 

concentrations of cations in the incubation 

medium was 25 mM. Mannitol concentration in 

the uptake buffer was accordingly adjusted to 

maintain the osmolality constant. Results are 

given· as the mean ± SD of three determinations. 
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Na + uptake 

Monovalent Cation 
nmol/mg protein/min % 

Control 9.12 ± 0.43 100 

Sodium 1.05 ± 0.03 12 

Lithium 0,60 ± 0.03 7 

Potassium 8.86 ± 0.13 97 

Rubidium 9.44 ± 0.12 104 

Cesium 9.07 ± 0.49 99 

Tetraethylammonium 3.69 ± 0.31 40 

Choline 8.04 ± 0.50 88 



Fig. 14. Kinetics of Inhibition of Na+ Uptake by Li+ 

,(Dixon Plot). Me.mbrane vesicles were suspended 

in pH 5.5 buffer and Na+ uptake was studied at 

pH 7. 2 a.t two fixed Na+ concentrations ( 2 and 8 

mM) in presence of varying concentrations of 

Li+ (0-10 mM). V, nmoljmg protein/min. Closed 

circles, 2 mM Na+; open circles·, 8 niM Na+. 

Each point represents the mean of two 

determinations. 



0.3 

• 
0.2 

1/v 

2· 4 6 8 10 
Lithium concentration {mM) 



67 

however, do not permit us to unambiguously conclude whether 

the inh~bition was· purely competitive or of the mixed 

type. The inhibition constant, Ki,. was calculated to be 

3.6± 0.4 mM. The inhibition constant represents the 

affinity constant for ·Li+ to interact with the placental 

Na+-H+ exchanger. Thus Li+ exhibits greater affinity for 

the binding site of the exchanger than does Na+ (Ki for Li+ 

= 3.6 mM, Kt for Na+ = 7.8 mM). Similar results have been 

obtained in the case of the renal Na+-H+ exchanger (62-64). 



B. Inhibition of Human Placental Na+-H+ Exchanger by 

Cimetidine 

1. Effects of Amiloride and Cimetidine on Proton 

Gradient-Coupled Na+ Uptake 

68 

Uptake of Na+ (0.5 mM) was studied in placental 

brush-border membrane vesicles in the presence of an 

outwardly-directed proton gradient ((pH] i = 5. 5,- [pH] 0 = 

7.2). The presence of a proton gradient greatly 

accelerated Na+ uptake and resulted in a transient 

accumulation of Na+ within the vesicles against a 

concentration gradient. The system was inhibited markedly 

by 1 mM amiloride as·- well as by 1 mM cimetidine (Fig. 15). 

The equilibrium uptake was, however, not affected by these 

drugs, suggesting that the inhibition was not due to 

changes in the intravesicular volume (data not shown). 

Figure 16 illustrates the concentration response to 

amiloride and cimetidine. Na+ uptake (.0.5 mM) was measured 

in the presence of an outwardly~directed proton gradient 

and only the amiloride-sensitiv.e Na+ uptake was used to 

calculate rc50 (concentration showing 50% inhibition). 

Inasmuch as the uptake was determined at a Na+ 

concentration that was much less than the Kt value (9.6 

mM), rc50 was almost equal to the inhibition constant. The 

,apparent Ki for the inhibition prqcess was 5.6 X 10-6 M in 

the case of amiloride and 3.8 X 10-5 M in the case of 

cimetidine. 



Fig .. 15. Effects of Amiloride and Cimetidine on 

Placental Na+-H+ Exchanger. Membrane vesicles 

were suspended in 2 5 mM MES/ 5 mM · Trfs ·'buffer, 

pH 5.5, containing· 150 mM KCl. Uptake was 

initiated by.mixing 40 ~1 of membrane 

suspension (240 ~g of protein) with 160 ~1 of 

uptake buffer (18 mM HEPES/12 mM Tris, pH 7.5, 

containing 150 mM KCl with traces of labeled 

Na+. The extravesicular pH during the uptake 

under these conditions was 7.2. Final 

concentrations of amiloride or cimetidine were 

. ) . 1 1 mMe Closed c1rcles, control; open-c1rc es, 

amiloride; half-closed circles, cimetidine. 

Each point represents the mean of two 

determinations. 
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Fig. 16. Dose-Response of Amiloride and Cimetidine 

Inhibition. Uptake of Na+ (0.5 mM) was 

measured in placental brush-border membrane 

vesicles for 1 min in the presence of a proton 

~radient. ([pH]i = 5.5; [pH] 0 = 7.2). 

Concentration of amiloride or cimetidine was 

varied from 3.16 ~M to 3.16 mM. Closed 

circles, cimetidine; open circles, amiloride. 

Each point represents the mean to two 

determinations. 
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2. Nature of Inhibition 

~raton gradient-stimulated Na+ uptake was measured 

at various concentrations of Na+ {1, 5, 10, and 15 mM) in 

the absence and presence of either 25 ~M cimetidine or 4 ~M 

amiloride. One-minute incubations were used to measure the 

initial r~tes because Na+ uptake was found to be linear up 

to 1 min at 0.5 mM Na+ (Fig. 15) as well as at 10 mM Na+ 

(data not shown). The results are given in Fig. 17. as 

Eadie-Hofstee plot (v vs. vjs). The apparent Kt for Na+ 

was 9.6 mM in the absence of inhibitors, but it increased 

to 22.2 mM in the presence of 4 ~M amiloride and 16.2 mM in 

the presence of 25 ~M cimetidine whereas the Vmax was not 

altered significantly (5.5.4, 64 .. 7, and 60.2 nmoljmg of 

protein per min, respectively). These results indicate 

that the inhibition caused by these drugs is competitive in 

nature. 

3. Reversibility of inhibition 

Membrane ·vesicles suspended in a pH 5.5 buffer were 

preincubated for 1 min with o, 10, and 200 ~M cimetidine or 

with o, 2, and 40 ~M amiloride. The preincubated vesicles 

were used to determine a 1-min Na+ uptake (1 mM) at pH 7.2. 

As can be seen in Table III, when cimetidine concentration 

was 10 ~M during preincubation as well as during the uptake 

experiment, Na+.uptake was inhibited by 20% compared to the 

control (no inhibitor)o The inhibition increased to 75% 



Fig. 17. Kinetics of Amiloride and Cimetidine 

Inhibition. pH gradient-stimulated Na+ UP,take 

was measured in placental brush-border membrane 

vesicles for 1 min at varying concentrations 

of Na+ (1, 5, 10, and 15 mM) in the absence or 

in the presence of 4 #M amiloride or 25 ~M 
j . 

cimetidine. The results are given as Eadie-

Hofstee plot (v vs. vjs). V, nmoljmg 

protein/min; s, Na+ concentration (mM); closed 

circles, control; open circles, amiloride; 

half-closed circles, cimetidine. Each point 

represents the mean of two determinations. 
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Table III. Reversibility of the Inhibition of the 

Placental Na+-H+ Exchanger by Cimetidine and 

Amiloride. Membrane vesicles preloaded with 25 

· mM MES/5 mM Tris, pH 5.5 and 150 mM KCl were 

used. 40 ~1 of membrane suspension (240 ~g of 

protein) was preincubated for 1 min with either 

10 ,~1 of· uptake buffer (18 mM HEPES/12 mM Tris, 

pH 7.5 with 150 mM KCl), 10 ~1 of 50 ~M 

cimetidine·or 10 ~1 of 1 mM cimetidine (the 

solutions of cimetidine were made in uptake 

buffer). After the preincubation, 1 min Na+ 

uptake (1 mM) was measured by incubation of 

these vesicles with either 950 ~1 of the uptake 

buffer or 950 ~1 of the uptake buffer 

containing 10 or 200~M cimetidineo Labeled Na+ 

was added to the uptake buffer. The 

experimental procedure for amiloride inhibition 

studies was the same except that the 

concentrations of amiloride were as indicated. 

Results are given as the mean ± SD of three 

determinations. 
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Inhibitor Inhibitor 
concentration concentration + Na uptake 

during preincubation during uptake 

].JM llM nmol/mg protein/min % 

Cimetidine 
0 0 --

6.11 ± 0.20 100 
10 10" 4.92 t 0.18 81 

200 200. •, 1.60 t 0.16· 26 
200 10 4.67 t 0.44 76 

Amiloride 

0 0 6.11 t 0.20 100 
2 2 3.85 :!: 0.04 63 

40 40 0.84 :t 0.13 14 
40 2 3.55 t 0.38 58 
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when the concentration of cimetidine was 200 J.£M. However, 

when th~ vesicles preincubated with 200 J.£M cimetidine were 

used to measure Na+ uptake with the concentration of the 

inhibitor diluted to 10 J.£M during uptake, Na+ uptake was 

inhibited only by 25%. If the inhibition by cimetidine had 

been irreversible, the inhibition should have been 75%. 

These results show clearly that the inhibition by 

·cimetidine is freely reversibleG Similar results were 

obtained with amiloride, demonstrating that amiloride 

inhibition of the placental Na+-H+ exchanger is also 

reversible as it has been shown to be with the renal Na+-H+ 

exchanger (57). 

4. Specificity of Cimetidine inhibition 

Both amiloride ·and cimetidine are guanidine 

derivativese In order to determine the role.of the 

guanidine group in the inhibition process, the inhibitory 

capacity of a number of compounds having the guanidine 

group was checked. As shown in Table IV~ only amiloride 

and cimetidine were able to inhibit the proton gradient

coupled Na+ uptake. Guanidine, arginine, and creatinine, 

all having the guanidine group, failed to inhibit the 

exchanger. Cimetidine is a histamine type II receptor 

antagonist, but histamine as well as histidine did not 

inhibit the exchanger. These results show that the 

inhibition caused by amiloride and cimetidine is specific, 



+ 
Inhibitor Na uptake 

nmol/mg protein/min % 

None 3.27 ± 0~15 100 

Cimetidine 0.35 ± 0.01 11 

Amiloride 0.16 ± 0.04 5 

Guanidine 3.36 :t 0.12 103 

Arginine 3.47 ± 0.20 106 

Histidine 3.59 ± 0.01 110 

Histamine 2.84 ± 0.11 87 

Creatinine 3.23 ± 0.04 99 

Nl.Methylnico~inamide 3. 39 :t 0.04 104, 
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and the guanidine group, per se, is not sufficient for the 

inhibit~ry activity. 

The renal brush-border membrane possesses an active 

cation-proton antiport· system which accepts organic cations 

such as cimetidine, amiloride, guanidine, Nl

methylnicotinamide, tetraethylammonium, etca as substrates 

(for a review, see ref. 46). If this system is also 

present in placental brush-border membrane vesicles, 

addition of any of these cations in Na+ uptake experiments 

would dissipate the proton gradient and consequently 

inhibit Na+ uptake. In order to determine if this was the 

mechanism of cimetidine and amiloride inhibition of the 

Na+-H+ exchanger, the effect of Nl-methylnicotinamide on 

Na+ uptake in placental brush-border membrane vesicles was 

examined and this organic cation wa~ found to have no 

effect (Table IV). Therefore, it appears that cimetidine 

and amiloride inhibit the.placental Na+-H+ exchanger by 

interacting directly with the protein. The.site of 

interaction is most -probably the Na+ binding site because 

the inhibition by these agents can be reversed by high 

concentrations of Na+. 

It has recently been shown by Grillo and Aronson 

(65) that the renal Na+-H+ exchanger is irreversibly 

inhibited by diethylpyrocarbonate, a histidine group

specific reagent and the exchanger can be protected from 

this inhibition by amiloride. The authors concluded that 



77 

the renal Na+-H+ exchanger contains essential histidyl 

residue,(s) at or near the external Na+ binding site. 

Because amiloride also binds to the same site, its presence 

makes the.binding site unavailable·for interaction with 

diethylpyrocarbonate. Amiloride, being a freely reversible 

inh~bitor, can be removed easily by.dilution and 

centrifugation before uptake studies •. A.similar approach 

to confirm that cimetidine binds to the external Na+

binding site of· the placental Na+-H+ exchanger··was used. 

The results given in Fig. 18 demonstrate that the proton 

gradient-dependent Na+ uptake in placental membrane 

vesicles was inhibited by diethylpyrocarbonate and 

cimetidine provided complete protection from this 

inhibition. The results also show that 

diethylpyrocarbonate caused less inhibition at pH 6.4 

compared to pH 7.5, suggesting that protons, which al~o 

compete for the same external binding site, may offer some 

protection for the exchanger from the inhibition. It is 

concluded that, similar to the renal Na+-H+ exchanger, 

essential histidyl residue(s) are located at or near the 

external Na+-binding site of the human placenta Na+-H+ 

exchanger and cimetidine inhibits the exchanger by directly 

interacting with this site. 



Fig. 18. Protection by Cimetidine of Placental Na+-H+ 

~xchanqer from Inhibition by 

Diethylpyrocarbonate CDEPl. Membrane vesicles 

were treated with 1 mM DEP for 10 min at pH 6.4 

or 7.5 in the presence and absence of 5 mM 

cimetidine. After the reaction, cimetidine and 

the excess, unreacted DEP were removed by 

dilution and centrifugation. The membrane 

vesicles were washed twice with and finally 

suspended in 25 mM MES/5 mM Tris buffer, pH 

5.5~ containing 150 mM KCl. Uptake was 

measured wit~ an extravesicular pH of 7.2. 

Final concentration of Na+ was 0.5 mM and the 

time of incubation was 1 min. The data are 
I . . 

presented as the mean ± SD of three 

determinations. 
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5. Inhibition of Rabbit Renal Na+-H+ Exchanger by 

cimetidine 

Tissue differences have been reported in the 

sensitivity of the brush.-border Na+-H+ exchanger to 

amiloride inhibition. The apparent·Ki for amiloride 

inhibition of the rabbit r~nal Na+-H+ exchanger was 2.5 X 

10-5 M in 22Na uptake studies (57) and 6.2 X 10 -5 M in 

acridine orange fluorescence studies (66). Rabbit ileal 

brush-border Na+-H+ exchanger is much less sensitive to 

amiloride inhibition because the apparent Ki value ranges 

from 2.3 X 10-4 to 3.0 X 10-4M (15). Therefore, the 

inhibition of the rabbit renal Na+-H+ exch~nger by 

cfmetidine and amiloride was investigated in order to 

compare the sensitivities of the brush-border Na+-H+ 

exchanger to inhibition by these drugs in human placental 

and rabbit kidney. Figure 19 shows that, in the rabbit 

kidney, amiloride at 1 mM inhibited the initial rates of 

proton gradient-driven Na+ upt~ke by about 90%·-whereas only 

55% inhibition was observed in the-presence of 1 mM 

cimetidine. The apparent Ki was 2.6 X 10-5 M for amiloride 

and 6.8 X 10-4M for cimetidine (Fig. 20). The apparent 

inhibition constant determined in this study for inhibition 

of the rabbit renal Na+-H+ exchanger by amiloride is 

similar to the value reported by Aronson and Kinsella (57). 

Therefore, cimetidine is 25 to 30 times less potent than 



Fig. 19. Effects of Amiloride and Cimetidine on Rabbit 

Renal Na+-H+ Exchanger. The experimental 

procedure was as described in the legend to 

Figure 15. Na+· concentration-was 0.5 mM and 

inhibitor concentration was 1 mM. Closed 

circles, control; open circles, amiloride; 

half-closed circles, cimetidine. Each point 

represents the mean of two determinations. 
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Fig. 20. Dose-Response of Amiloride and Cimetidine 

Inhibition in Rabbit ·Renal Brush-Border 

Membrane Vesicles. The experimental procedure 

was as described in the legend to Fig. 16. 

Closed circles, cimetidine; open circles, 

amiloride. Each point represents the mean of 

two determinations. 
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amiloride in inhibiting the renal Na+-H+ exchanger. It is 

.clear from these data that the human placental Na+-H+ 

exchanger is more sensitive to inhibition by these drugs 

than the rabbit renal Na+-H+ exchanger (Table V). 

6. Effects of Cimetidine on Uptake of·Proline and 

Glucose in Placental Brush-Border Membrane 

Vesicles 

Earlier studies using rabbit renal brush-border 

membrane vesicles indicated that amiloride is a specific 

inhibitor of Na+-H+ .exchanger because it did not inhibit 

other Na+-dependent processes such as amino acid and 

glucose transport systems (57). But, harmaline, the only 

other Na+-H+ exchange inhibitor reported at the time these 

experiments were performed, inhibits several Na+-dependent 

transport processes in kidney as well as in intestine (54, 

58, 67). The effect of the newly 'identified Na+-H+ 

exchange inhibitor~ cimetidine, on the uptake of proline 

and glucose in placental brush-border membrane vesicles was 

studied. Cimetidine had no effect on these transport 

processes (data not shown). It appears that· cimetidine, 

like amiloride, is a specific inhibitor of the Na+-H+ 

exchange process. 



Table v. Apparent Ki Values for Inhibition of Na+-H+ 

~xchanger by Cimetidine and Amiloride in Human 

Placental and Rabbit Renal Brush-Border 

Membrane Vesicles. The apparent Ki value in 

each case was determined in the presence of a 

proton gradient ([pH]i = 5.5: [pH] 0 ~ 7.2) and 

0.5 mM Na+. 
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) 

Tissue 

Human placenta· 

Rabbit kidney 

Amiloride 

5.6 x 10-6 M 

2 •. 6 X 10-S M 

Cimetidine 

3.8 X 10-S M 

6.8 X 10-4 M 
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C~ Evidence for Histidyl and Carboxyl Groups at the 

Active Site of the Human Placental Na+-H+ Exchanger 

By the use of group-specific reagents, two 

fundamental. studies have indicated that histidyl and 

carboxy groups are essential for-the activity of the-kidney 

brush-border membrane Na+-H+ exchanger and that these 

groups are located at ornear the external binding site of 

the exchanger (65,97). Furthermore, evidence was presented 

earlier in this dissertation suggesting the involvement of 

essential histidyl groups at or near. the active site. of the 

placenta~ brush-border membrane Na+-H+ exchanger. To 

further characterize the placental Na+-H+ exchanger active 

site, histidyl (DEP) and carboxy (EEDQ) group specific 

reagents were employed. 

1. Inhibition of the Exchanger by Group Specific 

Reagents 

Figure 21 describes the time course of Na+ uptake 

(0.5 mM) in control vesicles as well as in vesicles treated 

with the inhibitors. In all cases Na+ uptake was measured 

in the presence of an outwardly-directed H+ gradient ([pH]i 

= 5.5; [pH] 0 = 7.2). Control vesicles exhibited the 

overshoot phenomenon, indicating that the Na+ uptake was 

energized by the H+ gradient. Treatment of the membrane 

vesicles with either DEP (2 mM) or EEDQ (2 mM) drastically 

decreased the initial rates of Na+ uptake, and the 

concentrative .uptake was abolished in both cases. 



Fig. 21. Effects of DEP and EEDQ on the Human Placental 

~a+-H+ Exchanger. Membrane vesicles were 

incubated with~either 2 mM DEP or 2 mM EEDQ. 

After the incubation, the vesicles were washed 

twice with a pH 5.5 buffer to remove any 

residual unused reagent and finally suspended 

in the buffer. Uptake of Na+ (0.5 mM) was 

measured in the presence of an outwardly

directe4 H+ gradient ((pHJi = 5.5; (pH] 0 = 

7.2)o Closed circles, control; open circles, 

DEP; closed squares, EEDQ. Each point 

represents the mean of two determinations. 
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In human placental brush-border membrane vesicles, 

about 9,0% of the Na+ uptake observed in the presence of an 

outwardly-directed gradient is due·to the activity of the 

Na+-H+ exchanger (68). The remaining 10% represented the 

diffusional component. Therefore, the effect of DEP and. 

EEDQ on the Na+ uptake that occurred via_the exchanger was 

investigated by determining the amiloride-sensitive Na+ 

uptake. This uptake was calculated by subtracting from the 

control values the uptake of Na+ measured in the presence 

of 1 mM amiloride. Figure 22 shows the progressive 

inhibition of the amiloride-sensitive Na+ uptake by 

increasing concentrations of DEP or EEDQ. With both 

irihibitors, 50% inhibition was observed at a concentration 

of 0.5-0.8 mM. 

In these experiments the membrane vesicles were 

incubated with DEP or EEDQ, followed by removal of the 

residual unused reagent. Since the inhibition of the 

·exchanger was demonstrable in these vesicles, it is 

apparent that these inhibitors covalently modify histidyl 

and carboxyl groups respectively in the exchanger protein, 

thereby causing irreversible inhibition. Therefore, the 

kinetic nature of the inhibition was examined. The 

dependence of·amfloride-sensitiveNa+ uptake on the 

concentration of Na+ in control vesicles and in vesicles 

that were treated with DEP or EEDQ was studied. The Na+ 

concentration was varied from 1 t·o 20 mM·, and the 



Fig. 22. Effects of Inhibitor Concentra'tion on the 

,Amiloride-Sensitive Na+ Uptake. Initial rates 

of Na+ uptake (0.5 mM) were determined in 

control vesicles and in vesicles that were 

treated with increasing concentrations of DEP 

or EEDQ. Uptake measurements were made with 45 

s incubations in the presence of an outwardly

directed H+ gradient ([pH]i = 5.5; [pH] 0 = 

7.2). Uptake of Na+ in control vesicles under 

these conditions was 1.9 ± 0.2 nmoljmg of 

protein. This value was taken as 100% uptake. 

Closed circles, DEP; open circles, EEDQ. Each 

point represents the mean of two 

determinations. 
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concentrat·ions of DEP and EEDQ, when present, were 0. 6 mM 

and 0.7. mM, respectively. The results are given as Eadie

Hofstee plots in Fig~ 23. -~he.lin~ar plots' (r2 -> 0.94) 

indicate that· the Na+ uptake was saturable and that the 

process obeyed Michaelis-Menten kinetics. Treatment w1th 

DEP or EEDQ caused a decrease in the maximal velocity 

(ordinate-axis intercept of the lines) without changing the 

affinity of the exchanger for Na+ (slope of the lines). 

These data indicate that DEP and EEDQ inhibit the Na+-H+ 

exchanger in a strictly noncompetitive manner. Therefore, 

it appears that the covalent modification of essential 

histidine residues by DEP as well as the covalent 

modification of essential carboxyl groups by EEDQ 

il)activate.the exchanger irreversibly and hence decrease 

the concentration of active· exchanger molecules in the 

membrane. The affinity of the unmodified exchanger for one 

of its substrates, Na+, is, however, not affected. 

The reaction of DEP with histidine residues is 

ordinarily reversible with hydroxylamine. Grillo and 

Aronson (65) have indeed demonstrated that the inhibition 

of the renal Na+-H+ exchanger by· DEP can be reversed with 

0.5 M hydroxylamine. However, exposure of the membranes to 

0.5 M hydroxylamine alone caused significant inhibition of 

the exchanger activity. In the present ·study, the human 

placental Na+-H+ exchanger was more sensitive to 

inhibition by hydroxylamine than was the renal 



Fig. 23 .. Effects of DEP and EEDO on the Kinetic 

Parameters of the Na+-H+ Exchanger. Initial 

rates of Na+ uptake (45 s) were measured over a 

Na+ concentration range, 1-20 mM, in control 

vesicles and in vesicles treated with either 

0.6 mM DEP or 0.7 mM EEDQ. Only the amiloride

sensitive Na+ uptake was used to construct the 

Eadie-Hofstee plots (v/s versus v). v, Initial 

velocity (nmoljmg of protein); s, concentration 

of Na+ (mM). Closed circles, control; open 

circles, DEP; closed squares, EEDQ. Each point 

represents the mean of two determinations. 

89 



v 

1 2 3 

v/s 

4 5 



90 

Na+-H+ exchanger. Exposure of the placental brush-border 

membran~s to 0.2 M-hydroxylamine alone caused 55% 

inhibition of the exchanger. Therefore, this approach to 

prove that the inhibition of the exchanger by DEP was due 

to modification of histidine residues could not be used. 

Even though DEP can react with thiol and hydroxyl groups in 

proteins, the reagent is specific for histidine residues in 

the pH range 5.5-7.5 (69). Since the membranes were 

treated with DEP at pH 6.4 in the present study, it is 

reasonable to assume that inactivation of the Na+-H+ 

exchanger by DEP was the result of modification of the 

histidyl residues. 

Another approach to substantiate the essential 

nature of histidine residues in the catalytic activity of 

the placental Na+-H+ exchanger was employed. Rose Bengal

catalyzed photo-oxidation has been used to modify histidine 

·residues in proteins (70). When the placental brush-border 

membrane vesicles were irradiated in the presence of 0.1 

~M-Rose Bengal, ·the Na+-H+ exchanger activity a~ measured 

by the initial rates of amiloride-sensitive Na+ uptake in 

the presence of an outwardly~directed H+ gradient was 

drastically inhibited (Fig. 24)e However, irradiation in 

the presence of Rose Bengal also caused disruption of 

vesicles, resulting in a significant decrease in the 

, equilibrium Na+ uptakee Nonetheless these results provide 

additional evidence for the involvement of histidine 



Fig. 24. Effect of Rose Bengal-Ca'talyzed Photo-oxidation 

on the Na+-H+ Exchanger. Membrane vesicles were 

irradiated in the presence of 0.1 ~M Rose 

Bengal for different time intervals. Initial 

uptake (45 s) or equilibrium uptake (2 hr) of 

amiloride sensitive 22Na+ was measured in these 

vesicles in the presence of an outwardly

directed H+ gradient. Closed circles, initial 

uptake; open circles, equilibrium uptake. 

Each point represents the mean of three 

determinationse 
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residues in the activity of the human placental Na+-H+ 

exchang~r. 
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To substantiate the essential nature of carboxyl 

groups in the activity of the placental Na+-H+ exchanger, 

another carboxyl-group specific reagent, DCCD, was 

employed. Like EEDQ, DCCD also covalently modifies 

carboxyl groups in proteins. Fig. 25 shows that treatment 

of placental brush-border membranes with increasing· 

concentrations of DCCD caused progressive inhibition of the 

Na+-H+ exchanger. In fact, DCCD was found to be more 

effective than EEDQ in inhibiting the exchanger activity. 

2. Protection from Inhibition Caused by Group

Specific Reagents 

Amiloride, cimetidine, and clonidine are all freely 

reversible inhibitors of the human placental Na+-H+ 

exchanger, and they compete with Na+ and Li+ for the 

external-binding site of the exchanger (71, 72)~ In order 

to determine if the essential histidyl and carboxyl groups 

are located at this active site of the exchanger, the 

ability of amiloride, cimetidine, and clonidine to protect 

the exchanger from DEP and EEDQ inhibition was examined. 

In these experiments the membranes were treated with DEP or 

EEDQ in the presence of the protecting agents, and then the 

residual unused reagents were removed by washing. The 

results given in Table VI show that, in the presence of 

amiloride, cimetidine, or clonidine, 



Fig. 25. Effect of Increasing Concentrations of DCCD on 

the Amiloride-Sensitive Na+ Uptake. The 

experimental details are as given in the legend 

to Fig~ 22. 
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Table VI. Protection of the Human Placental Na+-H+ 

~xchanqer from DEP and EEDO Inhibition. 

Placental brush-border membrane vesicles were 

treated with either DEP (0.6 mM) or EEDQ (0.7 

mM) at pH 6.4. The protecting agents 

(amiloriae, cimetidine, and clonidine) were 

added to the membranes before the addition of 

DEP or EEDQ. In each case of protecting agent, 

membrane vesicles treated with th~ agent in the 

absence of DEP and EEDQ. served· as the control. 

After incubation, membrane vesicles were washed 

twice with the preloading buffer (150 mM KCl/25 

mM MES/Tris buffer, .PH 5.5). Amiloride 

sensitive-22Na+ uptake was. measured at pH 7.2, 

in 45 s incubations. The data represent the 

mean ± SD of three determinations. 
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Protecting Agent Inhibition (%) 

DEP EEDQ 

None 67 ± 10 so ± 4 

Amiloride (0 .6 mM) -13 ± 7 8 t 3 

Cimetidine (5 mM) 4 :t 3 9 :t 3 

Clonidine (12.5 mM) 13 :t 4 9 t 4 



95 

the inhibition of amiloride-sensitive Na+ uptake caused by 

treatment with DEP or EEDQ was either abolished or greatly 

diminished~ 

Even though amiloride at a concentration of 0.6 mM 

was able to provide almost complete protection from DEP and 

EEDQ inhibition, when similar attempts were made to protect 

the Na+-H+ exchanger from DCCD inhibition it was observed 

that much higher concentrations of the protecting agent 

were required to offer significant protection. When such 

high concentrations of amiloride were employed, this. 

reagent could not be completely removed by the washing 

procedure. For example, membrane vesicles that were 

treated with 2 mM amiloride and subsequently washed 

possessed only 50% of the Na+-H+ exchanger activity 

compared with control vesicles that were treated in a 

similar way in the absence of amiloride. However, when· 

respective controls were compared, amiloride at a 

concentration of 2 mM significantly protected the Na+-H+ 

form DCCD inhibition (Fig. 26). 

3. Non-Involvement of Tyrosyl Groups in the Na+-H+ 

Exchanger Activity 

The phenolic group of tyrosine has been implicated 

in the binding of Na+ to the Na+jglucose and Na+/proline 

co-transporters (73). Therefore, the possible involvement 

of tyrosine residues in the binding of Na+ to the human 

placental Na+-H+ exchanger was investigated by studying the 



Fig. 26. Protection by Amiloride of the Na+-H+ Exchanger 

from DCCD Inhibition. Membrane vesicles were 

treated with 0.4 mM DCCD at pH 6.4 in the 

presence and in the absence of.2 mM amiloride. 

After treatment, the vesicles were washed 

twice with the preloading buffer (150 mM KCl/25 

mM MES/Tris buffer, pH 5.5). Uptake of 

amiloride sensitive 22Na+ was measured at pH 

7~2, in 45 s incubations. Data are presented 

as the mean ± SD of three determinations. 
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effect of a tyrosyl-group specific reagent, N

acetyli~idazole, on the exchanger activity. Treatment of 

the placental brush-border membrane vesicles with 5 mM 

reagent failed to inhibit the exchanger (results not 

shown), showing that tyrosine residues are not essential 

for the activity of the human placental Na+-H+ exchanger. 

This conclusion is, however, only tentative at present, 

until the effects of other tyrosyl-group specific reagents 

on the placental Na+-H+ exchanger activity are 

investigated. 
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D. Inhibition of Brush-Border Membrane Na+-H+ Exchanger 

by Loperamide 

This investigation on the effects of loperamide on 

the Na+-H+ exchanger was propted by.a recent study (98) 

that demonstrated direct interaction of loperamide with the 

Na+-binding sites of nutrient carriers. in rat sma,ll 

intestinee The Na+-H+ exchanger, like the Na+-dependent 

solute transport systems, contains a Na+-binding site~ 

Therefore, the effects of loperamide on the Na+-H+ 
l, 

exchanger in brush-border membrane vesicles prepared from 

term human placenta, rabbit renal cortex, and rabbit small 

intestine were investigated. 

1. Effects of Loperamide on Proton Gradient-

Dependent Na+ Uptake 

The effects of increasing concentrations of 

loperamide on the initial rates of dimethylamiloride-

sensitive Na+ uptake in human placental, rabbit renal, and 

rabbit intestinal brush-border membrane vesicles were 

investigated in the presence of an outwardly-directed H+ 

gradient ([pH]i = 5.5; (pH] 0 = 7.1). Use of loperamide 

concentrations greater than 0.1 mM was precluded in these 

experiments owing to the limited solubility of the drug in 

aqueous solutions. Figure 27 demonstrates that 

dimethylamiloride-sensitive Na+ uptake was inhibited by 

loperamide in all three membrane vesicle preparations. The 

susceptibility of the Na+-H+ exchanger to lop~ramide 



Fig. 27. Dose-Response Curve of Loperamide Inhibition of 

the Brush-Border. Membrane Na+-H+ Exchanger. 

Initial uptake rates of Na+ (0.5 mM) were 

measured in rabbit renal, rabbit intestinal, 

and human placental brush-border membrane 

vesicles for 15 s in the presence of a proton 

gradient ([pH]i = 5.5; [pH] 0 = 7.1). The 

dimethylamiloride (DMA)-sensitive Na+ uptake in 

the control vesicles was taken as 100% which 

corresponded to 0.40 ± 0.01 nmoljmg of 

protein/15 s in rabbit kidney, 0.55 ± 0.02 

nmoljmg of protein/15 s in rabbit intestine and 

2.00 ± 0.15 nmoljmg of protein/15 s iri human 

placenta. Closed circles, rabbit kidney; open 

circles, rabbit intestine; closed squares, 

human placenta. Each point represents the mean 

of two determinations. 
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inhibition in th~se membranes/was in the following order: 

human placenta> rabbit small intestine> rabbit renal 

cortex. The rc50 in human placental brush-border membrane 

vesicles was approximately 60 ~·J.I.M. Further 

characterization of the -inhibition was carried out using 

placental membranes. 

Figure 28 shows the effect of loperamide (100 J.£M) on 

the time course of Na+-H+ exchange activity (H+ gradient

driven Na+ uptake) in placental brush-border membrane 

vesicles. Na+ was found to be transiently accumulated 

inside the vesicles against a concentration gradient (i.e., 

above equilibrium value):· in the ,presence of th~· outwardly

directed H+ gradient, demonstrating that the Na+ uptake was 

energized by the H+ gradient. This H+ gradient-dependent 

Na+ uptake was markedly inhibited· ·by· loperamide. The 

equilibrium Na+ uptak.e was however, not alterec:J by the 

drug, suggesting that the intravesicular volume and the 

integrity of the membrane vesicles were not affected by the 

inhibitor. 

2. Reversibility of Inhibition 

Placental brush-border membrane vesicles preloaded 

with a pH 5.5 buffer were preincubated for 30 min at room 

temperature with o, 7, and 70 J.£M loperamide at the same pH. 

The preincubated vesicles were used to determine Na+ uptake 

at pH 7.1 in the presence of varying concentrations of 

loperamide. Figure 29 illustrates the effects of 



Fig. 28. Effect ·of 100 uM Loperamide on the Time Course 

of Na+ Uptake in Human Placental Brush-Border 

Membrane ve-sicles. Uptake of Na+ ( 0. 5 mM) was 

measured in the presence of a proton gradient 

([pH]i.= 5.5; [pH] 0 = 7.1). Closed circles, 

control; open circles, loperamide. Each point 

represents the mean of two determinations. 
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Fig. 29. Reversibility of the Inhibition of the 

Placental Na+-H+ Exchanger by Loperamide. 

Brush-border membrane vesicles preloaded with a 

pH 5.5 buffer were preincubated for 30 min at 

room temperature and at pH 5.5 either in the 

absence of loperamide or in the presence of 7 

or 70 ~M loperamide. The preincubated vesicles 

were then used to determine the initial rates 

of dimethylamiloride (DMA)-sensitive Na+ uptake 

at pH 7.2 in the presence of different 

concentrations of loperamide~ The results are 

given as the mean ± SD for three 

determinations~ 
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different concentrations of loperamide during preincubatiQn 

and uptpke on the dimethylamiloride-sensitive Na+ uptake. 

When the loperamide concentration was 7 ~M during 

preincubation as well as during uptake. measurement, Na+ 

uptake was inhibited by 10% compared with the control (no 

inhibitor)e The inhibition increased to 67% when the 

concentration of loperamide was 70 ~M~ However, when the. 

vesicles that were preincubated with 70 ~M of the inhibitor 

were used to measure Na+ uptake with the concentration of 

the inhibitor diluted to 7 ~M during the uptake 

measurement, Na+ uptake was inhibited by only 13%. This 

inhibition was not different (p>0.20) from the inhibition 

observed when the concentration of loperamide during 

preincubation as well as during uptake measurement was 7 

~M. Thus, the extent of inhibition was determined by the 

concentration of loperamide during uptake measurement 

rather than during preincubation. If the inhibition by 

loperamide had been irreversible, the inhibition under 

these conditions should have been 67%. The results show 

that the effect of loperamide on the placental Na+-H+ 

exchanger is freely reversible. 

3. Effect of Preincubation with Loperamide 

To establish whether the inhibition of the placental 

Na+-H+ exchanger caused by loperamide is instantaneous or 

not, the effect of preincubation.of the membrane vesicles 

with loperamide on the inhipition of the exchanger was. 
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investigated. When the uptake of Na+ was measured in 

control, vesicles, with the inhibitor added to the uptake 

buffer (i.e., no preincubation), 60 ~M loperamide caused 

46% inhibition of the Na+ uptake (Fig. 30).. Loperamide (60 

~M) inhibited the Na+ uptake to ·the same extent·· (49%, p> 

0.20) even when the membrane vesicles that had been 

preincubated f.or 30 min w.ith loperamide were used for 

uptake measurements. These·data show that the inhibition 

of the placental Na+-H+ exchanger by loperamide is 

instantaneous and preincub_ation of· the vesicles with ·the 

inhibitor produces no .additional effect. 

4. Nature of Inhibition 

The initial rates (15 sec incubation) of H+ 

gradient-dependent, dimethylamiloride-sensitive Na+ uptake 

were measured over a Na+ concentration range of 1 to 15 mM 

in the presence and absence of 70 ~M loperamide. The data 

are given in_Fig. 31 as Eadie-Hofstee plo~s (initial 

velocityjNa+ concentration vs. initial velocity). The 

plots were linear (r2 = 0.99), suggesting that the uptake 

obeyed Michaelis-Menten kinetics both in the presence and 

absence of the inhibitor. The presence of loperamide 

decreased the maximal velocity and increased the apparent 

affinity constant. The apparent affinity constant (Kt) for 

Na+ was. 12. 3 ± 1. o mM in the absence of the. inhibitor, but 

it increased to 16.5 ± 1.5 mM in the presence of the 

inhibitor. The Vmax was 46.4 ± 1.2 nmol/ mg protein/ 15 



Fig. 30. Effect of Preincubation of Placental Brush

Border Membrane Vesicles with Loperamide on the 

Inhibition of the Na+-H+ exchanger. Membrane 

vesicles preloaded with a pH 5.5 buffer were 

preincubated with or without 60 ~M loperamide 

for 30 min at room temperature. After 

preincubation, the initial rates of 

dimethylamiloride (DMA)-sensitive Na+ uptake 

were.measured in these vesicles·at pH 7.2 in 

the absence or in the presence of 60 ~M 

loperamide. The results are given as the mean 

+ SD for three determinations. 
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Fig. 31. Kinetics of Loperamide Inhibition of the 

Placental Na+-H+ Exchanger. Initial rates of 

dimethylamiloride-sensitive Na+ uptake were 

measured in the presence of a proton gradient 

((pH] i = 5. 5; (pH] 0 = 7·. 2) over a Na+ 

concentration range of 1 to 15 mM in the 

absence or presence of 70 J.LM loperamide. The 

results are given as Eadie-Hofstee plots (v/s 

vs. v). v, nmoljmg of protein/15 sec.; s, Na+ 

concentration (mM); closed circles, control; 

open circles, loperamide •. Each point 

represents the mean of two determinations. 
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sec in the absence of the inhibitor, but it decreased to 

34.5 ± ~-1 nmol/ mg protein/ 15 sec in the presence of the 

inhibitore The results indicate that the inhibition caused 

by loperamide is neither purely competitive nor purely 

noncompetitive, but is of a mixed type. 

Another interesting aspect of this inhibitory effect 

became evident when the data in Fig. 27 on the inhibition 

of the placental Na+-H+ exchanger by loperamide were 

expressed as a Dixon plot (loperamide concentration vs~ 

1/initial velocity). The.plot in Fig. 32 is not·linear, 

which suggests that loperamide inhibits the 

exchanger by interacting with more than one site on the 

exchanger protein. 

5~ Effect of Naloxone on Loperamide Inhibition 

Loperamide is an opiate agonist. Therefore, the 

possibility of the involvement of opiate receptors in the 

loperamide inhibition of the Na+-H+ exchanger was examined 

by investigating the effect of naloxone, an .opiate 

antagonist, on the inhibition process. Figure 33 shows 

that a small but ~ignificant (p< 0.02) inhibition of the 

exchanger was caused by naloxone alone. ·When combined 

with loperamide, naloxone failed to antagonize the 

inhibitory effects of loperamide. In fact, the inhibition 

observed when loperamide and naloxone were present together 

was significantly (p< 0.05) greater than the inhibition 

observed with loperamide alone. Because naloxone, at the 



Fig. 32. Dixon Plot of the Inhibition· of the Placental 

Na+-H+ Exchanger by Loperamide' (loperamide. 

concentration vs. 1/initial uptake);. The'data 

from Fige 27 were used to construct this 

plot. Each point represents the mean of two 

determinations. 
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Fig. 33. Effects· of Loperamide, Naloxone, and Loperamid~ 

Plus Naloxone on the Initial Rates of 

Dimethylamiloride CDMAl-Sensitive Na+ Uptake. 

Measurements were made in placental brush

border membrane vesicles in the presence of a 

proton gradient ((pH]i = 5.5; (pH] 0 = 7.2). 

The final concentration of loperamide or 

naloxone was 70 ~M. The results are given as 

the mean ± SD of three determinations. 
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concentrations used in the present study, would bind to 

mu- as well as delta-opiate receptors, it is clear that the 

inhibition of the placental Na+-H+ exchanger by loperamide 

does not involve interaction of the inhibitor with these 

opiate receptors. 
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E. A Proton Gradient is the Driving Force for Uphill 

Transport of Lactate in Human Placental Brush-Border 

Memnrane Vesicles 

In humans, the concentration of lactate in the 

maternal circulation is as high as 1 mM (74) and placental 

transfer of lactate can provide an additional source of 

this important metabolic fuel to the fetus. Even though 

perfusion studies with guinea pig and human placentas have 

indicated the presence of specific carrier systems for the 

transplacental transfer of lactate (75-77), very little is 

known about the mechanisms involved in the ·processe This 

series of experiments was ·designed. to investigate the 

characteristics of the transport of lactate in human 

placental brush-border membrane vesicles. 

1. Effects of Na+- and K+-Gradients on Lactate 

Uptake 

The uptake of lactate ( 3. J.LM) in the presence· of an 

inwardly-directed Na+- or K+-gradient ([Na+] 0 or [K+] 0 = 

112 mM; [Na+]i or [K+]i = 0) is illustrated in Fig. 34. 

The uptake rates were very similar in the presence of these 

ion gradients and there was no indication of uphill 

transport of lactate in either case. The absence of Na+

dependence of lactate uptake in human placental brus~

border .membrane vesicles is interesting because it is the 

Na+-gradient which provides energy for active transport of 



Fig. 34. Effects of Na+- and K+-Gradients on Lactate 

Transport. The membrane- vesicles were 

preloaded with 20 mM HEPES/Tris buffer, pH 7.5, 

containing 280 mM mannitol. uptake of 3 ~M 

iactate into these vesicles was measured in 20 

mM HEPES/Tris buffer, pH 7.5, containing final 

concentrations of 112 mM NaCl (closed circles) 

or 112 mM KCl (open circles). Each point 

represents the mean of two determinations. 
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lactate in renal and intestinal brush-border membrane 

vesicle~ (78, 79). 
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2. Effect of Extravesicular pH on Lactate Uptake 

Lactic acid is a monocarboxylic acid with a pK of 

3.8 and exists predominantly as lactate at physiological 

pH. The extravesicular pH employed in the uptake 

experiments would greatly influence the relative 

concentration's of the two possible forms of ·this acid, the 

ionized lactate and the un-ionized lactic acid. Since the 

uptake rates of these two forms into the placental brush

border membrane vesicles are expected to be significantly 

different, the effects of extravesicular pH on lactate 

uptake were examined. In these experiments, the membrane 

vesicles were suspended in a pH 7.5 buffer and the initial 

rates of lactate uptake were measured at different 

extravesicular pH values, over a range of 5.2-7.9. These 

experiments showed that decreasing extravesicular pH was 

capable of stimulating the uptake of lactate into the 

membrane vesicles (Fig. 35). The uptake rate at an 

extravesicular pH of 5.2 was approximately 30-fold greater 

than the uptake rate at an extravesicular pH of 7.9. Since 

the magnitude of the transmembrane pH gradient also varied 

at different extravesicular pH, it was difficul-t to assess 

from these experiments whether the stimulation of lactate 

uptake observed at acidic extravesicular pH values was due 

to the extravesicular pH per se or--due to the generation of 



. Fig. 35. Effect of Extravesicular pH on Lactate Uptake. 

~he membrane vesicles were preloaded with 20 mM 

HEPES/Tris buffer, pH 7.5, containing 280 mM 

mannitol. Initial uptake rates of 5 ~M lactate 

were measured in these vesicles with a 30 s 

incubation. Uptake buffers, in all cases, 

contained 280 mM mannitol and the pH of these 

buffers was varied by changing the relative 

concentrations of MES, Tris, and HEPES, but 

keeping the [MES]+[Tris]+[HEPES] = 40 mM. The 

extravesicular pH values given in the- figure 

represent the final pH after mixing the 

membrane vesicles with the uptake bu.ffer. 

Each point represents the mean of two 

determinations. 
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an inwardly-directed H+ gradient across the membrane under 

these cpnditionse 

3e Effect of Inwardly-Directed H+ Gradient on 

Lactate Uptake 

The effect of an inwardly-directed H+ gradient on 

lactate uptake in placental brush-border membrane vesicles 

was specifically assessed by studying-lactate uptake at a 

fixed extravesicular pH of 5.5, but in the-presence and 

absence of a transmembrane pH gradient. This was 

accomplished by changing the intravesicular pHo. The 

results of these experiments are given in Fig. 36. The 

uptake of lactate (3 ~M) in the absence of a H+ gradient 

([pH] 0 = (pH]i = 5e5) was very slow, but increased with 

time and reached the equilibrium value. on the contrary, 

the uptake was stimulated many-fold in the presence of an 

inwardly-directed H+ gradient ([pH] 0 = 5.5; (pH]i = 7.5) .. 

The initial uptake rates measured with 30 s incubations 

were 12-15 fold greater in the presence of the H+ gradient 

than in the.absence of the H+ gradient. Moreover, the time 

course of lactate uptake in the presence of the H+ gradient 

exhibited the overshoot phenomenon, indicating transient 

accumulation of lactate inside the vesicles against a 

concentration gradiente The equilibrium values measured 

with 90 min incubations were however similar in the 

presence and absence of the H+ gradient. The

intravesicular concentration of lactate at the peak of the 



Fig~ 36. Effect of an Inwardly-Directed H+ Gradient on 

Lactate Uptake. The membrane vesicles were 

preloaded with either 280 mM mannitol, 20 mM 

HEPES/Tris buffer, pH 7.5 (closed circles), or 

280 mM mannitol, 20 mM MES/Tris buffer, pH 5.5 

(open circles) .. Lactate uptake (3 ~M) was 

measured either in 20 mM MES/Tris buffer, pH 

5.0, containing 280 mM mannitol (closed 

circles) or in 20 mM MES/Tris buffer, pH 5.5, 

containing 280 mM mannitol (open circles). 

Each point represents the mean of two 

determinations .. 
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overshoot was 15 times greater than the equilibrium value., 

The ion.ized lactate is the predominantly occurring form at 

an extravesicular pH of 5.5 and the results given in Fig. 

36 show that an inwardly-directed H+ gradient can energize 

the uphill transport of lactate in human placental brush

border membrane vesicles. 

It can be argued that the stimulatory effect of an 

inwardly-directed H+ gradient on lactate uptake is due to 

the effect of a H+-diffusion potential (inside-positive) on 

the diffusion of lactate across the membrane. In order to 

check the validity of this argument, lactate uptake in 

placental brush-border membrane vesicles was studied in 

the absence of a H+ gradient ([pH] 0 = [pH]i = 7.7), but in 

the presence of inwardly-directed Na+- and K+-gradients and 

determined the influence of nigericin, an ionophore for 

Na+, K+, and H+, on lactate uptake. Niger~cin, under the 

experimental conditions, would act as a Na+ (or K+)-H+ 

exchanger and generate an inwardly-directed H+ gradient 

across the membrane. Since Na+ (or K+.)~H+ exchange is 

electrically silent, there is no generation of a membrane 

potential across the membrane under these conditions. If 

the stimulation of lactate uptake by the H+ gradient were 

due to the effect of a H+-diffusion potential, nigericin 

should have no effect on lactate uptake. But, the results 

of the experiments, given in Fig. 37, clearly show that 

lactate uptake was greatly stimulated by nigericin in the 



Fig. 37. Effect of Nigericin on Lactate Uptake in the 

Presence of a Na+- or a K+-Gradient. The 

membrane vesicles were preloaded with 5 mM 

HEPES/Tris buffer, pH 7.5, containing 310 mM 

mannitole Uptake of 3 ~M lactate in these 

vesicles was measured either in 5 mM 

HEPES/Tris, 155 mM NaCl, pH 7.5 (A) or in 5 mM 

HEPES/Tris, 155 KCl, pH 7.5 (B). Nigericin 

dissolved in absolute ethanol was added to the 

uptake buffer, with the addition of ethanol 

alone to the controls. In the incubation 

mixture, final concentrations of nigericin and 

ethanol were 10 ~M and 1e25%, respectively 

(closed circles) or 1e25%. ethan~l alone (open 

circles)c E~ch point represents the mean of 

two determinations. 
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presence of an inwardly-directed Na+ gradient (Fig. 37A) as 

well as,an inwardly-directed K+ gradient (Fig. 37B). These 

results demonstrate that the stimulatory effect of the H+ 

gradient on lactate uptake is not due to the H+-diffusion 

potential but rather due to the H+ gradient per se. 

4. Effects of DIDS and Furosemide on H+ Gradient

Dependent Lactate Uptake 

The energization of lactate uptake by an inwardly

directed H+ gradient can be explained either by a lactate

hydroxyl antiport mechanism or by a lactate-proton symport 

mechanism. These two mechanisms can however be 

distinguished by studying the effects of DIDS and 

ftlrosemide on the H+ gradient-dependent uptake of lactate. 

Lactate-hydroxyl antiport is an anion exchanger and hence 

is expected to be susceptible to inhibition by Dins' and 

furosemide. In fact, a preliminary report by Massad et al. 

(80) has demonstrated that renal brush-border membranes 

possess, in addition to the lactate-Na+ symport system, a 

lactate-hydroxyl antiport system which is inhibited by DIDS 

and furosemide. Therefor·e, the influence of these anion 

exchange inhibitors on the H+ gradient-dependent lactate 

uptake in human placental brush-border membrane vesicles 

was examined. The results of these experiments, presented 

in Table VII, show that the lactate transport system in 

these membranes was insensitive to both DIDS and furosemide 

when they were added to the uptake medium at the 



Table VII. Effects of ·DIDS and Furosemide on the H+ 

Gradient-Dependent Lactate Uptake. In one set 

of experiments, a 30 s uptake of 3 ~M -lactate 

into the placental brush-border membrane 

vesicles was measured in the presence of a H+ 

gradient ([pH]i = 7.5; (pH] 0 = 5.5) and in the 

presence and absence of 1 mM DIDS or.l mM 

furosemide. The inhibitors, stock solutions .of 

which were made in DMSO, were added to the 

uptake buffer. Control uptake was measured in 

the presence of an equal concentration of DMSO 

alone. Final concentration of DMSO during 

uptake measurement was 3.3%. In another set of 

experiments, membrane vesicles were 

preincubated for 30 min at room temperature 

(22-23°C) with 1 mM DIDS or 1 mM furosemide. 

Control membrane vesicles were treated 

similarly with an equal concentration of DMSO 

alone. During preincubation, the concentration 

of DMSO in the membrane suspension was 3%. A 

30-s uptake of 3 ~M lactate into these membrane 

vesicles was measured in the presence of a H+ 

gradient ([pHJl = 7.5; (pH] 0 = 5.5). The dat~ 

represent the means of three determinations ± 

SD. NS, not significant. 
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Inhibitor Iactate uptake 

pmol/mq/30 s ' 
Without ereincubaticn 

Control 31.8 ± 2.3 100 

DIDS 27.6 ± 1.8 87 
(NS) 

Furosemide 32.6 :t 2.0 103 
(NS) 

With ereincubation 

Control 32.8 ± 3.1 100 

DIDS. 36.9 ± 2.5 113 
(NS) 

Furosemide 37.7 ± 1.9 115 
(NS) 
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start of the transport assay as well as when they were 

allowed,to interact with the membranes prior to the 

transport assay. These findings provide evidence that the 

H+ gradient-dependent lactate transport. system in human 

placental brush-border membranes is represented by lactate

proton symport rather than lactate-hydroxyl antiport. 

Alternatively, lactate/hydroxyl antiport which may be 

insensitive to inhibition by either DIDS or furosemide may 

explain these results The placental lactate transport 

system thus appears to be distinct from the H+ gradient

driven lactate transport system in renal brush-border 

membranes which has been recently described in a 

preliminary report (SO). 

5. Substrate Specificity of the Placental Lactate 

Transport System 

To determine the substrate specificity of the human 

placental lactate transport system, the ability of various 

monocarboxylic and dicarboxylic acids to compete with 

radiolabeled lactate for the uptake process was 

investigated. In these experiments, initial uptake rates 

were measured with 30 s incubation. The concentration of 

radiolabeled lactate was 5 ~M and the concentration of 

inhibitory carboxylic acids, when present, was 10 mM. 

Table VIII describes the results. All of the tested 

monocarboxylic acids were effective inhibitors of lactate 

uptake. Both L and D isomers of lactate were equally 



Table VIII. Effects of Mono- and Dicarboxylates on 

Lactate Uptake. A 30 s uptake. of 5 ~M 

lactate was measured in placental brush

border membrane vesicles in the presence of 

a H+ gradient ([pH]i = 7.5; [pH] 0 = 5.5) 

and in the·· presence and absence of 10 .mM 

monocarboxylates or dicarboxylates. When 

the carboxylates were present, pH and 

osmolality were adjusted so that these 

parameters were equal to those in the 

control. The data represent means of three 

determinations ± so. 
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Inhibitors Lactate uptake 

pmol/mq/30 s ' 
Control 85.3 t 13.2 100 

Monoc:arbo!Ilates 

o-Lactate 16.1 ± 0.7 19 

L-La.ctate 21.7 t 0.8 25 

a-oH-Butyrate 2·2.3 :t 0.7 26 

Pyruvate 24.5 ± 0.7 29 

Propionate 27.8 ± 1.0 33 

Dicarbo!Ilates 

Succinate 22.2 ± 4.2 26 

Maleate 67.9 ± 2.8 80 

Fumarate 92.1 ± 6.6 108 

~lonate- 95.1 ± 1.9 111 

Oxalate 95.4 ± 3.7 112 

cx.-Ketoglutarate 99.3 ± 6.0 116 
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potent in reducing the uptake of radiolabeled lactate. In 

addition to the a-substituted monocarboxylic acids such as 

D- and L-lactate, pyruvate, and· a-hydroxybutyrate, the 

unsubstituted monocarboxylic acid, propionate, also was an 

effective inhibitor. All of the tested dicarboxylic acids 

failed to have a significant effect on lactate uptake, 

with one notable exception. Succinate was found to reduce 

lactate uptake in these membrane vesicles and, more 

surprisingly, its inhibitory potency was comparable to that 

of the monocarboxylic acids. 

A recent study has demonstrated that the human 

placental brush-border membrane possesses a high-affinity 

uptake system for succinate and other dicarboxylic acids 

(81). This transport system is driven by aNa+ gradient 

and, more importantly, does not accept monocarboxylic acids 

such as lactate as substrates. Therefore, the present 

- finding that succinate apparently interacts with the 

lactate transport system in placental membranes is of some 

interest. It is not clear, however, whether or not 

succinate acts as a substrate for the lactate carrier and 

is transported into the vesicles by the carrier in the 

presence of an inwardly-directed H+ gradient, but in the 

absence of Na+. Therefore, the effects of Na+- and H+

gradients on the initial uptake rates of lactate and 

succinate were compared and contrasted. Table IX shows 

that, when compared to an 



Table IX. Effects of a Na+ Gradient and a H+ Gradient on 

the Uptake of Lactate and Succinate. In the 

first set of experiments, a 30 s uptake of 5 ~M 

lactate or 5 ~M succinate into the.placental 

brush-border membrane vesicles was measured in 

the absence of a H+ gradient ((pH]i ~ (pH] 0 = 

7.5) but in the presence of either a K+ 

gradient ([K+] 0 = 112 mM; [K+]i = 0) or aNa+ 

gradient ([Na+] 0 = 112 mM; [Na]i = 0). In the 

second set of experiments, a 30 s uptake of 5 

~M lactate or 5 ~M succinate was measured in 

the absence of Na+ and K+, but at different 

intravesicular and extravesicular pH values. 

The data represent the means of three 

determinations ± SD. NS, not significant. 
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Uptake conditions 

Effect of a Na+ gradient 
+ + 

[K ]
0 

= 112 mM; [K ]i = 0 
+ + (Na) c 112 mM; [Na·). = 0 

0 1 

Effect of a H+ gradient 

pH = pH. = 5.5 
0 1 

pH = 5.5; pH. = 7.5 
. 0 1 

pH
0 

= pHi = 7 • 5 

Uptalte 

lactate Succinate 

. _pmol/mq/30 s 

·4.a t 1. 4 

5.9 ± 0.2 
(NS) 

10.0 ± 1.3 

71.4 ± 5.2 
(P <·0.001) 

5.8 ± o.s 

0.9 ± 0.3 

189.5 :t 4.5 
· (P < 0.001) 

22.3 ± 10.3 

25.5 ± . 2. 0 
(NS) 

2.6 ± 0.8 
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inwardly-directed K+ gradient, an inwardly-directed Na+ 

gradient- stimulated the initial rates of succinate uptake 

by a factor of 210. However, lactate uptake rates were 

similar in the presence of a K+ gradient as well as a Na+ 

gradient. On the contrary, while an inwardly-directed H+ 

gradient ([pH] 0 = 5.5'; [pH]i = 7.5) stimulated the initial 

uptake rates of lactate 7-fold compared to the uptake 

rates measured in the. absence of the H+ gradient ([pH] 0 = 

[pH]i = 5.5), there was no significant· effect of the H+ 

gradient on succinate uptake. This suggests that an 

inwardly-directed H+ gradient does not facilitate the 

transport of succinate in placental brush-border membrane 

vesicles. An acidic pH per se, in the absence of a H+ 

gradient, appeared to have a stimulatory effect on the 

uptake of succinate and this is probably due to the 

increased concentration of the un-ionized succinic acid 

under these condition~ which may diffuse across the 

membrane more readily than the ionized form. These data 

suggest that the transport systems responsible for uptake 

of lactate and succinate, in human placental brush-border 

membrane vesicles are different and distinct. from each 

other. 

6. Trans-Stimulation 

In order to further validate the conclusion that 

succinate, despite its ability to inhibit lactate uptake, 

is not transported across the human placental brush-border 
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membrane via the lactate carrier, the ability of unlabeled 

succinate, when preloaded inside the vesicles, to 

stimulate the uptake of radiolabeled lactate into the 

vesicles (trans-stimulation) was studied. The effects of 

succinate were also compared with those of pyruvate and 

lactate under similar conditions (Fig. 38). In these· 

experiments, the membrane vesicles were preincubated at pH 

7.5 in the presence or absence of 10 mM unlabeled lactate, 

pyruvate, or succinate at room temperature for 90 min. 

Initial uptake rates (30 s incubation) of 3 ~M radiolabeled 

lactate were measured in these vesicles at pH 7.5 in the 

presence of an extravesicular concentration of 1 mM of 

unlabeled lactate, pyruvate, or succinate. The rationale 

for these experiments is that if a compound is transported 

into the vesicles via the lactate carrier, the compound 

should cause trans-stimulation of lactate uptakeG The data 

in Fig. 38 show that the presence of unlabeled lactate and 

pyruvate inside the vesicles significantly stimulated the 

uptake of radiolabeled lactate (p<0.001), whereas the 

presence of unlabeled succinate under similar conditions 

failed to have an effect on lactate uptake. It is 

therefore concluded that pyruvate and lactate are 

transported across the placental brush-border membrane via 

the lactate carrier, but succinate, though it is capable of 

inhibiting lactate uptake, is not transported across the 

membrane via this carrier. 



Fig. 38. Effects of Preloading the Vesicles with 

Unlabeled Lactate. Pyruvate. and Succinate on 

the Uptake of Labeled Lactate. The membrane 

vesicles were preincubated at pH 7.5 in the 

presence (+) or absence (-) of 10 mM unlabeled 

lactate (A), pyruvate (B), or succinate (C) at 

room temperature for 90 min. Initial uptake 

rates (30 s incubation) of 3 ~M labeled lactate 

were measured in these vesicles at pH 7.5 in 

the presence of an extravesicular concentration 

of 1 mM of unlabeled lactate (A), pyruvate (B), 

or succinate (C). Values are means± SD from 

triplicate assays of a representative 

experiment. *, p<0.001; NS, not significant. 
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7. Kinetics of the Placental Lactate Transporter 

~he effect of increasing the concentration of 

lactate on its uptake in the presence of an 

inwardly-directed H+ gradient ([pH] 0 = 5.5; [pH]i = 7.5) 

was investigated. Uptake of lactate was found to be linear. 

at least up to 45 s (r2 = 0.99) under these conditions, and 

initial uptake rates were therefore determined by measuring 

lactate uptake with 30 s incubations. Figure 39 

illustrates the relationship between uptake and 

concentration for lactate. When the results are plotted as 

lactate concentration versus lactate uptake, it is evident 

that the transport system showed saturablilty with respect 

td lactate. The linearity (r2 = 0.99) of the Eadie-Hofstee 

plot (initial uptake/substrate concentration versus initial 

uptake) shown in Fig. 39, inset, demonstrates that the data 

conformed to Michaelis-Menten kinetics describing a single 

transport system. The kinetic parameters, .Kt and Vmax' 

were calculated by linear regression analysis of the data 

and Kt for lactate was determined to be 4.1 ± 0.4 mM·and 

Vmax was 54.2 ± 9.9 nmoljmg of protein/30 s. 

In or_der to determine the nature of inhibition of 

the H+ gradient-dependent lactate uptake by pyruvate, 

initial rates of lactate uptake .were measured at increasing 

concentrations of lactate in the:presence-and absence of 

7.5 mM pyruvate. The results are given as Eadie-Hofstee 

plots in Fig. 40. The presence of pyruvate altered the 



Fig. 39. Kinetics of Lactate Uptake in the Presence of a 

H+ Gradient. The membrane vesicles were 

preloaded with 20 mM HEPES/Tris buffer, pH 7.5, 

containing 280 mM mannitol. Initial uptake 

rates were measured with a 30 s incubation. 

The uptake buffer contained 20 mM MES and 

varying concentrations of Tris, lactate, and 

mannitole The pH of the uptake buffer was 5.0 

and osmolality was maintained constant at 320 

mosm. Lactate concentration in the incubation 

mixture was varied over the range 1-25 mM. 

Values are means ± SD for duplicate assays of 

three experiments with three different membrane 

preparations. v, lactate uptake in nmoljmg 

protein/30 s and s, lactate concentration in 

mM. Inset: Eadie-Hofstee plot (initial uptake 

rate/lactate concentration versus initial 

uptake rate). 
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Fig. 40. Effect of Pyruvate on the Kinetics of Lactate 

Uptake. The experimental procedure was as 

described in the legend to Fig~ 39, except that 

lactate uptake was measured in the absence 

(closed circles) or in the presence of 7.5 mM 

pyruvate (open circles). The results are- given 

as Eadie-Hofstee plots (vjs versus v). v, 

initial uptake rate of lactate in nmoljmg 

protein/ 30 s. s, lac~ate concentration in mM. 

_Each point represents the mean of two 

determinations. 
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slope of the line without affecting the y-intercept. Kt for 

lactate,was 3.8 ± 0.4 mM in the absence of pyruvate, but 

increased to 9.4 ± 2.6 mM in the presence of pyruvate, 

whereas Vmax was not altered significantly (47.4 ± 4.5 and 

50.8 + 9.1 nmoljmg of· protein/30s, respectively). These 

results indicated that the inhibition of lactate uptake 

caused by pyruvate is strictly competitive in nature. 

a. Influence of Membrane· Potential on the H+ 

Gradient-Dependent Lactate Uptake 

The effects of valinomycin-induced,. K+-diffusion 

potentials on the initial rates of the H+ gradient

dependent lactate uptake were investigated. These 

experiments were designed to study the effects of inside

negative as well as inside-positive membrane potentials and 

also the effect of short-circuiting the membrane on 

placental lactate transport. The membrane vesicles were 

preloaded with ~pH 7.5 buffer, containing K+-gluconate or 

Na+-gluconate and initial rates of lactate uptake were 

measured at pH 5.5, using K+-free and K+-containing 

buffers. Valinomycin was added in each case. The results 

are given in Table X. The uptake rate measured in the 

absence of K+ ([K+]i = [K+] 0 = 0) was comparable to the 

uptake rate measured in the presence of K+, but in the 

absence of a K+ gradient ([K+]i = [K+] 0 = 140 mM), 

demonstrating that lactate uptake was not affected by 

short-circuiting the membrane vesicles. These data, 



Table X. Effects of Valinomycin-Induced. K+-Diffusion 

Potentials on the H+ Gradient-Dependent Lactate 

Uptake. The membrane vesicles were preloaded 

with a pH 7.5 buffer, containing either 140 mM 

K+-gluconate or 140 mM Na+-gluconate. Initial 

rates of lactate uptake were measured with 30 s 

incubations using a 20 mM MES/Tris buffer, pH 

5.5, containing either 140 mM K+-gluconate or 

280 mM mannitol. Lactate concentration was 3 

~M. The data represent the means of three 

determinations ± SD. NS, not significant. 
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together. with results of·the nigericin experiment, clearly 

show th~t the stimulation of lactate uptake 

by an inward-directed H+ gradientis not· due to a H+-

diffusion potential. Table X also describes the effects of 

inside-negative and inside-positive membrane potentials on 

the initial rates of lactate uptake_. The uptake rate 

measured in the presence of·an outwardly- directed K+ 

gradient ([K+]i = 140 mM; [K+] 0 = 28 mM) was· significantly 

less (p<0.01) when compared to the uptake rate measured 

either in control or in short-circuited membrane vesicles. 

Since an inside-negative K+~diffusion potential is expected . 

to be generated under these conditions·, .the results show 

that the placental lactate transport sys.tem is inhibited by 

an inside-negative membrane potential. In addition, since 

valinomycin·was present in all cases, the results also show 

that the inhibition was not due to a nonspecific effect of 

valinomycin, but rather due to the effect of membrane 

potential. If an inside-negative membrane potential 

inhibits lactate uptake, it would seem reasonable that an 

inside-positive me~rane potential might increase the 

lactate uptake.. This indeed was the case, because the 

uptake rate measured in the presence of an inwardly-

directed K+ gradient ([K+]i = O; [K+] 0 = 140 mM) was 

significantly greater (p<0.001) than the uptake rate 

measured in control or in short-circuited membrane 

vesicles. 
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The role of a membrane potential on placental 

lactate. uptake by measuring the initial rates of the H+ 

gradient-dependent lactate uptake in the presence of 

various anions in the uptake buffer was also investigated. 

Since the permeabilities of thes·e anions across the 

membrane differ, the presence of an inwardly-directed 

gradient of these anions is expected to produce different 

magnitudes of an inside-negative, anion-diffusion 

potential. The data in Table XI shows that the lactate 

uptake in the presence of anions decreased in the following 

order: so42->cl->No3->SCN-. Since the order of the 

membrane permeabilities for-these anions is SCN->No3->cl

>S042-, these results also demonstrate that the placental 

lactate transport system is inhibited by an inside-negative 

membrane potential.e 



Table XI. Effects of Anion-Diffusion Potential on the H+ 

Gradient-Dependent Lactate Uptake. The 

membrane v~sicles were preloaded with a 20 mM 

HEPES/Tris buffer, pH 7.5, containing 280 mM 

mannitol. Initial uptake rates of lactate were 

measured with 30 s incubations using a 20 mM 

MES/Tris buffer, pH 5.0, containing 93 mM 

K2S04, 140 mM KCl, 140 mM KN03 , or 140 mM KSCN. 

Lactate concentration was 3 ~M. The results 

represent means of three determinations ± SD. 
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Anion Lactate uptake 

pmol/mg protein/30 s ' 
Sulfate 35.1 :t 3.2 100 

Clloride 25.2 :t 2.6 72 

Nitrate 17.5 t 1.2 so 
'lbiocyanate 3.2 :t 0.3 9 



DISCUSSION 

A. Determination of a Na+-H+ Exchanger Mechanism in 

Human Placental Brush-Border Membrane Vesicles 

This dissertation provides evidence for the first 

time that a Na+-H+ exchange mechanism is present in human 

placental brush-border membrane vesicles. The evidence for 

its existence can be summarized as follows: 1) an 

outwardly-directed proton gradient greatly stimulated Na+ 

uptake and energized its uphill transport, 2) the 

concentrative Na+ uptake was abolished when the proton 

gradient was dissipated, 3) the proton gradient-induced 

stimulation of.Na+ uptake was not due to H+-diffusion 

potential, 4) known Na+-H+ exchange inhibitors markedly 

reduced the proton gradient-dependent Na+ uptake in these 

vesicles, and 5) saturation kinetics and substrate 

specificity were very similar to Na+-H+ exchangers 

identified in other membranes. 

Substrate specificity studies on the Na+-H+ 

exchanger of various cell types have established that only 

Li+l Na+, and NH4+ possess high affinity for the exchanger. 

No other cation with appreciable affinity for the 

exchanger has yet been identified. In the present stud~, 

however, in addition to Li+ and Na+, TEA+ was also 
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moderately effective in inhibiting the proton gradient

couple~ Na+ uptake. This is surprising because a similar 

cation, TMA+, has been shown to have no effect on Na+ 

influx in ileal brush-border membrane vesicles (15). TEA+ 

is an organic cation and the presence of a carrier-mediated 

transport system for this cation in renal brus~-border 

membrane vesicles has been described (82). This carrier 

system, called organic cation-proton antiport, is distinct) 

from the Na+-H+ exchanger, accepts organic cations such as 

TEA+, choline, and N-methylnicotinamide as .substrates, and 

catalyzes transmembrane exchange of these cations with 

protons. Recently, Ganapathy et. al. reported evidence for 

the existence of an organic cation-H+ antiport system in 

the huma~ placental brush-border membrane (47). However 

the placental cation-H+ antiport system does not have 

appreciable affinity for TEA+. Therefore, it appears that 

TEA+ is a relatively high-affinity substrate for the 

placental Na+-H+ exchanger and that its ability to inhibit 

the Na+-H+ exchanger is not due to competition for the H+ 

gradient energy source through the organic cation-H+ 

antiport. 

The Na+-H+ exchanger has received prominent 

attention in recent years as a result of the demonstration 

of its activation by various mitogenic growth factors in 

different cell types (4-6, 36). Activation of the Na+-H+ 

exchanger by these mitogens results in cytoplasmic 
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alkalinization. This intracellular alkalinization has been 

propose? as a possible messenger of growth factor actions 

(4, 5). The brush-border membrane of renal and small 

intestinal epithelial cells p6ssesses Na+-H+ exchange. 

activity. The-results presented earlier. in this 

dissertation demonstrate for the first time the presence of 

the exchanger in the brush-border membrane of human 

placental syncytiotrophoblast. The brush-border membrane 

of placenta differs from that of kidney and small intestine 

in that the former contains high-affinity receptors for 

insulin and epidermal growth factor (EGF) (83), whereas the 

latter distinctly lacks these receptors (84, 85). The 

coexistence of insulin and EGF receptors and Na+-H+ 

exchanger in the brush-border membrane of the human 

placenta may have important biological implications. 

The exact role of insulin and EGF receptors in the 

placenta.is not understood. Insulin does not exert its 

well-known biological effects such as stimulation of amino 

acid and: glucose uptake in the placenta (86). There is 

circumstantial evidence however that EGF and the placental 

EGF rec~ptor may play a role in human embryogenesis. A 

recent report (87) has demonstrated that EGF appears early 

in gestation and the number of EGF binding sites almost 

linearly increases with advancement of gestation, whereas 

in molar·pregnancies, a situation devoid of fetal growth, 

EGF binding sites are markedly reduced. Thus insulin and 
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EGF (probably other growth factors as well) may have 

importapt biological functions hitherto unrecognized in the 

human placenta that in turn may influence human fetal 

development. Further studies on the newly discovered 

placental Na+-H+ exchanger, a probable target for these 

growth factors, will advance our understanding of 

regulation of fetal growth. 

The more obvious function of the placental Na+-H+ 

exchanger would be in'the transfer of Na+ from mother to 

fetus. The contribution of the ex.change mechanism to the 

overall transplacental transfer of Na+ is difficult to 

ascertain because substrate-coupled Na+ transfer (such as 

amino acid-Na+ cotransport) may also he significantly 

responsible for the transfer of Na+_across the placenta. 

However, the results presented here indicate that, in the 

absence of substrates for Na+-coupled transport systems, 

virtually all Na+ transfer across the placental brush

border membrane occurs via the Na+-H+ exchanger. 

In small intestine and renal proximal tubule, the 

presence of the Na+-H+ exchanger in the brush-border 

membrane is responsible for generation of a proton gradient 

across this membrane. Under physiological conditions, the 

H+ concentration on the external surface of the brush

border membrane in these organs is manyfold greater than 

the intracellular H+ concentration. Ganapathy and Leibach 

have provided evidence that this proton gradient is the· 



driving force for the uphill transport of small peptides 

acro·ss this membrane in vivo (7, 88, 89). It is likely 
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that a proton gradient is also generated in vivo. across the 

placental Na+-H+ exchanger. The rec~nt findings that human 

placental brush-border membrane possesses a dipeptide 

transport system (51) are relevant in this regard because 

the proton gradient may serve as the driving force for 

active transport of small peptides from mother to fetus. 

More recently, evidence that an inwardly directed proton 

gradient is the energy source for active lactate transport 
\ 

across the placental brush-border membrane is provided (see 

discussion later) (90). This is a significant finding 

because in other tissues the transport of lactate occurs by 

a predominantly Na+-dependent process and also because 

lactate is a major source of energy for the developing 

fetus. 

It is likely that the newly identified placental 

Na+-H+ exchanger is involved with various physiological and 

biochemical processes in human placenta, that its activity 

is modulated by growth factors such as insulin and ·EGF from 

evidence in other cell types (4-6, 36), and that it also 

plays an important role in the maintenance of optimal fetal 

nutrition. 



B. Inhibition of Placental Na+-H+ Exchanger by 

Cimetidine 
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This dissertation demonstrates that cimetidine, a 

widely used histamine type tt receptor antagonist, is a 

potent inhibitor of the human.·placenta~ N.a+-H+ exchanger. 

The inhibitory effect of cimet'idine is freely reversible 

and the inhibition is competitive with respect to Na+. The 

apparent Ki for the inhibition process is low (38 ~M). The 

Na+-H+ exchanger of rabbit renal brush-border membrane is 

also susceptible to inhi~ition by this drug. Cimetidine is 

a selective inhibitor of the Na+-H+ exchanger because other 

transport systems such as those available for amino acids 

arid glucose in the placental brush-border membrane vesicles 

are not affected by this drug. 

The effects of cimetidine on normal ._placental 

function are not known and therefore, the significance of 

inhibition of the placental Na+-H+ exchanger by this drug 

is not clear at present. However, the exchanger is present 

in the plasma membrane of many other cell types and it 

plays an impo~tant role in a number of.physiological 

functions of these cellse The exchanger in these cells may 

also be susceptible to inhibition by cimetidine and the 

potency of the inhibition may vary from one tissue to 

another. Some of the known effects of cimetidine in 

certain tissues may be at least due partly to the 

inhibition of the exchanger. 
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Cimetidine therapy in the treatment of duodenal and 

gastric, ulcers is associated with many side effects and the 

most prevalent among them is diarrhea (91). The diarrhea 

disappears with drug withdrawal and reappears with 

rechallenge of the drug. The brush-border membrane of 

mammalian small intestine possesses Na+-H+ exchange 

activity which is probably involved in sodium absorption 

and consequently in osmotically driven water absorption. 

Inhibition of the intestinal Na+-H+ exchanger would 

therefore result in diarrhea. In fact, a recent report has 

described a case of congenital secretory diarrhea in which 

the intestinal Na+-H+ exchanger was defective in the 

p~tient (92). It is theref,ore possible that diarrhea 

associated with oral intake of cimetidine is due to in 

vivo inhibition of the intestinal Na+-H+ exchanger by the 

drug. 

There is currently a growing interest in cimetidine 

as a modulator of the immune system. Several reports have 

described bone marrow suppression and granulocytopenia 

associated with the use of cimetidine (91). This drug 

inhibits colony growth in bone marrow in vitro (93) and 

suppresses the growth of and antibody production by spleen 

cells (94). cimetidine also reverses tumor growth in many 

laboratory animals (95) and increases the efficacy of 

interferon in the treatment of colorectal cancer (96). 

More recent demonstration of the presence of the Na+-H+ 
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exchanger in lymphocytes (3) as well as in other cells (1) 

and its, activation by various growth factors (4, 5) 

suggest that the exchanger plays a vital ~ole in cell 

growth. Inhibition of the Na+-H+· exchanger by cimetidine 

may be, at least partially, responsible for some of the 

cimetidine effects described above. 

Amiloride, a well known Na+-H+ exchange inhibitor, 

has many biological effects in addition to inhibiting the 

exchanger. It inhibits protein synthesis (97), Na+-K+ 

ATPase (97), protein kinases (98), growth factor-stimulated 

tyrosine kinase (99), and cell growth (100). At least some 

of these effects are not related to the inhibition of Na+

Hf exchanger. Therefore, similar studies should be 

undertaken with cimetidine, the newly identified Na+-H+ 

exchange inhibitor, before it can be recommended as a probe 

to assess the role of the exchanger in d~fferent cellular 

processes. 
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c. Characterization of Human Placental Na+-H+ Exchanger 

Active Site 

The data on active site characterization of the 

human placental Na+-H+ exchanger clearly demonstrate that 

one or more essential histidyl and carboxyl groups are 

located at or near the active site. This conclusion is 

based on the following findings: 1) the placental Na+-H+ 

exchanger was inhibited by pretreatment of the membrane 

vesicles with a histidyl-group-specific reagent, OEP, and 

with a carboxyl-group-specific reagent, EEOQ, 2) in both 

cases the inhibition was irreversible and non-competitive 

in nature, 3) if the membrane vesicles were treated with 

_ these reagents in the presence of amilo·ride, cimetidine, or 

clonidine, there was no inhibition, 4) Rose Bengal

catalyzed photo-oxidation of histidine residues 

irreversibly inhibited the exchanger, 5) covalent 

modification of carboxyl residues with octo irreversibly 

inhibited the exchanger, and 6) amiloride protected the 

exchanger from inhibition caused by occo. 

The rationale for the protection experiments was as 

follows. Amiloride, cimetidine, and clonidine all interact 

with the active site of the placental Na+-H+ exchanger in a 

freely reversible manner. Therefore, if histidyl and 

carboxyl groups are located at or near the active site, 

they will be masked in the presence of these inhibitors and 

rendered unavailable for reaction with the group-specific 
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reagents. Thus these reversible inhibitors can be 

expecte~ to protect the Na+-H+ exchanger from inhibition by· 

DEP, EEDQ, or .~ceo. ·Therefore, the data presented in the 

results are taken as strong evidence for the location of 

essential histidyl and carboxyl groups at or near the 

active site of the placental Na+-H+ exchanger. It can be 

argued that these protecting agents may themselves react 

with the group-specific-reagents and ·that the protection 

offered by these agents is due.to a decrease in the 

effective concentrations of the group-specific reagents. 

This argument is, however, untenable, because other 

investigators have demonstrated that amiloride, one of the 

protecting agents employed in this study, does not interact 

with DEP (65) or with DCCD (101). 

Investigation for the possible involvement of 

tyrosine residues in the Na+-H+ exchanger active site with 

a tyrosyl-group-specific reagent, N-acetylimidazole, 

showed that tyrosine residues are not essential for the 

activity of the human placental Na+-H+ exchanger. This 

conclusion is only tentative at present, until the. effects 

of other tyrosyl-group-specific reagents on the placental 

Na+-H+ exchanger activity are investigated. 
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D. Inhibition of Na+-H+ Exchanger by_Loperamide 

~his dissertation also demonstrates that loperamide, 

an opiate receptor agonist, is an inhibitor of the Na+-H+ 

exchanger in brush-border membrane vesicles isolated from 

term human placenta, rabbit renal cortex, and rabbit small 

intestine. The placental Na+-H+ exchanger was the most 

sensitive to loperamide inhibition. 

With respect to kinetic mechanisms, loperamide 

inhibition significantly differs in many respects from the 

inhibition of the exchanger caused by amiloride, 

cimetidine, ·and clonidine.. The latter inhibitors 

specifically interact with a single site (the ·Na+-binding 

sfte) of the exchanger protein in a mutually exclusive 

manner (72). The inhibition by these compounds is purely 

competitive in nature (57, 71, 72). On the contrary, 

loperamide interacts with more than one site on the 

exchanger protein and the inhibition caused by loperamide 

is of a mixed type. Even though loperamide is an opiate 

agonist, opiate receptors are not involved in the 

inhibition of the Na+-H+ exchanger by the drug. Instead, 

the inhibition is caused by direct interaction of 

loperamide with the exchanger protein. 

The recent investigation by Hardcastle et al. (102) 

showed that loperamide caused a dose-dependent inhibition 

of Na+-dependent absorption of glucose and amino acids in 

rat small intestine. It was concluded in that study that 
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loperamide exerts these inhibitory effects by interacting 

with th~ Na+-binding sites of the nutrient carriers. ·The 

present investigation shows that the drug inhibits brush

border membrane Na+-H+ exchanger, another- Na+-dependent 

transport process. Thus, loperamide appears to affect many 

Na+-dependent transport processes. This is an additional 

difference between this drug and amiloride and cimetidine 

because the latter drugs do not inhibit Na+-dependent 

glucose and amino acid transport systems (57, 71)? In this 

respect, loperamide is very similar to harmaline, which 

inhibits many Na+-dependent tran~port processes including 

the Na+-H+ exchanger (58, 67, 68). 

The significance of the inhibition of the Na+-H+ 

exchanger by loperamide and the role of this inhibition in 

the pharmacological actions of the drug are not immediately 

clear. In the case of other Na+-H+ exchanger inhibitors 

such as amiloride and cimetidine, the inhibition is purely 

competitive with respect to Na+ and hence it is generally 

assumed that very high concentrations of these drugs are 

necessary to cause significant inhibition of the exchanger 

in vivo at physiological concentrations of Na+. On the 

·contrary, the inhibition of the exchanger by loperamide is 

not totally abolished by increasing concentrations of Na+ 

and therefore it can be expected that at pharmacological 

doses of loperamide, the concentrations of the drug in the 

blood might be high enough to cause significant inhibition 
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of the exchanger under in vivo conditions. Because 

loperam;ide is administered orally, intestinal Na+-H+ 

exchanger is likely to be exposed to even higher 

concentrations of the drug. The possible inhibition of the 

Na+-H+ exchanger by pharmacological doses of loperamide 

under in vivo conditions may be of significance in view of 

the vital role of the exchanger in various cellular 

processes. In addition to its role in the regulation of 

intracellular pH and pH-dependent metabolic processes, the 

Na+-H+ exchanger plays an important role in the maintenance 

of an acid microclimate pH on the surface of the intestinal 

mucosal epithelium and in the acidification of urine. _ The 

exchanger is also +argely responsible for Na+ absorption 

in the intestine and kidney and for Na+ transfer from the 

mother to the fetus acro-ss the placenta. Moreover, this 

transport system generates a H+ gradient across the brush

border membranes of kidney, intestine, and placenta for the 

active transport of.peptides, folic acid, and lactate 

across these membranes (7-10, 90). 

It would be interesting to know the nature of the 

loperamide interaction sites of the Na+-H+ exchanger. 

E-arlier, the chemical nature of the Na+-binding site of the 

human placental Na+-H+ exchanger was examined (103). 

Using group-specific reagents, diethylpyrocarbonate (a 

histidyl group-specific reagent) and N-ethoxycarbonyl-2-

ethoxy-1, 2 -dihydroC}llinol in e. (a carboxyl group-specific 
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reagent), essential histidyl and carboxyl groups have been 

shown tp be located at the Na+-binding site of the 

exchangere The conclusion on the location of these amino 

acid residues was based on the ability of amiloride, 

cimetidine, or clonidine to·protect the exchanger fr9m the 

inhibiton by the group-specific reagents. Because 

amiloride, cimetidine, and clonidine have all been shown to 

interact specifically with the Na+-binding site of the 

exchanger (71, 72), protection of the exchanger by these 

compounds from the inhibition by the group-specific 

reagents was·taken as evidence for the presence of these 

amino acid residues at this site. Loperamide decreases the 

affinity of the Na+-H+ exchanger for Na+ and therefore, one 

would suspect that the Na+-binding site is one of the 

loperamide interaction sites. However, the protection 

experiments that were successfully done with amiloride, 

cimetidine, and clonidine could not be done with loperamide 

owing to its poor solubility in aqueous solutions, and thus 

a different approach will have to be developed to 

characterize the loperamide interaction sites of the 

exchanger proteine 



150 

E. A Proton Gradient is the Driving Force for Uphill 

.Transport of Lactate in Human Placental Brush-Border 

Membrane Vesicles 

The significant finding in these results is that an 

inwardly-directed H+ gradien,t serves as the driving force 

for uphill transport of lactate in brush-border membrane 

vesicles isolated from normal human term placentase The 

placental lactate transport system is unaffected by a Na+ 

gradient. The specific dependence of this transporter on a 

H+ gradient is unique in view of the fact that lactate is 

actively transported via a Na+-dependent mechanism in 

brush-border membrane vesicles isolated from small 

intestine and renal cortex (78, 79). In fact, it has been 

shown that neither lactate-H+ cotransport via a carrier nor 

'nonionic diffusion accounts for a significant fraction of 

lactate transport in renal brush-border membrane vesicles 

( 104) • 

H+ Gradient-dependent transport of lactate across 

cellular membranes is however not without precedenc.ee 

Lactate transport in erythrocytes is H+-dependent and 

probably occurs via a lactate-H+ cotransport mechanism even 

though a significant fraction of lactate transport in this 

tissue is ca~ried out by an anion exchange system (105). A 

.~ecent study by Trosper and Philipson (106) has shown that 

cardiac sarcolemmal vesicles contain a specific carrier 

system for lactate and other monocarboxylates and this 



system is Na+-independent, but is stimulated by an 

inwardly-directed H+ gradient. A similar H+-dependent 

lactate transport system has also been described in 

hepatocytes (107) and Ehrlich ascites tumor cells (108). A 

detailed microelectrode study in Salamander proximal 

tubules has demonstrated that while lactate enters the cell 

from the lumen across the brush-border membrane via a Na+

dependent mechanism, it exits across the basolateral 

membrane via a H+-dependent mechanism (109). Preliminary 

studies by Massad et al. (80) have indicated that a Na+

dependent system as well as a H+-dependent system may 

coexist in the renal brush-border membrane for the 

transport·of lactate. 

The data presented in this dissertation suggest that 

the H+ gradient-stimulated lactate transport in human 

placental brush-border membrane vesicles occurs via 

lactate-H+ symport mechanism. Participation of lactate

hydroxyl antiport or of an anion exchange system in 

placental lactate transport is unlikely because classical 

anion ·exchange inhibitors such as DIDS and furosemide 

·failed to inhibit lactate transport in placental membrane 

vesicles. However, the possiblity of a lactate/hydroxy 

antiport which is insensitive to either DIDS or furosemide 

can not be ruled out with certainty. Shennan et al. (110) 

have recently reported the presence of an anion exchange 

system in human placental brush-border membrane vesicles. 
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This system accepts anions such as Cl-, N03-, SCN-, and 

salicyl,ate as substrates and is highly sensitive to 

inhibition by DIDS and furosemide. The experiments on the 

effects of anion diffusion potentials on placental lactate 

transport revealed that the uptake rate of lactate was 

smaller in the presence of N03.- and SCN- compared to uptake 

rate in the presence of so42-. Even though these results 

might suggest competition between lactate and these anions, 

involvement of the anion exchange system is very unlikely 

because of the insensitivity of the lactate transport 

system to DIDS and furosemide. In renal brush-border 

membranes which contain a lactate-hydroxyl exchanger 

system, DIDS and furosemide have been shown to drastically 

inhibit the H+ gradient-dependent lactate transport (80). 

Moreover, in erythrocytes where part of lactate transport 

occurs via a DIDS-sensitive anion exchange system, 

inorganic anions such as Cl- and so42- as well as organic 

mono- and dicarboxylate anions such oxalate and malonate 

are good substrates for the exchange system (105). On the 

contrary, lactate transport in the placenta was inhibited 

only by monocarboxylates, but unaffected by dicarboxylate~ 

such as oxalate and.malonate. 

The rheogenicity of lactate transport has been 

studied in various tissues by many investigators. The 

lactate-Na+ cotransport in rabbit and rat renal brush

border membrane vesicles is electrogenic, resulting in 
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transfer of positive charges across the membrane, and 

accord~ngly an inside-negative membrane p~tential 

stimulates Na+-dependent lactate transport in these 

vesicles (104, 111). In contrast, the Na+-dependent 

lactate transport in rabbit intestinal brush-border 

membrane vesicles is not affected by membrane potentials, · 

suggesting that the lactate-Na+ cotransport across this 

membrane is an electroneutral process (79, 111). 

Interestingly, the lactate-Na+ cotransport across the 

brush-border membrane of salamander proximal tubular cells 

is also electrically silent (109). Among the H+-dependent 

lactate transport systems, the lactate-H+ cotransport 

across the basolateral membrane of salamander proximal 

tubular cells has been shown to be electroneutral (109). 

In other cases of lactate~H+ cotransport systems, either 

the rheogenic nature of the system has not been studied 

(106) or it has been assumed to be electroneutral (107). 

In human placental brush-border membrane vesicles, the H+ 

gradient-dependent lactate transport is inhibited by an 

inside-negative membrane potential and stimulated by an 

inside-positive membrane potential. It appears that 

lactate transport into the vesicles results in the transfer 

of negative charge across the membrane. These effects are 

different from the effects of membrane potentials on the 

electrogenic lactate-Na+ cotransport system in the renal 

brush-border membrane. There.are·three possible 
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explanations for these results in placental brush-border 

membran~ vesicles: 1) The placental carrier catalyzes the 

transfer of lactate anion alone across the membrane, 

without the cotransport of H+, 2) the carrier catalyzes the 

cotransport of lactate and H+ and the stoichiometry of 

lactate:H+ is at least 2:1, and 3) the stoichiometry of 

lactate:H+ is 1:1, but this electroneutral carrier system 

is regulated by membrane potentials. .The first explanation 

is unlikely to be true because lactate transport in 

placental membrane vesicles is stimulated by acidic 

extravesicular pH which reduces the concentration of 

lactate anione Moreover, the results show that the 

stimulation of lactate transport· by an inwardly-directed H+ 

gradient is not due to a H+-diffusion potential. The 

second explanation has merit, but arguments can be made 

against this because analysis of the transport system 

reveals that the plot of uptake rate versus lactate 

concentration is hyperbolic rather than sigmoidal~ 

suggesting the binding of one lactate molecule· per carrier 

protein. However, there is precedence where the plot of 

uptake rate versus substrate concentration is hyperbolic, 

but a Hill plot has a slope of 2 (112). The third 

explanation is intriguing and interesting because if it is 

true, it may have pnysiological significance. In that 

case, the inside-negative membrane potential which exists 

under in vivo conditions across the membrane would have 
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profound effects on the activity of the lactate carrier. 

The explanation is plausible if one assumes that the 

placental lactate carrier itself is charged and that the 

intramembranaljintramolecular reorientation of the free- or 

substrate-loaded carrier is influenced by membrane 

potentials. This situation is analogous to the potential

sensitive glucose uptake system described by Hilden and 

Sacktor in renal brush-border membranes (113). Obviously, 

more work is needed to completely understand the observed 

effects of membrane potentials on the transport of lactate 

in human placental brush-border membrane vesicles. 

Recent years have seen a sudden surge of interest in 

H+-coupled transport mechanisms for organic solutes in 

mammalian systems (7-11, 45, 114-1·16). Consequently, 

questions regarding the generation of the H+ gradient 

across the cell plasma membrane have to be answered. 

Intracellular pH in all animal cells has been found to be 

higher that extracellular pH (41). The Na+-H+ exchanger 

located in the plasma membrane is at least partly 

responsible for the generation of this transmembrane pH 

gradient (117). A Na+-H+ exchanger in human placental 

brush-border membrane vesicles has been characterized (68). 

This exchanger, together with the Na+-K+ ATPase in the 

basal membrane, establishes and maintain's an inwardly

directed H+ gradient across the placental 

syncytiotrophoblast brush-border membrane. This H+ 



gradient, in turn, would provide the driving force for 

active transport of lactate across the membrane. 
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In conclusion, the lactate transport study 

demonstrates for the first time' the existence of a H+ 

gradient-driven lactate transport system in human placental 

brush-border membrane vesicles. Na+ cannot replace H+ as 

the cotransported cation. The.substrate specificity of the 

placental lactate transport system, together with-the data 

previously published on placental succinate transport (81), 

suggest that the placental brtish-border membrane possesses 

two carrier systems, one specific for monocarboxylates and 

the other specific for dicarboxylates, with little overlap 

in their substrate spe'cificities. In addition, these two 

systems also differ with regard to the mode of 

energization, because the monocarboxylate transport system 

is driven by a H+ gradient whereas the .dicarboxylate 

transport system is driven by a Na+ gradient. Since 

studies in laboratory animals have clearly demonstrated 

lactate to be an important metabolic fuel ·for the 

developing fetus in utero, the existence of an energy

coupled active transport system in the placental brush

border membrane is of physiological importance because such 

a transport system would ensure optimal transfer of lactate 

from the maternal blood to the fetal blood. 



SUMMARY 

syncytiotrophoblast brush-border membrane vesicles 

isolated from term human placentas were shown to transport 

Na+ against a concentration gradient in the presence of an· 

outwardly-directed proton gradient ([H+li>[H+] 0 )o This 

proton gradient-coupled Na+ uptake was markedly inhibited 

and the uphill transport abolished when the electrochemical 

proton gradientwas dissipated by carbonylcyanide 4-

(trifluoromethoxy) phenylhydrazone (FCCP). The presence of 

nigericin also eliminated the concentrative uptake of Na+ 

in these vesicles. Dimethylamiloride and harmaline 

inhibited the proton gradient-induced Na+ uptake. The 

apparent inhibition constant for this process was 0.32 ~M 

for dimethylamiloride and ioo ~M for harmaline. The 

inhibition by dimethylamiloride was freely reversible and 

the inhibitor reduced the Na+ uptake by directly 

interacting with the exchanger protein rather than.by 

dissipating the H+ gradient. The dimethylamiloride

sensitive Na+ uptake was saturable wit:h respect to Na+. 

The affinity constant for Na+ was 7.8 ± 1.2 mM and the 

maximal velocity was 38.7 ± 2.4 nmoljmg protein/min. The 

dimethylamiloride-insensitive Na+ uptake was not saturable 

and probably represented simple diffusion. The 
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diffusional component accounted for only 10% of the total 

uptake., Li+ strongly competed with Na+ for the uptake 

process and the apparent inhibition constant was 3.6 ± 0.4 

mM. Tetraethylammonium also caused significant inhibition 

of Na+ uptake, whereas K+, Rb+, Cs+, and choline had no 

effect. These data provide evidence for the existence of a 

Na+-H+ exchanger in human placental brush-border membrane, 

and the properties of this exchanger are similar to those 

of the Na+-H+ exchanger in the brush-border membrane of 

mammalian kidney and small intestine. The data also show 

that virtually all of the carrier-mediated Na+ uptake 

observed in placental brush-border membrane vesicles under 

the experimental conditions occurs .via the Na+-H+ exchange 

mechanisme 

The placental Na+-H+ exchanger was strongly 

inhibited by cimetidine, a histamine type II receptor 

antagonist. The inhibition was freely. reversible and. the 

apparent inhibition constant for the process was 38 ~M. 

The nature of inhibition was found to be competitive with 

respect to Na+. Cimetidine inhibition was specific as 

other related compounds had no inhibitory effecte The Na+

H+ exchanger of rabbit renal brush-border membrane was also 

susceptible to-inhibition by the drug. However, transport 

of proline and glucose in placental brush-border membrane 

vesicles was not affected by cimetidine. The placental 

Na+-H+ exchanger was also inhibited by amiloride and the 
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inhibition was freely reversible and competitive with 

respect_ to Na+. These results show that the 

characteristics of the inhibition of Na+-H+ exchanger by 

cimetidine and amiloride are very similar. 

The placental Na+-H+ exchanger was inhibited by 

pretreatment of the membrane vesicles with histidyl-group

specific reagent, diethyl pyrocarbonate and with a 

carboxyl-group-specific reagent, N-ethoxycarbonyl-2-ethoxy-

1,2-dihydroquinoline. In both cases the inhibition was 

irreversible and non-competitive in nature. But, if the 

membrane vesicles were treated with these reagents in the 

presence of amiloride, cimetidine, or clonidine, there was 

no inhibitione Since amiloride, cimetidine, and clonidine 

all interact with the active site of the exchanger in a 

mutually exclusive manner, the findings provide evidence 

for the presence of essential histidyl and carboxyl groups 

at or near the active site of the human placental Na+-H+ 

exchanger. This conclusion was further substantiated by 

the findings that Rose Bengal-catalyzed photo-oxidation of 

histidine residues as well as covalent modification of 

carboxyl residues with NN'-dicyclohexylcarbodi-imide 

irreversibly inhibited the Na+-H+ excpanger and that 
I 

amiloride protected the exchanger from inhibition caused by 

NN'-dicyclohexylcarbodi-imide. 

Loperamide, an opiate agonist, inhibited the Na+-H+ 

exchanger in brush-border membrane vesicles isolated from 
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term human placenta, rabbit renal cortex, and rabbit small 

intestine in a dose dependent manner. Because the 

placental Na+-H+ exchanger was the most sensitive to 

inhibition by loperamide (Ic50 = 60 ~M), characterization 

of the inhibition was done with the ·placental Na+-H+ 

exchanger. The inhibition of the placental Na+-H+ 

exchanger by loperamide was instantaneous .and freely 

reversible. Kinetic analyses demonstrated that the 

inhibition was of a mixed type. Loperamide (70 ~M) reduced 

the maximal velocity from 46.4 ± 1.2 to 34.5 ± 1.1 nmoljmg 

protein/15 s and increased the apparent affinity constant 

for Na+ from 12.3 ± 1.0 to 16.5 ± 1.5 mM. Loperamide 

interacted with the exchanger protein at more than one 

site. The effects of loperamide were not antagonized by 

naloxone, suggesting the noninvolvement of opiate receptors 

in this process. These results differentiate ·loperamide 

from other Na+-H+ exchanger inhibitors such as amiloride, 

cimetidine, and clonidine, which interact with the 

exchanger at a single site in a strictly competitive 

manner. 

Lactate transport into human placental brush-border 

membrane vesicles was Na+ independent and stimulated by an 

inwardly-directed proton gradient. This H+ gradient

dependent stimulation was not result of H+-diffusion 

potentials Transport of lactate in the presence of the H+ 

gradient was not inhibited by DIDS or furosemide. Many 



monocarboxylates strongly interacted with the lactate 

transpo~t system whereas, with the single exception of 

succinate, dicarboxylates did not. The monocarboxylates, 

pyruvate and lactate, but not the dicarboxylate succinate, 

when present inside the vesicles, were able to exert a 

trans-stimulatory effect on the uptake of radiolabeled 

lactate. Kinetic analyses provided evidence for a single 

transport system with a Kt of 4.1 ± 0.4 mM for lactate and 

a Vmax of 54.2 ± 9.9 nmoljmg protein/30 s. 
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ADD~NDUM 

~n the absence of UV light (350 nm), both clonidine 

and p-azidoclonidine, a photolabile analogue, inhibit the 

placental Na+-H+ exchanger. In the presence of UV light, 

clonidine inhibition of the exchanger remains freely 

reversible, whereas inhibition by p-azidoclonidine is 

irreversible. This suggests covalent modification of the 

exchanger by p-azidoclonidine. Amiloride protects the 

exchanger from irreversible inhibition by p-azidoclonidine. 

UV irradiation of the membranes with radiolabelled p

azidoclonidine results in specific labelling of a 112 

kilodalton protein (see following figure). This labelling 

i~ reduced if irradiation is done in the presenc~ of 

amilori~ee We conclude that the 112 kilodalton polypeptide 

is the placental Na+-H+ exchanger. 



Figure Labeling of polypeptides in human placental 

brush border membranes with tritiated p

azidoclonidine. The membranes were ·irradiated 

for 5 minutes with 2 ~M [JH]-p-azidoclonidine 

(specific radioactivity, 35.8 Ci/mmol: from New 

England Nuclear) in the presence (closed 

circles) and absence (open circles) of 1 mM 

amiloride. Following two washings, membrane 

proteins were separated by SDS-PAGE on a 7.5% 

gel under reducing conditions. The gels were 

cut into 2 mm slices and the radioactivity 

associated with each slice was determined. The 

major peak had an apparent molecular weight of 

112 + 2 kilodalton from sixteen determinations. 
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