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RENAL ELIMINATION MECHANISMS
STUDIES WITH p-AMINOHIPPURIC ACID AND FUROSEMIDE
Carol A. Gloff
Ph.D. in Pharmaceutical Chemistry

The objectives of this work were: 1) To determine if two organic
anions could inhibit each other's transport by the carrier-mediated
organic anion secretory pathway in the nephron, and 2) To determine if
renal failure could affect the secretion of an organic anion. The
compounds chosen to attain these objectives were p—aminohippuric acid
(PAH) and furosemide for objective #1 and PAH for objective #2.

PAH is an organic anion which is 85-90% removed from plasma in one
pass through the kidney. Its removal is mainly due to secretion.
Because of this, the renal clearance of PAH (CL AH) is often used to
measure renal plasma flow. PAH was therefore chosen as a prototype
organic anion not only because of its renal elimination characteristics
but also because of the possible diagnostic relevance of these studies.

Furosemide is also an organic anion which is secreted by the
kidney. Furosemide, a diuretic, exerts its pharmacological effect from
within the lumen of the nephron rather than from the plasma. Due to
this location requirement for furosemide's effect, these studies were
also of possible clinical interest.

Two types of experiments were used to study objective #l. Isolated
basal-lateral membrane vesicles from proximal tubules of rabbit kidneys
were used for one group of experiments. Basal-lateral membranes of
proximal tubules are believed to contain a carrier (or carriers) for
organic anion transport, making them a particularly appropriate
experimental system to use in these studies. These results show that
furosemide inhibited the transport of PAH by basal-lateral membranes.
PAH inhibition of furosemide transport was less definite. The inability
to measure significant inhibition of furosemide transport is most likely
due to high furosemide nonspecific binding to the vesicle. This
nonspecific binding masks changes in furosemide transport including
those caused by competition for transport sites.

The second experimental system used to study objective #l1 was the
whole animal (rat) renal clearance model. Results from these studies
demonstrated that PAH definitely inhibited furosemide renal clearance
(CLF). Changes in CLp,, caused by furosemide were masked by a marked
decrease in glomerularAgiltration rate (GFR), probably caused by the
addition of the furosemide.

Objective #2 was studied by use of a well-known renal failure
model-uranyl nitrate administration. These studies were designed to
determine if uranyl nitrate toxicity could affect CLp,y and/or the renal
clearance of inulin (CL;y). The experimental approach was again the rat
renal clearance model. Results from these studies indicate that CLp
was always decreased in animals with renal failure, and it was decreased
to a greater degree than was CLIN in animals with the smallest degree of
renal failure. These results may mean that CLp,y 18 not a good measure
of renal plasma flow (RPF) in certain types of renal failure.

The final conclusions from this work are that either the presence
of another organic anion which is also secreted or the presence of renal
failure may affect CLpay and thus its measure of RPF. Also, CLp may be
altered by the presence of another organic anion which also undergoes
secretion. This change in CLp may be of some clinical significance.
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STATEMENT OF PURPOSE

The objectives of this dissertation were two-fold:

1) To determine if two commonly-—administered organic anions could
inhibit each other's transport by the carrier—-mediated transport system

for organic anion secretion in the nephron, and

2) To determine if renal failure could affect the renal clearance
of a secreted organic anion. Objective #2 also included an interest in
determining whether or not such renal failure would follow the intact

nephron hypothesis.

The compounds chosen to attain these objectives were p-
aminohippuric acid (PAH) and furosemide for objective #1 and PAH for

objective #2.



CHAPTER I

RENAL FUNCTION

BACKGROUND

A. Anatomy of the kidney and nephron

Each human kidney is composed of at least one million nephrons.
The nephron serves as the functional unit of the kidney. Figure I-1 is
a schematic representation of a nephron. The nephron begins with
Bowman's capsule. This capsule surrounds the glomerulus. The"
glomerulus is a tuft of capillaries which supply Bowman's capsule with
blood for exchange. Flow of fluid within the nephron proceeds from
Bowman's capsule into the proximal tubule. The first part of the
proximal tubule, the convoluted section (pars convoluta) is followed by
a straight portion (pars recta). This straight portion then forms the
thick descending 1limb of the loop of Henle. The loop of Henle is
composed of this thick portion, followed by thin descending and
ascending limbs, and finally the thick ascending limb. This last
portion is also often referred to as the straight portion of the distal
tubule. Following the straight portion of the distal tubule is the
convoluted portion. Finally, a number of distal tubules combine to form
a collecting duct. These ducts continue to join until the urine they
carry is emptied into the papilla of the kidney. Blood supply to the
nephron begins with delivery of blood by an afferent arteriole to the
glomerulus. After the glomerulus is perfused the blood is drained by an
efferent arteriole. Capillaries surrounding the rest of the tubule are

supplied with blood by these efferent arterioles, making their blood
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supply a portal one (1-6).

The kidney as a whole has three major zones—the cortex, the
medulla and the papilla. The papilla is the innermost area of the
kidney. Urine from collecting ducts is drained into this region. The
medulla overlays the papilla and may be divided into inner and outer
zones. Some nephrons (juxtamedullary nephrons) have loops of Henle
which extend into the inner zone of the medulla. Others (superficial
cortical nephrons) only descend into the medullary outer zone. Covering
the medulla and forming the outermost layer of the kidney is the
cortex. Most of the glomeruli, proximal tubules and distal tubules are
located in the cortex. Portions of the loop of Henle and collecting
duct may also be located in the cortex, particularly in the case of the

superficial cortical nephrons (2,3).

B. Renal excretion mechanisms

There are three major processes which take place in the kidney:
filtration, reabsorption and secretion. These three processes govern
the major controls on body fluid and electrolyte levels. They also
serve to either enhance elimination or conservation of endogenous and
exogenous compounds. Metabolism of compounds by the kidney also takes
place, although it has not been well characterized (7). Renal

metabolism will be briefly discussed in Section I.B.4.






l. Filtration

The first process performed by the nephron is filtrationm.
Filtration takes place by the transfer of water and solutes from the
plasma in the glomerulus to Bowman's capsule. Water, electrolytes, and
most molecules of less than 75 A diameter are freely filtered by the
human kidney (2,3). One-fifth to one-third of renal plasma flow is
filtered in mammals, with the fraction being one-fifth in humans
(2,8).

Filtration is governed by such factors as the size of the capillary
bed, permeability of the capsule, and hydrostatic and osmotic pressure
gradients across the capillary wall (9). It has also been shown to be
dependent on renal plasma flow (10). Protein binding will also affect
filtration of a compound (2,3,9). Since most proteins are too large to
be filtered, only a drug which is not protein-bound can undergo
filtration. For example, if 10% of a compound's plasma concentration is
free, that is, not bound to proteins, only 2% of that compound's total
plasma concentration will be filtered. If it were not protein bound,
202 of it would pass into the filtrate. Changes in these factors cause
generally predictable alterations in glomerular filtration rate (GFR).

Renal failure also affects GFR (2,11-16). It is commonly believed
that renal failure affects all portions of a nephron equally. Bricker
et al. (17) have presented this idea and refer to it as the intact
nephron hypothesis. Consequently changes in GFR due to renal failure
should be accompanied by changes in the other processes which take place
in the tubule. Renal failure will be discussed in detail in Section

I.F.



2. Reabsorption

Reabsorption is the process by which filtered or secreted material
is removed “rom the tubular lumen and returned to the capillaries.
Reabsorption may be via either passive diffusion or by a carrier-
mediated process. Since protein is not generally present in the tubular
lumen of a healthy nephron, protein binding is not a factor in
reabsorption. In a damaged nephron, however, protein may enter the
tubule with resultant protein binding of some molecules of a compound in
the lumen. This might then affect reabsorption of that particular
compound.

Reabsorption takes place in all segments of the nephron with the
exception of Bowman's capsule. Water is passively reabsorbed in the
proximal and distal tubule, as well as the descending limb of the loop
of Henle and the collecting duct. Greater than 992 of filtered water is
reabsorbed as it passes through the tubule (2,3,18). Sodium, chloride
and bicarbonate ions are also reabsorbed by greater than 99X. These
ions are at least to some extent reabsorbed by carrier-mediated
processes. Most bicarbonate reabsorption takes place in the proximal
tubule with a small percentage occurring in more distal portions of the
nephron (3,19-23). Chloride and sodium are reabsorbed in the proximal
tubule, loop of Henle, distal tubule and collecting duct (24-28).
Potassium may be reabsorbed as required by the body in all segments of
the nephron distal to Bowman's capsule (29-33). Potassium reabsorption
also occurs by a carrier-mediated process.

Reabsorption of organic compounds may also be either passive or

carrier-mediated. As a passive diffusion process such reabsorption may






be influenced by urine flow rate and by pH of the tubular fluid. As
urine flow rate increases, passive reabsorption decreases. For example,
the reabsorption of digitoxin in the rat kidney has been shown to be
urine flow-dependent (34). For molecules where the net charge is
dependent on the pH of the solution in which they are dissolved, passive
reabsorption will be greater when the pH of the tubular fluid causes
more of the molecules to be in the nonionized form. An example is
salicylate, which is more extensively reabsorbed from the tubule when it
is in an nonionized form (35,36).

Compounds which undergo carrier-mediated reabsorption include
glucose and amino acids. Virtually 1002 of filtered glucose and amino
acids are reabsorbed in the proximal tubule by a co-tramsport system
with sodium ions. Numerous studies (37-43) have shown that these
transport systems are able to pump glucose and amino acids against a
concentration gradient as long as a sodium ion concentration gradient is
present. This is evidence that a carrier-mediated co-transport system
is in use. The transport of glucose can also be inhibited with
phlorizin (37-40), providing further evidence for a carrier-mediated
transport systeme.

Other organic compounds may also be reabsorbed from the tubule by a
carrier-mediated system. Cephapirin and cephaloridine have both been
demonstrated to undergo carrier-mediated tubular reabsorption in man
(44). Uric acid has also been shown to undergo carrier—mediated tubular
reabsorption in the chicken (45) and in a number of mammalian species






3. Secretion

Secretion involves the passage of molecules from blood to tubular
lumen by either facilitated diffusion or by an active transport
process. These two differ in that facilitated diffusion only involves a
mechanism for increasing the rate at which a molecule can cross a
membrane when it is moving with a concentration gradient. Active
transport involves utilization of energy to move a compound across a
membrane against a concentration gradient. Since it is difficult to
absolutely separate these two processes, the term carrier-mediated
transport will be utilized to cover both types.

Numerous molecules are known to be transported from blood to
tubular lumen by a carrier-mediated process. Potassium (31,32,51,52)
and hydrogen (53,54) ions both undergo secretion by the tubule. Organic
anions such as para—-aminohippurate (PAH) and urate are known to be
secreteds The same holds true for organic cations such as N'-
methylnicotinamide (NMN) and pseudoephedrine. Secretion of organic
anions and cations will be discussed in greater detail in sections
I.D.l. and I.D.2.

It has often been assumed that protein binding does not have a
significant effect on secretion. This is due to the idea that once a
molecule has attached to the carrier to be transported across the
tubular membrane, a protein-bound molecule will be freed to maintain
equilibrium between free and bound compound present in plasma. Assuming
that this takes place rapidly enough, the molecules can be transported
at a rate based on K and Voax for the carrier molecule and their total

plasma concentration.






In actuality this is not always the case. The readjustment of
equilibrium between free and bound may not take place rapidly enough.
The rate at which the readjustment occurs depends upon the affinity of
the molecule for the protein binding site as well as its affinity for
the transport site (55). Thus, compounds which are highly protein-bound
(1.e. phenol red (56) and furosemide (57)) are often secreted to a

lesser extent than are compounds which are only somewhat protein-bound

(PAH (2)).

4. Metabolism

A number of reviews have been published which discuss renal
metabolism (58-60). This section is mainly concerned with the ability
of the kidney to metabolize exogenous and endogenous compounds for
purposes other than those involving maintenance of renal function and
integrity.

This type of metabolism has been little studied and is poorly
understood (7). It has been shown that the kidney contains mixed
function oxidases (61). These enzymes are found mainly in smooth
endoplasmic reticulum and are capable of performing numerous oxidative
reactions. Reductive, hydrolytic and conjugation reactions (7) also
take place in the kidney. Although the extent of this metabolism and
its relationship to total body metabolism is not yet accurately
quantified, Diamond and Quebbemann (62) have shown that over 20X of
glucuronidation and sulfation of a specified p-nitrophenol dose in rats
takes place in the kidney. Cimetidine has also been shown to be 102

metabolized by the chicken kidney (63). Based on these findings,



metabolism by the kidney may be more important than has often been

thought.

C. Pharmacokinetic model of the kidney

Any model which is designed to explain the net effect of the kidney
on the plasma concentration of any organic compound or electrolyte must
consider the filtration, reabsorption and secretion processes of the
kidney. Since metabolism is generally considered a minor pathway of
elimination by the kidney, and is only known to come into play with a
few compounds, it will not be included here. @ie and Benet (64) have
described a pharmacokinetic model which addresses these three

processes. This model states that:

Clp = (CLRF + CLRS)(I-FR)

where CLR is renal clearance of the compound in question, CLpp 18 1its
renal clearance due to filtration, CI.Rs is its renal clearance due to
secretion and FR is the fraction of the drug filtered and secreted which
is reabsorbed.

Since filtration is strictly a passive, non-carrier-mediated

process, the filtration clearance may be represented as :

CLgp = £ * CLcy

where f is the free (unbound) fraction of the drug in plasma and CLcg 1s

creatinine clearance, where creatinine clearance 1s assumed to be a
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measure of GFR (3). Inulin clearance (CLIN) may be substituted for CL.p
as a measure of filtration by the kidney.

Because secretion is a carrier—-mediated transport process a more
complex equation is needed to describe it. The rate of secretion of a
molecule is dependent on a number of factors. These include the number
of carriers available for transport of a particular molecule, the rate
of presentation of the molecule to these carriers, the rate of transfer
of the molecule-carrier complex across the membrane, the relative
affinity of the molecule for the carrier versus its affinity for plasma
proteins and the presence and amount of other types of molecules .
competing for the same carrier. The following equation describes this

molecule-carrier interaction in the absence of competing molecules:

QK°f°CL‘1’nt

u
QK +fe CLint

Clgg =

where QK i8 blood flow to the transport site, f is the free fraction and
CL‘{nt is the intrinsic ability of the site to transport the unbound
molecule across the tubular membrane.

Benet and Sheiner (65) state that CL1nt = Vmax/(l(m + [S]), where

CL; . 18 equal to £ « CL{ ., V

max 18 the maximum amount of compound

which can be transported across a membrane per unit time, Km is the
concentration of compound at which one-half maximal transport rate 1is
reached, and [S] 18 the concentration of the compound being studied.
This equation is one version of the classical Michaelis-Menten process,
in which a saturable system exists, allowing only a certain maximum

transport rate or rate of reaction to take place.
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In the presence of a second compound competing for the same
transport carrier, the apparent value of CLint will be decreased. A new

CLint’ represented by CLint’ is defined as:

vmax

(X, + [SD) (1 + [11/K)

! =
CLint

where [I] equals inhibitor concentration in plasma and K; is the
inhibitor concentration at which 502 of transport of the substrate is
eliminated (at a given substrate concentration).

In the case of renal failure, CLint will also be decreased. This

decrease is due to changes in Via and/or K, which are caused by the

x
renal failure. Yet another CLint’ represented by CL;nt, may be defined

by the equation:

Vnax
K, + 8]

] '
where Voax 18 the value of V . in renal failure and K, is the value for

c

Lint

Km in renal failure.

The expression for reabsorption presented by @ie and Benet (64) is
represented only as the fraction reabsorbed. As mentioned previously,
reabsorption may be either passive or facilitated. Passive reabsorption
is dependent on the pH of the urine, urine flow rate, and the
concentration of compound in the tubular fluid among other factors.
Tang-Liu et al. (66) have described a complex relationship for passive
reabsorption which takes into account these and other factors.

In the case of facilitated diffusional reabsorption, factors such
as affinity of the molecule for the carrier and maximal rate at which

the carrier can move across the membrane come into play. A Michaelis-
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Menten type equation similar to that representing secretion might be

used to describe this type of reabsorption.

D. Carrier-mediated tramnsport of organic anions and cations

l. Organic anions

Organic anion transport by the renal tubule has been extensively
studied (67,68). The proximal tubule is the site of organic anion
transport and the majority of compounds which are transported show a net
secretory component. Compounds for which secretion has been studied
include p~aminohippurate (PAH) (69-74), urate (48,49,75,76), salicylate
(36), phenolsulphthalein (77), cephaloridine (78), folic acid (79),
methotrexate (79) and probenecid (80). Most of the work studying
organic anion transport to date has used PAH as the prototype organic
anion.

PAH is transported by a carrier-mediated process. This process
exhibits a maximal transport rate (’1‘m or vmax) (69,71,74,81,82) and is
competitively inhibitable by a number of other organic anions. The
inhibitors of PAH transport include urate (83-86), probenecid (81-
85,87,88), cinoxacin (89), bumetanide (90), salicylate (85,88),
penicillin G (87), furosemide (84,85,87) and cephaloridine (91). This
apparent competition for transport sites may indicate that other organic
anions are transported by the same carrier system. The tubule is also
able to pump PAH against a concentration gradient. This serves as
further evidence that a carrier-mediated and perhaps active process is

taking place in the transport of PAH, and perhaps other organic anions
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as well.

Exactly where the carrier system(s) for organic anions is (are)
located on the proximal tubule is of interest and importance. Figure I-
2 is a cross—section of the proximal tubule. The proximal tubule is one
cell wide. As the drawing suggests, the membranes on opposite sides of
the proximal tubule cell are quite different. The brush border membrane
has numerous microvilli whereas the basal-lateral membrane has larger
infoldings which are fewer in number. The enzyme characteristics of the
two membranes are very different as well. Sodium—potassium—ATPase is
known to be located only on the basal-lateral membrane, whereas alkaline
phosphatase and maltase are specific for the brush border membrane. The
two membranes differ in their transport characteristics also. Brush
border membranes contain specific carrier-mediated transport systems for
the reabsorption of glucose and a number of amino acids (see Section
I.B.2.). Basal-lateral membranes do not have analogous carriers for
these compounds.

Whether or not there are carrier systems for organic anions (or
organic cations) on one or both of these membranes is not definitely
known. Either membrane, both or neither may contain a carrier system
for each class of compounds. It is known that the proximal tubule can
secrete these classes of compounds against a concentration gradient.

The existence of an electrical potential or gradient may be useful to
enhance their passage. As Figure I-2 indicates, the passage from
capillary to inside the proximal tubule cell involves movement to a more
electronegative environment. Conversely, movement from cell interior to

lumen of the tubule involves a relatively electropositive change.
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In the case of an organic anion (i.e. PAH, urate), most of the
molecules will be negatively charged at physiological pH in the blood.
Passage of a negatively-charged molecule from blood to cell interior
will not be favored due to the large electronegative potential.
However, once the molecule is inside the cell, its passage into the
lumen (a more electropositive region) will be favored. This difference
may aid the proximal tubule in secreting organic anions. Based on this
hypothesis, a carrier system is needed on the basal-lateral membrane in
order to move an organic anion across the proximal tubule against a
concentration gradient. However, a carrier system for these compounds
on the brush border membrane may not be required-—the molecules may be
able to move against a concentration gradient by utilizing the
electrical potential gradient.

One way in which the location of carrier-mediated transport systems
may be studied is by the use of vesicles (for a discussion of vesicles,
see Section I.E.2.). A number of researchers have examined the
transport of PAH by one or both types of membranes using vesicles
(61,81,82,84,85,91-98). Some of these reports (61,84,85,98) include
data from brush border membrane studies only, while others (91-94,96)
used only basal-lateral membranes. Only four reports include data from
both types of membranes (81,82,95,97). Of these, Hori et al. (98) and
Berner and Kinne (81) report carrier-mediated transport in rat basal-
lateral membranes, but not in brush borders; Eveloff et al. (95) found
carrier-mediated transport in brush border but not basal-lateral
membranes of flounder kidney; and Kinsella et al. (82) demonstrated
carrier-mediated transport in both membranes from dog kidney. However,

the evidence of Kinsella et al. for carrier-mediated transport in brush
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border membranes was much more tenuous than that in basal-lateral
membranes. It is possible that the brush border carrier—mediated
transport system found in Kinsella's studies is an artifact.

It is also possible that there are species differences. Eveloff et
ale (95) utilized vesicles made from a member of the fish family, while
the others used mammalian kidneys. This difference in evolutionary
level may explain the difference in results. Based on the theory
described and the results available in the literature, we believe that
there is a carrier-mediated transport system for PAH on the basal-
lateral membrane. Therefore basal-lateral membranes were used in the
vesicle studies presented in this dissertation.

It has been speculated that the transport system(s) for organic
anions may require a co- and/or countertransport molecule for most
efficient transport. A number of researchers (92,99-104) have found
that sodium ions stimulate PAH tramnsport by serving as co-transport
ions. Podevin and Boumendil-Podevin (104) have reported that potassium
ions serve as countertransport ions to stimulate PAH tranmsport. Still
other researchers (105,106) have shown that inhibition of sodium—
potassium—ATPase activity decreases PAH tramsport. This may indicate
that sodium—potassium—-ATPase activity is directly related to PAH
transport. However, it is also possible that the enzyme only maintains
appropriate sodium and/or potassium levels for efficient PAH transport.

Other researchers have shown a relationship between pH and PAH
transport (107-110). Here PAH transport may be tied to either hydrogen
ion or hydroxyl ion concentration. Which is the actual stimulatory ion
has not been definitely proven. Still others (111-113) have shown that

calcium ions stimulate transport of PAH.
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Tse et al. (93) have examined mono-, di- and trivalent cations for
their ability to stimulate PAH transport in rabbit renal basal-lateral
membranes. The ions studied include sodium, potassium, calcium and
magnesium. They have found that magnesium ion at a 5mM concentration
stimulated PAH transport the most. It is possible that more than one
type of cation is capable of combining with the carrier to enhance
transport of PAH. From the results of Tse et al. however, it appears
that magnesium is the most effective of these ions for stimulating PAH
transport.

With reference to possible anion counter-transport ions, the most
obvious choices are hydroxyl and chloride ions. As mentioned
previously, a number of studies have been done which examined the effect
of pH (107-110). Hydroxyl and hydrogen ion effects have not been
separated however. Several researchers (110,114,115) have found that
the absence of chloride ion decreases PAH transport.

In summary, these conflicting data indicate that there may be a co-
transport and/or countertransport system for PAH transport. Since many
researchers have limited themselves to studying the effect of only one
possible ion the results are not truly comprehensive. More work of the
type undertaken by Tse et al. (93) needs to be done in order to
determine the true co- and/or counter-transport ions involved in organic
anion tramsport.

The possibility exists that there is more than one carrier system
on the basal-lateral membrane for organic anions. This is suggested by
the results from some studies in which the effects of PAH and urate on
each other's transport were examined. Weiner (48) has reviewed the

disparities found in urate and PAH transport. Dantzler has used snake
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tubules extensively and has found many differences in urate and PAH
transport characteristics (74,75,83,116). The conclusion drawn from
these studies is that snakes utilize two different systems for secreting
PAH and uric acid. Studies in man and chimpanzee have also shown that
PAH and urate are secreted by different mechanisms (48).

The presence of more than one organic anion renal transport system
in other species i1s more speculative. Rabbits appear to have only one
such transport system (48). Most of the data from rats and dogs also
indicate the presence of only one system (48). It may be that there is
true species variation in the transport of organic anions. However, it
is also possible that the results published so far have not accurately
characterized organic anion transport. If two organic anions utilize
the same carrier system for secretion, their simultaneous presence in
plasma may effectively decrease their renal clearances. This could
cause increased levels of the compounds in the body leading to
complications such as toxicity and/or inaccurate measurement of bodily
functions. Consequently, the studies presented in this dissertation
were designed to learn more about the transport characteristics of
organic anions, particularly whether or not two commonly-used organic
anions could affect each other's transport.

PAH was chosen as one of the organic anions to be studied for the
following reasons. 1) PAH is the prototype compound for organic anion
transport. There is a large data base available concerning its
transport which could be useful in the quantitation of results. 2)
Renal clearance of PAH is8 used to measure renal plasma flow (RPF).
However, if another compound were present which could compete for the

same transport sites, it could affect the accuracy of the RPF



measurement. We addressed this possibility.

The second organic anion chosen was furosemide. Furosemide was
chosen for the following reasons: 1) Furosemide is an organic anion
and is known to be secreted by the proximal tubule (57). There is a
large data base available with regard to furosemide, as well as
extensive on-going work in our laboratory. Again, this data base could
be useful in quantifying our results. 2) Furosemide has been given in
conjunction with compounds used to measure RPF (117). However, if
furogsemide competes with such compounds for transport sites, it may
adversely affect the RPF measurement. The properties and uses of PAH
and furosemide will be discussed in Chapter II.

The secretion of organic anions may also be affected by renal
failure. Pitts (2) has reviewed the types of renal failure and
discussed their effect on the renal clearance of PAH. He has also
discussed the intact nephron hypothesis (17) and states that it does not
always hold true. In conclusion, he reports that CLPAH cannot always be
used a8 a good measure of renal plasma flow. However, it is not clear
how severe the renal failure must be before CLp,y fails in this
function. Most of the work mentioned by Pitts involved relatively
extensive renal failure. The renal failure studies presented in this
dissertation were designed to: 1) learn more about the severity of
renal failure necessary to cause CLp,; to give an inaccurate measure of
RPF, and 2) determine if the intact nephron hypothesis holds true

under a given set of conditioms.
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2. Organic cations

Organic cation transport by the nephron has also been studied,
although not as extensively as organic anion transport. Rennick has
written an excellent review of this process and the studies pertaining
to it (118). Endogenous organic cations known to be transported include
acetylcholine, epinephrine, N'-methylnicotinamide (NMN) and thiamine.
Drugs which are organic cations and are transported by the proximal
tubule include meperidine, atropine, procaine, quinine and
pseudoephedrine (118,119). Most work on organic cation renal transport
to date has utilized NMN as the prototype compound.

Carrier-mediated transport of organic cations also takes place in
the proximal tubule. Based on the model involving electrical potential
which was discussed in the previous section, it would be expected that
an organic cation transport system must be located on the brush-border
membrane but not necessarily on the basal-lateral membrane. This theory
is supported by the results of Kinsella et al. (82). They have found
that transport by the brush-border membrane is a carrier—mediated
process whereas basal-lateral membrane transport behaves more like a
gated diffusion process.

Only limited work has been done concerning possible co- and/or
countertransport molecules for organic cation transport. Kinsella et
al. (82) report that sodium ion has no effect on NMN transport. Holohan
and Ross (120) have shown that there is a hydrogen ion countertransport
system for NMN transport. These studies have all been done using dog
kidneys. Further studies utilizing other species are necessary to

determine 1if these results are species-specific.
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The question of one or more transport systems on the brush—-border
membrane for organic cations also arises. Holohan and Ross (121) have
demonstrated countertransport stimulation of NMN transport with a number
of organic cations. They conclude that at least all of the tested
organic cations utilize the same carrier system. Again, further work is

necessarye.

E. Methods for studying renal excretion

Both in vivo and in vitro models have been developed for the study
of how the kidney handles various compounds. These methods include
whole animal renal clearance, isolated perfused kidney, isolated
perfused tubule, stop-flow, micropuncture and isolated cell membrane
(vesicle) techniques. In vivo renal clearance and in vitro isolated
cell membrane models have been used for the studies to be presented
here. Use of these two obviously disparate techniques affords the
opportunity to study the individual tramsport characteristics of a
particular membrane as well as net renal clearance in the whole
animal. Effects of changes in the experimental procedure could be
viewed from both a sub—cellular and a whole animal vantage point. These

two methods will be discussed more specifically in the next sections.

l¢ In vivo renal clearance studies

In vivo renal clearance studies involve administration of the

compound(s) to be studied to the subject, followed by collection and

analysis of plasma and urine samples. The subject may be in either a






conscious or anesthetized state, and bodily functions, including renal
function, are considered to be normal. Numerous researchers
(57,119,122,123) have utilized some version of in vivo renal clearance
techniques. This type of study is one of the few which can be done not
only in animals but also in humans as it does not require removal or
destruction of the kidney.

The in vivo renal clearance studies included in the present work
were done in rats. For this work, the use of the in vivo renal
clearance technique has allowed us to determine how the animal and its
renal function react to the changes induced by the experiment. In one
set of experiments, the renal clearance of an organic anion was measured
before and after the addition of a second organic anion. This second
anion may compete for the same transport site and thus decrease the
renal clearance of the compound in question. In another set of
experiments, renal failure was induced prior to administration of the
organic anion. By comparison with controls, changes in renal function
could be measured. The qualitative and quantitative changes seen in

these studies may be extrapolatable to similar human situations.

2. In vitro isolated cell membrane (vesicle) studies

Vesicle studies might properly be thought of as at almost the
opposite end of a spectrum from in vivo renal clearance studies.
Vesicle studies involve the isolation of a particular type of cell
membrane. This is done by disrupting the cell. The cell contents are
released and most pleces of membrane spontaneously form closed sacs

called vesicles. With cell and organelle components removed, the
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researcher is able to study the transport characteristics of the
specific membrane.

A potential disadvantage of this technique is that procedures for
isolating cell membranes may well affect the “normal” renal function
characteristics of the membrane. Also, an isolated cell membrane under
artificial conditions is far removed from its true physiological state
within the animal. Results from isolated cell membrane studies are
therefore not readily extrapolated to real-life situations. This
technique does, however, allow the researcher to break down the
elimination or conservation of compounds by the kidney into the three
elementary functions.

The use of vesicles to study the tramsport characteristics of
membranes has a long history. Red cell ghosts, which are the membranes
of red blood cells, have been used for many years to learn about some of
the characteristics of these cells (124). Vesicles have more recently
been prepared from intestinal cells (125), renal tubule cells (126), and
cells of the choroid plexus (127). Although similar methods may be used
to isolate the cell membranes from different organs, this dissertation
will only present methods utilized in preparing vesicles from renal
tubule membranes (See Chapter III).

As has been discussed, organic anions are secreted by the proximal
tubule. In order to study the transport of these compounds using
vesicles, it is necessary to isolate cell membranes from this portion of
the tubule. Since proximal tubules are located in the cortex of the
kidney, selective processing of the cortices only will enrich a
preparation in proximal tubule membranes. Other organelle membranes and

components such as those of glomeruli and distal tubules, which are also






located in the cortex, may be separated from proximal tubule membrane
vesicles by centrifugation. The two types of proximal tubule membrane
vesicles may then be separated from each other by a variety of
techniques. Some of the methods for preparing renal proximal tubule
membranes will be presented in Chapter III.

As previously mentioned (Section I.D.l.), basal-lateral and brush
border membranes have very different characteristics. They are distinct
from each other in physical appearance as well as enzyme and transport
characteristics. The differences in enzyme components are routinely
used to determine the purity of a particular cell membrane preparation
(see Section III.A.).

Two other pieces of information which are important to know when
utilizing vesicles for transport studies are the percent of cell
membranes which are actually in closed vesicle form and the orientation
of the membrane in its vesicle form (right-side-—out versus inside-
out). Kinsella et al. (128) have found that 90X of basal-lateral
membranes form vesicles. Although they did not calculate a similar
vaule for brush-border membranes, no open "sheets” of brush border
membranes were visible upon electron microscopic examination. The
authors therefore feel that no significant percentage of brush border
membranes occur as open membrane pieces. They also report that 76X of
basal-lateral membranes and 86 of brush border membranes form vesicles
that are right-side-out—that is the side of the membrane which was
oriented toward the cell interior is now oriented toward the vesicle
interior.

Vesicles can serve as a useful tool for studying tramsport

characteristics of particular cell membranes. However, it is important
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to recognize their limitations. As long as these are kept in mind, the
use of vesicles may be continued and expanded. The studies presented in
this dissertation involve the use of vesicles to examine the effect of
the presence of one organic anion on another's transport. Using
isolated cell membrane vesicles enables us to have a clearer view of the

isolated transport processes.

F. Renal failure

l. General

There are numerous types and causes of renal failure. Renal
failure may be acute or chronic, stable, progressive or reversible. It
may be caused by ischemia, trauma to the kidney or interaction of the
kidney with various toxins (2). Because of the importance to life of
maintaining adequate renal function, models for studying renal failure
have been devised. A number of methods are currently used in order to
induce renal failure in animal models. They may be used to study the
effects of the renal failure on the animal's well-being and to devise
methods in an attempt to alleviate the renal failure.

It is also possible to utilize varying degrees of renal failure in
order to study their effects on the kidney and its processes. As
discussed earlier, Bricker's intact nephron hypothesis (17) states that
all portions of the nephron are affected equally by a decrease in
function of any one segment. Although Pitts (2) states that this theory
does not always hold true, little work has been done which might prove

or disprove this theory. We chose to perform some experiments which






might provide more information about the suitability of the intact
nephron hypothesis. In doing these experiments we chose to utilize PAH,
a compound whose utility as a measure of RPF depends upon the kidney's
ability to clear it from plasma. The choice of this compound enabled us
to gain not only more information about the suitability of the intact
nephron hypothesis, but also information about the clearance of PAH and

how it is affected by varying degrees of renal failure.

2. Methods of induction

Renal failure may be induced by any of the following means: 1)
Ischemia, caused by narrowing and/or total occlusion of the renal
artery; 2) Five-sixths nephrectomy, in which two-thirds of one kidney
is ligated and the other is removed completely; 3) Ureteral ligation
which causes urine to collect in the kidney and results in renal
failure; 4) Administration of nephrotoxins. A number of compounds
cause renal damage. These include glycerol, mercury-containing
compounds, uranium—containing coumpounds and a variety of drugs commonly
used to treat other conditions (i.e., aminoglycosides, phenacetin
(129)). Each class of nephrotoxins works in its own peculiar way.

Uranyl nitrate, a nephrotoxin, was chosen as the means of inducing
renal failure in these studies. It was chosen because uranium compounds
appear to affect all segments of the nephron, yet have a more
significant effect on the proximal tubule (130). Because these studies
were particularly concerned with the ability of the proximal tubule to
secrete PAH, we wanted a toxin which was likely to cause an adverse

change in PAH clearance. Uranyl nitrate appeared to be a good choice.
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Uranyl nitrate mediates its effect on renal function by binding
with 1lipid bilayers as well as penetrating these same bilayers (131).
Histopathological and morphological studies of tubules after uranyl
nitrate administration show diffuse brush border loss and increased
vacuolization, with eventual desquamation, shrinkage of glomerular
network and rupture of blood vessels (132,133).

Uranyl nitrate-induced renal failure has been shown to affect GFR
and RPF (11-16,130,134-138). These studies have generally used high
(>5mg/kg) uranyl nitrate doses. Since PAH clearance is used as a
measure of RPF, we were interested in determining whether or not a low
dose of uranyl nitrate would change the measure of RPF obtained from PAH
clearance. We were also interested in the suitability of the intact
nephron hypothesis (17) under conditions of only limited renal
failure. The studies presented in this dissertation were designed to

answer these questions.

G. Project objectives

The objectives of this project were two-fold:

1) To determine if two organic anions could inhibit each other's

transport by the carrier-mediated transport system for organic anions in

the nephron.

2) To determine if renal failure could affect a measure of RPF

which is dependent on tubular function, and to determine if such renal

failure follows the intact nephron hypothesis.



CHAPTER 11

para—AMINOHIPPURIC ACID AND FUROSEMIDE

BACKGROUND

A. para-Aminohippuric acid

l. Chemistry

p—-Aminohippuric acid (PAH), N-(4—-aminobenzoyl)glycine, CgH, yN505 is
shown in Figure II-1l. Its molecular weight is 194.19. PAH is an
organic acid with a pK, of 4.0. It has a melting point of 198-199°C and
forms needles from hot water. PAH is soluble in alcohol, chloroform,
benzene and acetone, but is practically insoluble in water, ether and
carbon tetrachloride. Aqueous solutions of the sodium salt are alkaline
and must be buffered with citric acid to pH 7.0-7.6 for intravenous

administration (139,140).

2. Diagnostic use

PAH does not exert any pharmacological effect at commonly-used
doses. Moreover, ninety percent of PAH in plasma is cleared in one pass
through a healthy human kidne§ (141). Because of these characteristics,
PAH renal clearance (CLPAH) commonly been used to measure renal plasma
flow (RPF). This technique involves infusion of PAH at a rate that will
result in a steady, low plasma concentration which will not saturate the
renal transport mechanism. Once steady-state levels have been reached,

the PAH concentration in plasma and urine, as well as the urine flow
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rate, are measured. These data can be used to calculate CLp,, according

to the following equation:

u
Clppn = <,

C. - Vu/t

where Cu = PAH urine concentration, Vu/t = urine flow rate and Cp = PAH
plasma concentration (3).

Schnurr et al. (142) have developed a method for measuring Clpan
which does not require urine collection. It assumes that true steady
state has been reached and thus replaces urine concentration and flow
rate with PAH concentration in the infusion fluid and rate of fluid
infusion. This technique gives comparable results to those obtained
from urine data.

Favre (143) has tested a bolus dose technique in which the decay of
plasma levels is tracked and used to calculate total PAH clearance. He
obtained satisfactory results although the clearance values tended to be
higher than those found with the steady-state technique.

PAH has commonly been used to measure RPF because it has no
pharmacological effect, it is not toxic, its plasma and urine
concentrations can be readily measured (see Section V.A.l.) and its
renal elimination has generally been considered consistent from subject
to subject for a given RPF under various conditions. The studies
undertaken for this dissertation examine the validity of the last
reason/assumption--i.e., consistent elimination under various

conditions.



3. Pharmacokinetics

a. Renal elimination

The renal clearance and extraction ratio of PAH are the parameters
which have generally been measured when PAH is used. Volume of
distribution and half-life are of little or no interest and are
therefore not calculated. As stated before, approximately 90Z of plasma
is cleared of PAH as it passes through the kidney. This represents an
extraction ratio of 0.9. This statement only holds true at relatively
low PAH plasma concentrations. At higher plasma concentrations, the
carrier-mediated transport system becomes saturated and the extraction
ratio decreases (14l1). It is not clear why the extraction ratio of PAH
is 0.9 rather 1.0. Some of the possible reasons are covered in the
following paragraph.

Ten to twenty percent of PAH in plasma is bound to proteins
(72,144~146). This protein binding may cause the extraction of PAH to
be less than 100%Z. However, PAH does not partition into red blood cells
(144). Therefore partitioning is not a factor in determining the
extraction ratio. The extraction ratio may also deviate from 1.0
because of intrarenal blood flow. This is a factor in that not all
blood perfuses the cortex as it passes through the kidney. Blood which
passes through the medullary portion of the kidney does not flow past
proximal tubules and is therefore not available to undergo PAH
extraction (147). Consequently, the extraction ratio of 0.9 for PAH may

be caused by this.
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Rats and rabbits have frequently been used as models to study the
renal clearance of PAH (68,69,80,81,83,86,145,148-154). Their ability
to clear PAH i8 similar to that of man. Because of the large data base
and the similarities in renal function, these species were utilized in

the studies included in this dissertation.

b. Metabolism

Although the vast majority of PAH has been shown to be cleared
unchanged by the kidney, the compound can be metabolized. Rats and mice
have been shown to N-acetylate PAH in the kidney (155-157). Rats have
also been shown to renally metabolize PAH to p—aminobenzoic acid
(155). This metabolism was not observed, however, in the studies
presented here. Overall, PAH metabolism is generally considered to be

inconsequential.

ce Effect of competition for transport sites

Some work has been done which demonstrates an effect of competition
for transport sites on PAH transport. Pitts (2) states that competition
takes place and can decrease PAH transport. Compounds which have been
shown to decrease PAH renal transport include probenecid (88),
indomethacin (158), acetylsalicylic acid (87), bumetanide (90),
cinoxacin (89), uric acid (86), cephaloridine (91), penicillin G (87)
and furosemide (87). Most, and perhaps all of these compounds appear to
inhibit PAH transport by competition for the transport sites. However,

the mechanism by which this happens, where on the cell it happens, and



what, if any, clinical significance it may have, have not been well-
studied. Consequently, the studies in this dissertation were designed
to further examine the effect of one particular organic anion drug,
namely furosemide, on the transport of PAH. The intent was to determine
if the co—-administration of PAH and furosemide might have a significant

effect on the renal clearance of PAH.

d. Effect of renal failure

The effect of renal failure on the kidney's ability to excrete PAH
has not been extensively studied. Pitts (2) states that renal failure
does decrease CLPAH' However, it is not clear how extensive the renal
failure must be to see a significant decrease in CLPAH‘ Only one study
has been done in rabbits, concerning the effect of uranium—induced renal
failure on CLp,y (130). This study was done two days after
administration of the uranium. Since the peak effect of uranium—induced
failure is known to take place five days after injection (12), we chose
to do studies with low doses of uranyl nitrate and examine their peak
effects, five days after dosing.

Also, little work has been done which separates renal failure
effects on clearance of compounds which are only filtered (i.e., inulin)
from effects on clearance of secreted compounds (i.e., PAH). Bricker's
intact nephron hypothesis (17) states that as one function of a nephron
i8 decreased, so will other functions be decreased to the same extent.
Althought Pitts (2) states that this does not always hold true, only
limited work has been done which closely examines this. The renal

failure work included in this dissertation was designed 1) to determine
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1if low levels of renal failure could affect CLPAH and thus its measure
of RPF and 2) to determine if Bricker's intact nephron hypothesis holds

true in this particular situation.

B. Furosemide

l. Chemistry

Furosemide, 4-chloro-N-furfuryl-5-sulfamoylanthranilic acid, is
shown in Figure II-2. Furosemide has a composition of chHIICINZOSS and
a molecular weight of 330.77. It has a PK, of 4.7 for the carboxyl
group which serves to make furosemide an organic anion at physiologic
pHe Furosemide forms crystals from aqueous ethanol. These crystals
melt at 206°C. The compound is only slightly soluble in water or
chloroform. However, it is soluble in acetone, methanol,
dimethylformamide and aqueous solutions above pH 8.0. It is somewhat
less soluble in ethanol. Furosemide is incompatible in solution with a
number of other compounds, including calcium gluconate, ascorbic acid,

tetracyclines, urea and epinephrine (139,159).

2. Therapeutics

Furosemide is a potent diuretic. It is similar in structure to the
thiazides, although its mechanism of action is different (see Section
I1.B.3.). Furosemide has been used in the treatment of hypertension,
congestive heart failure, and the edema resulting from hepatic and renal

dysfunctions (160-162). It is also able to promote diuresis at
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extremely low GFR (163,164). Since most other diuretics do not have
this capability, furosemide is a diuretic of choice in renal failure.
Furosemide has a rapid onset of action and a relatively short half-life
(160). It may be administered either IV or orally. Its

pharmacokinetics will be discussed in Section II.4.

3. Mechanism of action

Furosemide is believed to exert its diuretic effect at the luminal
surface of the nephron (57,165). 1ts main effect is to inhibit the
active reabsorption of chloride which takes place in the ascending limb
of the loop of Henle. This inhibition of chloride transport is probably
mediated through prostaglandins, which have been shown to inhibit
chloride reabsorption and cause diuresis (166). It has been shown that
furosemide inhibits enzymes which degrade prostaglandins (167,168).
Furosemide also increases free arachidonic acid levels (169), which can
then be converted to prostaglandins. As a result, furosemide causes

increased prostaglandin levels which in turn cause increased diuresis.

4. Pharmacokinetics

a. Renal elimination

Benet (170) has written a comprehensive review of the

pharmacokinetics of furosemide. He reports that a number of researchers

have found furosemide renal clearance values of 75 to 149 ml/min in

humans. These values fall in the general range of GFR. However,
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furosemide is 98.8% bound to proteins in plasma of normals (171). It
must therefore be cleared not only by filtration but also by secretion,
most likely via the organic anion pathway.

Bowman (172) has shown that changes in protein binding affect renal
gsecretion of furosemide by the rat kidney. Hammerlund and Paalzow (173)
also found an effect of protein binding on furosemide renal excretion in
the rat. Their results showed that 0.92X of furosemide in plasma is
free at an 11 ug/ml total concentration. This free percentage increased
to 9.1 at a total furosemide plasma concentration of 425 ug/ml. These
data indicate that even though furosemide undergoes secretion, the
transport process is not able to clear all of the compound which is
protein-bound.

In humans, from 34 to 922 of furosemide has been shown to be
excreted unchanged (170). It is probable that this variability is due
to problems with assay methodolgy, i.e., treatment of samples and/or

inaccuracy in measuring metabolites.

b. Metabolism

The metabolism of furosemide has not been studied extensively. A
number of researchers have reported that 2-amino-4-chloro-5-
sulfamoylanthranilic acid (CSA) is a metabolite of furosemide (170).
However, Smith et al. (171) have found that CSA is an artifact of the
assay methods used by others and is not a true metabolite of furosemide.

Smith et al. (171) have also found that approximately 142 of the
available dose of furosemide is excreted as the glucuronide

metabolite. There appear to be one or more other metabolites as well.
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The glucuronide is, however, the only metabolite that has been

positively identified to date.

c. Effect of competition tor transport sites

The diuretic effect of furosemide in the kidney has been shown to
be inhibited by a few compounds. These include probenecid (174-178),
acetylsalicylic acid (179-182) and indomethacin (183-188). Although it
is not clear whether or not the cause of this decreased diuretic effect
is inhibition of furosemide transport, it is likely that this is the
case. Because of this data, some of the studies included here were done
to determine if PAH could affect furosemide transport and thus perhaps

alter its diuretic effect.



CHAPTER III

RENAL PROXIMAL TUBULE VESICLES

METHODS OF PREPARATION, CHARACTERIZATION AND UTILIZATION

A. Introduction

Renal transport of organic anions such as PAH and furosemide may be
studied by the use of renal proximal tubule vesicles. As discussed in
Chapter I, vesicles are isolated cell membranes which are formed by
disruption of the membranes and loss of the cell contents. After
disruption, most pieces of the cell membrane spontaneously form closed
sacs, which are called vesicles.

Several methods have been developed for the isolation of renal
proximal tubule membrane vesicles. A mixture of basal-lateral and brush
border membranes may be separated from debris by a series of
centrifugations (126,128,189-192). Separation of these two types of
membranes from each other may be accomplished in a number of ways. The
simplest, most straightforward method for separating brush border
membranes from basal-lateral membranes is by use of divalent cation
precipitation and differential centrifugation (84,85,94,95,98,128,193~
196). Addition of a divalent cation, such as ng+ or Caz+, to a
homogenized cell mixture will cause basal-lateral membranes and unwanted
material to pellet upon slow speed centrifugation, leaving brush border
membranes in the supernatant. Basal-lateral and brush border membranes
may also be separated by free flow electrophoresis, as demonstrated by
Heidrich et al. (126) and Reynolds et al. (191). Differences in

membrane surface charge, and corresponding attraction to or repulsion
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from external charges are the reasons why free flow electrophoresis
works to separate these membranes. A number of researchers
(94,128,190,197,198) have utilized discontinuous sucrose density
gradients for purification of these membranes. Success of these
techniques is dependent upon the different densities of the two types of
membranes. Other methods include the use of modified colloidal silica
(Percoll) self-forming gradients (189,192,199) or use of sorbitol
gradients (98) for separation of basal-lateral and brush border
membranes. Again, these methods depend upon the different densities of
the two types of membrane. The method used in the work to be described
here involves the use of a step sucrose density gradient for preparation
of basal-lateral membranes as described by Mamelok et al. (94).

It is important to identify which fractions from a membrane
separation procedure contain basal-lateral membranes and which contain
brush border membranes. The accepted way of doing this is to make use
of enzyme markers. As stated in Chapter I, Nat-k*-ATPase 1s an enzyme
known to be located on the basal-lateral membranme but not on the brush
border membrane. Alkaline phosphatase is, conversely, located on the
brush border but not basal-lateral membrane. If each fraction is
assayed for these two enzymes, the results will indicate whether or not
the membrane types have been separated and where the desired membranes
are located. If each fraction's protein concentration is determined,
and this data is combined with enzyme activity information, we obtain
knowledge about the relative enrichment of each type of membrane in each
fraction. Consequently, this chapter will describe methods for
determining Na+-K+-ATPase activity, alkaline phosphatase activity, and

protein concentration in these samples.
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Once renal proximal tubule membrane vesicles have been 1isolated,
they can be used to study the transport characteristics of that
particular membrane type. In order to do this, a method of measuring
transport by these vesicles must be available. Generally, a
radiolabelled form of the transport compound is used, allowing the
researcher to measure transport by radioactive decay. This chapter will
describe the general transport method used in these experiments, as well
as a method for measuring nonspecific binding to vesicles and a method

for pre-loading vesicles with a potential counter-transport compound.

B. Preparation of vesicles
Purification of basal-lateral membrane vesicles using a step sucrose

density gradient

The method to be described here was developed by Mamelok et al.

(94).

1. Chemicals and instrumentation

Mannitol, Tris, Leupeptin, Magnesium chloride (MgC12-6320), HEPES
(Sigma Chemical Company, St. Louis, Missouri); EDTA, Hydrochloric acid,
Sucrose, crystalline (J.T. Baker Chemical Company, Phillipsburg, New
Jersey); Sorvall Omnimixer, GSA rotor, Sorvall RC-5B Refrigerated
Superspeed Centrifuge, SS34 rotor (Dupont Instruments-Sorvall,
Wilmington, Delaware); 6ml polycarbonate centrifuge tubes (Dupont
Company, Newtown, Conmecticut); Polycarbonate centrifuge tubes, 50 ml

(American Scientific Products, McGaw Park, Illinois); Teflon PE tissue
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grinder, size C (Thomas Scientific, Philadelphia, Pennsylvania); Ti-15
zonal rotor, Seal assembly unit for Ti-15 zonal rotor, L5-50B
ultracentrifuge, Beckman Model 35 UV/visible spectrophotometer (Beckman
Instruments, Fullerton, California); LKB Multiperplex Pump, Ultrorac II
fraction collector (LKB, Gaithersburg, Maryland); refractometer (Bausch

& Lomb, Rochester, New York).

2. Preparation of reagents

All of the following buffers were prepared in advance and stored at
4°C. All water used was double distilled. 1) Buffer #1, containing
SOmM mannitol, 2mM Tris, 0.5mM EDTA, and 3.8mM leupeptin, was prepared
by dissolving 9.11 gm mannitol, 244 mg Tris, 146 mg EDTA, and 1.807 gm
leupeptin in 990 ml water. The pH was adjusted to 7.0 using HCl, and
the volume brought to 1000 ml with water. 2) Buffer #2 contained 50mM
mannitol, 2mM Tris, 12mM MgCl,, and 0.5mM EDTA. Mannitol, 9.11 gm, 244
mg Tris, 146 mg EDTA, and 1.02 gm MgCl, were dissolved in 990 ml water,
the pH was adjusted to 7.0 with HCl, and the volume brought to 1000 ml
with water. 3) Buffer #3, containing 50mM mannitol, 2mM Tris, and 5mM
EDTA, was prepared by dissolving 9.11 gm mannitol, 244 mg Tris, and
1.461 gm EDTA in 990 ml water. The pH and volume were adjusted as for
Buffer #1. 4) Buffer #4 contained 50mM mannitol, 2mM HEPES, and 2mM
EDTA. This was prepared by dissolving 9.11 gm mannitol, 476.6 mg HEPES,
and 292 mg EDTA in 990 ml water. Volume and pH were adjusted as with
Buffer #1. 5) Buffer #5, containing 50mM mannitol and 6.9mM HEPES, was
prepared by dissolving 9.11 gm mannitol and 1.644 gm HEPES in 990 ml

water, then continuing as before. 6) Ninety gm of sucrose was dissolved



in water to make a final volume of 1000 ml, and a resultant 92 sucrose
solution. Solutions of 14%, 25Z, 50, and 60X sucrose in water were

prepared in similar ways.

3. Preparation of vesicles

Female New Zealand White rabbits, weighing approximately 2.3 kg
each, were decapitated and their abdomens opened using surgical
scissors. Kidneys were located and perfused with thirty ml each of ice-
cold Buffer #l. Kidneys were dissected using a tissue slicer blade,
forceps and scissors, and the cortices were removed and weighed. The
cortices were placed in a volume of ice-cold Buffer #1 equal to ten
times their weight. Cortices were then homogenized in an Omnimixer at
#10 setting for ten minutes. The homogenate remained on ice during this
procedure to prevent temperature increases during mixing.

The volume of homogenate was measured and solid MgClz was added to
make a final concentration of 12mM ng+. This mixture was stirred
magnetically on ice for twenty minutes.

These steps were followed by a series of centrifugations. Figure
III-1 shows the scheme for the centrifugation spins. The first was done
at 8,000 rpm for 15 minutes in a GSA rotor in a Sorvall centrifuge. The
supernatant (Sl) was removed, and the pellet (Pl) was resuspended in
Buffer #2, using ten strokes with a Teflon PE homogenizer for each
tube. The total volume of buffer used for this step was equal to ten
times the original weight of the cortices. The resulting mixture was
spun at 3,500 rpm for fifteen minutes, after which the supernatant (SA)

was removed. The pellet (PA) was resuspended in ten times volume Buffer
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#3 in order to complex the Mgz+ ion. Each pellet was resuspended by ten
strokes with a Teflon PE homogenizer. After resuspension, the contents
of all tubes were combined and stirred magnetically on ice for fifteen

" minutes. This was followed by stirring for an additional five minutes
at #10 setting in the Omnimixer.

Following this step, the mixture underwent centrifugation at 8200
rpm for ten minutes, the supernatant (SB) was removed and saved, and the
pellet (PB) was treated exactly as the previous pellet had been
treated. Centrifugation at 8,200 rpm for ten minutes again took place,
after which the resulting supernatant (SB) plus the previously-saved Sy
were combined. This suspension was spun at 11,200 rpm for thirty
minutes. The supernatant was removed and discarded, and the pellet (Pc)
resuspended in thirty ml of 92 sucrose. This resuspension contained the
crude basal-lateral membrane vesicles.

At this point a biuret protein assay was performed to determine the
protein concentration and yield from the day's preparation. The biuret
protein assay is described in Section III.C.3.

In order to further purify the basal-lateral membranes, a step
sucrose gradient was used. This was done in a Ti-15 zonal rotor, which
is a large, open bucket rotor, in a L5-50B ultracentrifuge. The rotor
contained a cross piece which separated the interior into quadrants, and
allowed loading and unloading of the rotor from either its center or its
outer edge. In order to load or unload material, the rotor needed to be
spinning at 2000 rpm. Otherwise, the gradient was disturbed during the

loading or unloading procedure.
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To prepare the step sucrose gradient, the following solutions were
first loaded from the edge:
142 sucrose--400 ml
25% sucrose—150 ml
502 sucrose—-—approx. 1200 ml

An LKB Multiperplex Pump, with 1:10 gear ratio, was used to load
all liquids. The #5 setting was used to load the 25X sucrose and the
first 250ml of 50% sucrose. The rest was loaded at #8 setting. The
volume of 50X sucrose is listed as approximately 1200 ml because it was
used to completely fill the rotor. Its loading was discontinued only
when sucrose solution began appearing from the outlet.

Once the rotor was full, the filling assembly was changed to permit
loading of solution through the center. First 100 ml of 92 sucrose was
loaded, followed by the crude basal-lateral membrane vesicles in 9%
sucrose. Finally another 125 ml of 92 sucrose was loaded. All of these
additions were made at #5 setting on the Multiperplex pump. The outlet
was now at the edge of the rotor, so some of the most dense (50%)
sucrose solution was forced out. The purpose of totally filling the
rotor previously was to be certain that no large air pockets were
inside. If present, air could seriously disturb the gradient and ruin
the separation.

After the rotor was loaded, it was spun at 29,000 rpm (55,000xg)
for sixty minutes. At the end of this time, the speed was decreased to
2000 rpm and the gradient unloaded. This was done by pumping 60Z
sucrose into the rotor from the edge. This forced out the contents of
the rotor through the center so that the least dense material came out

first. This removal was done at #6 setting on the Multiperplex pump.



Twenty ml fractions (equivalent to one minute of unloading time) were
collected using a LKB fraction collector.

As fractions were collected, both sucrose and protein
concentrations were determined. Sucrose concentration was read as a
function of refractive index using a Bausch & Lomb refractometer.
Protein concentration was roughly determined by reading the absorbance
of each sample at 280 nm on a Beckman UV/visible spectrophotometer.
Figure III-2 shows a representative plot of both sucrose concentration
and protein concentration versus fraction number. Knowledge of the
relationship between Nat-k*-ATPase peak location (the enzyme marker for
basal-lateral membranes), alkaline phosphatase peak location (brush
border membrane enzyme marker) and the sucrose and protein readings was

utilized to select those fractions (generally six) which contained the

highest concentrations of the most pure basal-lateral membranes. Figure

III-2 indicates where the basal-lateral membranes were found. These
fractions were combined, and diluted with three times their volume of
Buffer #4. This mixture was spun at 11,200 rpm for thirty minutes in a
GSA rotor. The supernatant was removed and discarded, and the pellets
resuspended, using a disposable pipet, in approximately twelve ml of
Buffer #5. The suspension was placed in lcm x 10cm tubes and stored
overnight at 4°C. The last centrifugation step was at 13,000 rpm for
thirty minutes in an SS34 rotor. Upon completion of this spin, the
supernatant was removed and the pellet resuspended using a 27 gauge
needle and a one ml syringe. No buffer was added for resuspension.
Finally, a Bradford protein determination was done. This procedure is

described in Section III.C.4.
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C. Enzyme and protein assays

1. Alkaline phosphatase assay

Alkaline phosphatase is a marker enzyme for brush border
membranes. Therefore, this assay was used to determine the presence of
brush border membranes in the preparation. The method followed for this

assay has been described by Kirk and Prusiner (127).

a. Chemicals and instrumentation

Magnesium chloride, Sodium hydroxide (Mallinckrodt Inc., St. Louis,
Missouri); Tris (BDH, Gallard-Schlesinger Chemical Manufacturing
Corporation, Carle Place, New York); para-Nitrophenylphosphate (Sigma
Chemical Company, St. Louis, Missouri); Hydrochloric acid (Mallinckrodt,
Inc., Paris, Kentucky); Neslab water bath (Neslab Instruments,
Portsmouth, New Hampshire); GLC-2 centrifuge (Dupont Instruments-
Sorvall, Wilmington, Delaware); Gilford sampler (Gilford Instrument
Laboratories, Oberlin, Ohio); Beckman UV/visible spectrophotometer

(Beckman Instruments, Fullerton, California).

b. Preparation of reagents

Double-distilled water was used for all solutions. 1) A IM Tris
stock solution was prepared by dissolving 122 gm Tris in water to make
1000 ml. 2) A 500mM MgCl, stock solution was prepared by dissolving

47.5 gm MgCl, in water to make 1000 ml. 3) A solution of 100mM NaOH was
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prepared by dissolving 4 gm NaOH in water to make 1000 ml. Solutions 1-
3 were prepared in advance and stored at room temperature. 4) Reaction
Solution, containing 100mM Tris, 2.22mM MgCl,, and 10mM p-
nitrophenylphosphate, was prepared fresh for each day's use. This
solution was prepared by combining 412 mg p-nitrophenylphosphate, 10 ml
of 1M Tris stock solution, and 444 ul of 500mM MgClz stock solution with
85 ml of water. The pH was adjusted to 9.5, using HCl, and the volume

brought to 100 ml using water.

c. Assay procedure

Vesicle samples were diluted from 1/5 to 1/160, using Buffer #5
(See Section III.B.2.). A 0.1 ml diluted vesicle sample was added to
0.9 ml Reaction Solution. Blanks were prepared by adding 2 ml of 100mM
NaOH to the Reaction Solution prior to addition of the vesicle sample.
Samples and blanks were then incubated at 37°C for 10 minutes in a
Neslab water bath. At the end of the incubation, the reaction was
stopped by addition of 2 ml of 100mM NaOH to each sample. If a
precipitate was present, samples were spun at 2500 rpm for 10 minutes.

Absorbance of the supernatant was read at 410nm.

d. Calculations

The alkaline phosphatase activity present in each sample was

calculated using Beer's Law:
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A=abc

where A=absorbance (at 410nm in this case)
a=extinction coefficient
b=cell path length

c=concentration of solution

We wished to calculate “c” for each sample. For this
instrumentation, b=1l. For p-nitrophenol, a=16.2/mM.It was necessary to
calculate net absorbance, A, for each sample. Then, c=A/ab.

Net absorbance was calculated by taking the difference between the

A410 for each sample and the A410 for each corresponding blank. Then:
BA 10 X 1/dilution of vesicles = corrected LYY

The reaction was allowed to proceed for ten minutes. Since the
total sample volume was 3 ml and O.1 ml of vesicles were used, the
following equation was used to convert corrected AA410 to umoles

phosphate produced/ml vesicle suspension/min;

Corrected AA&IO X 0.186 =

z umoles phosphate produced/ml vesicle suspension/min
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2. Sodium—-potassium—-ATPase assay

Sodium-potassium—ATPase i8 the generally-accepted marker for basal-
lateral membranes. Measurement of sodium—potassium—ATPase thus provides
a measure of the presence of basal-lateral membranes. The method

described here has been utilized by Mamelok et al. (200).

a. Chemicals and instrumentation

Sodium chloride, Potassium chloride, Magnesium chloride, Sodium
hydroxide, Trichloroacetic acid, Potassium phosphate, monobasic
(Mallinckrodt Inc., St. Louis, Missouri); EGTA, Ouabain octahydrate,
Ascorbic acid (Sigma Chemical Company, St. Louis, Missouri); Sodium
azide (NaN3), Sulfuric acid (Fisher Scientific, Pittsburgh,
Pennsylvania); Tris (BDH, Gallard-Schlesinger Chemical Manufacturing
Corporation, Carle Place, New York); Hydrochloric acid (Mallinckrodt
Inc., Paris, Kentucky); ATP (CalBiochem-Behring, San Diego, California);
Ammonium molybdate (J.T. Baker Chemical Company, Phillipsburg, New
Jersey); Neslab waterbath (Neslab Instruments, Portsmouth, New
Hampshire); GLC-2 centrifuge (Dupont Instruments-Sorvall, Wilmington,
Delaware); Thermolyne Dri-Bath (Sybron/Thermolyne, Dubuque, Iowa);
Gilford sampler (Gilford Instrument Laboratories, Oberlin, Ohio);
Beckman UV/visible spectrophotometer (Beckman Instruments, Fullerton,

California).
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b. Preparation of reagents

Stock solutions 1 through 7 were prepared in advance and stored at
4°C. Double-distilled water was used for all solutions. 1) NaCl IM was
prepared by dissolving 58.45 gm of NaCl in water to make 1000 ml. 2)
KC1 500mM was prepared by dissolving 37.275 gm KCl in water to make 1000
ml. 3) MgCl, 500mM was prepared by dissolving 47.5 gm MgCl, in water to
make 1000 ml. 4) EGTA 50mM was prepared by dissolving 19.02 gm EGTA in
water to make 1000 ml. 5) NaN, 100mM was prepared by dissolving 6.502
gn NaN; in water to make 1000 ml. 6) Tris IM was prepared by dissolving
122 gm Tris in water to make 1000 ml. 7) Double-strength assay buffer,
in which the compounds were two times their final desired
concentrations, contained 112mM NaCl, 16mM KCl, 4.4mM MgCl,, 2.4mM EGTA,
and 16mM TRIS. This buffer was prepared by combining 28.0 ml NaCl 1M
stock solution, 8.0 ml KCl1 500mM stock solution, 2.2 ml MgCl, 500mM
stock solution, 12.0 ml EGTA 50mM stock solution, 5.0 ml NaN3 100mM
stock solution, and 4.0 ml Tris IM stock solution. The volume was
brought to 250 ml with water, and the pH adjusted to 7.4 with HCl. 8)
Reaction mix without ouabain contained 10mM ATP in single-strength assay
buffer. This was prepared by dissolving 60.52 mg ATP in 5 ml double-
strength assay buffer and 4.0 ml water. The pH was adjusted to 7.4,
using NaOH, and the volume brought to 10.0 ml, using water. 9) Reaction
mix with ouabain contained 10mM ATP and 5mM ouabain in single-strength
assay buffer. This was prepared by dissolving 60.52 mg ATP and 36.5 mg
ouabain in 5 ml double-strength assay buffer and 4.0 ml water. The pH
was adjusted to 7.4, using NaOH, and the volume brought to 10.0 ml with

water. Solutions 8 and 9 were made fresh each day. 10) 10X ascorbic
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acid, prepared by dissolving 10 gm ascorbic acid in water to make 100
ml, was prepared fresh each day. 11) Ammonium molybdate 0.42% in 1IN
H2804 was prepared by dissolving 2.1 gm ammonium molybdate in 14 ml of
concentrated sulfuric acid and enough water to bring the volume to 500
mle This solution was prepared in advance and stored at room
temperature. 12) Ames Reagent was required and was prepared by
combining 1 part solution 10 with 6 parts solution 1ll. This was
prepared fresh each day. 13) A 102 TCA solution was also required for
this assay and was prepared by dissolving 100 gm TCA in water to make
1000 ml. This was prepared ahead of time and stored at room
temperature. 14) A standard solution of 0.64uM K4P0, was prepared by
dissolving 136 ug K4P0, in water to make 1000 ml. Serial dilutions
provided solutions of 0.32, 0.16, 0.08, and 0.04 uM K3P04 for standard

curves. These solutions were prepared in advance and stored at 4°C.

c. Assay procedure

Vesicle samples were diluted from 1/100 to 1/1600 with Buffer #5
(see Section III.B.2.). Three hundred pl of appropriately-diluted
vesicles was combined with 200 pl of reaction mix with ouabain, and
another 300 ul of the same vesicle dilution was combined with 200 ul of
reaction mix without ouabain. Each sample was processed both with and
without ouabain in order to separate sodium—potassium ATPase activity
from other types of ATPase activity.

Samples were vortexed and incubated at 37°C for ten minutes in a
water bath. The reaction was stopped by adding 500 ul of ice-cold 10X

TCA solution and then placing the tube on ice for at least fifteen



56

minutes. Samples were next spun at 3000 rpm for fifteen minutes at 4°C.

Next, 800 pl of sample supernatant was combined with 1,600 ul Ames
Reagent. These samples were incubated at 45°C for five minutes using a
Thermolyne Dri-Bath. The reaction was stopped by placing the tubes on
ice. Once the samples had cooled to room temperature, the A660 was read
for each.

A standard curve was prepared for each experiment by combining
either 200 ul standard K3P0, solution or 200 pl d.d. water with 100 ul
assay buffer (single strength), 200 ul of either reaction mix, and 500
ul ice-cold 10X TCA solution. Eight hundred ul of the resulting mixture
was combined with 1,600 ul Ames Reagent. Standards were incubated for
five minutes at 45°C, then placed on ice. A660 was read for each

sample.

d. Calculations

For each standard, the difference between its A660 and the A660
obtained for water was determined. The difference was the standard's
AA660’ The nmoles of phosphate present in each standard was determined
by multiplying the concentration of K4P0, in the standard solution by
the volume used for assay (200 pul). Next, BA¢co Was plotted as a
function of nmoles phosphate present.

For each vesicle sample AA660 was determined. This is the
difference between the Agc, for the tube not containing ouabain and the
A66O for the tube which did contain ouabain. Using the standard curve,
the amount of phosphate present in each sample was determined. This was

the amount of phosphate (in nmoles) produced by the sodium-potassium-—
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ATPase in the sample over ten minutes.

A 0.3 ml vesicle sample was used for each assay, so the amount of
phosphate produced was divided by 0.3 to obtain the amount of phosphate
per ml of sample. Correction for dilution of the vesicle sample was
done by dividing the nmoles phosphate produced by the dilution factor
(i.e., divide by 1/100). Next, this value was divided by ten minutes to
obtain the answer in units of nmoles phosphate produced/ml vesicle

sample/minute. In summary,

nmoles phosphate produced / 3 / dilution factor =

z nmoles phosphate produced/ml vesicle preparation/min.

3. Biuret protein assay

This protein assay was used for protein determinations prior to
loading the sucrose gradient. The method utilized for this assay has

been described by Gornall et al. (201).

a. Chemicals and instrumentation

Bovine serum albumin (BSA, Fraction V) (Pentex Biochemicals,
Kankakee, Illinois); Copper sulfate (Mallinckrodt Inc., St. Louis,
Missouri); Sodium potassium tartrate (J.T. Baker Chemical Company,
Phillipsburg, New Jersey); Sodium hydroxide (Mallinckrodt Inc., Paris,
Kentucky); Gilford sampler (Gilford Instrument Laboratories, Inc.,
Oberlin, Ohio); Beckman UV/visible spectrophotometer (Beckman

Instruments, Fullerton, California).



b. Preparation of reagents

Double-distilled water was used for all solutions. 1) BSA stock
solution, 1.0 mg/ml in water, was prepared by dissolving 25 mg BSA in
water to make 25 ml. This solution was prepared in advance and stored
at -20°C. 2) A 102 sodium hydroxide solution was prepared in advance,
by dissolving 100 gm NaOH in water to make 100 ml, and stored at room
temperature. 3) Biuret Reagent was prepared by weighing 1.50 gm copper
sulfate and 6.00 gm sodium potassium tartrate. These solids were
dissolved in 500 ml water. Three hundred ml of 10% sodium hydroxide
solution was added with constant swirling. The volume was brought to
1,000 ml1 with water, and the solution was mixed. This reagent may be
stored indefinitely at room temperature. It should be dark blue in

color.

c. Assay procedure

A standard curve was prepared by placing 0, 0.5, 0.75, 1.0, 1.25,
and 1.5 ml of BSA stock solution into six respective test tubes. The
volume in each tube was brought to 1.5 ml using d.d. water. Sample test
tubes were prepared containing 20 ul of vesicle preparation and d.d.
water to make a final volume of 1.5 ml. All vesicle preparation assays
were run in duplicate. 1.5 ml of Biuret Reagent was added to each tube,
and the tubes were placed in boiling water for twenty seconds. Tubes
were placed on ice at the end of the incubation in order to stop the

reaction. Ag,, was read for each sample.
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d. Calculations

For each standard curve sample, AA540 was determined by subtracting

A540 for the water sample from A540 for the BSA standard sample. The
amount of BSA present was calculated as the original BSA concentration
times the volume of BSA standard solution used. A plot of AA540 versus
amount protein present was prepared. AA540 for each vesicle sample was
also calculated (A540 for vesicle sample minus A540 for water sample),
and the standard curve was used to determine the amount of protein in
each vesicle sample. Each sample contained a 20 pl vesicle sample.

Therefore:

protein/sample / 0.020 ml = protein/ml of vesicle preparation.

4. Bradford protein assay

The Bradford protein assay has been described by Bradford (202).
It is a more accurate protein assay than the biuret assay. However, it
takes longer, and therefore was only used for protein determinations of

the final basal-lateral preparation from the sucrose density gradient.

a. Chemicals and instrumentation

Coomassie Brilliant Blue G—ZSQ, Bovine serum albumin (BSA, Fraction
V) (Sigma Chemical Company, St. Louis, Missouri); Ethanol (95Z) (Gold
Shield Chemical Company, Hayward, California); Phosphoric acid (85%)

(J.T. Baker Chemical Company, Phillipsburg, New Jersey); Whatman Number



1 filter paper (Whatman Inc., Clifton, New Jersey); instrumentation as

previously described.

b. Preparation of reagents

1) BSA stock solution (1 mg/ml) was prepared by dissolving 25 mg

BSA in d.d. water to make 25 ml. This solution was prepared in advance
and stored at -20°C. 2) Bradford Protein Dye Reagent was prepared by
completely dissolving 100 mg Coomassie Brilliant Blue G-250 in 50 ml of
952 ethanol. To this solution, 100 ml of 85Z (w/v) phosphoric acid was
added. The solution's volume was brought to 1 liter using d.d. water,
giving a final concentration of 0.012 (w/v) Coomassie Brilliant Blue G-
250, 4.7 (w/v) ethanol, and 8.5% (w/v) phosphoric acid. The solution
was filtered twice using Whatman Number 1 filter paper, and stored at

room temperature.

c. Assay procedure

A standard curve was prepared by placing 0, 10, 20, 30, 40, and 50
ul of BSA (lmg/ml) stock solution in six respective test tubes. The
volume in each tube was brought to 0.1 ml using d.d. water. For vesicle
samples, 10 ul of sample was diluted to 100 ul with d.d. water. Ten ul
of this dilution was then combined with 90 pul d.d. water to provide a
sample for assay. Each dilution was assayed in duplicate.

To each standard and sample, five ml of Bradford Protein Dye
Reagent was added and the mixture was vortexed. Samples were allowed to

stand at room temperature for at least two minutes, but not more than
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one hour, prior to reading A595.

d. Calculations

For each standard curve sample, AA595 was determined by subtracting
A595 for the blank (water) sample from A595 for each standard. The
amount of protein present was calculated by multiplying the
concentration of BSA stock solution by the volume of stock solution
used. A standard curve of AA595 as a function of amount of protein
present was prepared.

For each vesicle sample, AA595 was determined by subtracting A595
for the blank sample from A595 for the vesicle sample. Using the
standard curve, the corresponding protein content was determined for
each AA595. The dilution factor used was 1/10, and 10 pl of our diluted
vesicle sample was used for each assay, so that 1 ul of undiluted

vesicle preparation was assayed in each sample. Therefore:

protein/sample X 1000 = protein/ml vesicle preparation

D. Methods of transport studies

This transport study method has been described in the literature by
Tse et al. (93). The general method will be described first, followed

by modifications for several types of experiments.
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l. General method

a. Chemicals and instrumentation

Mannitol, Tris, PAH, Furosemide, Probenecid (Sigma Chemical
Company, St. Louis, Missouri); Hydrochloric acid (J.T. Baker Chemical
Company, Phillipsburg, New Jersey); 3H—PAH, ACS (aqueous counting
scintillant) (Amersham Corporation, Arlington, Illinois); 3H-Furosemide
(New Bngland Nuclear, Boston, Massachusetts); Thelco waterbath, Model
86 (Precision Scientific, Chicago, Illinois); Gelman glass fiber
filters, Type A/E (Gelman Sciences, Ann Arbor, Michigan); Hoefer vacuum
filtration assembly (Hoefer Scientific Instruments, San Francisco,

California).

b. Preparation of reagents

All water used was double-distilled. All reagents were prepared in
advance and stored at 4°C unless otherwise stated. 1) Tris was prepared
as a IM solution by dissolving 122 gm Tris in water to make 1000 ml.
This solution was made in advance and stored at room temperature. 2)
Solution #1, which contained 50mM mannitol and 6.9mM Tris, was prepared
by dissolving 9.11 gm mannitol and 841.8 mg Tris in 990 ml water. The
pH was adjusted to 7.0 using HCl and the volume brought to 1000 ml with
water. 3) Buffer containing 50mM mannitol and 150mM Tris was prepared
by dissolving 9.11 gm mannitol and 18.3 gm Tris in 990 ml water,
adjusting the pH to 7.0 using HCl, and bringing the volume to 1000 ml

with water. 4) Stop Mix, containing 50mM mannitol and 2mM Tris, was



prepared by dissolving 9.11 gm mannitol and 244 mg Tris in 990 ml water,
adjusting the pH to 7.0 with HC1l and adjusting the volume to 1000 ml
with water. 5) Probenecid, 50mM in 50mM mannitol and 69mM Tris, was
prepared by dissolving 142.68 mg probenecid, 91.1 mg mannitol, and 84.2
mg Tris in 9 ml water. The pH was adjusted to 7.0 using HC1l and the
volume brought to 10 ml with water. 6) Furosemide, 6mM, was prepared by
dissolving 99.23 mg furosemide in 45 ml of Solution #l. Additional Tris
was required for this dissolution, so Tris, as a IM stock solution, was
added, bringing the final Tris concentration to 16mM. The pH was
adjusted to 7.0, using HCl, and the volume brought to 50 ml, using
Solution #l. This solution was prepared up to several weeks in advance
and stored at 4°C. 7) Furosemide, 1.2mM, was prepared by diluting 1 ml
of Furosemide 6mM Solution with 4 ml of Solution #l. This dilution was
generally done on the day of the experiment. 8). PAH, 14.56 mg, was
dissolved in 9 ml of Solution #1 to make a 7.5mM PAH solution. The pH
was adjusted to 7.0 with HCl, and the volume brought to 10 ml with
Solution #1. 9) PAH, 6mM and 1.2mM in Solution #l1 were prepared by
diluting 4 ml of PAH 7.5mM in Solution #1 with 1 ml of Solution #1 to
make the 6mM solution. This was further diluted to 1.2mM by combining 1
ml of PAH 6mM solution with 4 ml of Solution #l. These solutions were
generally prepared on the day of use. 10) 3H-Furosen1de was purified as
described in Section V.C. It was never purified more than nine days in
advance of an experiment, and was kept in a dried form at 4°C after
purification and prior to use. 11) 3B-PAH was purchased in powdered
form from Amersham. It was dissolved in Solution #1 to make a lmM PAH
concentration. The specific activity of the radiolabelled PAH was

generally around 250 mCi/mmole. This solution was prepared up to one
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month in advance and stored at 4°C. 12) Magnesium chloride, 100mM in
Solution #1, was prepared by dissolving 476 mg MgCl, in 50 ml Solution
#1. 13) 3n-pan solution, containing 0.75mM PAH in Solution #1,
contained both tritiated and "cold"” PAH, and was prepared fresh for each
day's experiment. The volume of 0.75mM PAH solution required (at 8
ul/sample) was determined for a particular experiment. From this, the
molar quantity of PAH needed was calculated, and either 1/6 or 1/4 of
this amount was contributed in the form of 3H—PAH, as the 1lmM

solution. The rest of the PAH required was added as the 7.5mM "cold”
solution. The volumes contributed by the addition of "cold"™ and
tritiated PAH were determined and subtracted from the total volume of
0.75mM PAH solution needed. Solution #1 was used to bring the 3H-PAH
solution to volume. A volume of 100mM MgClz in Solution #1, equal to 3
ul/sample, was added to the 3H4-PAH solution. This brought the volume to
11 pl/sample, and provided a PAH concentration of 0.55mM. 14) To
prepare 3H-furoaem1de solution for an experiment, the amount of 3H-
furosemide (in powder form) available for that day's experiment was
determined. Five ul aliquots of purified 3H-furoaemide solution had
been counted prior to drying. By correcting for quenching and using the
total volume present before evaporation of the purified 3H-furosen1de
solution, the amount of 3H-furosen1de available was calculated. The
total amount of furosemide needed for that day's samples was calculated
(0.75mM furosemide solution, 8 pl/sample), and consequently the amount
of "cold” furosemide necessary was determined. This was added as 6.0mM
Furosemide Solution. The volume was brought to 8 pl/sample, using
Solution #1. Excess Tris present from purification of 3ﬂ-furosem1de and

solubilization of 6mM furosemide in Solution #1 was determined to



increase the Tris present by a maximum of 2.2% over the usual
concentration. This was considered an insignificant increase and
consequently no change was made in the components of the buffers used in
these experiments. A volume of 100mM HgClz in Solution #1, equal to 3
ul/sample, was added to the 3H—futosem1de solution, giving a final

volume of 11 pl/sample and a 0.55mM furosemide concentration.

c. Experimental procedures

For each experiment, the protein concentration in the vesicle
preparation was determined using a Bradford protein assay. Vesicles
were then diluted to between 8 and 13 mg protein/ml, using Solution #l1.

Each sample was prepared by combining different volumes of some of
the solutions described above. Tables III-1 and III-2 show the
solutions and volumes combined for each type of sample in the 3H-PAH
(Table III-1) and 3H-furosemide (Table I1I-2) experiments. Each type of
sample was prepared in quadruplicate for each time point. Fractions 1,
2, 3, and 6 were always preincubated for thirty minutes in a 37°C
waterbath. Fractions 4 and 5 were sometimes included in this
preincubation. In other experiments, these fractions were not included
in the preincubation (see Sections VI.B.2. and VI.C.3.)

At t = 0 for each sample, 11 ul of Fraction 7 was added to the test
tube. The sample was mixed rapidly on a vortex mixer, and replaced in
the 37°C waterbath. Samples were incubated for times ranging from 5
seconds to 1 hour. For samples allowed to incubate only 5 seconds, the
tube was not placed in the waterbath again; rather, it was held for the

several seconds after mixing. At the end of the incubation time for
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each sample three ml of ice-cold Stop Mix was added. The sample was
then removed from the test tube, using a disposable pipet, and filtered
on a Gelman glass fiber filter, positioned on a Hoefer vacuum filtration
assembly. The filter was washed twice with three ml of Stop Mix, after
which the filter was removed and placed in 10ml of ACS for scintillation
counting. After removal of a used filter, the filter support was washed

with d.d. water prior to the placement of a fresh filter.

d. Calculations

The first step in converting cpm into uptake of PAH (or furosemide)
was to determine what portion of the PAH was associated with the filter,
and was not actually associated with the vesicles. The cpm values
obtained from samples containing no vesicles were averaged, and this
average value was subtracted from the cpm value for each sample
containing vesicles, giving a Acpm value for each sample.

Due to quenching, cpm values did not equal dpm values. However,
because quenching was quite constant from sample to sample, cpm were
not converted to dpm.

Next, the specific activity of the 3

H-PAH solution was

determined. By measuring the cpm value for each of the two or more
aliquots of 3H-PAH solution (x), and knowing the total PAH concentration
(z) in the solution and the volume per aliquot (y), the specific

activity (a), in cpm/pmoles PAH, was calculated as follows:

xcpm / yul / z mM PAH / 1000 = a cpm/pmole PAH
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The protein content (d) of each sample was also determined. The
volume of vesicle suspension (b) added to each sample was multiplied by

the protein concentration of the vesicle suspension (c) as follows:

b ul X ¢ mg protein/1000 ul vesicles = d mg protein/sample

Finally:

Acpm/sample / a cpm/pmole PAH / d mg protein/sample

= ¢ pmole PAH/mg protein

A plot of pmole PAH/mg protein versus incubation time was prepared

utilizing these results. This same series of calculations was used to

determine furosemide uptake.

2. Modifications for binding experiments

a. Chemicals and instrumentation

Sucrose (J.T. Baker Chemical Company, Phillipsburg, New Jersey);

Sulfisoxazole (Sigma Chemical Company, St. Louis, Missouri); others as

previously detailed.

b. Preparation of reagents

All solutions were prepared in advance and stored at 4°C unless

otherwise described. 1) Sucrose 2M in Solution #1 was prepared by
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dissolving 34.23 gm sucrose in 50 ml Solution #l. 2) Sulfisoxazole, 6mM
in Solution #1 was prepared by dissolving 48.1 mg sulfisoxazole in 30 ml
Solution #l. This buffer was diluted to O.lmM sulfisoxazole by
combining 1 part 6mM sulfisoxazole¢ in Solution *1 with 59 parts Solution
#1. 3) Buffer containing 50mM mannitol and 69mM Tris was prepared by
dissolving 9.11 gm mannitol and 8.42 gm Tris in 990 ml water. The pH
was adjusted to 7.0 using HCl, and the volume brought to 1000 ml using

water. Other solutions were prepared as previously described.

c. Experimental procedures

For these studies, samples were needed with concentrations of
sucrose ranging from O to 1.06M. Table III-3 shows the buffer
components and volumes added to prepare each type of sample. Vesicles
were diluted to 8-13 mg protein/ml, as before. The first five sample
components were combined and incubated for at least 15 minutes at
37°C. The 3H-furosemide was then added, samples were incubated for
either 15 seconds or 1 hour, and transport was stopped and measured in
the usual manner.

In some experiments, a portion of the vesicles was incubated in the
0.1mM sulfisoxazole in Solution #1 overnight, at 4°C, prior to the last
centrifugation step. The rest of the vesicles were left in Buffer #5
(see Section III.B.2.) at 4°C. Both vesicle fractions were then

pelleted and used in the usual manner for these experiments.

70



71

*saoTdues 289yl 03 UOTITPPe 103 [4 UOTINTOS YI|m W[ 280I0ng 03 PaIN[JP SeM KT 280Idng,

PTo°uUaq01g +

11 6 8 - [43 - W90°1 ®soadng

11 6 - 8 [43 - R90°1 ®soadng
PFOoduaqoag +

11 6 8 - 12 11 RL°Q_®8019ng

11 6 - 8 1¢ 11 R.°0_3s0adng
pPIosuaqoag +

11 6 8 - ST L1 RS *Q_9d8019ng

11 6 — 8 S L1 WG *°Q 3s801dng
PFo?uaqoag +

11 6 8 - 6 1 %4 WE°Q_®80a0ng

11 6 - 8 6 £¢ WE*Q @so01dng
PJo?uLaqoag +

11 6 8 - 9 92 WZ°Q _@8o0adng

11 6 p— 8 9 9¢ WZ*°0_®s8010ng
PTo2uaqoag +

11 6 8 -— 9 97 W1°Q @so0adng

11 6 - 8 e9 9¢ WI°Q @soaong
PFo9uUaqoag +

11 6 8 -— ef 6¢ WS0*0 ®soadng

11 6 - 8 et 6C RG0°Q °s80aong
PFoeuaqoad +

11 6 8 — - 43 28020Nng ON

11 6 - 8 - 43 28010Nng ON

I# uofaInjosg 1# 0°, Hd ‘WuE9 - wo.n Hd
UF WUE*/gz TOBW UOFaInIog Uy 8711 ‘W®OG 0°, Hd 1# NU6°9 STi]
+ WUGG6°0 Tu/Sugi-g TO3Fuuey ufg WO069 STIL UoF3INTog uf WEQG TO3IJUUBK)
SPTWASO0INI-H S9TOTS9A PFo2uaqoag WTQS TO3IFuuey WZ @so0adng 1# UOFINTO§
(o7dues 1ad 1) 2dL]
poujquo) 3G 03 SUOTINTOS a1duesg

*SINFRIYAdXd ONIANIA monmmONDhlmm ¥0d SATIWVS 40 SININOJWOD °€-III ZT4VL



d. Calculations

There were no changes in the calculations used to determine uptake
of 3H-furosemide in these experiments. Total osmolarity of each sample
was determined by summing the moles of components present per sample,
and dividing by the sample volume. Plots of pmole furosemide/ mg
protein versus 1/total osmolarity of the sample were prepared from these

experimental results.

3. Modifications for counter-transport studies

a. Chemicals and instrumentation

Chemicals and instrumentation used were previously described in

Section II1I.A.l.

b. Preparation of reagents

1) Furosemide O.lmM in Solution #1 was prepared by diluting 1 part
6mM furosemide in Solution #1 with 59 parts Solution #1. This was
prepared not more than two weeks prior to its use and stored at 4°C. 2)
PAH O.1lmM in Solution #1 was prepared by diluting 1 part 7.5mM PAH in
Solution #1 with 74 parts Solution #l. This was prepared not more than
two weeks prior to use and stored at 4°C. Other solutions were prepared

as previously described.
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c. Experimental procedures

In order to allow vesicles time to equilibrate with the counter-
transport ion, one of the two above-mentioned buffers was used in place
of Buffer #5 (see Section III.B.3.) for resuspension of the appropriate
pellet. For each experiment, some vesicles were resuspended in Buffer #5
to serve as controls. These mixtures were allowed to stand overnight at
4°C. The following morning, the final spin was done, the supernatants
removed, and the vesicles resuspended with no addition of buffer. Table
I11-4 shows the components and the volumes added for the types of
samples used in these studies. The addition of radiolabelled compound,
incubation, stopping of transport, and measurement of uptake was done in

the manner previously described.

d. Calculations

There were no changes in the methods of calculating 3H-PAH or 34-

furosemide uptake from previous studies.
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CHAPTER IV

EXPERIMENTAL METHODS FOR RENAL CLEARANCE STUDIES

L. Animal set-up

In order to measure renal clearance of an exogenous compound, the
animal must be prepared to allow intravenous administration of the
compound, collection of blood from a different vessel, and total
collection of urine over a specified period of time. A number of
techniques have been developed to do this. These include use of the
carotid artery (203,204) or femoral artery (204-206) for collection of
blood; catheterization of the jugular vein (203,204) or femoral vein
(204-206) for administration of drug; and catheterization of the bladder
(203), catheterization of the ureter (204), collection from the male rat
penis (205) or cannulation of the bladder (206) for urine collection.
The method used in these studies was described by Till (206) in her

dissertation, and will be described here in similar detail.

l. Preparation for surgery

Male Sprague-Dawley rats weighing 205 gm to 506 gm were used in
these experiments. Animals were kept in the Animal Care Facility at
UCSF prior to surgery, and were not fasted. To anesthetize these
animals for surgery, Pentobarbital Sodium Solution, 64.8 mg/ml (Fort
Dodge Laboratories, Inc., Fort Dodge, Iowa) was administered
intraperitoneally at a dose of 60 mg/kg. The use of pentobarbital as

anesthetic in these experiments will be discussed in Section VII.A.
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2. Surgical procedure for venous and arterial cannulation
a. Materials

Intramedic0 non-radiopaque polyethylene tubing, PE-50, I.D. 0.023",
0.D. 0.038" (Clay Adams, Parsippany, New Jersey); Monoject sterile
disposable syringe, 6 cc; Monoject disposable hypodermic needles 23
gauge, 1 inch (Sherwood Medical Industries, Inc., Deland, Florida); 4-0
cotton suture (Ethicon Inc., Somerville, New Jersey); Sodium heparin
injection (Liquaem:lno Sodium 1,000 USP units/ml) (Organon, West Orange,
New Jersey); Bacteriostatic sodium chloride injection, USP (normal

saline solution) (Invenex, Chagrin Falls, Ohio).
b. Methods

Once anesthesia had been induced, rats were fastened to a
temperature-controlled small animal operating table. Vascular cannulas
were prepared in advance by the following procedure. Two 6 cc syringes,
fitted with 23 gauge needles, were internally rinsed with 0.5 ml of
sodium heparin solution, and the excess solution expelled. Each syringe
was then filled with normal saline solution. Each needle was fitted
with twelve to fifteen inches of PE-50 tubing and the end of the tubing
was beveled to make insertion into the blood vessel easier. Finally the
tubing was flushed with the solution in the syringes. This was done to
prevent clotting in the tubing during the experiment.

Using scissors, a small (1.5-2 cm) incision was made in the skin of

the right groin area. Forceps were used to expose the femoral artery



and vein. The vessels were cleaned of fascia using blunt curved forceps
and were then separated.

In order to cannulate the vein, two ligatures were first placed
around the vein——one at the proximal end and one at the distal end of
the exposed vessel. The ligature at the distal end was tied tightly.
This prevented excessive bleeding once the vessel had been cut. The
ends of this ligature were taped to the table, in order to keep the vein
taut and to facilitate cannulation. Iris scissors were used to make a
small cut in the vein. The catheter entered the vein through this cut,
and was moved into the vein until its end was past the proximal
ligature. The ligatures were then tied tightly around the vein and the
catheter, thus holding the catheter in place.

The artery was cannulated next. Again, ligatures were positioned
at the proximal and distal ends of the exposed artery segment——however,
neither of them was tied tightly at this point. The artery was clamped
just before the proximal ligature, using a small artery forceps. A
small cut was made in the artery, the catheter inserted and eased into
the vessel up to the artery forceps. While holding the cannula in place
with curved, blunt forceps, the artery forceps was removed, and the
catheter was then moved a short distance further into the artery. Both
ligatures were then tied tightly around the catheter and artery. A

saline-soaked gauze pad was placed over the exposed vessels.
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3. Surgical procedure for cannulation of the bladder
a. Materials

Intramedico non-radiopaque polyethylene tubing, PE-90, I.D. 0.034",
0.D. 0.050" ( Clay Adams, Parsippany, New Jersey); Ferguson needle, 1/2
circle, taper point ( The Torrington Company, Torrington, Connecticut);
Monoject sterile disposable tuberculin syringe, 1 cc; Monoject
hypodermic needle, 25 gauge, 5/8" ( Sherwood Medical Industries, Inc.,

Deland, Florida). Other materials as previously described.
b. Methods

Using scissors, a slightly-to-the-right—of-midline incision was
made in the same rat's abdomen. The bladder was exposed, and first
drained of urine, using a 1 cc disposable syringe with a 25 gauge
needle. Using a 1/2 circle taper point needle and 4-0 cotton suture, a
purse-string suture was placed about 0.5 cm from the apex of the
bladder. A small cut was made in the center of the sutured area, using
iris scissors. A three inch piece of PE-90 tubing was placed in the
bladder and tied tightly, using the purse-string suture. The end of the
tubing placed in the bladder had been flanged earlier (by touching it to
a heated hot plate), and this flange helped to keep the cannula from
sliding out of the bladder incision. A saline-soaked gauze pad was then

placed over the bladder.
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4. Tracheotomy

Some animals showed signs of respiratory distress. In these
animals, a tracheotomy was performed. An incision was made in the neck
skin, using scissors, and the trachea exposed. A plece of 4-0 cotton
suture was placed around the lower end of the exposed trachea, after
which a small incision was made in the trachea, using iris scissors. A
short (5 cm) piece of PE-205 tubing (Intramedico non-radiopaque
polyethylene tubing, PE-205, I.D. 0.062", 0.D. 0.082"; Clay Adams,
Parsippany, New Jersey) was inserted, and the previously-positioned

suture used to tie it in place.

5. Maintenance

Figure IV-1 is a drawing of the rat surgical set-up. Figure IV-2
is a photograph of a representative experimental rat. The rat was kept
on the operating table for the entire experiment. In order to maintain
the body temperature of the rat at 3740.5°C during an experiment, the
following set-up was used. A rectal probe (YSI Model 402 small flexible
vinyl rectal probe, Yellow Springs Instrument Company, Inc., Yellow
Springs, Ohio) monitored the rat's body temperature. This probe was
connected to a temperature control unit (YSI Model 73 ATD indicating
controller, Yellow Springs Instrument Company, Inc., Yellow Springs,
Ohio), which was connected to the heating element in the operating
table, through a variable autotransformer (Staco, Inc., Dayton, Ohio).
Anesthesia was maintained in the rat by giving 30 mg/kg sodium

pentobarbital intraperitoneally as needed (approximately every hour).
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Figure IV-1. Schematic representation of rat surgical set-up (206).
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The animal's blood pressure was monitored continuously during all
experiments by use of a mercury manometer. This equipment was
constructed to enable direct connection with the femoral artery cannula
by use of a three-way stopcock. As soon as the experiment had %“een
completed, the animal was sacrificed by intravenous injection of 0.4 ml
euthanasia solution (Sonlethol’, sodium pentobarbital 6 gr/ml in
alcohol-propylene glycol base with water) (Med. Tech., Inc., Elwood,

Kansas).
B. Methods of renal clearance studies
1. Bolus dose studies
a. Materials

Citric acid (Eastman Organic Chemicals, Rochester, New York);
Mannitol, Sodium hydroxide, para—-Aminohippuric acid (PAH) (Sigma
Chemical Company, Ste. Louis, Missouri); Bacteriostatic sodium chloride
injection, USP (Invenex, Chagrin Falls, Ohio); Eppendorf polypropylene
micro test tubes, l.5ml; Eppendorf centrifuge #5412 (Brinkmann
Instruments, Inc., Westbury, New York); Harvard Apparatus compact
infusion pump (Harvard Apparatus, Millis, Massachusetts); Digital
Ionanalyzer pH meter, model 501 (Orion Research, Inc., Cambridge,
Massachusetts); Miramark. combination electrode (Markson Science Inc.,
Del Mar, California); Furosemide injection, 20mg/2ml (IMS Limited, South
El Monte, California); Monoject sterile disposable syringe, 35 cc

(Sherwood Medical Industries, Inc., Deland, Florida).






b. Preparation of reagents

1) Citric acid, 26mM, was prepared by dissolving 49.92 mg citric
acid in normal saline solution to make 10 ml. 2) PAH, 26mM, was
prepared by dissolving 50 mg PAH in 10 ml of the above-mentioned citric
acid solution. 3) Furosemide, 1 mg/ml, was prepared by diluting 1 ml of
furosemide injection, 20 mg/ml with 9 ml normal saline solution. 4)
Mannitol, 5 gm 2, was prepared by dissolving 1.5 gm mannitol in 27 ml
normal saline solution. The pH was adjusted to 7.4 using sodium

hydroxide and the volume brought to 30 ml with normal saline solution.

c. Experimental procedures

After surgery had been completed, 0.4 ml of blood was removed via
the femoral artery catheter, to serve as a blank plasma sample for that
particular animal. Urine which had been withdrawn from the bladder
prior to cannulation served as the blank urine sample.

The experiment was begun by administering either 3 or 4 mg
furosemide per kg rat body weight, or 5 or 7 mg PAH per kg rat body
weight, as a bolus dose via the femoral vein. Following this, an
infusion of normal saline solution was begun in the furosemide studies.
In the PAH studies, the infusion solution used was 5 gmZ mannitol in
normal saline solution. In both cases the infusion rate was 80 ul/
min. The appropriate infusion was maintained for the entire time course
of each experiment.

Table IV-1 shows the time intervals for urine collection and the

(theoretical) times of plasma collection for the furosemide bolus dose
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studies. Table IV-2 illustrates similar information for the PAH bolus
dose studies.

Total urine was collected for each collection period. The volume
was measured and, in the PAH bolus studies, pH was measured. Urine
samples were placed in 1.5 ml micro test tubes, and stored at -20%c.

Plasma samples of 0.4 ml were withdrawn from the arterial cannula
at the times indicated. Each sample was placed in a 1.5 ml micro test
tube and spun for three minutes in an Eppendorf centrifuge. The plasma
was removed and stored at -20°C. At the end of the experiment, the

animal was sacrificed as described previously.

d. Calculations

PAH and furosemide concentrations were measured in plasma utilizing
the assays described in Sections V.A. and V.B. Plots of PAH plasma
concentration versus time and furosemide plasma concentration versus
time were prepared, and half-lives for each drug's disappearance from
plasma were determined. These results are presented and discussed in

Sections VII.B.l. and VII.B.2.

2. Competition for tranmsport studies

a. Materials

Inulin (Sigma Chemical Company, St. Louis, Missouri); other

materials used were described in Section IV.B.l.a.



TABLE IV-1l. THEORETICAL PLASMA SAMPLING TIMES AND URINE COLLECTION
INTERVALS FOR FUROSEMIDE BOLUS DOSE STUDIES.

Sample # Plasma Sampling Time Urine Collection
(minutes) Intervals (minutes)
Blank Prior to dose Upon cannulation of
bladder
l 5 205-705
2 10.0 7.5-12.5
3 15-0 1205-1705
4 27.5 1705-3705
5 45.0 37.5-52.5
6 6000 5205-6705
7 7500 6705-8205
8 90.0 82.5-97.5
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TABLE IV-2. THEORETICAL PLASMA SAMPLING TIMES AND URINE COLLECTION

INTERVALS FOR PAH BOLUS DOSE STUDIES.

Sample # Plasma Sampling Time Urine Collection
(minutes) Interval (minutes)
Blank Prior to dose Upon cannulation
of bladder
1 1.25 0-2.5
2 5.0 2.5-7.5
3 10.0 7.5-12.5
4 15.0 12.5-17.5
5 25.0 17.5-32.5
6 40.0 32.5-47.5
7 55.0 47.5-62.5
8 70.0 62.5-77.5
9 85.0 77.5-92.5







b. Preparation of reagents

1) Citric Acid Solution 3.2mM was prepared by dissolving 61.44 mg
citric acid in normal saline solution to make 100 ml total volume. This
solution was prepared in advance and stored at room temperature. 2) A
solution containing 1.134mM furosemide and 2 gmX inulin was prepared by
dissolving 600 mg inulin in approximately 27 ml of Citric Acid Solution;
1.125 ml of furosemide (10mg/ml) solution was added, and the pH adjusted
to 7.4 with sodium hydroxide. The volume was brought to thirty ml with
normal saline solution, and the pH checked and re-adjusted to 7.4 if
necessary. 3) A solution containing 3.193mM PAH, 5 gm? mannitol, and 2
gmZ inulin was prepared by dissolving 18.6 mg PAH, 600 mg inulin, and
1.5 gm mannitol in approximately 28 ml of Citric Acid Solution. The pH
was adjusted to 7.4 using sodium hydroxide and the volume brought to
thirty ml with normal saline solution. The pH was then checked and re-
adjusted to 7.4 if necessary. 4) A similar solution containing both
1.134mM furosemide and 3.193mM PAH was prepared by dissolving the PAH,
inulin, and mannitol (same amounts as in solution #3 above) in 27 ml of
Citric Acid Solution; 1.125 ml furosemide solution (10mg/ml) was added,
and the pH adjusted to 7.4, using sodium hydroxide. The volume was
brought to thirty ml with normal saline solution and the pH checked and
re~adjusted to 7.4 if necessary. 5) A solution identical to #4, except
that it lacked mannitol, was also prepared for some experiments.

Masses, volumes, and pH used were the same as in other solutions
detailed here. Solutions 2 through 5 were all prepared on the day of

usee.
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c. Experimental procedures

After completion of surgery, blank plasma and urine were collected
as described under in Section IV.B.l.c. Figure IV-3 illustrates the
scheme followed for administration of infusion fluid and collection of
plasma and urine samples. The experiment was begun by administering
solution #2 or #3 to the animal, at a rate of 80 ul/min, for 80
minutes. If the solution administered contained furosemide (solution
#2), it was immediately preceded by a loading dose of furosemide equal
to 2 mg furosemide/kg rat body weight.

At the end of sixty minutes, total urine was collected for two 10
minute periods. The volume of urine was measured and the urine pH was
immediately measured in some instances. In other animals, the pH of the
urine was not measured. Fifty pl of urine was removed and diluted to
five ml with distilled water. This solution was stored at 4°C for assay
of inulin content later. The rest of the urine was frozen at -20°C for
later PAH or furosemide analysis.

A mid-point blood sample was taken during each urine collection
period. These samples were collected and treated as detailed in Section
IV.B.1l.c.

At the end of the second collection period, the infusion solution
was changed to solution #4 or #5. This solution was administered at 80
pl/min for 80 minutes. After sixty minutes of infusion, total urine was
collected for two 10 minute clearance periods, and a mid-point blood
sample was taken for each collection period. Urine and blood samples
were treated as described previously in Sections IV.B.2.c. and

IV.B.l.c., respectively. At the end of the last urine collection
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period, the animal was sacrificed as described earlier.

d. Calculations

PAH, furosemide, and inulin concentrations were measured in both
plasma and urine samples. Renal clearance (CLR), in ml/min/kg, for each

compound was calculated by the following equation:

Cu XV,

CLR =
C_xt X BW
P uc

where Cu = concentration of compound in urine
V. = volume of urine collected for that period
C_ = concentration of compound in plasma
t.. = urine collection time interval (i.e., 10 minutes)

BW = rat body weight in kg
3. Renal failure studies
a. Induction of renal failure
i. Materials
Uranyl nitrate (uranium (VI) dinitrate oxide 992) (Alfa Products,
Danvers, Massachusetts); Monoject hypodermic needle, 27 gauge, U&inch

(Sherwood Medical Industries, Inc., Deland, Florida); other materials as

described previously.






ii. Preparation of reagents

1) Solutions of uranyl nitrate 0.5 mg/ml, 1 mg/ml, and 3 mg/ml were
prepared by dissolving 5, 10, or 30 mg of uranyl nitrate in 10 ml normal

saline solution. These solutions were prepared on the day of use.
iii. Experimental procedures

Five days prior to clearance experiments, rats were anesthetized
with 40 mg/kg sodium pentobarbital. After induction of anesthesia, a
uranyl nitrate dose of 0.3, 1.0, or 3.0 mg/kg rat body weight was
administered to each rat. Uranyl nitrate was administered via tail
vein, in either a 0.5, 1.0, or 3.0 mg/ml solution, using a 1 cc
disposable syringe and a 27 gauge needle. Rats were allowed to regain
consciousness before they were returned to the Animal Care Facility.

bs PAH clearance studies in renally-damaged rats

i. Materials

Materials used were previously described under Section 1IV.B.l.a.

ii. Preparation of reagents

Solutions #1 and #3 from Section IV.B.2.b. were the solutions used

in these experiments.
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iii. Experimental procedures

After completion of surgery, blank blood and urine were collected
as previously described (Section IV.B.l.c.). Figure IV-4 represents the
time schedule for infusion of solution and collection of plasma and
urine samples. An infusion of Solution #3, containing PAH, mannitol,
inulin, citric acid, and sodium chloride was begun, and continued at 80
ul/min for 80 minutes. After sixty minutes, total urine was collected
for two 10 minute periods, and blood was collected via the arterial
catheter at the mid-point of each urine collection period. Blood and
urine samples were treated as before. At the end of the second

collection period, the animal was sacrificed as previously described.

ive Calculations

Calculations of PAH and inulin renal clearances were done as

described in Section IV.B.2.d.
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Figure IV-4. Graphical representation of experimental procedure--
Renal failure studies.
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CHAPTER V

ANALYTICAL METHODS

A. p—-Aminohippuric acid assay

l. Previously reported techniques

The original assay for p-aminohippuric acid (PAH) was an
application of the Bratton-Marshall reaction (207). This assay is a
colorimetric reaction, in which the p—amino group of PAH is diazotized
with HNO, and then coupled to N-(l-napthyl) ethylenediamine. The assay
was originally developed for sulfonamide measurement, but was applied to
PAH by Smith et al. (144).

There are two major disadvantages to the colorimetric assay for
PAH. 1) The reagents involved will also react with other compounds,
such as sulfonamides, thus preventing its use to measure PAH levels in
patients taking these drugs. 2) The assay is not very sensitive,
requiring at least 0.2 ml plasma or urine to measure 0.5 pg/ml
concentration. The required sample volume may be decreased to 20 ul
(208). However, the concentration required is then at least five times
greater, and perhaps even higher. (The authors do not report assay
sensitivity; however, they appear to never measure levels of sulfonamide
lower than 20 pg/ml.) The studies described here required sensitivity
of at least 1 ug/ml with a sample size of 20 pl. The Bratton-Marshall
reaction does not provide this, and so was not appropriate for use in

these studies.
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A capillary gas chromatographic assay, using a nitrogen-phosphorus
detector, was developed by Libeer et al. (209) in 1981. The sensitivity
of the assay was not discussed in the publication. However, the assay
requires both an extraction and a derivatization step, which we wished
to avoid.

Brown et al. (210) and Shoup and Kissinger (211) have developed
HPLC methods for analyzing PAH amounts in biological samples. The assay
developed by Brown et al. (210) is quite sensitive (5 ng PAH on
column); however, it suffers from an extremely unstable baseline,
requiring solvent preparation at least 12-24 hours in advance and
storage of the solvent in the pump. The assay of Shoup and Kissinger
(211) is also quite sensitive (0.5 ng PAH on column). However, it
requires an electrochemical detector which was not available in our
laboratory.

A high performance 1liquid chromatographic (HPLC) technique for the
measurement of p-aminobenzoic acid (PABA) was described by Ito et al.
(212). Due to similarities in PABA and PAH structures, perhaps it could
be adapted to measurement of PAH as well. This assay utilizes a
reversed phase C;g column and an electrochemical detector. Aside from
the electrochemical detector problem, it was only used to measure PABA
levels of 50 ug/ml or greater, and this was not sensitive enough for our
needs.

Based on the available assays, it was decided to develop a new
assay for PAH. The following sections describe the cation exchange HPLC
assay for PAH developed in this laboratory. (In March, 1984,
Prueksaritanont et al. (213) published an HPLC assay for PAH, utilizing

a 018 column, para—-aminobenzoic acid as internal standard, and UV



detection at 254 nm.)

2. Experimental

a. Chemicals and instrumentation

p-Aminohippuric acid (PAH) (Sigma Chemical Company, St. Louis,
Missouri); p—Aminobenzoic acid (PABA) (Eastman Organic Chemicals,
Rochester, New York); Acetonitrile (J.T. Baker Chemical Company,
Phillipsburg, New Jersey); Phosphoric acid (American Scientific
Products, McGaw Park, Illinois); Partisil PXS 10/25 SCX column (Whatman
Chemical Separation Inc., Clifton, New Jersey); Linear dual pen
recorder, Model 300 (Linear Instruments Corporation, Irvine,
California); Perkin-Elmer Series 2 liquid chromatograph, Perkin-Elmer
LC-15 UV detector (Perkin-Elmer Corporation, Norwalk, Connecticut); WISP
710B automatic sampler (Waters Associates, Inc., Milford,
Massachusetts); Thermolyne Maxi-mix vortex mixer (Thermolyne
Corporation, Dubuque, Iowa); IEC centrifuge Model HN-SII (Damon/IEC
Division, Needham Heights, Massachusetts); High speed analytical
evaporator (Organomation Associates, Inc., Northborough, Massachusetts).

Water for all sample preparation and mobile phase preparation was
distilled water de-ionized through a Nanopure de-ionizer
(Sybron/Barnstead, Boston, Massachusetts). This water was then stored

in covered glass containers until its use.
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b. Preparation of reagents

1) A stock solution of PAH, 100 ug/ml, was prepared by dissolving
50 mg PAH in water to make 500 ml. This stock solution was diluted to
10 uyg/ml, using 1 part PAH (100pg/ml) solution and 9 parts water. These
solutions were prepared up to one month in advance and stored at 4°c.
2) PABA, 250 ug/ml, was prepared by dissolving 125 mg PABA in water to
make 500 ml. This solution was also diluted to 100 ug PABA/ml, by
combining 2 parts PABA (250 pg/ml) solution and 3 parts water. These
solutions were also prepared up to 1 month in advance and stored at
4°C. 3) Mobile phase for HPLC assay contained 50% acetonitrile, 0.1%
phosphoric acid in water. This solvent was prepared by mixing 500 ml
acetonitrile, 1 ml phosphoric acid and adjusting the volume to 1000 ml

with water. This solvent was filtered and de-gassed prior to its use.

c. Plasma sample preparation

Figure V-1 includes a flow diagram which i1llustrates the steps for
preparation of plasma samples for PAH assay. Ten ml acetonitrile was
combined with 50 ul PABA solution, 100 pg/ml. Two hundred ul of the
acetonitrile/PABA solution was added to each 20 ul plasma sample.

Each sample was stirred on a vortex mixer and then centrifuged at
2400 rpm for ten minutes. The supernatant was transferred to a clean
test tube and evaporated, under N2, to dryness. Each sample was
reconstituted by addition of 500 pl HPLC mobile phase (50X acetonitrile,
0.1% phosphoric acid), and mixing on a vortex mixer. Samples were then

®
transferred to WISP injection vials for assay.
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d. Assay for PAH in plasma samples

The plasma assay for PAH was carried out using a WISP automatic
injector, Perkin-Elmer Series 2 liquid chromatograph, Perkin-Elmer LC-15
UV detector, and Linear dual pen recorder. The mobile phase consisted
of 502 acetonitrile, 0.1X phosphoric acid in water. The solvent flow
rate was 2 ml/min, operating under isocratic and ambient temperature

conditions. Ultraviolet absorbance detection was at 254 nm.
e. Urine sample preparation

Figure V-1 also contains a flow diagram for preparing urine samples
for PAH assay. Five ml acetonitrile and 0.5 ml PABA solution, 250
ug/ml, were combined. One hundred pul of the acetonitrile/PABA mixture
was added to each 20 ul urine sample.

Urine samples were treated in the same manner as plasma samples,
including mixing, centrifugation, and evaporation steps. Each sample
was finally reconstituted with 100 pl HPLC mobile phase, and transferred

to a WISP. tube for injection into the HPLC system.
f. Assay for PAH in urine samples

The HPLC assay for PAH in urine samples was done under the same

conditions as the plasma PAH assay.

98



99

*fesse Hyd 103 saydues aujin

atdues 3d3fux

!

aseyd aryqom J1dH
U} SNPTE3d1 IATOSSTIQ

!

ssaufip 03 a3vaodeagy

!

A1essadau JT juedaq

urm of X 38n37a3usn

f

928 (] X X8310p

!

(paepuels °Juj se
vavd Sujuieiuod)
NofmD T 001

+

augan 11 0Z

ANTAN

pue suseTd jo uoyjeaedaad 103 weaBejp mord °I1-A andyy

a7dues 3d3fur

!

eseyd aryqom J1dH
uj 9NnpIsal IATO0SSI(

!

ssaufip 03 a3jevaodeay

!
2:%8

uym O] X 88njjajua)

!

298 Q[ X X93J0)

!

(paepuels °Jjuf se
vdvd 8ujurejuod)
Nt T 00T
+

suse(d 1n Q¢

VRSY1d



100

3. Results and discussion

Figure V-2 shows representative chromatographs from blank plasma
and a sample of the same plasma spiked with PAH and PABA internal
standard. The retention times are five minutes and eleven minutes for
PABA and PAH respectively. This chromatograph shows no interference for
either PAH or PABA peaks. Figure V-3 shows sample blank and PABA- and
PAH-spiked urine chromatographs. No significant peaks are found to
interfere with PAH or PABA in the urine samples.

Figure V-4 shows a representative plasma standard curve for PAH
concentrations covering the range of 2 to 55 ug/ml plasma, using PABA as
internal standard and a sample size of 20 ul. This set of data fits the
straight line equation y = (0.07274)x +0.0573, where x = PAH plasma
concentration in pg/ml and y = PAH/PABA peak height ratio. For this set
of data r2 = 0.9990. PAH plasma concentrations as low as 0.7 ug/ml have
been measured using the 20 ul sample size.

Figure V-5 is a representative standard curve for PAH urine
samples. This standard curve covers the range of 20 to 1,050 ug/ml.
Here the y—intercept = -0.01815 with a slope of 0.004245 and rz =
0.9999.

Standard curves of PAH in plasma were prepared and assayed on seven
different days to determine the variability of the slopes and intercepts
(Table V-1). The results show good linearity (r2>0.997) over the
concentration range studied, with little variability in slope and
intercept. Standard curves for urine were similarly prepared and
assayed. The results are shown in Table V-2. Good correlation

(r2>0.996) and limited variation in slope and y-intercept were seen with
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Figure V-2. Chromatographs of blank plasma and plasma spiked
with PAH (2 ug/ml) and PABA.
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Figure V-3. Chromatographs of blank urine and urine spiked
with PAH and PABA.
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the urine standard curves as well.

Tables V-3 and V-4 show intra-day variability for three PAH plasma
concentrations and three PAH urine concentrations respectively. 1In
general, the coefficient of variation (precision) and per cent
difference from spiked concentration (accuracy) for these samples are
within acceptable limits. Per cent deviation and coefficient of
variation are somewhat high for the plasma concentration of 25 ug/ml.
The cause of this is unknown.

Tables V-5 and V-6 contain interday variability for four PAH
concentrations in plasma and urine respectively. Once again, all values
for coefficient of variation and per cent error are reasonably low, with
the exception of the coefficient of variation for the 2 pg/ml plasma
concentration and the 100 yg/ml urine concentration. An explanation is
not currently available for this variability.

The stability of PAH in plasma and urine was studied by assaying
samples from a number of experiments and then re-assaying them six—and-
one-half months later. Prior to and between assays, the samples were
kept frozen at -20°C, except when they were thawed briefly in order to
remove part of the sample for inulin assay. Results for plasma and
urine are shown in Tables V-7 and V-8 respectively. These results
indicate that there is quite a bit of variability in concentration upon
re—assay of the samples.

Another group of samples was re—assayed approximately three-~and-
one-half months after the original assay. These samples were also kept
at -20°C. However, they were not only thawed once to allow inulin
assay, but were also inadvertently thawed and allowed to remain at room

temperature for approximately 24 hours. These samples showed much
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greater variability in the concentrations determined on the two
different days. This appears to indicate that thawing and prolonged
exposure to room temperatures may affect the stability of PAH in plasma
and urine samples. Based on these results, it is recommended that
samples be frozen at -20°C immediately after collection and that PAH
concentrations be measured immediately after the samples are first
thawed.

The use of PABA as internal standard posed a potential problem.
PABA 18 a naturally-occurring substance in a number of species. If
endogenous concentrations are high enough they might affect the PABA
peak height in our assay and thus alter the accurate measurement of PAH
concentrations. According to Altman and Dittmer (8) there is
approximately 680 pg PABA/20 pl of plasma in humans. Mice (no data
available for rats) have approximately 5.8 ng/20 ul plasma. One hundred
ng PABA was added to each plasma sample. If rat plasma PABA
concentrations are similar to those of man, the endogenous PABA creates
no problem. If the levels are similar to those found in mice however,
some increase in PABA peak height might occur due to endogenous PABA.

In order to investigate this further, plasma samples from sixteen
rats given PAH were assayed without addition of internal standard. None
of these samples showed a peak in the location of the PABA internal
standard peak.

For urine, literature data (8) was available only for humans. This
indicated that PABA is excreted in urine at a rate of 3 ug/kg body
weight per day. Assuming a 70 kg person who makes two liters of urine
per day, there would be 105 ng PABA/ml urine, or 2.1 ng/20 ul sample.

Since 2.5 ug PABA is added to each sample as internal standard, it was
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thought that endogenous PABA would not present a problem. However,
urine samples from sixteen rats given PAH were also assayed without
internal standard. Again, no peak was found in the PABA location,
supporting the conclusion that endogenous PABA is not a deterrent to
using PABA as internal standard in this assay.

In conclusion, an assay for PAH has been developed which is rapid,
sensitive, reproducible and easy-to-do. It has been used extensively
for samples from rat studies involving administration of PAH

intravenously (see Chapters IV and VII).

B. Furosemide assay

1. Introduction

The assay for furosemide used in these studies was developed by

Smith (214). It is a straightforward, easy-to—do assay with good

sensitivity and reproducibility. Minor assay modifications were made

for these experiments, but the assay remains unchanged overall.

2. Experimental

a. Chemicals and instrumentation

Furosemide (Sigma Chemical Company, St. Louis, Missouri); Sodium

phenobarbital (Merck and Company, Inc., Rahway, New Jersey); Sodium

hydroxide, 50X (w/w) (Mallinckrodt, Inc., Paris, Kentucky); Waters 440

UV detector (Waters Associates, Inc., Milford, Massachusetts); Perkin-



Elmer fluorescence spectrophotometer Model 204A, Perkin—-Elmer 150 xenon
power supply, Perkin-Elmer Series 3 1liquid chromatograph (Perkin-Elmer
Corporation, Norwalk, Connecticut); Pedersen dual pen recorder (Pedersen
Intruments, Lafayette, California); C18 reversed phase analytical
column, 10y pore size, 25 cm length (Alltech Associates, Deerfield,

I11inois); other materials as previously described.

b. Preparation of reagents

1) Furosemide, 41 ug/ml, was prepared by dissolving 4.1 mg
furosemide in 502 acetonitrile/water to make 100 ml. This stock
solution was also diluted 10-fold, with 502 acetonitrile/water, to make
furosemide 4.1 ug/ml solution. These solutions were prepared up to 1
month in advance and stored at 4°C. 2) Sodium phenobarbital, 10 mg/ml,
was prepared by dissolving 1.0 gm sodium phenobarbital in water to make
100 ml. This solution was prepared up to 1 month in advance and stored
at 4°C. 3) Mobile phase, containing 22X acetonitrile, 0.1% phosphoric
acid in water, was prepared by mixing 220 ml acetonitrile, 1 ml
phosphoric acid, and bringing the volume to 1000 ml with water. The pH
was adjusted to 4.3, using sodium hydroxide solution. This solution was

filtered and de-gassed prior to use in the HPLC system.

c. Plasma sample preparation

Ten ml acetonitrile and 0.5 ml sodium phenobarbital solution (10

mg/ml) were combined. To each 25 pl furosemide plasma sample, 200 pl of

the acetonitrile/sodium phenobarbital solution was added.

116



All samples were mixed on a vortex mixer and centrifuged at 2400
rpm for ten minutes. The supernatant was removed and evaporated to
dryness under N,. Samples were then reconstituted with 200 ul HPLC
mobile phase (22X acetonitrile, 0.1%Z phosphoric acid, pH 4.3) and

®
transferred to WISP tubes for injection onto the HPLC system.

d. Assay for furosemide in plasma samples

The plasma assay for furosemide was carried out using a WISP 710B
automatic injector, Perkin-Elmer Series 3 liquid chromatograph, Perkin-
Elmer fluorescence spectrophotometer, Waters 440 UV detector, Alltech
018 reversed phase analytical column, and Pedersen dual pen recorder.
Mobile phase consisted of 22% acetonitrile, 0.1X phosphoric acid in
water, pH 4.3, with a solvent flow rate of 2 ml/min and operating under
isocratic and ambient temperature conditions. Ultraviolet absorption
was at 254 nm, and fluorescent detection was at 345 nm for excitation
and 405 nm for emission. Retention times were 14.0 minutes for

phenobarbital and 19.2 minutes for furosemide.

e. Urine sample preparation

Ten ml acetonitrile and 0.5 ml sodium phenobarbital (10 mg/ml) were
combined. Two hundred pul of acetonitrile/sodium phenobarbital solution
were added to each 25 ul furosemide urine sample.

Urine samples then followed the same mixing, centrifugation,
evaporation and reconstitution steps as plasma samples. After

®
reconstitution, urine samples were placed in WISP tubes for HPLC assay.

117



118

f. Assay for furosemide in urine

The same equipment and conditions were used for assay of these

samples as was used for assay of furosemide plasma samples.

3. Results and discussion

A representative standard curve for furosemide in plasma is shown
in Figure V-6. For this set of plasma data the linear equation is y =
0.044x - 0.0151 (r? = 0.9991). This assay was utilized to measure
furosemide plasma concentrations of 0.4 to 36 ug/ml. No interference
from other compounds in plasma was noted.

Figure V-7 shows a standard curve for furosemide in urine. This
data covers the range of 16 to 360 ug/ml, and fits the linear equation y
= 0.0076 - 0.0168 (r2 = 0,9998). Other components of urine did not

interfere with this assay.

C. Purification of JH-furosemide

l. Introduction
3H-Furosemide for vesicle studies (Chapters III and VI) was
supplied by New England Nuclear in an ethanol solution. Unfortunately,
furosemide decomposes in alcohol solution, so that after seven months,
approximately 302 of the radioactivity was no longer associated with
furosemide. This was determined by separation of an aliquot of 3H-

furosemide on HPLC, using furosemide plasma assay conditions. The
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following method was developed for purification of 3H—furosemide.

2. Experimental

a. Chemicals and instrumentation

Trizma HCl (Sigma Chemical Company, St. Louis, Missouri); 35—
Furosemide, Aquasol (New England Nuclear, Boston, Massachusetts);
Rheodyne Model 7010 sample injector (Rheodyne Inc., Cotati, California);

other materials as previously described.

b. Preparation of reagents

1) A solution of "cold” furosemide in acetonitrile was prepared by
dissolving a small amount (several mg) of furosemide in acetonitrile in
a disposable test tube. The concentration was unimportant and therefore
was not determined. 2) HPLC mobile phase, 20X acetonitrile, 0.02 gm2
Trizma HC1l, pH 4.2 was prepared by dissolving 0.2 gm Trizma HCl in 200
ml acetonitrile and water to make 1000 ml. The pH was adjusted to
approximately 4.2 using sodium hydroxide solution. This buffer was

filtered and degassed prior to its use.
ce Purification procedures
The purification of 3H—furosem1de was carried out using a Rheodyne

Model 7010 sample injector, Perkin-Elmer Series 3 liquid chromatograph,

Alltech Cl8 reversed phase column, Waters 440 UV detector, Perkin-Elmer



fluorescent spectrophotometer Model 204A, and Pedersen dual pen
recorder. Flow rate for the mobile phase was 2 ml/min, using isocratic
and ambient temperature conditions. Ultraviolet detection was at 254
nm, with fluorescent excitation at 245 nm ind ecmission at 405 nm.

Ten ul of "cold” furosemide in acetonitrile was injected onto the
column and furosemide's retention time was noted. Injection of this
same solution was repeated twice, to be certain that the retention time
remained constant. Next, 15 ul of a solution (obtained from T.
Blaschke, Stanford University) containing small amounts of 3H—furosem1de
and much "cold"” furosemide was injected. This was used as a standard,
to determine that the breakdown product peaks were separated from the
furosemide peak. Injection of this solution was repeated, followed by a
5-15 ul injection of 3H—furosemide solution for purification.

Collection of five minute fractions of HPLC eluent were begun as soon as

the 3

H-furosemide for purification was injected. At two minutes before
the expected appearance of the furosemide UV absorbance peak, we began
collecting one minute fractions. This smaller fraction size was
utilized throughout elution of the furosemide from the column. Just
prior to the appearance of the furosemide peak, the fluorescence
detection lamp was switched off, and the appearance of furosemide
monitored by UV absorbance alone. After furosemide had been eluted from
the column, we returned to collection of five minute fractions. These
collections continued for at least 15 minutes of solvent wash and 20
minutes of column wash with 502 acetonitrile/water. All solvent eluted
from the column after injection of radiolabelled compound was collected

in scintillation vials and handled appropriately.

All fractions collected after injection of 3H-furosemide for
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purification were sampled for radioactivity. A 5 pl aliquot of each
fraction was mixed with 10 ml Aquasol, and its radioactivity measured by
scintillation counting. The remainder of each fraction was stored at
4°C while scintillation counting of the aliquots took place. Fractions
containing furosemide which also contained the highest levels of
radioactivity were combined (generally 2 or 3 one minute fractions) and
evaporated to dryness under Ny. The purified, dried 3H-furosemide was

then stored at 4°C until its use in vesicle studies.
3. Results and discussion

Approximately 60-702 of total radioactivity in a sample was always
found in the furosemide peak. Stability of this peak after purification
was determined by allowing purified 3H—furosem1de to remain in HPLC
solvent at 4°C for one week and then re-purifying a portion of the
solution by HPLC. Virtually all (>99Z) of the radioactivity was
recovered in the newly-eluted furosemide peak. This indicates that the
3H—furosemide was stable at 4°C for at least one week. Consequently,

3H-furosemide was purified up to but not more than nine days in advance

of its experimental use and stored at 4°C until used.
De Inulin assay
l. Introduction

Inulin is an exogenously-administered compound used to measure

glomerular filtration rate. It was included in infusion solutions



administered to rats in both competition for transport studies and renal
failure studies (see Chapters IV and VII). The assay used for this

compound is a colorimetric assay described by Till (206).

2. Experimental

a. Chemicals and instrumentation

Trichloroacetic acid (Matheson Coleman and Bell, Norwood, Ohio);
Anthrone (J.T. Baker Chemical Company, Phillipsburg, New Jersey);
Sulfuric acid (Allied Chemical, Morristown, New Jersey); Dubnoff
metabolic shaking incubator (water bath) (GCA/Precision Scientific,
Chicago, Illinois); Inulin (Sigma Chemical Company, St. Louis,
Missouri); Perkin-Elmer LC-55 spectrophotometer (Perkin-Elmer

Corporation, Norwalk, Connecticut).

b. Preparation of reagents

1) Trichloroacetic acid (TCA) solution, 9.3%Z, was prepared by
dissolving 9.3 gm TCA in water to make 100 ml. This solution was
prepared in advance and stored at room temperature. 2) Sulfuric acid,
702, was prepared by mixing 225 ml sulfuric acid, 93.2%, and water to
make 300 ml. Due to heat of mixing, the addition of water was done a
small amount (f.e. 20 ml) at a time with the solution allowed to cool
between additions. This solution was prepared in advance and stored at
room temperature. 3) Anthrone Solution, 0.2% in 70X sulfuric acid, was

prepared by dissolving 0.2 gm anthrone in 100 ml 70Z sulfuric acid.
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This solution was prepared on its day of use. 4) Inulin standard
solutions were prepared by dissolving 16 mg of inulin in 100 ml of
water. Aliquots were then diluted to 12, 8, 4, 2, 1, and 0.5 mg inulin

per 100 ml water. These solutions were prepared on the day of use.

c. Plasma sample preparation

Seventy-five ul plasma samples were mixed with 1.5 ml water and
0.75 ml 9.3% TCA solution. This mixture was stirred on a vortex mixer
and spun at 2400 rpm for 10 minutes. After centrifugation, the

supernatant from each sample was placed in a clean test tube.

de Urine sample preparation

Urine samples had been diluted 100-fold at the time of collection,
as noted in Section 1IV.B.2.c. These diluted samples were diluted 5-fold

again with water prior to assay.

e. Assay for inulin in plasma and urine samples

A 0.2 ml aliquot of plasma supernatant, urine dilution, or inulin
standard solution was combined with 2.0 ml Anthrone Solution. Samples
were stirred on a vortex mixer and incubated at 37°C for one hour in a
Dubnoff shaker/waterbath (speed = 35 oscillations/ minute). After
incubation, samples were cooled to room temperature and absorbance was

read at 620 nm.
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3. Results and discussion

A representative graph of AA620 versus inulin concentration in mg
per cent is shown in Figure V-8. For this particular set of data, the
linear equation which describes it is y = (0.0477)x - 0.0012 (r2 =
0.9995). This standard curve demonstrates linearity over a
concentration range of 0.5 to 12 mg per cent inulin. Low blank readings
indicate negligible interference by endogenous compounds.

It is possible that the addition of mannitol as a diuretic in some
samples could interfere with this reaction. However, Till (206) has
reported this interference to be non—-existent. Other exogenous
compounds (furosemide, PAH) would not be expected to cause any

interference.



127

*6666°0=_3 YITM ‘6LTT00°0 - X(69.%0'0) = £ uoylenba
a3yl s3Iy} aaand STYlL °193BM UJ UFTNUF I10J 2aInd paepuel§ °g-A aan3}J

X*69.¥0 +6.1100 - —
"ONOJ NITINNI SNSA3A 3ONVEY0SEY L3N ¥

(% OW> NOILVALNIONOD NITINNI
‘81 '8 ‘9 4 e ‘9

t T t T + T ¥ '0

WN

TS -~ WN

oc9 1v

7 JONVEJ0SaY

JINV8
0cs 1v

1 JONVE0S8Y

J1dWVS



128

CHAPTER VI

VESICLE RESULTS

A. Introduction

Several types of experiments were done using vesicles prepared by
the sucrose density gradient method of Mamelok et al. (94). Results
from the various types of studies will be reported and discussed
separately, with comparison of two or more types of studies following

presentation of all appropriate data.

B. Effect of furosemide on PAH transport

l. Vesicles pre-incubated with furosemide for thirty minutes

a. Results

A sample graph of pmole PAH uptake/mg protein versus time is shown
in Figure VI-1l. This graph illustrates significant inhibition of PAH
uptake by probenecid. It also shows furosemide inhibition of PAH
uptake. It appears that, although a 0.1mM concentration of furosemide
did not effectively inhibit uptake of O.1lmM PAH, 0.5mM and 1.0mM
furosemide concentrations did decrease PAH uptake considerably.

Average results from studies investigating furosemide's effect on
PAH uptake are shown in Table VI-l. The number of experiments for each
value is indicated on the table, with four determinations of each value

from each experiment. These average results indicate that probenecid
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inhibited the uptake of O.lmM PAH extensively. This inhibition reached
a maximum at 15 seconds, and then decreased with increasing incubation
time.

At O.1lmM furosemide concentration, slight inhibition of PAH uptake
was seen at 15 seconds. However, other time points did not show an
inhibition of PAH uptake by this furosemide concentration. For 0.5 and
1.0mM furosemide concentrations, PAH uptake was inhibited extensively.
In fact, at 45 and 75 seconds, 1.0mM furosemide appeared to inhibit PAH

uptake to approximately the same degree as did 6.67mM probenecid.

b. Discussion

Probenecid, 6.67mM, was used to ensure maximum inhibition of PAH
uptake and thus give an indication of the viability of the vesicular
membranes. In all experiments, significant inhibition of PAH uptake was
seen using probenecid. Thus, the vesicles were believed to be viable
and transporting PAH by means of a carrier-mediated transport system
which could undergo competitive inhibition.

Other researchers have used inhibition of PAH uptake by probenecid
as an indication of vesicle viability. Berner and Kinne (81), Sheikh
and Moller (215), Kinsella et al. (82), Eveloff et al. (95), Miller
(96), Mamelok et al. (94), Kasher et al. (91) and Hori et al. (97) have
all used probenecid as an inhibitor of PAH carrier-mediated transport in
basal-lateral membrane vesicles. Results from these researchers' work
are presented in Table VI-2. Although different species, as well as
different PAH and probenecid concentrations were used in these studies,

similar levels of inhibition of PAH uptake were seen. Results obtained
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here agree with published data. In general, the inhibition of PAH
uptake by probenecid is taken as evidence of a carrier-mediated
transport system.

In the work presented here, the degree of PAH uptake LInhibition
observed with 1.0mM furosemide was similar to that seen with
probenecid. These results may indicate that furosemide is a potent
inhibitor of PAH carrier—mediated transport. No other studies of the
interaction between furosemide and PAH in basal-lateral membranes have
been reported in the literature. However, an interaction between PAH
and furosemide, and its effect on the transport of PAH, has been
examined using other experimental models. In possum cortical slices,

Miller and Morris (216) found 81% inhibition of 0.015mM PAH uptake in

the presence of 0.75mM furosemide. In isolated perfused rabbit kidneys,

Bito and Baroody (87) found that 29uM furosemide caused 50% inhibition
of 0.luM PAH secretion. Two groups of researchers have looked at
furosemide inhibition of PAH transport in brush border membranes.
Blomstedt and Aronson (85) obtained approximately 83X inhibition of
1.0uM PAH uptake in the presence of 1.2mM furosemide. Kahn et al. (84)
saw 70Z inhibition of 2.0uM PAH uptake with 0.2mM furosemide, and 90
inhibition with 2.0mM furosemide concentration. The results presented
here fit well with these literature values.

A study involving inhibition of basal-lateral membrane PAH uptake
by other organic anion drugs has been reported by Kasher et al. (91).
Using dog basal-lateral membranes, they report that cephaloridine and
cefazolin inhibited 50uM PAH uptake by 46 and 49X, respectively, with
inhibitor concentrations of 5mM. These results, when compared to the

results involving furosemide presented here, indicate that furosemide's
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ability to inhibit PAH uptake is at least comparable to that of
cephaloridine and cefazolin. Given that the PAH concentration used here
was two times that used by Kasher et al. (91), and that the maximum
furosemide concentration was only one-fifth the cephalosporin
concentration used by Kasher et al., there is a possibility that the
ability of furosemide to inhibit PAH transport is even greater than that
of the cephalosporins.

Due to the limited solubility of furosemide in water, higher
concentrations were not used. Both cephalosporins used by Kasher et al.
(91) are soluble in water and do not present this problem. If higher
levels of furosemide as inhibitor were used, perhaps even greater
inhibition of PAH uptake would be demonstrated.

Other similar work, involving inhibition of PAH uptake in basal-
lateral membranes by other organic anion drugs, has not been reported to
date. More extensive work, involving other drugs, will provide a better

basis for comparison of these results.

2. No pre—-incubation with furosemide

a. Results

Two experiments were done, in which samples were prepared and
incubated for thirty minutes, at 37°C, without furosemide as
inhibitor. Just prior to addition of 3B—PAH, furosemide was added to
the appropriate samples.

A representative graph of pmole PAH uptake/mg protein versus time

is shown in Figure VI-2. Average results of these experiments are shown
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in Table VI-3. Probenecid again extensively inhibited the uptake of
PAH. The lowest furosemide concentration appeared to inhibit PAH uptake
at five and ten seconds; however, later time points did not exhibit this
inhibition.

For higher (0.5 and 1.0mM) concentrations of furosemide, inhibition
of PAH uptake was seen for all sampling times. Again, inhibition of PAH
uptake at the highest (1.0mM) furosemide concentration was similar to

that seen with probenecid.

b. Discussion

These studies indicate that furosemide is able to inhibit the
uptake of PAH, even when it is added immediately (< 5 seconds) before
the PAH solution is added. Probenecid was added at least thirty minutes
prior to addition of 3H—PAH. This was done because of lack of
information about the "on time”™ of probenecid-——the time it takes for
probenecid to bind effectively to the carrier. It is important that
probenecid be able to attach to the carrier; otherwise it would not be
known if the vesicles were functional, or if there were only a
methodological problem. In the case of furosemide, however, it was of
interest to see if the drug could inhibit the uptake of PAH when both
compounds were presented to the vesicles at approximately the same
time. These results indicate that furosemide is able to inhibit PAH
uptake under both sets of conditions——when added at least thirty minutes

3

prior to addition of “H-PAH, and when added immediately prior to 3H—PAH

addition.
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Comparison of early time points for all furosemide concentrations,
as well as later time points for 0.5mM furosemide under the two
conditions, may indicate increased inhibition of PAH uptake when
furosemide is added immediately prior to PAH addition. In general,
these differences are not statistically significant. Such a real
difference could be caused by increasing non-specific binding of
furosemide to the vesicles over time. By adding furosemide thirty
minutes prior to adding PAH, some of the furosemide may bind to the
membrane, thus decreasing the free furosemide concentration available to
competitively inhibit the uptake of PAH. If furosemide is added just
prior to PAH addition, this binding and subsequent decrease in
concentration will be lessened. Binding of furosemide to the membrane
will be discussed in Section IV.D.l.

Here again, inhibition of PAH uptake by 0.5 and 1.0mM furosemide
was close to that seen with 6.67mM probenecid. It appears that
furosemide is able to cause extensive inhibition of PAH tramsport, even
when presented to the carrier just prior to PAH addition. It may well
be that furosemide has an "on time” similar to that of PAH, and/or has a

higher affinity for the carrier.



C. Effect of PAH on furosemide transport

l. Non-purified 3H-furosemide

No pre-incubation with PAH

a. Results

Results of a representative study observing the effect of PAH on
furosemide uptake are shown in Figure VI-3. These samples had PAH added
immediately (< 5 seconds) before addition of furosemide. This study
indicated that, although inhibition of furosemide uptake by probenecid
occurred, inhibition by PAH was less apparent. There appeared to be
much scatter in the data, which made it more difficult to determine a
true inhibitory effect.

Average results from five experiments studying the effect of PAH on
furosemide's uptake by basal-lateral membrane vesicles are shown in
Table VI-4. These results differed significantly from those obtained
when inhibiting PAH uptake by furosemide. Based on these average data,
PAH did not appear to have a significant effect on furosemide's uptake
by basal-lateral membrane vesicles. Furosemide uptake was inhibited by
probenecid. However, its percent of uptake inhibition (35.42 at 15
seconds) was less than that seen with PAH uptake inhibition due to
probenecid (55.6Z). This decreased inhibition was seen at all time
points. It should also be noted that the apparent furosemide uptake, in
pmoles/mg protein, was significantly greater than apparent PAH uptake

under similar conditions.
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b. Discussion

There are obvious differences between the effect of furosemide on
PAH uptake, und the effect of PAH on furosemide uptake. Furosemide
definitely decreases PAH uptake by basal-lateral membranes, whereas PAH
does not appear to significantly decrease furosemide uptake. Furosemide
also appears to be taken up by vesicles to a higher concentration than
is PAH. These differences may be attributed to any or all of the
following possible reasons. 1) Furosemide may, in fact, be transported
more rapidly and/or more extensively than PAH, due to a higher affinity
for the carrier, i.e., more rapid "on” and "off" carrier times, etc.
This increase in rate of transport might then cause furosemide uptake to
be greater than PAH uptake at the times studied. Braunlich (217) found
that furosemide accumulates more extensively than does PAH in rat renal
cortical slices. The results shown here may further support those
presented by Braunlich. 2) The 3H-furosemide used was perhaps not pure,
and so radiolabelled breakdown products were either also being taken up
into the vesicle, and/or were binding to the vesicular membrane. 3)
Furosemide may non—-specifically bind extensively to the vesicle
membrane, so that actual uptake is significantly less than apparent
uptake. Furosemide uptake was significantly inhibited by probenecid.
This is evidence that furosemide is being transported by an anion
carrier system. However, it is possible that probenecid only inhibits
some non-specific binding of furosemide, and that transport does not
actually take place. The following studies were designed to determine
which of these possibilities was responsible for the differences seen in

the data.
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2. Purified JH-furosemide

Vesicles pre-incubated with PAH for thirty minutes

a. Introduction

One concern was whether or not purity of 3H—furosem1de could be
affecting uptake results. 3H—Furosemide was greater than 99%
radiochemically pure when provided by New England Nuclear in an ethanol
solution. Unfortunately, furosemide is not stable in alcohol solution
over long periods of time. Seven months after receipt of the 3H-
furosemide, its purity was re-checked. A five ul aliquot was injected
onto a clB column, using the conditions of the furosemide assay for
plasma or urine developed in this laboratory (see Section V.B.). One
minute fractions were collected, and UV detection at 254 nm was used to
determine the exact location of the furosemide peak. The decay of
tritium was determined, using a Beckman scintillation counter.

Approximately 30X of the radioactivity in the 3H—furosem1de
solution was found to be associated with fractions other than those
containing furosemide. It was decided to purify the 3H-furosemide, and
this was done as described in Section V.C. Purified 3H—furosemide was
then used in subsequent uptake experiments. The following results were
obtained from studies using purified 3H-furosem1de, in which vesicles
were incubated with appropriate inhibitors (none, probenecid, or PAH)

for at least thirty minutes prior to furosemide addition.
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b. Results

Two sample graphs of furosemide uptake versus time is shown in
Figures VI-4 and VI-5. A significant inhibition of furosemide uptake by
probenecid was seen once again in both experiments. However, there
appeared to be definite inhibition of furosemide uptake in the presence
of PAH in Figure VI-4 whereas Figure VI-5 shows more scatter in the
data, and therefore less obvious inhibition of furosemide uptake.

Table VI-5 shows average results from four experiments involving
furosemide uptake, in which purified 3H-furosem1de was used. At fifteen
seconds, uptake of furosemide was 103.6 pmole/ mg protein. This is
similar to values obtained using non-purified 3H—furosenide. Based on
standard deviations, the data from purified preparations was generally

more consistent between experiments than was the data using non-purified

3H-furosemide. The average data shows inhibition of furosemide uptake
by PAH. However, due to scatter in the data, there are large standard
deviations in the values seen, and consequently the inhibition is not
statistically significant. Probenecid inhibited furosemide uptake by
51.12 at fifteen seconds. This is greater inhibition by probenecid than
was seen with non-purified 3H—furosemide transport studies. This

increased inhibition holds true for other incubation times as well.
c. Discussion
The results of furosemide uptake using purified 3H-furosemide were

similar to those seen with non—-purified 3B-furosemide. Furosemide

uptake under control conditions reached similar levels at various time

144



145

*UOTITPPE 9pTWASOIny 03
1otad sajnutw A3IFY3 3ISEIT 3B POppPE SBM HYd °‘D°A UOT3IDAg
UT PaqFIa0sap se parjrand sem apjwasoiny paTIoqeTOIPRY

‘oprwesoiny parjyrand 3ursn ‘swy) snsiaa ayeidn (¥nJj) apjwesoany ‘4-Ip 3andTg

WWO | HVd + 3QIW3SCdnd -0-
WHS' 8 HVd + 3QIW3S0odNd =—+-
WHi @ HVd + 3JIW3SodNd -v-
WW.9 9 JIJ3N3803d + 3QIW3S0ANd —x-—
3NOTV WWI '@ 3dIW3s0dnd -O-

(SANOJ3SY> 3WIL

‘SL ‘89 ‘@S oy ‘@€ ‘ec ‘2l ‘e
— ‘D
Ve
T °'0S
»»
on_ *
+ e -
M + V O -
\ /] 'eel
o o .
— O\ .A.
*— . i
<\ O\ |T.Qmw
]
o 1 ‘p02

NI3L103d 9KW
73aNd S3T0Wd



146

‘y-IA 2an8]4 Se SUOTITPUOD BuEeg

+apjwasoiny parytand Buysn ‘swyl SNSIAA ayeidn (ynd) °prwasoing °G-IA 2an31d
WWO | HVd + 3QIW3sS0dnd -0O-
WWS '8 HVd + 3JIW3S0dNd —+-
WWl @ HVd + 3QIW3Sodnd -vV-
WWZ9 9 AIJ3AN3E0dd + IJIW3IS0dNd —%-—
3NOIV WWI '@ 3JIW3s0dNd -O-
CSANOJ3SY> 3WIL
"SL ‘09 @S 14 ‘€ ‘82 ‘ol ‘9
— —t $ T $ v $ 1 } v } T ‘9
o
- .QN
" \*/‘\m ]
7, <g
”* MN U 1ep
" o %o .
$ T°09
© ]
fo) T ‘08
] NI3L10dd 9W
o 1. /8N4 $30Wd
-+ "S6



147

*gjuauodwod a7dwes jo 3198 pue jujod 3wyl

yoes 103 sordues Ted}Iuspy 4 PopnTOuj Jusmiradxd yoeg,

20°8FYy°1¢ 26°Y1FL°S1 Z9°0TFI €l 21°6F9°1¢ O°TTIFL*86C (y=u) 009¢
26°CEF0° LT ZE°0TF0° 1Y 22°1TFC°ST 2T°6F€°9¢ 1°9SF1°8%1 (y=u) ¢/
2E°6F€°9¢ 29°6¥€£°9C LECLTFLTT 28°ST¥Yy°TY 8°LEFI°OLT (y=u) Gy
£G°0TFS° 1€ 28°9TFL ST 28°91F.°8C 28°G¥FS° 1S 1°8€F9°€0T (y=u) o1
Z1°8ZF6°2C 29°€TF¥C°1C 28°TTFS°H1 LT°LFL 0y 9°6£¥0°96 (y=u) o1
29°€7¥8°8¢C 2C°81¥0°81 LT HeEFY 1 26°01F0°6¢ L°T1T¥8°S9 (y=u) ¢
KUQ°1 HVd RUG°0 HVd WWT°0 HVd Wu/9°9 pIo3uaqoag
+ WO1°0 + WO1°0 + WU1°0 + W01°0 PuOTe WWI°0 (g83usutaadxs
apTmasoIng apTwasoing apFwasoIng apTwasoang apTwasoang JO Ioqunu = u)
Ta7e303d Fa

/oPTUaso0iny satomd)
9jead)) 9pTWOSOINg

(UOTIFQTYUI 3JudDI3J)
ayeadn °pyWesoiny 3JO UOTITQFYUIL

(spuooos)

W] uOF3IeqQNOu]

o1dueg jo sjusuodwo) uUOjuUy OFuUBIQ

*ZAIWAS0dNd 0 NOILIAQV Ol ¥OI¥d SALANIW XI¥IHL HVd 40 NOILIAAV ‘IAINASOINI QATIIINd
*TAVI4AN FATWASOINA NO HVd ANV AIDZANAEO0dd d0 IDdAAd
*SATOISIA ANVIGWAW TVIALVI-TVSVE A4 ZAVIdN AAINASOINA °S-IA IATAVL



points whether purified or non-purified radiolabelled furosemide was
used. This appears to indicate that the impurities in the 3H-furosem1de
were not affecting its apparent uptake. However, these results may also
be due to a combination of non-specific binding of radiolabelled
breakdown products and a decreased 3H—furosem1de uptake. These two
factors combined could result in apparent uptake values the same as
those seen with purified 3H-futosemide. As a result, this does not
indicate that purification of the 3H-furosem1de is of no value.

Upon examining standard deviations as a measure of variability in
the data, there seems to be somewhat less variability in the experiments
utilizing purified 3H—furosem1de. This decreased variability may be due
to the use of purified 3H-furosemide. The radiolabelled breakdown
products may have been binding non-specifically to the vesicle
membranes. More variability would be expected from non-specific
binding, as was seen here. Consequently, the purification of 3H-
furosemide appeared useful for decreasing variability in the data.

Inhibition of furosemide uptake by probenecid is also enhanced in
vesicles transporting purified material. This change may also be
attributed to the removal of radiolabelled breakdown products of
furosemide. With less apparent uptake due to non-specific binding of
radiolabelled breakdown products, a higher percentage of apparent uptake
will be due to actual uptake, with a correspondingly higher percentage
of apparent uptake inhibitable by probenecid. Due to the changes in
variability of data and increased probenecid-inhibitable uptake, it was
deemed worthwhile to purify the 3H-furosem1de to be used in further

transport experiments.
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As stated under Results for this section (Section VI.C.2.b.), PAH
may have a significant effect on the uptake of radiolabelled furosemide
in these experiments. One experiment definitely indicated this (Figure
Vi-4), while the others tend to demonstrate this effect also.
Unfortunately, due to scatter in the data, a statistically significant
inhibition of furosemide uptake by PAH is not seen. One reason may be
the addition of PAH at least thirty minutes prior to furosemide
addition. The PAH may not be able to compete for carrier binding under
these conditions—-it may bind to the membrane in other locations, for
example, and not be available for competitive inhibition of transport.

The following experiments were done to answer this question.

3. Purified JH-furosemide with PAH

No pre-incubation

a. Results

Two experiments were done, using purified 3H-furosemide, in which
PAH, as an inhibitor, was added immediately prior to (£ five seconds
before) 3H—futosemide addition. Average results are shown in Table VI-
6. Furosemide uptake in control vesicles was again similar to other
experiments reported here, as was probenecid inhibition of furosemide
uptake. Also, once again inhibition of furosemide uptake by 0.1lmM,
0.5mM and 1.0mM PAH was seen. However, due to variability in the data,

this inhibition was again not statistically significant.
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4. Discussion

These results are similar to those described in previous
sections. This may suggest that PAH is able to inhibit furosemide
transport by basal-lateral membranes. Finally, this inhibition of
furosemide transport by PAH may be further evidence that the two

compounds share a common transport system.

D. Furosemide binding studies

l. Binding of furosemide to vesicles

a. Introduction

In order to partially quantify the extent to which binding of
furosemide to the membrane affects apparent furosemide uptake,
experiments were done with vesicles under various osmotic conditions.
The osmolarity of the medium inside the vesicles was not changed from
that used in other uptake studies. However, the osmolarity of the
medium surrounding the vesicles was changed. As the osmolarity of the
solution outside the vesicle increases, the water of the solution inside
the vesicle will move out of the vesicle, in an attempt to equalize the
osmotic pressure on both sides of the membrane. Movement of water from
inside to outside will cause the vesicles to shrink. Eventually, at
infinite external osmolarity, there will be no water left inside the
vesicles, and thus no intravesicular volume. As a result, no transport

of compounds will take place, and apparent transport will, in actuality,
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be binding to the membrane.

In order for this method to be effective, a compound which will not
cross the membrane must be used to increase the osmolarity of the
extravesicular medium. The compound chosen for these studies was

sucrose because it 18 not transported across basal-lateral membranes.

b. Results

Results of representative osmolarity binding studies are shown in
Figures VI-6, VI-7 and VI-8. These three experiments were all done on
the same day, using vesicles from the same preparation. This was done
to insure that interday variability in uptake by vesicle preparations
would not be a factor in these results. This will be discussed further
in Section VI.D.2.b. These figures are plots of pmole furosemide
uptake/mg protein versus 1/total osmolarity of the surrounding medium.
A line was fitted to each graph, with slope, y-intercept, r and rz
determined. The y-intercept represents “uptake” when the internal
vesicular volume has been shrunk to zero. This "uptake” is then in fact
binding to the membrane. In each plot, the point corresponding to 17.24
on the x—-axis represents uptake in vesicles under normal uptake
conditions——i.e., no sucrose added to the medium.

As Figure VI-6 indicates, the average furosemide uptake after
fifteen seconds of incubation in vesicles to which sucrose had not been
added was 87.4 pmoles furosemide/ mg protein. The y-intercept of the

line fitted to this data was 15.2 pmoles furosemide/ mg protein. This

represented 17.4% of the uptake in unaffected vesicles.
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Figure VI-7 shows the results obtained in samples containing 6.67mM
probenecid. All other conditions remained the same. Here the
furosemide uptake was 53.2 pmoles/mg protein in vesicles not treated
with sucrose. The amount of furosemide binding was 10.6 pmoles/mg
protein, or 19.92 of apparent uptake in untreated vesicles.

For samples incubated one hour (Figure VI-8), the uptake in samples
containing no sucrose was 320.0 pmole furosemide/mg protein. The y-
intercept for this graph is 156.5 pmoles furosemide/mg protein. This

value is 48.8Z of uptake in untreated vesicles.

ce Discussion

The method of increased extravesicular osmolarity to measure
binding to vesicles has been widely used (81,82,85,92-94). Other
methods have also been used to determine binding. These methods include
high-speed, lengthy centrifugation (218), standard filtration techniques
(219) and disruption of vesicles by addition of distilled water, as
described by Warnock and Yee (195) and Berner et al. (220). Since these
studies required comparison of available PAH data with the furosemide
data generated here, the method chosen was that commonly used in PAH
binding studies-—i.e., osmolarity changes.

These results indicate that furosemide does bind to basal-lateral
membrane vesicles. Results of 3H-PAH binding studies, done by Mamelok
et al. (94) show that PAH is approximately 21X bound to basal-lateral
membrane vesicles after two hours of incubation. Berner and Kinne (81)
found 102 of PAH uptake to be binding to basal-lateral membranes, and

Kinsella et al. (82) found less than 10Z of PAH uptake due to binding.
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However, their samples were only incubated for twenty and ten minutes,
respectively. The longer incubation time of Mamelok et al. (94) may
give rise to increased binding. Also, Berner and Kinne (81) and
Kinsella et al. (82) used different species {rat and dog) than the
rabbit, which was used by Mamelok et al. (94). Species differences may
give rise to these differing results.

The studies presented here indicate that the binding of furosemide
to vesicles is greater than that seen with PAH. The binding of
furosemide appears to be significant even at early time points, and
increases substantially with time until nearly 50X of apparent uptake at
one hour is due to binding. Such extensive binding complicates the
measurement of furosemide's actual uptake. It was of interest to
attempt to decrease this binding by some method. Competition for non-
specific binding sites seemed to be a reasonable way to decrease
furosemide's binding. The following study was designed to determine if
such competition could be demonstrated, and if the results would be
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