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The cellular regulation of acidification and intracellular pH (pHi) was studied in

the integument of Rana pipiens, a model renal epithelium. Acidification was

enhanced by: (1) chronic metabolic acidosis (cMA), (2) high salinity adaptation

(HSA), and (3) ibuprofen (IB) treatment. Mucosal sodium concentrations

influenced normal H+ excretion, but not during cMA. Systemic acidosis, but not

HSA, produced blood acid-base changes. Acidification was influenced by the

cellular sodium transport state and systemic acid-base profile. Adaptive

population (density) changes of the H+ secreting mitochondria-rich (MR) cell

were observed during cMA, HSA, and lB. Silver nitrate stained skins

discriminated between the MR and granular cells. HSA showed no changes in

the MR cell population, suggesting that increased HSA acidification was not from

MR cell proliferation. Sodium nitrate adaption increased the MR cell population

demonstrating that extracellular chloride concentrations influenced MR cell

density. Animals in cMA and IB increased the MR cell population, suggesting

that one adaptive mechanism in acidfication involved increasing MR cell density,

probably through pHi changes or prostaglandin formation. Administration of

PGF2cz exhibited a dose-dependent inhibition of acidification in normal acid-base

states. The cMA frogs had enhanced H+ excretion which was inhibited by

PGF2c. IB frogs demonstrated increased acidification similar to cMA, which was

also inhibited by PGF2a. The apparent function of PGF2a was to maintain low

basal H+ excretion and regulate pHi, possibly through second messenger



activation. The protein kinase C (PKC) activators mezerein and PMA inhibited

acidification. Mezerein inhibited H' excretion in the presence of ibuprofen,

suggesting the effects were not prostaglandin mediated. Cytosolic PKC activity in

IB animals showed decreased basal phosphorylation. Stimulation of PKC was

2.5-fold and was reversed by H-7, a PKC inhibitor. 3H-myoinositol incubated

tissues showed a PGF2a-mediated decrease in membrane

polyphosphoinositides. These data suggested that regulation of acidification

processes and pHi may be mediated through phosphoinositol metabolism and

PKC activation.
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CHAPTER I

INTRODUCTION

Statement of the Problem

It is believed that the human body, through a complex equilibristic system,

tends to be self-regulatory and self-healing in the face of disease processes via

structural and functional adaptive mechanisms which are collectively

interdependent (ECOP, 1981). As a consequence, the body continually

maintains systemic homeostasis through the regulation of acid-base buffers, ion

transport, and water balance to ensure proper function. The body, even in the

face of perpetual cellular metabolism, precisely maintains systemic pH at 7.40,

often under adverse conditions. Acid-base disturbances are controlled through

two mutually and reciprocally interdependent body systems: respiratory (lungs)

and metabolic (kidneys). The respiratory contribution to the acid-base balance

involves the alteration of blood C02 tension (PaCO2) through the rate of

ventilatory excretion of C02. The kidneys change metabolic acid-base

parameters through the alteration of plasma bicarbonate concentrations. The

kidneys have two processes that control the plasma bicarbonate concentration:

(1) by reclaiming filtered bicarbonate directly, and (2) by excreting a quantity of

excess acid of which most is buffered by urinary ammonia and phosphate

resulting in urine acidfication.

The mechanisms involved in the homeostatic regulation of urine acidification

through net acid excretion in the distal portions of the kidney are not well

understood. The contribution of chronic acid-base and high salinity adaptations,

1
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local mediators (such as the prostaglandins (PGs)), intracellular pH (pHi), and

second messenger systems in controlling acidification in the H+ secreting cells of

the kidney have been poorly defined or not identified. Renal epithelia can

respond to challenges of metabolic acidosis by increasing proton excretion

(Bengele et al., 1986). Acidification processes are particularly important in

amphibians as they regulate systemic pH by changing proton excretion not only

in their kidneys but across their skin. The transport of ions across the integument

is a characteristic of the amphibians resulting from the adaptative requirements

of living in a semiaquatic environment. The isolated integument of the southern

grass frog, Bana pipien&, excretes hydrogen ions across its mucosal surface

under normal conditions and this process is enhanced in the presence of

systemic metabolic acidosis (Page and Frazier, 1987). This enhancement of

hydrogen ion excretion is accompanied by an increase in the number of

mitochondria-rich (MR) cells, the putative proton secreting cells.

The objective of the present proposal Is to Identify and characterize the

endogenous regulators of H+ excretion and intracellular pH (pHI) in renal

epithela using the amphibian integument as a model membrane. The role

of sodium, PGs, and second messengers on proton excretion are

investigated under conditions in which H+ excretion is enhanced. In

addition, structural adaptive changes in the amphibian integument are

characterized in relation to functional alterations in H+ transport

mechanisms under conditions of stimulated acidification rates. The

present study provides for a better understanding of the contribution of the

kidney in acid-base disorders and offers further insight into their

management.
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Amphibian Tissue as an Analogue to the Mammalian Distal Nephron

The mechanisms involved in the homeostatic regulation of the acid-base

state and ion transport systems in animals have been studied extensively

(Steinmetz, 1974; Brenner and Rector, 1991). In mammals, the kidney is the

principal organ of water, electrolyte, and pH balance. Over 50 years ago it was

first proposed that acidification of the urine was accomplished by H+ secretion in

exchange for sodium reabsorption across the apical membranes of the renal

tubules (Smith, 1937). Study of the dog kidney in vivo by Pitts and Alexander

(1945) demonstrated that urine acidification is mediated by H+ secretion. Using

the carbonic anhydrase inhibitor, acetazolamide, both sodium and bicarbonate

reabsorption were impaired, suggesting bicarbonate was reabsorbed via active

H+ excretion in exchange for sodium. More precise knowledgeof the cellular

mechanisms of renal ion transport was unavailable because of the experimental

limitations at that time.

Fortuitously, membrane transport studies defining amphibian osmoregulation

were unfolding. The problem of pH and electrolyte conservation or excretion is

not confined to mammals and is crucial for the sustenance of amphibian life. The

amphibians bridge the phyletic gap between fishes and terrestrial tetrapod

vertebrates. This transition has involved considerable osmoregulatory, as well

as respiratory, changes to accomodate the varied salt and water environments

they experience (Bentley, 1971). Because of the divergent habitats of the

amphibian, such adaptive processes as an enhanced water and electrolyte

reabsorptive capacity of their integument evolved, whereby the skin of the

amphibian represents an important organ for osmoregulation (Steen, 1929;

Krogh, 1937; Jorgensen, 1950). In comparison with mammals, the amphibians
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have the capacity to maintain systemic homeostasis via regulation of ion and

water transport across their skin. Ussing and Zerahn (1951) utilized a technique

of a mounted sheet of isolated frog skin between two hemichambers to measure

bidirectional fluxes of ions across the actively transporting tissue. The frog skin

was subjected to short-circuited conditions where changes in electrical current

across the skin reflected active transport processes., The isolated frog skin was

found to transport sodium actively from mucosa to serosa in exchange for

potassium, and probably hydrogen ions. These electrical and chemical studies

performed on an actively transporting membrane mounted between

hemichambers stimulated extensive research activity on amphibian tissue in

relation to mammalian renal epithelial function.

The advantages of using amphibian tissues as a model renal epithelium to

characterize transport processes include: (1) ease of isolation, (2) its ability to

remain viable for extended periods of time at room temperature, (3) its capacity

to function with a simple incubation media under a variety of conditions in yitrn,

(4) the ability to measure biochemical events under conditions where directional

ion flux and pH changes can be monitored (sheets of isolated epithelia), and (5)

the animals can be adapted to various metabolic or environmental conditions

prior to isolating the epithelium. Therefore the epithelial membrane reflects the

metabolic state of the animal (Vanatta and Frazier, 1981) and is often

advantageous over tissue culture models.

Although there are structural and functional differences between amphibian

tissue and the collecting ducts of the mammalian kidney, there is one important

common feature; they are both highly impermeable to water except in the

presence of neurohypophyseal hormones which enhance permeability to water
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(Sawyer, 1951; Morgan et al., 1968). Subsequent to the characterization of

sodium transport in the frog skin by Ussing and Zehran (1951), Leaf (1955) and

Leaf et al. (1958) further demonstrated the advantages of using amphibian

tissues with elegant studies of ion transport in the toad urinary bladder. These

studies revealed that sodium reabsorption was an active process in the toad

bladder similar to that observed by Ussing and Zehran (1951). The permeability

characteristics of the isolated toad bladder were also observed to be similar to

the mammalian kidney. Bentley (1958) further demonstrated the responsiveness

of water uptake across the toad urinary bladder to neurohypohyseal extracts.

Like the kidney, amphibian tissues also play an important function in

maintaining acid-base balance as these epithelia respond to metabolic acidosis

by excreting protons across its H+ transporting cells. Huf et al. (1951) and

Fleming (1957) clearly showed that the isolated frog skin can acidify the mucosal

bathing fluid and establish a gradient of up to two pH units. In viyQ acidification

of the mucosal media of the frog skin was further demonstrated by Friedman et

al. (1967). Steinmetz (1967) further concluded that H+ secretion in the turtle

urinary bladder was a mechanism for urine acidification and bicarbonate

reabsorption for that species. Frazier and Vanatta (1971) later were the first to

demonstrate that the urinary bladder of the Colombian toad, unlike the

Dominican toad, had the capacity to excrete H+ and it was the principal organ for

excretion of titratable acids.

These ion transport properties observed in the amphibian tissues were

similar to those of the mammalian distal renal tubules and collecting ducts as

demonstrated by the more recently developed micropuncture and microperfusion

techniques in isolated nephron fragments described by Manic et al. (1964,
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1972), Rector et al. (1965), and Burg et al. (1966). Although the characteristics of

acidification are not always the same in the urinary epithelia of different species

or in different nephron segments, the similar functional organization and

biochemical composition and actions of various epithelia suggest that they act by

the same basic principles. Therefore, the amphibian tissues such as frog skin,

toad urinary bladder, and turtle urinary bladder have been regarded as

physiological and functional models of the mammalian distal nephron and

collecting duct (Dicker, 1970; Steinmetz, 1974; MacKnight et al., 1980).

Structure of the Frog Skin

The general organization of frog skin has been studied by Voute (1963),

Parakkal and Matoltsy (1964), Farquhar and Palade (1965), Lavker (1971), and

Whitear (1975). The frog skin consists of an outer epidermis and an inner

dermis. The epidermis comprises five to seven layers of epithelial cells which are

heterogeneous in structure and function. The dermis contains blood vessels,

secretory glands, pigment, and connective tissue. Aceves and Erlij (1971)

developed a method whereby the dermis of the frog skin could be split away

leaving the isolated epidermal layer of the skin with the dermal seromucous

glands still intact ("split skin"). This technique was simplified by Fisher et al.

(1980) rendering a thin, membraneous sheet of epithelial cells quite similar to

those found in the toad and turtle urinary bladders.

In comparison, the mucosal (outside, apical) surface of both the toad and

turtle urinary bladders is a simple layer of epithelial cells supported by connective

tissue and smooth muscle fibers on the serosal (blood, basolateral) side. In the

mucosal layer of the bladder, four cell types have been described by Pak Poy

and Bentley (1960), Peachey and Rasmussen (1961), and Choi (1963): the
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granular (G) cell, the mitochondria-rich (MR) cell, the goblet (GO) cell, and the

basal (B) cell. Choi (1963) described the frequency of each of these cell types

as 85 percent G cell, 10 percent MR cell, and 5 percent GO cell.

Four cell types in the frog skin epithelium were described by Farquhar and

Palade (1965): the keratinized squamous (Sq) cell in the outer layer of the

stratum rneum; the polyhedral granular (G) cell in the intermediate layers of

the a. granuloaum and s. spiaosum; the monolayer, cuboidal basal (B) cell in the

serosal s. germinativum; and the flask shaped mitochondria-rich (MR) cells with

the body in the a. granulsurn and the apical pole extending to the a. corneum

(Figure 1). No goblet cells or smooth muscle fibers were seen in the frog skin

epithelium. Lavker (1971) described the MR cell as composing five percent of

the cell population in the frog skin. The dermal secretory portion of the exocrine

glands remain intact in the split epithelium and is described in detail by Mills and

Prum (1984). These glands contained a luminal bulb and extended through the

epithelium from serosa to mucosa where it acts as a pore. The glands exist in

three forms: mucous, seromucous, and granular (poison). Each of these glands

has a markedly varied distribution throughout the skin depending on the

anatomical location and the species of frog involved. In the studies of epithelial

transport these glands were not included as part of the functional epithelium.

Structure-Function Relationships Observed in

Amphibian Transport Epithellial Cells

The amphibian skin epithelium is actively involved in the transport of several

ions in an effort to regulate systemic electrolyte and pH balance (Yorio, 1987).

The movement of ions and fluid across membranes is a fundamental process

intimately associated with osmoregulation in the whole animal. The urinary
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Figure 1. Light micrograph of isolated split epithelium of the integument of Rana
pipiens. The four cell types are identified as cuboidal basal (B) cell lining the

serosal (S) side, polyhedral granular (G) cells, keratinized squamous (Sq) cells

lining the mucosal (M) side, and the clear, flask-shaped mitochondria-rich (MR)

cells (X499).
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bladder and integument of the amphibia have been studied extensively for their

ion and fluid transfer processes that are similar to those in the mammalian

nephron. The integument of the amphibian is a unique structure as it maintains

a higher permeability to ions and water than any other vertebrate and is an

extremely important characteristic with respect to its osmoregulation. The

permeability of the amphibian skin is not uniform and displays differences

between certain species (Bentley et al., 1958; Bentley, 1971; Bentley and Yorio,

1976; Yorio and Bentley, 1976a; Yorio and Bentley, 1977) and individual surface

area variations in response to neurohypophysial hormones (Bentley and Main,

1972; Bentley and Yorio, 1976). These differences may reflect the varied

ecological regions inhabited by these amphibia and the adaptive processes that

have evolved. What contributes to this difference in permeability properties at

the cellular level is not clear. The frog urinary bladder was demonstrated by

Steen (1929) to reabsorb water. In addition, antidiuretic hormone was found to

increase ion and water permeability in the toad urinary bladder by Leaf (1967).

The amphibian skin responds to the neurohypophyseal hormone vasotocin

(analogous to mammalian vasopressin) to enhance water absorption and to the

mineralocorticoid hormone, aldosterone, for augmenting sodium absorption and

proton excretion (Voute et al., 1972; Yorio and Bentley, 1978a), similar to that

observed in the vertebrate nephron (Hays et al., 1986). Frazier (1980) further

found that vasopressin-stimulated water flow was reduced during metabolic

acidosis and each may be linked to the action of prostaglandins.

The mechanism by which water flow occurs through amphibian tissues can

be further defined by observing these homeostatic processes at the cellular level.

This epithelium has a heterogeneous cell population consisting of the cuboidal
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granular (G) cell and the flask shaped mitochondria-rich (MR) cell (Farquhar and

Palade, 1965). The understanding of the pathophysiological function in relation

to the structural and ultrastructural observations of each of the cell types is

essential in comprehending the ion transport mechanisms present in amphibian

epithelia.

The G cell was described by Choi (1963) as comprising about 85 percent of

the cell population in the toad urinary bladder and can be compared

morphologically to the principal cell in the nephron (Andrews and Porter, 1974).

The G cell was described by Danon et al. (1974) as a flat polygonal cell

containing short, narrow, and irregular microvilli with varying heights. Frazier

(1978) reported these microvilli to be fewer and shorter than those found in the

MR or goblet cell. Like the principle cell of the kidney, the G cell is the primary

site of water and sodium transport as evidenced by dynamic changes which can

occur in the G cell size and microvilli architecture. DiBona et al. (1969)

demonstrated that the toad urinary bladder in the presence of vasopressin, a

neurohypophyseal hormone that markedly stimulates water permeability across

the principal cell of the distal kidney, increased the G cell volume and total

surface area. Voute and Ussing (1968) also showed the apical layers of the frog

skin G cells to swell during application of a short circuit, giving evidence to the

fact that Na+ was actively transported through these cells. Schwartz et al. (1982)

confirmed this by showing the G cell is responsible for sodium absorption across

the turtle bladder under short-circuited "Ussing" conditions. Spinelli et al. (1975)

also demonstrated that the hydrosmotic effect of vasopressin is primarily exerted

on the G cell. Structural changes observed in the G cell after vasopressin

administration tends to suggest that the G cell mediates its effects of enhanced
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water flow on the G cell (Davis et al., 1974). Mia et al. (1983, 1987), using frog

urinary bladder, demonstrated that altering cellular Ca++ concentrations with the

calcium ionophore, A23187, influenced the hydrosmotic effects of vasopressin

and produced marked induction of microvilli formation and alteration in the

morphology and subcellular density of granules in the G cell. In addition,

exogenous PGE2 was observed to mimick the morphological actions of the Ca++

ionophore in this tissue.

The G cells are bound tightly together by numerous desmosomes. Tight

junctions are also found among the G cells and in the keratinized corneum as

described by Peachey and Rasmussen (1961), Choi (1963), and Farquhar and

Palade (1965). These numerous fusions of the membranes are thought to

generate the permeability characteristics of the amphibian tissue and it was

suggested by Peachey and Rasmussen (1961) and DiBona et al. (1969) that

water and ion flow was through the cells and not the tight junctions and

desmosomes. However, both Erlij and Martinez-Paloma (1978) and MacKnight

et al. (1980) stress the fact that cation leakiness can occur and may be further

enhanced by certain chemical treatments such as collagenase. However,

electron microscopy of collagenase treated frog skin revealed good structural

integrity of the tissue with no evidence of basement membrane damage (Page

and Frazier, 1987). Additional studies showed the collagenase "split" skin to

maintain acidification rates similar to intact skin. At a pH less than 4.9,

Steinmetz and Lawson (1971) demonstrated that passive backflux of H+ through

the turtle bladder from mucosal to serosal bathing fluids may occur. In addition,

the passive backflux of Na+ was not observed when the mucosal pH was less

than 4.9.
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The mitochondria-rich (MR) cells are described by Peachey and Rasmussen

(1961) as cells with great numbers of mitochondria of various sizes in a dense

cytoplasm. Choi (1963) and Frazier (1978) described them further as large,

flask-shaped cells with only a small portion of its total size in contact with the

apical surface. Farquhar and Palade (1965) and Brown et al. (1978) described

the cell as a flask-shaped cell with its apical pole extending to beneath the

corneum. Danon et al. (1974) and Frazier (1978) described the apical microvilli

of the MR cell as thicker, longer, more densely packed, and more numerous than

those found on the G cells. Lavker (1971) reported these cells as clear staining

and composing approximately five percent of the cell population in frog skin. The

MR cell is believed to be a structural and functional analogue of the intercalated

cell found in the vertebrate kidney.

The scanning electron microscope study of Andrews and Porter (1974)

demonstrated the presence of MR cells in the collecting tubules and Zufarov and

Gontmakher (1974) suggested these cells possess an acidification function.

Rosen and Friedley (1973) and Rosen et al. (1974) showed that the MR cells of

frog skin and toad bladder have carbonic anhydrase activity, further supporting

that these cells contribute to the acidification process and H+ excretion.

Characteristically, the MR cell actively extrudes hydrogen ions (Vanatta and

Frazier, 1981), and mediates passive Cl~ conductance across its plasmalemma

(Larsen et al., 1987). Similar transport mechanisms of the MR cell were also

observed in the carbonic anhydrase-rich cell of the turtle and toad urinary

bladder (Frazier, 1985; Buchinger et al., 1989) and the intercalated cell of the

mammalian kidney (Breyer and Jacobson, 1987).
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Scott et al. (1974) used density gradient centrifugation of disaggregated

mucosal cells of the toad urinary bladder to isolate both the MR and G cells.

Measurement of cytochrome oxidase and carbonic anydrase activity, along with

electron microscopy, indicated isolation of MR cells and confirmed the cellular

location of H+ transport. The freeze fracture techniques of Wade (1976)

demonstrated a difference in the luminal membranes of the MR and G cells.

Fewer particles in the MR membrane were observed, however, rod-shaped

particles were found in the MR cell membrane that were not present in the G cell

membrane. Brown et al. (1978) also found these particles and proposed they

may have a structure-function relationship in the MR cell of unknown identity.

Madsen and Tisher (1984) further described the presence of tubulovesicular

membrane compartments near the apical microvilli. These vesicles were

postulated to contain H+ pumps, ATPase-driven transmembrane proteins which

extrude H+ against its electrochemical gradient, and are thought to be

incorporated into the apical membrane of the microvilli in response to acute

acidosis. Cannon et al. (1984) demonstrated that at a high C02 tension there

was stimulation of the H+ pump activity and this was the result of a cascade of

cellular events involving membrane recycling. Membrane amplification studies of

the intercalated cells of the rat kidney by Madsen and Tisher (1985) further

suggested that membrane recycling was occurring to produce the morphological

changes seen in acidosis. When given an acid challenge, H+ pumps present in

acidic vesicles are incorporated into the apical membrane to increase the

capacity of acid secretion. While in the normal acid-base state, the H+ pumps

are removed from the membrane and stored in the tubulovesicular structures.
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Stetson et al. (1980) stated that the probable exocytotic movement of the

vesicles was a result of a change in the internal pH of the cell.

The MR cell has been observed to change its tissue population (density) in

response to certain chronic adaptive conditions which challenge the animal to

maintain homeostasis via regulation of ion transport across the tissue. The

density of MR cells has been found to be altered in response to changes in

environmental salinity and chlorinity in the skin of the toad, EUfQ viridis (Katz and

Gabbay, 1988), the African clawed toad, Xenopus laevis (lic and Brown, 1980),

and the frog, Rana s&ulenta (Ehrenfeld et al., 1989). Induction of chronic

metabolic acidosis, a condition which greatly increases H+ excretion rates in

these tissues, increased the MR cell population in the urinary bladder of the

turtle, Pseudemys scripta (Wheeler and Arruda, 1987), the Colombian toad, Bufo

marines (Frazier, 1978), and the frog skin, Rana pipiens (Page and Frazier,

1987). These cells which morphologically respond are thought to be the location

of active proton excretion (Al-Awqati and Schwartz, 1986). In addition to active

proton excretion, other processes, such as CF /HCO3 exchange in the

basolateral membrane help to contribute to the stability of cellular pH and to the

process of H+ excretion (Schuster, 1990). These data suggest that the MR cell is

the probable mediator of H+ and CF movement across these tissues.

The southern leopard frog, Rana pipiens, achieves a portion of its systemic

pH regulation by active secretion of protons across its skin. The mechanisms

involved in the regulation of H+ excretion are not yet known. Proton secretion

may be enhanced by turning on cellular signals which (1) facilitate the

incorporation of H+ pumps into the apical membrane (Gluck et al., 1982), (2)

stimulate MR cell proliferation (Wheeler and Arruda, 1987), or (3) alter the
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presence of a heterogeneous MR cell population where different forms of the MR

cell becomes more conspicuous when stimulated (A-Awqati and Schwartz,

1986).

In the turtle bladder, Schwartz et al. (1982) and Stetson and Steinmetz (1985)

indicated there are two types of MR cells: a H+ secreting MR cell (Type A), and a

HC03 secreting MR cell (Type B). The presence of these cell types has been

confirmed in the cortical collecting tubule of the mammalian kidney, however only

the H+ excreting MR cells are present in the more distal medullary collecting

ducts (Madsen and Tisher, 1985). Figure 2 is a schematic representation of the

proposed acidification mechanisms present in these two cell types located in the

distal nephron of the vertebrate kidney. The functional role of the Type B MR cell

is not entirely understood, however the cell is speculated to contribute to the

regulation of distal CF reabsorption and the correction of metabolic alkalosis. It

was further suggested that in acidosis the HCO3 secreting cell has the capability

to reverse its polarity to assist in the elimination of protons (A-Awqati and

Schwartz, 1986). Fritsche and Schwartz (1985) isolated MR cells by density

centrifugation and found that the MR cell can mediate HCO3 secretion. In a CF

rich medium, it was further found that H+ and HCO3 transport are maximized.

Al-Awqati and Schwartz (1986) found an increased number of MR cells of the

rabbit collecting tubule in response to metabolic acidosis. However, this was

attributed to a reversal in polarity of the bicarbonate secreting MR cells rather

than an actual proliferation of H+ secreting MR cells. In the toad urinary bladder

and frog skin (Frazier, 1978; Page and Frazier, 1987), an increase in MR cell

density was seen in response to metabolic acidosis, but this was attributed to

either a possible proliferation of MR cells or differentiation of other cell types
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Figure 2. Schematic representation of the ion transport systems of the distal

nephron. The principal cell reabsorbs both sodium and water, responds to

vasopressin, and secretes potassium without participating in proton transport.

The intercalated cells (MR cells) have two different excretion mechanisms. The
proton secreting MR cell extrudes H+ into the lumen through a H+-translocating

ATPase; a CF~/HCO3 exchange through the basolateral membrane completes the
process of bicarbonate reabsorption. In the bicarbonate secreting MR cell, the
pump locations are reversed, so that the cell secretes bicarbonate. (Courtesy of
S. Gluck, 1989).
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such as the basal cell. The two subtypes of MR cells have not been elucidated in

the frog skin to date, however, the frog skin is known to excrete HCO3 in

metabolic alkalosis (Vanatta and Frazier, 1981), and histological changes have

recently been observed that may be related to the presence of the HCO3

secreting MR cell (Vanatta and Frazier, 1989).

Characteristics of H+ Secretion and Its Regulation

The cellular mechanisms involved in the regulation of acidification have long

been questioned and pursued. The kidney can have a net excretion of titratable

acids and ammonium with a reabsorption of bicarbonate (Brenner and Rector,

1991). Several mechanisms were proposed to explain this net acidification,

however Pitts and Alexander (1945) were the first to demonstrate, that following

acid loading, the tubular fluid was acidified by H secretion. Rector et al. (1965)

later showed that H+ secretion played a major role in the process of bicarbonate

reabsorption by titrating intratubular proton acceptors. However, not all

bicarbonate was absorbed via H+ secretion and other mechanisms may exist.

The bulk of bicarbonate reabsorption occurs in the proximal tubule via H+

excretion in direct exchange for sodium, with each favoring its electrochemical

gradient. Gottschalk et al. (1960) using micropuncture techniques demonstrated

that acidification occurs along the entire length of the nephron. Importantly, the

observation was made that the site of major acidification was different from the

site of major H+ secretion. This phenomenon was a result of the varied buffer

concentration within the different nephron segments. The distal portions of the

kidney have very little luminal buffering capacity, therefore relatively small rates

of acid secretion can produce significant decreases in the luminal pH. Malnic et
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al. (1972) also showed that the rate of distal tubular H+ secretion was dependent

on the intratubular bicarbonate load.

Since the earliest of studies directed at understanding the mechanism of

renal acidification, the question has been consistently asked whether urine

acidification observed in the distal nephron was through direct HCO3 absorption

or proton excretion. The studies of Steinmetz (1967), and Steinmetz et al. (1967)

in the turtle urinary bladder reported that acidification of the mucosal medium

occurred by H+ secretion rather than bicarbonate absorption. Frazier and

Vanatta (1971) later showed that the toad bladder of Colombian origin had the

ability to acidify the mucosal medium and suggested the acidification was a

result of active H+ secretion and not HCO3 absorption. On the other hand, Schilb

and Brodsky (1972) concluded that the acidification mechanism present in the

turtle urinary bladder epithelium was mediated through the direct absorption of

bicarbonate. This latter hypothesis was challenged by the independent methods

of Ludens and Fanestil (1972) whose techniques generated a reversed

short-circuit current indicative of H+ secretion, and Frazier and Vanatta (1972)

who utilized biochemical manipulations which suggested urine acidification was

the result of H+ secretion and not HCO3 absorption. More recent microperfusion

studies have elucidated the mechanism of acidification by determining the

presence of an acid disequilibrium pH. In short, this is calculated using the

Henderson-Hasselbalch equation and the determined concentrations of carbonic

acid, HCO3, and PCO2 over time in the absence of luminal carbonic anhydrase

activity. If the accumulated luminal carbonic acid concentration is greater than

that calculated from the PCO2 and HCO3 concentrations, then the acidification is

a result of H+ excretion and not HCO3 reabsorption. Studies performed in the
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distal portions of the nephron by Graber et al. (1981), Dubose (1982), and Star et

al. (1987) confirmed the presence of a disequilibrium pH. These studies suggest

that acidification and bicarbonate reabsorption occur through active proton

excretion and that luminal carbonic anhydrase is not present in the distal

nephron.

What are the characteristics of the apical H+ excretion observed? The turtle

urinary bladder was found to have proton excretion which is electrogenic and

unaffected by the removal of sodium (Steinmetz, 1974). When sodium transport

is inhibited, a reversed short-circuit current occurs which is equivalent to the

proton excretion rate. Measurements of transepithelial potential difference and

cell pH in the cortical collecting ducts revealed a luminal acidification greater

than could be explained by voltage, and this acidification showed no

dependence on sodium (Koeppen and Helman, 1982). Stone et al. (1983b)

further observed that bicarbonate absorption was unaffected by sodium

transport. These studies collectively suggest proton excretion was by a sodium

independent, electrogenic mechanism. Frazier and Vanatta (1973) subsequently

observed that H+ secretion was dependent on cellular aerobic metabolism. It

was further suggested that 20-40 percent of H+ secretion may be dependent on

the presence of sodium in the mucosal medium. However, a later study by

Frazier (1974) demonstrated that H+ and Na+ transport was not coupled and H+

excretion was limited by the amount of endogenous C02 produced by the

epithelia in the absence of exogenous C02. This was confirmed by A-Awqati

(1978) who showed the presence of C02 stimulated H+ transport and suggested

that carbonic anhydrase activity may be involved in H+ secretion. The amphibian

tissues, however, are documented to both actively absorb Na+ as well as actively



20

excrete protons. The reversed short-circuit current observations by Ludens and

Fanestil (1972) and Steinmetz (1974) that H+ excretion persisted against an

adverse electrical gradient during the blocking of Na+ transport with ouabain, a

Na+-K+ ATPase inhibitor, strongly suggested that acidification was generated

through an energized transport system (i.e. a proton pump). Dixon and A-Awqati

(1979) subsequently observed that changes in acidification rates produced

changes in intracellular ATP stores suggesting that acidification proceeded

through a proton-translocating ATPase.

The molecular structure of the proton pump has now been determined and is

classified as a vacuolar proton-translocating ATPase, which appears to be the

mediator of distal H+ excretion in the kidney (Stone et al., 1990). Two other

forms of H+ ATPases exist: the E1-E2 type pumps and the Fo-F1 ATP

synthetases. Included in the E1-E2 type pumps are the H+-K+ ATPase and the

Na+-K+ ATPase. Recently, Wingo et al. (1990) found immunoreactivity to the

H+-K+ ATPase localized in the apical membranes of cells in the distal nephron.

The exact contributory role of this transport protein in the distal nephron is

unknown at this time. The Fo-F1 proton ATPase are functional in both

mitochondria and bacteria. The vacuolar proton-translocating ATPase has been

located in the brush border membranes of the proximal tubule, and on both the

apical and basolateral membranes of the distal kidney suggestive of the two

types of MR cells (Brown et al., 1988; Sabatini, 1991 ). This proton pump is

inhibited by ADP and activated by chloride (Stone et al., 1990). Interestingly,

changes in membrane lipid composition alters the proton pump activity, therefore

the increased acidification observed with aldosterone may be secondary to

aldosterone-induced membrane lipid changes (Goodman et al., 1971; Xie et al.,
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1986). Aldosterone was shown to stimulate the incorporation of pyruvate into

fatty acids, however, the labeled fatty acids were not preferntially incorporated

into any specific phospholipid but was esterified preferentially into the 2 position

of phospholipids (Goodman et al., 1971).

In amphibians, the ability to regulate systemic pH is dependent, in part, on its

capacity to excrete protons across its integument (Emilio and Menano, 1975;

Ehrenfeld and Garcia-Romeu, 1977; Frazier, 1986) and urinary bladder (Frazier

and Vanatta, 1973; Frazier, 1974, 1985). Such characteristics can be found

among many different sub-species of Amphibia (Machen and Erlij, 1975; Benos,

1981; Ehrenfeld et al., 1985) including, Rana pipiens (Vanatta and Frazier,

1981). Similar mechanisms for systemic regulation of pH can also be found in

the mammalian nephron (Breyer and Jacobson, 1987). As described above, it is

well known that amphibian tissues provide advantageous means for studying the

cellular mechanisms of proton excretion. Fleming (1957) clearly showed that the

isolated frog skin can acidify the mucosal bathing fluid up to a gradient of two pH

units. Friedman et al. (1967) demonstrated in ivo acidification of the fluid

bathing the mucosal side of the frog skin and suggested that acidification

resulted from H2CO3 formation from C02, for which the skin and not the lung

was the major C02 releasing organ. Later, Emilio et al. (1970) showed that H

secretion across the frog skin occured in the absence of exogenous C02 and

HC03, suggesting that C02 diffusion alone could not account for the total H+

secretion. A suppression of the produced H+ gradient was observed in the

absence of 02., A decreased inboth H secretion and C transport was also

observed during inhibition of carbonic anhydrase.
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Frazier (1986) demonstrated that the frog skin actively secretes H+, which

was not dependent on mucosal Nat, and was ouabain sensitive. Frazier (1985)

also suggested that the toad bladder may have two H+ excretory mechanisms. It

is still unclear if these are two separate and distinct H+ pumps in parallel, or if the

same pump is stimulated by acidosis to take on new characteristics. Schwartz

and Steinmetz (1971) reported that H+ secretion was not dependent on Na+ or

CF in the bathing solutions. These authors also concluded that CF requirements

can alter the HCO3 secretion without affecting the H secretion. Fischer et al.

(1983) also demonstrated the dependence of CF on the rate of bicarbonate

transport in the turtle urinary bladder. Collectively, these observations support a

serosal CF/HCO3 exchange mechanism in response to a mucosal H+ secretion.

Fitzgerrel and Vanatta (1975) showed in toad urinary bladder an excretion of

bicarbonate in response to metabolic alkalosis. Similarly, the frog skin not only

excreted H+ in acidosis, but also HCO3 in alkalosis (Vanatta and Frazier 1981).

The toad urinary bladder was also reported by Frazier and Vanatta (1974) to

reabsorb S04. Kallus and Vanatta (1969) and Kallus et al. (1971) demonstrated

that the potassium loaded toad could excrete H+ through its urinary bladder and

subsequently Frazier and Vanatta (1978) demonstrated an enhanced H

excretion rate in acidotic/KCI loaded toads, and both H+ and K+ competed for

excretion. H+ excretion in the skin of the southern grass frog, Rana pipien was

amiloride sensitive, both under normal acid-base conditions and in the presence

of metabolic acidosis (Frazier, 1986), and in Rana esculenta a basolateral

amiloride-sensitive Na+/H+ exchanger has been described (Ehrenfeld et al.,

1987).
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Alterations in mucosal pH also has significant action in regulating H+

excretion rates. Steinmetz and Lawson (1971) demonstrated that changes in

mucosal pH from 4.4 to 8.4 had no significant effect on sodium movement but

caused a large changes on the acidification rate. Proton secretion was linearly

decreased in response to mucosal pH changes from 7.4 to 4.4. Beauwens and

Al-Awqati (1976) also described that H+ excretion was tightly coupled to the rate

of glucose metabolism in a linear fashion. Studies in the toad and turtle urinary

bladders have demonstrated that the potential difference can affect the

acidification rate with Al-Awqati et al. (1977) and Ziegler et al. (1976) reporting a

mucosal positive potential difference across the turtle bladder inhibited proton

excretion. These observations suggested that the electrochemical gradient

across the apical membrane plays a major role in the regulation of acidification.

Increased mucosal concentrations of sodium (Schwartz et al., 1955) or

decreased concentrations of chloride (Stone et al., 1983a) both were able to

produce significant enhancement in acidification rates. The effects of sodium

appear to be in altering transepithelial potential differences, whereas the anionic

effects of chloride depletion may be mediated through either direct inhibition of

proton excretion or changes in CI/HCO3 exchange. Of interest, these regulatory

mechanisms are seen only when mineralocorticoid levels are not suppressed.

The works of Frazier and Zachariah (1979) and Hill and Frazier (1983)

demonstrated that various mineralocorticoids stimulate H+ secretion through a

low specificity mineralocorticoid receptor. A-Awqati et al. (1976) found that

aldosterone increased H+ excretion as well as sodium reabsorption in the turtle

urinary bladder, and this process was dependent on protein synthesis.

Potassium excretion is also enhanced in exchange for sodium reabsorption.
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Mineralocorticoids thus appear to have three mechanisms in the stimulation of

H+ excretion: (1) producing a more negative lumen potential difference from the

increased sodium absorption, (2) direct stimulation of proton secretion, and (3)

increased ammonia production secondary to potassium depletion.

Lastly, as previously described, peritubular (serosal) changes in C02 tension,

pH, and HCO3 concentrations have profound effects on the regulation of

acidification, both in acute and chronic acid-base states (Schwartz et al., 1982;

Stetson and Steinmetz, 1983; Breyer et al., 1986; Gluck et al., 1982). Each of

these effectors appear to mediate their actions, in part, through transient

changes in intracellular pH.

Na+/H t Exchange and Intracellular pH

Intracellular pH regulation is of primary importance in the activity of cellular

metabolism. Increases in intracellular pH have been shown to cause a

stimulation of glycolysis, protein synthesis, nucleic acid synthesis and cell

proliferation (Fidelman et al., 1982; Winkler et al., 1982; Ober and Pardee,

1987). The regulation of intracellular pH is also important for the activity of key

cytoplasmic enzymes, for the efficiency of contractile elements and the

conductivity of ion channels (Madshus, 1988). Oscillations in cytoplasmic pH are

also thought to play a role in controlling the cell cycle and the proliferative

capacity of cells. In the kidney, changes in intracellular pH appear to control

urinary acidification as well as sodium and bicarbonate reabsorption (Breyer et

al., 1986). The mechanisms involved in the regulation of intracellular pH are not

well understood, but involve several processes including active proton excretion,

bicarbonate exchange, and Na+/H+ exchange in the plasma membrane.
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Most eukaryotic cells possess an electroneutral Na+/H+ antiporter that

responds to a fall in intracellular pH by extruding protons in exchange of

extracellular sodium. This process, which is quiescent under normal conditions,

is activated during metabolic acidosis. In the proximal tubule, a Na+/H+

exchanger is located on the apical brush border membrane that results in H+

excretion into the lumen. This process is driven by the sodium concentration

gradient. If the chemical gradient for sodium movement from outside to inside is

greater than the opposing gradient of H from outside to inside, then sodium

would move into the cell and hydrogen ions will exit. The Na+/H+ antiporter is a

membrane spanning protein with at least two separate cation binding sites

participating in ion translocation (Breyer and Jacobson, 1987). The external

binding site has a high affinity for sodium, but can bind other cations, including

H+ and Li+. Amiloride, a diuretic that blocks sodium reabsorption in many

epithelia, also binds with the Na+/H+ exchanger. Such a hydrogen ion

exchanger has also been described in platelets and is linked to

epinephrine-induced platelet aggregation. More recently, a direct effect of

a2-adrenoreceptor occupancy on the activation of Na+/H+ exchange was

demonstrated in a neuroblastoma X glioma hybrid cell line (Isom et al., 1987).

These authors also demonstrated that this action of a2-adrenoreceptor agonists

were unrelated to their effects of attenuating adenylate cyclase. It is well

established that the a2-adrenergic receptor is linked to the attenuation of

adenylate cyclase activity via a GTP-binding protein (Gi) that is distinct from the

binding protein that mediates the activation of adenylate cyclase (Gs). There is

also evidence which suggests that some physiological actions of

a2-adrenoreceptor stimulation may not be related to alterations in adenylate
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cyclase activity and a direct a2-adrenoreceptor-coupled Na+/H+ exchanger has

been described (Isom et al., 1987).

Recent evidence has suggested that Na+/H+ exchange may play an

important role in H+ secretion and intracellular pH regulation in many cells

(Aickin and Thomas, 1977; Deitmer and Ellis, 1980; Grinstein and Rothstein,

1986) including frog skin epithelium (Ehrenfeld et al, 1985; 1987). In amphibians,

both the urinary bladder and its integument take part in osmoregulatory and

acidification mechanisms (Yorio et al., 1983; Page and Frazier, 1987). These

models of renal epithelia can respond to challenges of metabolic acidosis by

excreting protons across their H+ transporting cells (Frazier, 1978; Vanatta and

Frazier, 1981). Recent observations have suggested that a plasma membrane

Na+/H+ antiporter may play a critical role in the regulation of intracellular pH in a

variety of renal epithelial cells (Kinsella and Aronson, 1980; Boron and Boulpaep,

1983). In the proximal tubule of the kidney a direct relationship is observed

between sodium and H+ transport. Sodium and hydrogen ion exchange is

equimolar across the apical membrane via the Na+/H+ antiporter (Murer et al.,

1976). This mechanism allows the kidney to resorb sodium and bicarbonate at

the expense of H+ excretion. Boron and Boulpaep (1983) also observed the

presence of a Na+/H+ exchanger on the basolateral membranes of the

salamander proximal tubule. The function of this antiporter is unknown but it is

believed to be involved in the "housekeeping" functions of the cell as previously

described. However, H+ excretion in the distal nephron has been shown to be

an electrogenic process that was not coupled to sodium (Steinmetz, 1974), but

hydrogen ion secretion can be attenuated by amiloride, a diuretic which blocks

passive apical sodium entry into the cell (Frazier, 1974). This suggested that
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sodium may produce an indirect regulation of the acidification mechanism in the

distal nephron. Therefore, the Na+/H+ antiporter may have an entirely different

contribution to the regulatory processes in the distal nephron as compared to

other cell types.

Amphibian tissues are structurally and functionally similar to the distal

portions of the mammalian nephron. H excretion in the skin of the southern

grass frog, Rana pipiens, was amiloride sensitive, and proton excretion was

enhanced in the presence of metabolic acidosis (Frazier, 1986), and in Rana

eaculenta a basolateral amiloride sensitive Na+/H+ exchanger has been

described. Ehrenfield et al. (1987) suggested a basolateral Na+/H+ exchange

mechanism that was activated during metabolic acidosis. This mechanism

allows cellular pH to be maintained within physiological limits by "dumping"

protons systemically. These results agree with previous observations of Frazier

(1974) on the amiloride-sensitive H+ flux in toad urinary bladders in the presence

of chronic acidosis. Ehrenfield et al. (1987) has further shown that the Na+/H+

exchanger present on the basolateral membrane of the skin of the frog, Bana

esculenta, was amiloride-sensitive under acid conditions. A basolateral Na+/H+

exchanger in the cortical collecting tubules has been confirmed by Chaillet et al.

(1985). This was determined by measuring intracellular pH recovery from acid

loads, it was found that when the cells were bathed in sodium free solutions pH

recovery was slow. However, sodium addition to the basolateral bathing solution,

but not the apical solution, resulted in a rapid rate of cell alkalinization,

suggesting a basolateral Na+/H+ exchanger. Breyer and Jacobson (1989) and

Hays and Alpern (1990) also described a basolateral Na+/H+ exchanger present

in the outer medullary collecting ducts. In addition to active proton excretion,
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other processes, such as CF/HCO3 exchange in the basolateral membrane help

to contribute to the stability of cellular pH and to the process of H+ excretion

(Hays, 1991). The presence of the basolateral Na+/H+ exchangers in the distal

kidney imply that they participate in functions such as maintaining cell pH and

volume regulatory responses.

Recent studies have proven that regulation of intracellular pH (pHi) was

associated with changing rates of urine acidification. Cohen and Steinmetz

(1980) demonstrated in the turtle urinary bladder that serosal alkalinization

increased pHj and inhibited apical H+ excretion rates. The H+ excretion rate was

found to be saturable in relation to the pHi. Proton excretion was further

concluded to be consistently dependent on pHi and not basolateral HCO3

concentrations or the PCO2. Similar results were obtained by Hays and Alpern

(1990) in the rabbit outer medullary collecting duct. Alterations in pHi also induce

structural changes in H+ secreting cells to enhance proton excretion rates

(Arruda and Ruiz, 1991). Recent studies have found that decreases in pHi were

associated with incorporation of endocytic vesicles containing proton pumps into

the apical membrane thus enhancing acidification rates (Husted et al., 1981;

Gluck et al., 1982).

Collectively, these observations suggest that there are endogenous

regulators of hydrogen ion excretion that are activated under conditions which

alter intracellular pH. The change in intracellular pH may thus act as a signal to

stimulate the release of endogenous messengers that act to maintain the cellular

environment within set pH limits. The relationship between changes in

intracellular pH and the activation of endogenous messengers is unknown, but it



29

may involve changes in enzyme activity (such as protein kinase C), calcium

mobilization, and prostaglandin formation.

Prostaglandin Regulation of Acidification

Prostaglandins (PGs) are metabolites of arachidonic acid (AA) which are

included in the ubiquitous family of eicosanoids. Eicosanoids are oxidized

20-carbon metabolites of the essential fatty acids (linoleate, arachidonate, and

a-linolenate) and regulate cellular processes in almost every tissue of the body

(Norris, 1990). Each eicosanoid precursor generates its own prostanoid series.

Linoleate-derived prostanoids have one double bond, AA-derived prostanoids

have two double bonds, and a-linolenate-derived prostanoids have three double

bonds. Arachidonic acid is formed in the liver through elongation and

desaturation of its precursor, linoleic acid. After its formation, AA is esterified into

cellular membrane phospholipids, primarily in the 2 position of the

phosphatidylinositol fraction, which is considered the hormone-sensitive pool for

AA release. A portion of AA is incorporated into the larger fractions of

phosphatidylethanolamine and phosphatidylcholine. After appropriate stimulation

which leads to the activation of the membrane-bound Ca++-dependent

phospholipases, mainly phospholipase A2 and phospholipase C, free AA is

released. Once AA is available, it can be metabolized into physiologically active

compounds through three enzymatic pathways: (1) cyclooxygenase

(prostaglandin endoperoxide synthetase), (2) lipoxygenase, and (3) cytochrome

P-450 monooxygenase (Figure 3) (Currie and Needleman, 1984). In the kidney,

cyclooxygenase converts AA into the unstable PG endoperoxides which are

subsequently converted enzymatically into thromboxane A2, PGF2a, PGE2,

PGD2, and PG12 (prostacyclin). Cyclooxygenase activity can be significantly
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Figure 3. Schematic representation of the pathways of renal arachidonic acid

metabolism. The three enzymatic pathways in the synthesis of eicosanoids

include cyclooxygenase, lipoxygenase, and cytochrome P-450 monooxygenase.

Cyclooxygenase converts arachidonic acid into unstable prostaglandin (PG)
endoperoxides which are in turn enzymatically converted into PGE2, PGF2a,

PGD2, PG12 (prostacyclin), and thromboxane A2 (TxA2). Lipoxygenase produces

noncyclized metabolites. hydroperoxyeicosatetraenoic acids (HPETEs), which

are reduced to hydroxyeicosatetraenoic acids (HETEs). The metabolites of the

NADPH-dependent cytochrome P-450 monooxygenase are also found in the

renal cortex. (Courtesy of Currie and Needleman, 1984).
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inhibited by aspirin-like nonsteroidal antiinflammatory drugs (NSAIDS) (Vane,

1971), thus PG-mediated processes such as fever, inflammation, pain, uterine

muscle contraction, lipoprotein synthesis and renal blood flow are interrupted.

Lipoxygenase converts AA into noncyclized metabolites which are reduced to

the hydroxyeicosatetraenoic acids (HETEs). Recently, a NADPH-dependent

cytochrome P-450 monooxygenase in the rabbit renal cortex that metabolizes

AA has been described (Morrison and Pasco, 1981). The physiological

significance of this pathway is unknown.

Prostaglandins and their actions were discovered over 50 years ago by

Kurzrock and Lieb (1930) and Goldblatt (1935). In the late 1950's, Bergstrbm

and Sj6vall (1960) were the first to isolate PGs from sheep prostate gland. PGs

were subsequently found to be synthesized in most every tissue, including the

kidney (Lee et al., 1967). In renal epithelia, a large variety of prostaglandins are

synthesized and each exhibits its effects locally according to the region of the

kidney in which it was produced. The kidney has regional heterogeneity of

arachidonic metabolism, whereas the renal medulla produces almost ten times

the amount of PGs as the renal cortex (Larsson and Anggard, 1973). The lack of

vascular communication between the medulla and the cortex suggests that renal

PGs are paracrine in function (Dunn, 1984). PGE2, the most abundant PG in the

kidney, is produced by the glomerular mesangial cells, collecting tubules, and the

medullary interstitial cells (Dunn, 1983). PGF2a has been found to be produced

in the collecting tubules, however PGE2 is the major PG composing 80-90% of

the PG fraction. A possible relation to the effects of potassium on PGE2

synthesis in the renal medullary interstitial cells is that Bartter's syndrome
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presents with hypokalemia and large quantites of PGE2 excreted in the urine

(Gill, 1980).

There are at least five well described actions of PGs on renal function. The

profound actions of PGE2 and PGI2 (prostacyclin) include vasodilatation and

enhancement of renal blood flow (Hill and Moncada, 1979), whereas PGF2a and

thromboxane A2 mediate vasoconstriction of renal vasculature (Hashimoto,

1980; Lianos et al., 1983). Secondly, PGs (primarily PGE2 and PGI2) maintain a

functional glomerular filtration rate (GFR) by modulating both 3angiotensin II and

vasopressin-induced mesangial cell contraction (Scharschmidt et al., 1983;

Scharschmidt et al., 1986). Thirdly, endogenous PGs produce a natriuretic effect

by increasing sodium and chloride excretion, most probably by altering

Na+-K+ATPase activity in the distal segments of the mammalian nephron

(Stokes and Kokko, 1977; Cordova et al., 1987). Fourthly, PGE2 appears to

increase water excretion by antagonizing the actions of vasopressin on the distal

nephron and analogous tissues (Grantharn and Orloff, 1968; Forrest et al.,

1982). The mechanism by which PGE2 inhibits water flow is not entirely

understood, but is probably through alterations in cAMP formation (Yorio et al.,

1983a). A discrepancy prevails in the fact that low dose PGE2 inhibits water flow

through suppressing cAMP formation, whereas high dose PGE2 stimulates water

flow through enhancing cAMP formation (Chabardes et al., 1988; Sonnenburg

and Smith, 1988). Lastly, PGs have also been observed to stimulate renin

secretion (Freeman et al., 1984). This appears to be mediated through

stimulation of adenylate cyclase in the juxtaglomerular apparatus of the kidney

(Dunn and Zambraski, 1980).

"*0 ,
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As described above PGs are known to have a wide variety of potent

biological actions in the kidney by paracrine functions at their site of production.

However, the exact role that prostaglandins play in the regulation of acidification

and intracellular pH of the H+ secreting epithelium commonly seen in the distal

portions of the kidney still remains to be elucidated. The contribution of PGs in

the regulation of gastric H+ secretion has been thoroughly studied and

documented (Robert, 1981; Cohen, 1986). Several prostaglandin analogues are

known to inhibit acetylcholine, histamine, and gastrin induced gastric acid

secretion in both animals and humans (Isselbacher, 1987), and misoprostol

(Cytotec), a PGE1 analogue, is currently available for the treatment of peptic

ulcer disease (Monk and Clissold, 1987). Misoprostol most profoundly exerts its

effects by stimulation of bicarbonate secretion in the duodenum (lsenberg et al.,

1986). PGs are also thought to inhibit the production of cAMP which mediates

histamine stimulated acid secretion in the stomach (Robert, 1981), as well as act

as a cytoprotective agent (Whittle, 1987).

Much less in known about the regulatory role of PGs in the H secreting

tissues like the distal nephron. Such processes are thought to be present in the

renal tubules and regulated by endogenous prostaglandins (Schlondorff and

Ardaillou, 1986). Urinary excretion of prostaglandins have been determined to be

dependent on the acid-base state and urine acidity (Filep and Foldes-Filep,

1987), implying prostaglandins and other eicosanoids contribute to the regulation

of urine acidification. A rise in proton excretion following the administration of a

prostaglandin synthesis inhibitor has also been observed in the rabbit medullary

collecting duct (Hays et al., 1986). In addition, rabbit collecting ducts from

adrenalectomized rabbits have a reduced proton excretion rate (Stone et al.,
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1983b). The significance of this latter observation is based on the finding that

desoxycorticosterone decreases prostaglandin production in rabbit cortical

collecting tubules (Kirschenbaum et al., 1982) and that steroids have been

shown to decrease prostaglandin production by inhibition of phospholipase

mediated release of arachidonic acid. Further reports in rabbit medullary

collecting duct (Hays et al., 1986) described an inhibition of proton secretion by

PGE2, which was irreversible,

In amphibian tissues, an interrelationship between H excretion and Na+

reabsorption is known (Frazier, 1974; Kokko, 1981), and prostaglandins can

significantly alter sodium and water transport in these epithelia (Handler, 1981;

Yorio and Benoit, 1984). In the turtle urinary bladder PGE2 was observed to be a

potent inhibitor of H+ excretion (Ascer et al., 1984) and this effect was thought to

be mediated through calcium mobilization. Recently, studies in the toad bladder

by Frazier and Yorio (1990) revealed that PGE2 synthesis was increased during

acute metabolic acidosis, suggesting that metabolic acidosis enhances

phospholipase A2 activity and PGE2 plays a regulatory role in the maintenance

of acid-base balance in the toad urinary bladder. Previous studies have shown

that high doses of PGE2 stimulated proton excretion and this may be a result of
PG stimulated adenylcyclase activity (Yorio et al., 1983) and increased

intracellular cAMP concentrations (Frazier, 1983). These data suggest that PG

regulation of acidification may be mediated through the activation of second

messengers. In further support of this action, PGF2a was recently shown to

inhibit the ammoniagenic response to acute acidosis in LLC-PKi cells through

the stimulation of phosphoinositide (PI) turnover followed in part by the activation

of protein kinase C (Tannen et al., 1990). Collectively, these data suggest PG
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regulate acidification through poorly described mechanisms which may involve

membrane lipid turnover and employment of second messenger systems.

Membrane Lipid and Second Messenger Interactions in the Regulation of

Acidification

Several studies have shown that phospholipids may play a significant role in

the transport of ions and fluid across membrane lipid barriers (Hokin and Hokin,

1959) and contribute to the permeability properties of the cell (Michell, 1975).

Partition studies have shown that certain phospholipids have the capacity to act

as ionophores and mediate the transmembrane transport of a full range of ions

and solutes (Green et al., 1980). Differences in the lipid content of the

amphibian skin has been related to changes in its permeability to ions and water

(Yorio and Bentley, 1977; Watlington and Harlan, 1969) and a significant

correlation exists between sodium conductance with phosphatidylcholine content

and chloride permeability with the portion of phosphatidylethanolamine in the

epidermis of the frog, Rana pipiens (Watlington and Harlan, 1969). Following

high salinity adaptation these lipid-transport correlations were absent and both

Na+ and Cr conductances were suppressed (Watlington et al., 1974). It was

interesting that these authors also noted a relative increase in the sphingomyelin

concentration in these salt adapted animals. Recently, it has been shown that

sphingomyelin produced a marked inhibition of intracellular phospholipases and

this lipid may play a stabilizing role in the maintenance of membrane structure

(Dawson et al., 1985).

Yorio and Bentley (1 976b) have previously shown that phospholipase C, a

phospholipid phosphodiesterase, increased amiloride-sensitive sodium transport

across the frog skin. Endogenous phospholipases in toad urinary bladder and
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frog skin were subsequently identified by Yorio and Bentley (1 978b). In addition,

Yorio et al. (1983b) found that arachidonic acid containing phospholipid

metabolites stimulated transepithelial sodium transport through

amiloride-sensitive channels in frog skin preparations. Thus, a positive

correlation exists between changes in phospholipid composition and metabolism

and increases in the permeability of the membrane to sodium. These alterations

in membrane permeability parallel the increase in sodium transport and

conductances induced by the hormones aldosterone and antidiuretic hormone in

these epithelia. Mepacrine, a phospholipase inhibitor, was previously shown to

attenuate the increase in sodium transport induced by aldosterone in toad

urinary bladder preparations and suggested that the increase in permeability

may be mediated through activation of an endogenous phospholipase (Yorio and

Bentley, 1978b). Goodman et al. (1971, 1975) also demonstrated aldosterone

effects on lipid and fatty acid metabolism in toad urinary bladder, including

activation of phospholipase activity. Weisman et al. (1983, 1984) and Sariban-

Sohraby et al. (1984) have shown that aldosterone stimulates phospholipid

methylation in toad urinary bladder cells and an inhibitor of methylation,

3-deazoadenosine, inhibits the increase in sodium permeability induced by

aldosterone.

The relationship between phospholipid methylation and phospholipase

activity has been discussed by Marver (1986), who suggested that these

changes may represent a membrane remodelling cycle as part of the

aldosterone response. Observations supporting this interrelationship are derived

from work on renal inner medullary cells, where it was reported that phospholipid

methylation enhanced arachidonic acid release and prostaglandin synthesis
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through activation of phospholipases (C or A2) (Craven and DeRubertis, 1983).

These observations suggest that phospholipid methylation and prostaglandin

synthesis may function to modulate sodium permeability in aldosterone-sensitive

epithelia. It is also known that aldosterone enhances acidification in amphibian

epithelia (Ludens and Fanestil, 1974), and that phospholipid changes may thus

also play a role in the regulation of membrane permeability to other ions,

including hydrogen ion.

H+ secreting tissues such as gastric mucosa and renal epithelia appear to

have their acidification rates regulated in part by changes in membrane

phospholipids. H+-K+ ATPase activity in gastric vesicle membranes has been

shown to be reduced by 50% in the presence of phospholipase C, which

degraded 50% of the membrane phospholipids in this preparation (Olaisson et

al., 1982). Lotspeich (1967) demonstrated that metabolic acidosis was

associated with increased total lipid content in the rat kidneys. Recently, Frazier

and Yorio (1989) determined whether phospholipids (PL) play a role in the

adaptation to metabolic acidosis by toad urinary bladder epithelium. Toads in a

chronic metabolic acidosis had a higher rate of arachidonic acid incorporation

into several PL. Fractional PL indicated that acidotic animals had a higher

percentage of certain PL classes than normal animals. Additionally, Frazier

(1990) was able to demonstrate that insulin and deoxycorticosterone were both

capable of inducing changes in membrane phospholipids of the toad urinary

bladder. Both insulin and deoxycorticosterone are known stimulators of H+

excretion in this epithelium (Hill and Frazier, 1983; Frazier, 1988). These studies

suggest that lipid changes may influence acidification processes, however, the

mechanism by which changes in phospholipid metabolism regulates H
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excretion remains uncertain. Changes in phospholipid turnover could represent a

direct stimulation of H+-ATPase activity (Xie et al., 1986), or it may reflect

membrane remodeling where new phospholipid is incorporated into the

membrane secondary to the incorporation of H+-ATPase pumps.

More than thirty years have passed since the original studies of Hokin and

Hokin (1953) discovered that inositol containing lipids could be metabolized as a

result of receptor stimulation. The works of Michell (1975) were the first to

suggest that receptor-stimulated phosphoinositide turnover was coupled to

intracellular calcium mobilization. Since then it has been established that

membrane lipids serve as a source for receptor signaling in cells and that the

products of phosphoinositide metabolism have second messenger function

(Abdel-Latif, 1986). It was unknown how a membrane bound inositol lipid could

cause a release of calcium stored in the endoplasmic reticulum until Berridge

(1983) discovered that inositol 1,4,5-trisphosphate (lP3) was the mediator of the

calcium mobilization. About that same time Nishizuka (1984.) found that

diacylglycerol (DAG) was a receptor stimulated second messenger which

activated protein kinase C (PKC). Therefore, within a short period of time, the

phospholipid response described by Hokin and Hokin (1953) and Michell (1975)

was shown to be mediated by two second messenges, IP3 and DAG, both which
are in control of a multitude of cellular processes (Berridge, 1987).

Figure 4 is a schematic representation of the second messenger action of

these two separate but interacting pathways. The initiating event of the

phosphoinositide (PI) response is the agonist stimulation of a membrane

receptor, which transduces the signal through a guanosine triphosphate-binding

protein (Gp) to mediate the hydrolysis of phosphatidylinositol 4,5-bisphosphate
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Figure 4. Schematic representation of the second messenger actions of inositol
1,4,5-trisphosphate (1P3) and diacylglycerol (DAG). May external signals
(hormones, neurotransmitters, and growth factors) act through receptors which
stimulate the hydrolysis of PIP2 to give DAG and IP3. The latter functions by
mobilizing calcium from intracellular stores, whereas DAG stimulates protein
kinase C to phosphorylate specific proteins, some of which regulate ionic
mechanisms such as the Na+/H+ exchanger and potassium channels. These
two second messenger pathways constitute a highly versatile signaling system
controlling numerous cellular processes such as secretion, contraction,
metabolism , and cell growth. (Courtesy of Berridge, 1987).
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(PIP2) by phospholipase C into DAG and IP3 (Taylor and Merritt, 1986). DAG
remains membrane bound whereas IP3 enters the cytosol because of its water

solubility. DAG may then be reconstituted into membrane PI or become a
substrate for a DAG activated lipase, resulting in the release of arachidonic acid.

PKC activation by DAG requires cofactors such as calcium and

phosphatidylserine. The activated PKC can subsequently phosphorylate many
cellular proteins. Upon activation, PKC appears to translocate from the cytosol

onto the membrane. PKC has also been found to be activated by the tumor
promoting phorbol esters, such as phorbol myristate acetate (PMA) (Castagna et
al., 1982). More recently, PKC activation has been achieved with the nonphorbol

ester, mezerein, with results similar to those seen with PMA (Figure 5).

2

HO 7HO
H 0

Figure 5. Mezerein, a nonphorbol ester activator of protein kinase C.

The major cell action of IP3 is to release calcium from intracellular stores
(Putney et al., 1989), including the endoplasmic reticulum and other calcium
containing organelles termed "calciosomes" (Volpe et al., 1988). The calcium
release appears to mediated through IP3 activation of an intracellular calcium
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channel, most probably by an IP3-sensitive receptor (Ehrlich and Watras, 1988).

Intracellular calcium release was also accomplished using a nonphorbol ester,

thapsigargin, which can mobilize intracellular calcium without altering cellular

inositol phosphate concentrations (Jackson et al., 1988). Intracellular calcium

stores are replenished by increasing plasma membrane calcium permeability in

response to a decreased intracellular calcium pool (Putney et al., 1989).

Oscillations in cytosolic free calcium concentrations produced by hormones,

neurotransmitters and growth factors have been widely documented to regulate

numerous cellular processes such as muscle contraction, secretion,

neurotransmitter release metabolism, fertilization, blood clotting, and cell growth

(Hokin, 1985; Berridge, 1987). In renal epithelia, increases in intracellular

calcium concentrations are associated with mesangial cell contraction (Takeda et

al., 1988), and vascular smooth muscle contraction (Alexander et al., 1985).

Decreases in cytosolic calcium have been shown to stimulate renin release

(Churchill, 1985). The role of calcium in vasopressin stimulated water flow is not

entirely understood. Calcium appears to play an integral role in the transduction

of the ADH signal, inasmuch as the calcium ionophore A23187, like ADH,

produced intense formation of microvilli, realignment of microfilaments and

microtubules, increase in the density of vesicles, aggrephores and possibly

secretory granules (Mia et al., 1983, 1987, 1988). These calcium mediated

actions were opposed by the calcium antagonist, verapamil. The contribution of

calcium to the morphological changes observed in cells secondary to the ADH

stimulated hydroosmotic response may be linked to activation of the V1 receptor

(Yorio and Satumtira, 1989). In the renal acidification process, the regulatory

effects of calcium are poorly understood. In the turtle urinary bladder, increases
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in intracellular calcium inhibited urinary acidification, possibly by preventing the

incorporation of H+ pumps into the apical membrane (Arruda, 1979). What

stimulates calcium mobilization in these H+ excreting tissues is not known, but it

may involve the local regulatory actions of prostaglandins and the activation of

second messenger function. This possibility is supported from recent

observations that PGF2z stimulates phosphatidylinositol 4,5-bisphosphate (PIP2)

hydrolysis and mobilizes intracellular calcium in luteal cells (Davis et al., 1987).
Further, Tannen et al. (1990) demonstrated that PGF2a produced a significant

increase in IP3 concentrations and this was associated with inhibition of the

ammoniagenic response seen in acute acidosis. Since IP3 production stimulates

calcium mobilization, calcium may contribute to the cellular regulatory

mechanisms of acidification and intracellular pH.

In addition to inositol phosphate formation, and a calcium signal, the

breakdown of PIP2 would also result in the release of diacylglycerol and the

activation of protein kinase C. It is interesting to note that phorbol esters,

activators of protein kinase C, have also been shown to alter Na+/H+ exchange

in many tissues (Grinstein et al., 1985; Shimada and Hoshi, 1988) and to

regulate acid secretion in the gastric mucosa (Ostrowski and Bomsztyk, 1989).
PKC also inhibits net sodium absorption, net potassium secretion, and

transepithelial voltage in a dose dependent manner in the rabbit cortical

collecting tubule (Hays et al., 1987). The activation of PKC has been observed to
inhibit sodium transport in A6 kidney cells (Yanase and Handler, 1987; Ling et

al., 1989), and Na+/H+ exchange in the proximal colon (Ahn et al., 1986) and in
oppossum kidney cells (Helmle-Kolb et al., 1990). Na+/H+ exchange can also be
stimulated by PKC in variety of tissues (Siffert and Akkerman, 1988; Slotki et al.,
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1990). Stimulation of PKC also appears to be involved in cellular acid-base

regulation. In the LLC-PK1 cells, PKC activation inhibited ammoniagenesis

(Tannen, 1990), and appears to be prostaglandin mediated. In the turtle urinary

bladder, basal acidification rates were decreased following PKC stimulation

(Graber et al., 1989). In the toad urinary bladder, however, enhanced

acidification was observed with the nonphorbol PKC activator mezerein (Frazier

and Yorio, 1990). The discrepancy between these two findings is not clear, but

may involve differences in tissues, or possibly the presence of different PKC

isozymes resulted in variable responses. It appears that phosphorylation of ion

channels by PKC may be one means whereby cellular self-regulation of ion

transport occurs in renal epithelia (Ling et al., 1990). Several subspecies of PKC

are known to exist, including a, P(Pi and P2), and y (Ill, ll, I, respectively), with

each showing different tissue distributions and vary in their requirement of DAG,

fatty acid, and calcium (Nishizuka, 1988). This may explain the paradoxical

effects of PKC stimulation observed in many tissues. Recently, activation of PKC

a in the MDCK cells was found to be associated with the release of arachidonic

acid (Godson et al., 1990). In this same tissue, PKC activation by phorbol esters

was associated with a regulatory role in eicosanoid biosynthesis (Coyne et al.

1990). These early studies suggest that the hydrolysis of membrane

phospholipids and activation of second messengers provide an essential

contribution to cellular homeostasis through regulation of ion transport and

acidification mechanisms.

Experimental Rationale

Based on the studies reviewed, the main objective of this proposal was to

identify and characterize endogenous regulators of H+ excretion and intracellular
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pH in renal epithelia. Three experimental systems for evaluating these regulatory

mechanisms were developed in which proton excretion was enhanced in a

model renal epithelium, the amphibian integument. These experimental

conditions included: (a) chronic metabolic acidosis (cMA), (b) high salinity

adaptation (HSA), and (c) ibuprofen (18) treatment. To pursue the objective the

following protocols were planned: (1) to determine the definitive role of sodium

on H+ excretion by measuring H+ excretion in the presence of altered acid-base

states and sodium concentrations, following high salinity adaptations, and in the

presence of sodium transport inhibitors. In addition, an extensive blood analyses

was conducted to determine significant changes in acid-base and ionic

composition; (2) to determine the role of eicosanoids on H+ excretion by

determining the effects of a variety of prostaglandins on epithelial acidification by
generating dose-response curves, treating with prostaglandin synthesis

inhibitors, and using voltage clamp techniques; (3) to determine if the effects of

PGs are mediated through second messenger pathways such as the

phosphoinositide cascade and protein kinase C by utilizing activators of PKC,

assaying PKC activity, and measuring changes in membrane phosphoinositide

and cytosolic inositol phosphate concentrations in the presence of PGs; and (4)
to identify the H+ secreting cell using biochemical and staining techniques to

elucidate structural and functional changes in response to chronic metabolic

acidosis, adaptations to varied salinities and chlorinities, and treatment with

ibuprofen.

These studies were designed to determine the contribution of adaptive tissue

changes, the presence of sodium and chloride, and local autocoids, such as the
PGs, in regulating H+ transport mechanisms and intracellular pH in renal
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epithelia under conditions whereby changes in their metabolic environment are

evoked. These studies will also provide information concerning the contribution

of second messenger systems, particularly the protein kinase C system, in the

regulation of intracellular pH and acidification. As these amphibian epithelial

tissues are model membranes for the mammalian nephron, these studies may

also provide a basis for understanding acidification mechanisms in the kidney as

may occur following acid-base disturbances.



CHAPTER II

METHODS

Animal Model and Treatment Conditions

The animals used in this study were Rand pipiens, berlandierj, the southern

grass frog, obtained from Southern Biological (McKensie, TN). An additional

group of frogs of both the northern variety, Rgna pipIns, pjpiens, and the

southern variety, fag pipiens, berlandieri, were also used in a comparative

study and were supplied by Carolina Biological Company (Burlington, N.C.). The

animals were fed, kept in terraria at 230C, and used within two weeks of delivery.

Groups of frogs were subjected to one of the following three treatment

conditions: (1) high salinity adaptation (HSA), (2) ibuprofen loading (IB), or (3)
chronic metabolic acidosis (cMA). In the HSA regimen, controls were placed in 1

mM NaCl continually for 5 days, while the HSA animals were placed in 60 mM

NaCl for 5 days. An additional group was challenged with a ClF-free HSA

consisting of a 5 day adaptation to 60 mM NaNO3. The frogs subjected to lB

were injected in the dorsal lymph sac with ibuprofen 10 mg/kg (in 2% DMSO), 3
times a day for three days. Chronic metabolic acidosis (cMA) was induced by
injection of 120 mM NH4CI (25 mI/kg body weight) into the dorsal lymph sac

three times a day for two days. The bathing solutions were changed three times
a day in each treatment condition. Normal and treated frogs were double pithed
and the ventral abdominal skins were removed for further study.

46
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Determination of H+ Excretion.

The isolated skins were mounted as sheets between two modified Ussing

chambers made of lucite (Ussing and Zerahn, 1951). Two different sets of

chamber sizes were used: chamber set I had a volume of 2 ml with an exposed

area of skin of 1.98 cm2, and chamber set 11 was 5 ml in volume with an exposed
area of 3.14 cm 2. Previous H+ excretion comparisons between the chamber

types showed no statistical difference (Independent t-test, P>0.1) (Figure 6).

The mucosal and serosal surfaces of the skins were bathed in frog Ringer's

solution consisting of (in mM): NaCl, 114.5; KCl, 3.0; CaCI2, 0.9; and sodium

phosphate (dibasic), 1.5. The final pH of this solution was 7.20 0.03.

The mounted skins were allowed to equilibrate in Ringer's for 15 minutes,

the chambers were then drained and fresh Ringer's solution was added.

Mucosal and serosal H+ fluxes of the isolated skins were measured in all

experiments for either 90 or 120 minutes at room temperature with the serosal

bathing fluid being aerated. At the conclusion of the flux period the mucosal and

serosal solutions were removed and the pH of both the original and final bathing

solutions was determined using a Fisher Accumet Model 142 pH meter.

The rate of H+ excretion into both the mucosal and serosal media was

determined by measured changes of pH in the 1.5 mM phosphate buffered

Ringer's solution and the use of the Henderson-Hasselbalch equation (Frazier

and Vanatta, 1971). The total number of nmoles of H excreted into the bathing

solution was standardized for the area of skin exposed in the chamber and for

time. The units of H+ excretion were recorded in (nmol)(cm- 2)(hr( 1) (Table 1).
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TABLE 1. Determination of the H+ Excretion Rate using the Henderson-
Hasselbalch Equation
1. The Henderson-Hasselbalch equation is used to calculate the H+ activity in a

solution as a function of the dissociation constant and the concentration ratio
of the buffer pair:

pH = pKa + log Base] [B] = [Base]
IAdid] [A] = [Acid]

2. The equation is transformed to solve for the concentration of base present in
the buffer solution:

pH - pKa = log [B] [Total buffer] = [TB]= [A] + [B]
[T]-1 B [A] = [TB] - [B]

antilog (pH - pKa) =

[TB](antilog (pH - pKa)) - [B](antilog (pH - pKa)) [B]

[B] + [B](antilog (pH - pKa)) = [TB](antiog (pH - pKa))

[B](1 + antilog (pH - pKa)) = [TB](antilog (pH - pKa))

[B] = [TB](antilog (pH - pKa))
1 + antilog (pH - pKa)

3. Known variables are substituted in the equation and the concentration of
base in the initial and final bathing solutions is solved:
a. pKa = 6.50, using phosphate buffer pair Na2HPQ4 (Frazier and

Vanatta, 1972) NaH2PO4
b. [TB] (ptmol/ml) = [PO4 buffer] (gmol/ml)
c. Initial and final pH measurements for each solution
d. The [A] (gmol/ml) generated during the flux period represents the

difference in [B] between the initial and final solutions, therefore:

+[A] (gmol/ml) = [Biniial] (gmol/ml) - [Bfinal] (mol/Ml)4. The H excretion rate is calculated and standardized by substituting other
known variables:

Titratable acid produced (TA) (pmol)= [A] (gmol/ml) x Vchamber (ml)

H+ excretion = (TA) (gmol) x1000 (nmol/ mol) = nmol/cm2/hr
(Areatissue)(cm) x (flux time) (hr)
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Split Skin Preparation

For some experiments the isolated "split" skin preparation was used rather

than the intact whole skin. This preparation represented just the epithelial layer

without the underlying dermis, so that only transporting epithelial cells were

present. To isolate this epithelium, the whole skin was stretched flat and

secured across a plastic chamber with the mucosal surface outside (Figure 7).

Hydrostatic pressure was produced on the serosal surface by injecting 10-20 ml

of Ringer's solution containing collagenase (0.5 mg/ml) into the chamber. The

mucosal surface was incubated in frog Ringer's solution consisting of (in mM):

NaCl, 114.5; KCI, 3.0; CaCl2. 0.9; and sodium phosphate (dibasic), 1.5. The

final pH was adjusted to 7.2. The skin incubated at 29 C for 45 minutes until a

bubble or blister formed between the epithelial layer and the underlying dermis.

A plastic ring was glued with a tissue adhesive to the epithelium (Zipbond,

Tescom Corp., Minneapolis,MN), and the epithelium was gently split away from

the subcutaneous tissue, leaving a thin, isolated sheet of epithelial cells on the

ring. This split skin preparation was used for the various groups of animals in

specific experiments to further determine the cellular and biochemical changes

which occur during adaptation.

Blood Analyses

Systemic pH in the northern frogs was determined from whole blood obtained

by ventricular puncture and aspiration with a syringe immediately after removal

of the skins. Blood pH was determined by the aforementioned pH meter. Blood

analyses in subsequent experiments were performed by an automated

instrument, Nova Stat Profile 1 (Nova Biomedical, Waltham, MA). This

instrument directly measured p02, pCO2, pH, and hematocrit, as well as
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Collagenase

AirFRinger's

Frog Skin

Heat, 290 C

Figure 7. Diagram of the setup used to obtain an isolated "split" skin

preparation. This procedure employs the hydrostatic pressure technique to

enzymatically separate the frog skin epidermis from the dermis. The skin was

secured across the chamber with the mucosal side out. Collagenase (0.5 mg/ml)

was injected into the closed chamber system increasing the internal pressure.

The chamber system was immersed in frog Ringer's at 290 C for 45 min. until a

blister formed between the layers of skin. The epidermis was then bound to a

plastic O-ring and gently split away from the dermis, leaving a sheet of epidermis

on the ring.
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electrolytes, including K+, Na+, and Ca++. From these measured variables

several other variables were calculated including 02 content and bicarbonate

concentrations.

Drugs

Prostaglandin F2a-Tromethamine salt was obtained from Upjohn Diagnostics

(Kalamazoo, MI). Mezerein was acquired from LC Services Corporation

(Woburg, MA). Prostaglandin E2, 6-Keto-Prostaglandin F1a, 4a-Phorbol

12P-Myristate 1 3a-Acetate (4a-PMA), 4P-Phorbol 12-Myristate 1 3a-Acetate

(4p-PMA), ibuprofen, and collagenase (Types IV and V) were supplied by Sigma

Chemical (St. Louis, MO). Amiloride was obtained from Merck Institute of

Therapeutic Research (West Point, PA). All other chemicals were of reagent

grade or higher.

Experimental Protocol

To obtain a hopeful understanding of the characteristics and regulation of H+

excretion across the integument of the frog the experiment was divided into four

distinctive studies. Study I was designed to determine the physiological role of

extracellular and environmental sodium in the regulation of H+ excretion. Study

11 pharmacologically examined the contribution of prostaglandins in the

maintenance of the acidification mechanisms found in the skin. Study Ill was an

anatomical and morphological observation of cellular changes occurring in the

skin during adaptive conditions which alter H+ excretion rates in this tissue.

Study IV employed biochemical techniques to describe prostaglandin-second

messenger interactions in the regulation of H+ excretion across the frog skin.
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Study 1: Role of Sodium in H+ Excretion

The Effect of Low Sodium Concentrations and AmIloride on H+ Excretion

Ventral skins from the southern variety frogs were used in the following

experiment and mounted in the modified Ussing chambers with an exposed area

of 1.98 cm2. To determine the effect of sodium on H excretion, the

concentration of sodium in the Ringer's solution was adjusted so that five

solutions had the following NaCl concentrations (in mM): 114, 80, 40, 20 and 2.

An equimolar amount of choline chloride replaced the NaCl in the solutions. The

final pH was adjusted to 7.15, and all solutions had an osmolality of 248-254

mOsm. The choline-chloride adjusted Ringer's solution was placed on the

mucosal side and normal Ringer's solution was placed on the serosal side. The

tissues were allowed to flux for 120 minutes. A second group of frogs received

amiloride (10-5M) in the mucosal bath. This concentration has been shown by

Yorio and Bentley (1976) to be adequate to block Na+ transport across the skin.

Both the mucosal and serosal baths contained normal frog Ringer's (114 mM

NaCI) with amiloride administered to the mucosal bath. Again the skins were

allowed to flux and H+ excretion was determined.

The Effects of High Salinity Adaptation on H+ Excretion

Southern variety frogs were placed into three groups: (1) control, (2) normal

high salinity adapting (HSA), and (3) acidotic HSA. The controls were placed in

1 mM NaCl water continually for five days, while the normal HSA frogs were

placed in 60 mM NaCI water for five days. The acidotic HSA frogs were also

kept in 60 mM NaCl water for five days and in addition, on the last two days of

adapting, metabolic acidosis was induced as previously described. The water for
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each of the groups was changed twice daily and at that time the animals were

weighed to determine any changes in weight. On the fifth day, the animals were

killed by double pithing and H+ excretion by the skin was determined for a flux

period of 120 minutes. Blood was collected from these frogs through ventricular

puncture and analyzed for acid-base, ionic and metabolic characteristics.

Study II: Prostaglandin Effects on H+ Excretion

Prostaglandin Studies

The animals used in this study were Rana pipIens, berlgndieri, the southern

leopard frog. Chronic metabolic acidosis (cMA) was induced and animals were

pretreated with ibuprofen (IB) as previously described. Normal, cMA, and IB

frogs were double pithed and the ventral abdominal skins were removed for H+

flux studies in paired skins from the same animal in the presence and absence of

several exogenous prostaglandins. Various PGs, namely PGE2, PGFia and

PGF2a, were administered to the serosal bathing fluid of normal paired skins with

a final concentration of 10~7 M, a concentration previously observed to produce

pharmacological action in similar tissues (Hays et al., 1986; Mia et al., 1987). H+

excretion was determined for the 90 minute flux period and reported as

(nmols)(cm-2)(hrK). Proton excretion for PGF2a was determined at

concentrations ranging from 109M to 10-6M. A dose response relation and the

ED50 for the PGF2a effects were obtained. PGF2a (10~8M) was administered to

the bathing fluid of the skins of animals with cMA and IB and subsequent H+

excretion was determined. Proton fluxes were also recorded during a 90 minute

post-drug recovery period where no PGs were present in the bathing solutions.

This period began after a 15 minute washout with normal Ringer's solution.
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Electrical Studies

The ventral skins of the frogs were mounted in the Ussing-type chamber set

11 and bathed in Ringers as stated above. The electrical potential difference (PD)

was measured across the membrane using Ringer-agar bridges connected to

each hemichamber through calomel cells. The short circuit current (Isc) was

continuously applied by an automatic voltage clamp through another pair of

bridges and Ag-AgCl cells. PGF2a (1 07 M) was administered to the serosal

media and amiloride (10-5M) was placed in the mucosal bathing fluid one hour

later. Peak values of Isc and PD were recorded in (gA)(cm-2) and mV,

respectively.

Study Ill: Adaptive Morphological Changes in the Frog Skin

Comparison of Northern and Southern Frogs

The frogs used in this study were Rang pipiens of both southern and

northern origin and were supplied by Carolina Biological Company (Burlington,

NC). Chronic metabolic acidosis was induced in these animals as previously

described. Normal and acidotic frogs were killed by double pithing, and the

ventral abdominal skins were removed. These skins were mounted as sheets

between the Ussing-type lucite chamber set I and H+ excretion rates were

determined during a two hour flux period.

Skins from the northern frogs were histologically prepared for transmission

electron microscopy (TEM) and the cells were counted similar to the methods of

Page and Frazier (1987). These tissues were removed from the flux chambers

and fixed overnight in 2% glutaraldehyde in PIPES buffer. The tissues were

washed for 15 minutes in PIPES buffer and post-osmicated for 90 minutes in 1

percent osmium tetroxide, with PIPES buffer containing 5 mM CaCi2. After
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washing the skins were dehydrated in a graded series of ethanol: 30%, 30%,

50%, 70%, 90%, 95%, 100%, 100%, at 10 minutes each. The tissue was then

placed in Epon and embedded as sheets using a flat embedding mold and

incubated overnight at 600C. The embedded sheets were randomly cut with a

razor blade and mounted with epoxy to modified beam capsules that have a

broad, flat surface. The skins were mounted with an orientation which would

allow longitudinal section of the skin to be made. One micron sections were

randomly cut using a Porter-Blum ultramicrotome.

Sections were placed on a glass slide and stained with Paragon multiple stain

(toluidine blue, 730 mg; basic fuschin, 270 mg; ethyl alcohol (30%), 100 ml)

according to Carson (1973). Photographs were made on an American Optical

light microscope (400x). Coded photographic prints of random sections were

used and approximately 22,000 cells were counted from both normal and

acidotic frogs. Ultrathin sections cut with a diamond knife were stained with

uranyl acetate and lead citrate and examined with a Hitachi H-600 transmission

electron microscope for confirmation of cell types.

Adaptive Changes In the Southern Frog During Treatment Condition

The animals used in this study were the southern leopard frog, obtained from

Southern Biologicals (McKensie, TN). Groups of frogs were subjected to one of

the following three treatment conditions: (1) high salinity adaptation (HSA), (2)

ibuprofen loading (IB), or (3) chronic metabolic acidosis (cMA) as previously

described. Normal and treated frogs were double pithed and the ventral

abdominal skins were removed for AgNO3 staining and quantification of cell

populations.
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AgNO3 Staining and Sectioning of Tissues

The AgNO3 staining procedure used on the frog skin in this experiment was

similar to the techniques used by Katz and Gubbay (1989) for identification of the

CF conducting cells of the toad skin. The ventral abdominal skins were washed

three times in a CF-free phosphate buffer consisting of (in mM): NaNQ3, 114.5;

KNO3, 3.0; CaNO3, 0.9; and sodium phosphate (dibasic), 1.5. The final pH was

7.2 titrated with nitric acid. The tissues were then incubated in AgNO3 (0.25% in

DI H20) for 25 minutes. The AgNO3 impregnated tissues were again washed

three times in CF-free buffer to remove the residual extracellular AgNO3.

Subsequently, the tissues were place in a petri dish with CF-free buffer and

exposed to a high intensity lamp for 45 minutes to stimulate the photoreduction

of intracellular AgNO3 to a AgCl precipitate.

The stained tissues were frozen at -200C and sectioned tangentially at 20it

increments using an IEC CTD Harris cryostat. Care was taken to obtain

representative samples from the mid-ventral region of the skin. The frozen

sections were placed on cold slides and mounted in 1% glycerol. Random

photographs from an apical view were taken of the skin which had been

sectioned just beneath thin cornified layer using an American Optical microscope

at 1 00x magnification. Photographic prints were coded and randomized. Cells

which had stained dark with AgCl precipitation were quantified and standardized

to the area of tissue observed. To confirm the precipitation of AgCl in specific

cell types, additional AgNO3-stained tissues from each group were fixed in 2%

glutaraldehyde with PIPES buffer (pH 7.2) and prepared for electron microscopy.

The tissues were washed, incubated in 2% aqueous osmium tetroxide,

dehydrated, embedded in Epon, and sectioned for microscopy by standard
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methods as previously described (Mia et al., 1987). In brief, thick sections with

dark gold-blue interference color were sliced from the Epon blocks with a

diamond knife mounted on an ultramicrotome. These Epon sections were

transferred with a specimen loop to glass cover slips and dried on a hotplate.

Dried sections were lightly stained by heating in a mixture of equal proportions of

toluidine blue and basic fuchsin to enhance contrast of the MR cells for

visualization under bright field optics. Photomicrographs were taken using Kodak

Tri-X film and developed in Microdol-X developer.

Study IV: Prostagiandin-Second Messenger Interactions

Role of Protein Kinase C (PKC) in the Regulation of H+ Excretion

The animals used in this study were the southern grass frog. The abdominal

skins from normal frogs were removed and H+ excretion rates were determined

in paired skins during a flux period of 90 minutes. The experimental skin was

subjected to one of three compounds at 108M serosal concentrations: (1)

4p-phorbol-12s-myristate 13a-acetate (4p-PMA), (2) 4c-phorbol-120-myristate

1 3a-acetate (4a-PMA), or (3) mezerein (MZ). This concentration has previously

been shown to activate PKC in several tissues (Ahn et al., 1985; Graber et al.,

1989). An additional group of skins were subjected to MZ (108M) in the

presence of serosal ibuprofen (10-5M). A group of southern frogs were also

pretreated with the ibuprofen (iB) regimen and the abdominal skins were

removed. The split skin technique was employed to isolate the epidermis and

this tissue was subsequently prepared for determination of PKC activity.

Protein Kinase C Assay

Preparation of the PKC enzyme was based on the method of Magnino, et al.

(1989), and adapted for amphibian tissue (Yorio et al., 1985). The assays were



59

performed on the cytosolic fraction of the isolated split skins obtained by the

technique previously described. The skins pooled from three frogs were

centrifugated in the 1.5 mM phosphate buffered frog Ringer's for 5 minutes at

300 rpm in a Beckman model TJ-6 centrifuge. The buffer was removed and the

pellet was resuspended in a homogenizing buffer consisting of: 20 mM

HEPES-NaOH, pH 7.4,5 mM EGTA, 3 mM MgCI2, 0.1% BSA, 20 jg/ml

leupeptin, 5 mM dithiothreitol (DTT). The homogenate was sonicated three

times for 15 seconds with a microprobe (Sonifier Cell Disruptor 350). Unbroken

cells were removed by centrifugation at 600 g for 5 minutes in a centrifuge

(Beckman model TJ-6), and the suspension was then centrifuged at 20,000 g for

30 minutes at 40C in a fixed angle ultracentrifuge (Dupont Sorvall ARC-1

OTD-50). The supernatant was used as the cytosolic fraction of PKC and diluted

10-fold with homogenizing buffer.

PKC activity was assayed by measuring the incorporation of [32P] ATP into

calf thymus H1 histone by the methods of Huang and Robinson (1976). The

reaction mixture (250 gi total volume) contained substrate (50 jg histone), 1

pmol MgCI2, [32 P]ATP (100-200 disintigrations per minute/pmole ATP), 4.6 xg

phosphatidylserine, 0.25 jg of diolein, 300 nmol CaCI2, 0.2 jmol of tris/HCI (pH

7.5), and enzyme preparation to be assayed. The assay reaction was initiated by

the addition of enzyme to the reaction mixture. Assays were carried out at 300 C

and terminated at various time intervals by transferring 10 jil of the reaction

mixture on to a strip of Gelman ITLC chromatography paper cut in 1.5 x 9.8

strips at the origin (1.5 cm above the bottom edge) at a site which had previously

received 15 RI of 20% TCA. Ascending chromatography was immediately carried

out using a solvent system of 5% TCA containing 0.2M KCL. After developing for
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5 min the strips are removed and dried in warm air. In this solvent system the

reaction product (labeled histone) remained at the origin, whereas the [32 P]ATP

moved with the solvent front. A 2.5 cm segment of each strip, from 1.5 cm

above to 1.0 cm below the starting line (containing the labeled histone), was cut

out and inserted into a scintillation vial for counting in a Packard liquid

scintillation counter. A unit of enzyme activity was defined as the amount of

enzyme which will catalyze the transfer of one gmole of phosphate from ATP per

minute at 300C. Enzyme activity was measured in the presence and absence of

activators and background determined in the absence of enzyme. The

stimulated activity represented PKC, and was verified by adding the PKC

inhibitor, H-7, at a concentration of 100 pM.

Inositol Phosphate Determination

Isolated split skins were incubated with 5-10 Ci/mI of [3H]-myoinositol in

Ringer's solution for 4-6 hrs. Tissues were washed three times with Ringer's

solution containing 5 mM 'cold' myoinositol and resuspended in Ringer's solution

containing 10 mM LiCl. Tissues were incubated for 10 min at 250 C in LiCI

containing Ringer's solution before the addition of prostaglandins and other

agents and the incubation was continued for an additional 30 min. The reaction

was stopped at 1, 5, and 15 minutes post prostaglandin exposure by the addition

of 2.0 ml of cold chloroform:methanol:HCI (20:40:1), homogenized in a Dounce

homogenizer, collected, and 0.75 ml of chloroform and 0.5 ml of water were

added to separate the organic and water phases. The samples were vortexed

and the phases separated by centrifugation at 1,000 g for 5 min and 1.5 ml of the

aqueous phase was removed for assay of [3H]-inositol phosphates as described

by Berridge et al. (1983) using anion exchange chromatography. The 10 ml
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anion exchange columns were packed with 1 ml of Dowex formate anion

exchange resin (Dowex-1, X8) (Blo-Rad), and were washed with 2.0 M

ammonium formate and 30 ml of DI water. The 1.5 ml of aqueous phase was

diluted with 5.5 ml of DI water. The sample was added to the column and then

washed with 7 ml of DI water. The column was eluted with 7 ml of 5 mM sodium

tetraborate/ 60 mM sodium formate and glycerophosphoinositol was collected

and discarded. The column was subsequently eluted with 7 ml of 0.1 M formic

acid/ 1.0 M ammonium formate and the labeled inositol phosphates (IP, IP2, IP3)

were collected. Of the eluate, 3 ml were placed in 12 ml of scintillation cocktail

and counted in a Packard liquid scintillation counter.

Determination of Membrane Phosphatidylinositide (Pis)

The chloroform phase from the previous protocol was used to determine

PGF2a induced changes in the membrane phosphoinositide composition. One

milliliter of each sample was evaporated under N2 and the residue resuspended

in 55 1 of chloroform:methanol:HCI (60:30:1). A 30 gi aliquot was spotted 1.5 cm

from the bottom of a silica gel 60 chromatography plate and one dimensional

TLC was performed using a solvent system of chloroform, 450 ml; methanol, 350

ml; DI water, 75 ml; NH4CI, 25 ml; and BHT, 1 gm (Garrett's solvent). The

fractions were eluted to 12 cm against known standards of the PIs. After

developing in an iodine chamber, the identified PI fractions were scraped from

the plate and inserted into a scintillation vial for counting. The fractions were

expresses as (counts)(min1 )(mg tissue 1).

Data Analysis

All data are presented as mean S.E.M.; N refers to the number of

individual studies performed on each paired skin. Statistical analyses were
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performed utilizing the Pharmacological Calculation System (PCS version 4.0)

program adapted for the IBM AT (Tallarida and Murray, 1987). Appropriate

statistical analyses were applied to each group of data with P<0.05 considered

statistically significant. Graphical presentations were plotted using Sigma-Plot

(version 3.1, 1987), computer software supplied by Jandel Scientific (Sausalito,

CA).



CHAPTER III

RESULTS

Study I: Role of Sodium In H+ Excretion

Effect of Low Sodium Concentration and Amiloride on H+ Excretion

In the following experiment, mucosal sodium concentration was varied and

H+ flux measured under normal and acidotic conditions of southern frogs. There

was a significant difference in the mean H+ excretion rate with respect to

increasing mucosal Na+ concentrations in the normal acid-base state, (Figure

8a) (P<0.05, one way parametric ANOVA, F= 3.5, n = 48). However, less

dependency on sodium concetrations were observed in animals with metabolic

acidosis (Figure 8b) (linear regression analysis, r=0.74), as there were no

significant differences between the mean H+ excretion at various mucosal Na+

concentrations, (one way ANOVA, P>0.10 F=1.45, n=48). Linear regression

analysis of these data and their respective serosal H+ fluxes showed no 1:1

mucosal acidification to serosal alkalinization relationship.

In the normal acid-base state, the decrease in the mean H+ excretion by

amiloride (10-5M) exposed skins was not significantly different from that of the

control portion of the skins (Figure 9) (one-tailed paired t-test, 0.1 0>P>0.05).

However in metabolic acidosis, the administration of amiloride, significantly

decreased the mean Ht excretion from that of the non-amiloride treated skin

(Figure 9) (one-tailed paired t-test, P<0.05). Likewise, no significant decrease in

mean H+ excretion was found between the control skins and low mucosal

sodium skins in normal frogs (Independent West, one-tailed, 0.50>P>0.25),

63
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Figure 8. Effects of different mucosal sodium concentrations on H+ excretion in

the southern frog skin under normal and acidotic conditions. Under normal

acid-base conditions (left panel), H+ excretion is dependent on mucosal sodium

concentrations, whereas, in the presence of acidosis (right panel), H+ excretion

is less dependent on mucosal sodium concentrations. In each group H+ fluxes

were 120 min. Each point represents the mean S.E.M. of eight skins.
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Figure 9. The effects of amiloride and low mucosal sodium concentration (2 mM

NaCl) on H+ excretion in normal and acidotic frogs. H+ fluxes were for 120 min in

114 mM NaCl frog Ringers. Each group represents the mean S.E.M. of eight

paired frog skins. Each control represents an untreated paired skin in two

separate experiments. Amiloride (1 0- 5M) was added to the mucosal bathing fluid

at the beginning of the flux period.



66

whereas, in the acidotic frogs, a highly significant decrease in mean H+ excretion

was found in the low mucosal sodium skins as compared to controls (Figure 9)

(Independent t-test, one-tailed, P<.01).

Effects of High Salinity Adaptation on H+ Excretion

To characterize further the relationship between sodium transport and H+

flux, frogs were sodium adapted for five days in 60 mM NaCI in the presence and

absence of metabolic acidosis (present last 2 days). The mean H+ excretion of

the five day 60 mM NaCl adapted frogs in both the normal and acidotic state was

significantly different from the control group bathed in 1 mM NaCl and in the

normal acid-base state (Figure 10) (Dunnett's t-test, P<.05 and P<.01,

respectively). As seen in Figure 11, the percent change in body weight during

high salinity adaptation increased in the frogs that were adapting to the 60 mM

NaCl, while the control frogs bathed in the 1 mM NaCl showed a slight decrease

in body weight. The slopes relating percent body weight change were not

significantly different between the 60 mM NaCl adapting frogs, but were different

from the 1 mM NaCl control group (Nest for parallelism, t= 0.121, P>0.5, and t =

5.171, P<0.001, respectively).

Blood Analyses

Table 2 lists the results of an in depth blood analysis done on frogs from the

above salt adapted experiment. The Student-Newman-Keuls (SNK) multiple

range test demonstrates several comparisons. It was found that a significant

difference in pH, Ca++, BE-ECF (base excess-extracellular fluid), and HCO3,

occurs between: (1) the normal acid-base groups (group 1 and 3) versus both

acidotic groups (groups 2 and 4) and, (2) the normal acid-base normal salinity

group (group 1) versus the normal acid-base/60 mM salt adapted group (group
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Figure 10. The effects of high salinity adaptation (60 mM) on H+ excretion in

southern frog skins under normal and acidotic conditions. Each group was

statistically compared to the 1 mM normal group (mean S.E.M. of eight skins

per group). Tissue H+ flux was measured for 120 minutes.
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Figure 11. Percentage weight change of southern frogs under normal and high

salinity adapting conditions. Each group of animals were weighed twice daily at

time of water change and after the bladders had been drained. The mean of

each group is presented with eight animals represented each group.
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TABLE 2. Blood Acid-base, Ionic and Metabolic Characteristics of Acidotic and Salt Adapted
Southern Frogs.

Blood Group 1 Group 2 Group 3 Group 4 ANOVA SNK
Analyses Normal Acidotic HSA-normal HSA-acid F-valueb Grouping
pH 7.4 0.03 7.2 0.04 7.6 0.07 7.0 0.04 11.66 1 324
pC02 (mm Hg) 21 1.0 15 1.1 20 2.6 16 1.2 4.01 123 234
Na+ (mmol/L) 111 1.3 111 1.3 110 3.4 118 0.5 1.36 1234
K+ (mmol/L) 3.3 0.3 3.4 0.3 2.5 0.6 4.4 0.5 2.08 1234
Ca2 + (mmol/L) 1.0 0.02 1.1 0.03 0.9 0.05 1.3 0.03 7.83 1324
BE-ECF8 (mmol/L) -1.9 1.4 -22 1.3 -4.2 2.2 -27 0.8 18.84 1 324
HCO03 mol/L) 13 0.9 6.4 0.8 18 1.3 .4.3 0.1 21.76 1324
As mean S.E.M.
HSA-High Salinity Adapted; ANOVA- Analysis of Variance; SNK- Student-Newman-Keuls Multiple
Range Test.
aBase excess-extracellular fluid.
bF(9 5 %) = 2.92, n = 39. All comparisons between groups 1 and 2 that demonstrate a difference are at
P <0.05, all other combinations of significantly different groups are at P <0.01.



70

3) (P<0.05). Furthermore, no significant difference was found among the two

acidotic groups (groups 2 and 4) in any of the parameters. In addition, the Na

and K+ concentrations were not significantly different among any of the groups

(ANOVA, F=1.36, and F=2.08, respectively). The pCO2 comparison showed

significance only between group 1 and group 2 (P<0.05).

Study 1I: Prostaglandin Effects on H Excretion

Prostaglandin Survey

Initial studies were designed to survey several prostaglandins (PG) to

determine if they demonstrated significant alterations of H+ excretion in the intact

frog skin when placed in the serosal bathing fluid. PGE2, PGFia, and PGF2a

were each examined at 107M, a concentration selected to be within

physiological limits. Figure 12 demonstrated that PGE2 (1 0 7 M) did not

significantly change H+ flux in both mucosal and serosal bathing fluids. In

addition, no statistical effect of PGFia (1 07M) was seen on the rate of H+

excretion as presented in Figure 12. In marked contrast, H' excretion was found

to be significantly inhibited both mucosally and serosally in the presence of

PGF2a (10~7M) (two tailed paired t-test, P<0.05, for both), and this decrease was

further enhanced in the recovery phase when PGF2a was not present in the

serosal bathing fluid (P<0.01) (Figure 13). The effects of F'GF2a were

determined at serosal concentrations ranging from 109M to 106 M and a

dose-response relation was generated from mucosal proton excretion rates

(Figure 14). The ED5o was determined to be 5 x 10 8 M with confidence limits of

1.3 x 10-8M and 2.0 x 107M PGF2a using the Litchfield and Wilcoxon method of

ED5Q and confidence limits determination.
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minutes. N.S.- not statistically significant. Results are expressed as means +
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Figure 13. Effect of serosal PGF2a (10~7 M) on H+ excretion across the mucosal

and serosal surfaces of the frog integument. All H+ fluxes were measured for 90

minutes. The recovery represented a 90 min. post-drug recovery period where

PGF2a was not present. The period began after a 15 min. washout. Statistical

analyses were performed using a paired t-test. Results are expressed as means

S.E.M. of twelve paired experiments.
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mucosal proton excretion of the frog integument during a 90 minute flux period.

Each point represents the mean S.E.M. of four separate experiments.
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Voltage-clamp Studies

Voltage-clamp studies were performed on normal frog skins in the presence

and absence of serosal PGF2a. Dunnett's t-test revealed a significant increase

in the peak transepithelial short-circuit current (Isc), rising from 21 2.8 to 34

4.5 (pA)(cm-2), which occurred 20 minutes post addition of PGF2a (1 0- 7 M)

(P<0.01) (Table 3). Amiloride, an inhibitor of the apical sodium channel in frog

skin (Yorio and Bentley, 1976), reduced the PGF2a Isc to 1.0 0.3 (P<0.01).

The effects of amiloride would be the same in the absence of PGF2a. In addition,

PGF2a had no effect on the potential difference (PD), but amiloride produced a

significant decrease in PD from 24 7.0 to 4 1.8 (P<0.05) (Table 3).

PGF2cz Effects During Chronic Metabolic Acidosis and Ibuprofen Treatment

An initial group of frogs were placed in chronic metabolic acidosis (cMA), a

condition which enhances proton transport across the skin. Following this

treatment, the integuments were removed and H+ fluxes determined. The

animals placed in cMA were found to have an increase in both mucosal and

serosal H+ excretion over that of the normal acid-base (Dunnett's t-test, P<0.01)

(Table 4). In both the control and the cMA conditions, PGF2a inhibited mucosal

H+ excretion (paired t-test, two tailed, P<0.05). On the serosal side, PGF2a was

shown to significantly decrease H+ transport in normal animals (P<0.05), but not

in the cMA animals. To determine if endogenous prostaglandins contribute to H+

excretion mechanisms, an additional group of animals were treated with

ibuprofen (IB), a prostaglandin synthesis inhibitor. Animals treated with IB under

normal acid-base conditions developed an increase in H+ transport to the same

magnitude as those animals in cMA (Dunnett's t-test, P<0.01)(Table 4). PGF2a

attenuated both mucosal and serosal proton excretion rates and this inhibitory



75

TABLE 3. Effects of PGF2a (10 7 M) and Subsequent Aniiloride (10 5 M) on the
Electrical Parameters, Potential Difference (PD) and Short-circuit Current (Isc), of
the Amphibian Integument.

Electrical Parameter Control PGF20Ca Amiloridea

Isc 21 -2.8b 34 4.5** 1 0.3**

PD 24 7.0 28 6.9 4 1.8*

a Peak responses. Drugs added to serosal bathing fluid.
bAs means S.E.M. (N=8 in each group).

*P < 0.05 is the probability that the value is different from the control, Dunnett's t-test.
**P < 0.01 is the probability that the value is different from the control, Dunnett's

t-test.

Isc expressed as ( A)(cm-2), PD measured in mV.
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TABLE 4. Effects of Serosal PGF2a (108M) on H+ Excretion In Acidotic and
IB-loaded Animals.

Treatment N H+ Excretiona

cell -- + mucosal fluid cell -* serosal fluid
2nmol/cm2Au

A. Normal

1. Control 12 112 11 6 6

2. PGF2a 12 87 12* -12 5*
B. Acidotic

1. Control 7 179 29** 53 4**

2. PGF2a 7 134 25* 47 9
C. Ibuprofen

1. Control 12 196 18** 87 13**
2. PGF2a 12 178 11 61 18
3. Recoveryb 12 143 4 12* 39 17*

aResults are expressed as means S.E.M.

bPGF2a was removed after a 15-min washout period and proton fluxes measured for
another 90 min.

*P<0.05 for differences from controls within each treatment group using independent
t-test.

**P<0.01 for differences of acidotic and ibuprofen controls from normal controls
using Dunnett's t-test.
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process was statistically evident in the recovery phase, where PGF2a was

removed and H+ fluxes were measured for another period (paired t-test, two

tailed, P<0.05). In comparable control tissues, there was no change in H+

excretion rates during the recovery period (data not shown) (P>0.2).

Study III: Adaptive Morphological Changes In the Frog Skin

Comparison of H? Excretion and Morphological Changes in the Skin of

Northern and Southern Frogs

Previously, it was shown that during a challenge of chronic metabolic acidosis

the southern variety of the leopard frog, Rana pipiens, compensates by

increasing H+ excretion in the skin. Additionally, there is an increase in the

number of mitochondria rich (MR) cells in the skin and this increase may be an

adaptive mechanism of the skin to excrete excess H+ during acidosis (Page and

Frazier, 1987). Figure 15 demonstrated that following the challenge of a 48 hour

metabolic acidosis the intact skin of the northern variety of 3ana pipien& did not

significantly increase its H+ excretion, but the skin of the southern variety frog

produced a highly significant increase in H+ excretion in acidosis (Independent

t-test, P>0.2 and P<0.005, respectively). The mean blood pH of the northern

frogs, however, decreased significantly from 7.13 11 in the normal frogs

(N=11) to 6.66 12 in the acidotic frogs (N=10) (Independent t-test, P<0.001).

Table 5 indicated that the net H+ flux was directional from serosa to mucosa in

both the normal and acidotic states, and in normal skins the serosal bathing fluid

alkalinized, while during the acidotic condition the serosal bathing fluid acidified.

The skins of both the normal and acidotic northern frogs were histologically

prepared for identification of cell types and cell counts. The same quantification

procedure was previously performed in the southern frog (Page and Frazier,
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Figure 15. Comparison of H+ excretion in the skin of northern and southern

frogs under normal and acidotic conditions. Each group represents the mean

S.E.M. of ten skins. Acidosis was produced by NH4CI injections into the dorsal

lymph sac three time daily for 48 hr. The H+ flux period was measured for 120

minutes.
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TABLE 5. Mucosal and Serosal H+ Excretion in Northern and Southern Frogs.

H+ Excretiona

Group (N) Cell -> mucosal fluid Cell -+ serosal fluid P valueb

nmol/cm2/hr

I. Northern variety

A. Normal (12) 38 - 8 -3 11 <0.002

B. Acidotic (12) 44 - 7 14 6 <0.002

II. Southern variety

A. Normal (10) 36 - 6 -9 - 4 <0.002

B. Acidotic (10) 96 7c 6 3c <0.002
aAs means S.E.M.
b Is the probability that the values are different.

cP<0.01 is the difference between acidotic and normal using paired t-test.
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1987), and was not repeated in this study. Table 6 describes changes in the cell

population of the northern frog skin in response to metabolic acidosis. The

granular + basal: MR cell ratio and percentage of cell types in the northern skins

showed no significant increase in the number of MR cells in response to chronic

metabolic acidosis (Independent t-test, p >0.2 ).

Identification of the AgNO3-stained Cells

The integument from the southern variety of Bana pipiens following various

treatment conditions were AgNO3-stained and histologically prepared for

quantification of the mitochondria-rich (MR) cell (see Methods, page 57). Light

microscopy revealed the characteristic dark stain of the Agl precipitate in two

cell populations: (1) the MR cell, and (2) the cells lining the ducts of the exocrine

glands of the skin (Figure 16). The MR cells were best observed and most easily

quantified in the transverse sections cut just beneath the thin outer cornified

layer. The cells present at the gland openings in most tissues readily stained

with AgNO3, yet in a few tissue preparations these cells did not stain very well.

Cross sections of the skin revealed that only the duct of the glands contained the

silver staining cells, whereas the acinus remained relatively stain free. It was

also noted that the epithelial organization of the gland openings appeared to be

quite uniform with equidistant spacing. In comparison, the MR cell population

seemed to be more randomly organized. The epithelial cell borders were also

found to contain a significant presence of the stain. Changes in the MR cell

density could be visually observed in response to certain treatment conditions ,

whereas changes in the gland cell population could not be readily seen using

these techniques (Figure 17). Electron microscopic observation of the
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TABLE 6. Changes in Cell Population in Northern Frog Skin in Response to
Metabolic Acidosis.

Ratio of cell types

Granular Mitochondria-

Acid-base state and basal rich

A. Normal 1.0 0.013

(98.8%) (1.23%)

B. Acidotic 1.0 0.014

(98.6%) (1.38%)

aRepresents a total of 2200 cells counted from Paragon slides.

bP>0.05. Not statistically significant by the independent t-test

Number in parenthesis is the percentage cell type of the total number of cells counted.
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Figure 16. Apical view of a tangential section through the AgNO3-stained skin of
a control frog. The gland openings (large arrows) are characterized by a cluster
of silver staining cells surrounding an open pore. The MR cells (small arrows) are
the smaller, darkly stained cells randomly scattered throughout the epidermis
(1OOx).
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pretreated with ibuprofen. This condition stimulates both H+ excretion rates and

MR cell proliferation. The MR cell density (small arrows) is characteristically

observed to increase during chronic metabolic acidosis, ibuprofen treatment, and
NaNO3 adaptation, whereas the gland openings (large arrows) remain constant
in number (1000x).
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AgNO3-stained tissues further supported that the AgCl precipitate was

selectively localized in the MR cells of the frog skin (Figure 18).

Treatment Conditions and MR Cell Density

Histological evaluation of the skin of the southern grass frog subjected to

chronic metabolic acidosis (cMA) and ibuprofen treatment (IB) demonstrated

profound changes in the MR cell density. Figure 19 shows that both cMA and IB

produced a significant increase in the population of MR cells over that of the

control animals (SNK test, P<0.05 and P<0.01, respectively). The MR cell count

during high salinity adaptation (HSA) showed different results. The 1 mM NaCl

and the 60 mM NaCl adapted animals developed no significant changes in the

MR cell density when compared to the control group (SNK, P>0.05 for both)

(Figure 20). However, the animals subjected to 60 mM NaNO3 demonstrated a

significant increase in the MR cell population (SNK, P<0.01).

The darkly stained group of cells of the gland ducts were also quantified. The

techniques employed in this experiment rendered it impossible to count

individual dark staining cells found in the gland ducts. However, these cells

would stain dark as a group forming the apical pore of the skin glands. These

stained structures were quantified in the skins of the animals from all the

treatment conditions. No significant changes in the number of gland openings

were observed in any of the groups (SNK, P>0.05) (Table 7).

Study IV: Prostaglandin-second Messenger interactions

It has been shown in many tissues that PGs may exert their cellular actions

by acting on receptors linked to second messenger effects. PGF2a has been

shown to stimulate the breakdown of polyphosphoinositides (P1) into

diacylglycerol and inositol trisphosphate, both of which may act as second
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Figure 18. TEM photomicrograph of a cross section of a AgNO3-stained skin.

This technique was use to confirm the selective precipitation of AgCl in the

mitochondria-rich (MR) cell (arrow)(1500x).
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Figure 19. Effects of chronic metabolic acidosis and ibuprofen pretreatment on

the mitochondria-rich (MR) cell density of the southern frog skin epithelium. Each

group represents the mean S.E.M. of random sections in at least five skins.
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mitochondria-rich (MR) cell density in the southern frog skin. Each group

represents the mean S.E.M. of random sections in at least five animals. N.S. -

Not statistically significant.



88

TABLE 7. Changes Tin the Population of Gland Openings with AgNO3 Staining
Cells -under Various Treatment Conditions.

Treatment condition N Gland count P value

(x102/mm2)

I. Control 6 21.8 1.1* >0.0

II. Metabolic acidosis 6 18.1 1.1>0.0

III. Ibuprofen loading 5 19.3 1.2 >0.04

IV. High salinity adaptation

A. 1 mM NaCl 6 18.0 2.6 >0.0

B. 60 mM NaCl 5 25.3 2.1 >0.0

C. 60 mM NaNO3 6 20.1 1.0 >0.0

*As mean S.E.M.

**Not statistically significant from other groups by the Student-Newman-Keuls
Multiple Range Test. Represents 144 random samples from all the groups.

5**

5

5

5

5
I
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messengers to activate the diacylglycerol-binding enzyme, protein kinase C

(PKC), and to mobilize intracellular calcium, respectively. In the present study,

the effects of PKC activators on H excretion in frog skin were determined to

evaluate if inhibition of mucosal acidification could also occur following activation

of PKC. Mezerein, a non-phorbol ester activator of PKC, inhibited proton

excretion across both the mucosal and serosal surfaces of the frog skin at

concentrations as low as 10~8M (two tailed paired t-test, P<0.01, for both) (Figure

21). To eliminate the possibility that the effect we observed was mediated

through the release of endogenous PG, the mezerein effect on proton excretion

was measured in the presence of ibuprofen. Mezerein still produced its inhibitory

effects on both the mucosal and serosal acidification processes even in the

presence of ibuprofen (two tailed paired t-test, P<0.05 and P<0.01, respectively)

(Figure 22), suggesting that endogenous release or formation of PG's did not

play a role in the actions of mezerein. A similar inhibition of proton excretion was

observed with 4J-PMA (phorbol myristate acetate) (P<0..05, both mucosal and

serosal), but not with its inactive epimer 4a-PMA (paired t-test, two tailed)

(Figures 23 and 24). This latter observation suggests that both the phorbol ester

and mezerein were acting through PKC.

To determine if PKC played a role in prostaglandin regulation of basal proton

excretion in the frog skin, PKC activity was measured in the integument of

control and following inhibition of PG synthesis with ibuprofen, as 1-treated

animals showed an enhance proton excretion rate. Pretreating the animals with

ibuprofen resulted in a decrease in cytosolic PKC activity as compared to normal

animals (Independent t-test, P<0.01) (Table 8).
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Figure 21. Effects of serosal Mezerein (10-8 M) on H+ excretion across the

mucosal and serosal surfaces of the frog integument. H+ fluxes were measured

for 90 minutes. Statistical analyses were performed using a paired t-test. Results

are expressed as mean S.E.M. of nine paired experiments.
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Figure 22. Effects of serosal Mezerein (10~8 M) in the presence of serosal

ibuprofen (10-5 M) on H+ excretion across the mucosal and serosal surfaces of

the frog skin. H+ fluxes were measured for 90 minutes. Statistical analyses were

performed using a paired t-test. Results are expressed as mean S.E.M. of nine

experiments.
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Figure 23. Effects of serosal 4P-PMA (10-8 M) on H+ excretion across the

mucosal and serosal surfaces of the frog integument. H+ fluxes were measured

for a period of 90 minutes. Statistical analyses were performed using a paired

t-test. Results are expressed as mean S.E.M. of ten paired experiments.
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Figure 24. Effects of serosal 4a-PMA (10-8 M) on H+ excretion across the

mucosal and serosal surfaces of the frog integument. The H+ flux period was for

90 minutes.Statistical analyses were performed using a paired t-test. Results are

expressed as mean S.E.M. of eight paired experiments.
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TABLE 8. Protein Kinase C (PKC) Activity of Isolated "Split" Frog Skin
Epithelia.

Treatment +Activators +Inhibitor PKC Activity
Activator-Inhibitor

Control 285 7 173 1$b112

Ibuprofen 239 4a 188 3b 51

Values are mean S.E.M. of four separate skins run in triplicate. Protein kinase C
(PKC) activity (in ?moles 3 Pi transferred/mg protein/min)was assayed by measuring the
incorporation of [3 P] from [32P]ATP into histone. Reaction mixture (250 p1 total
volume) contained 50 pg histone, 10 mM Mg-acetate, 0.1 mM [3 2P]ATP (100-200
disintegrations/min/pmole ATP), 96 pg phosphatidylserine and 3.2 pg/ml of diolein
(Activators), 0.3mM CaCl2, 20 mM Tris at a pH of 7.5. Concentration of H7, a PKC
inhibitor, was 100 gM. aP<0.01 for differences from control; bF<0.01 for differences
from +Activators; cP<0.01 for differences from control.
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Since PKC is a phospholipid dependent enzyme, the observation in changes

of PI fractions and the release of inositol phosphates would provide further

insight as to the mechanism whereby PGF2a inhibits H+ excretion in this renal

epithelia. Figure 25 indicates that at PGF2a concentrations of 10 8 M there is a

significant breakdown of membrane PI over a period of thirty minutes when

compared to the unstimulated skins (paired t-test, two tailed, P<0.05). However,

inositol phosphate fractions demonstrated high variability in PGF2a-stimulated

release among individual skins and no significant changes were readily observed

in 1, 5, and 15 minute exposures to PGF2a (Table 9).
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TABLE 9. Inositol Phosphate Fractions in the PGF2c-stimulated Isolated Frog
Skin Epithelium.

Treatment Time, mina

1 5 15

Control 585 429 804 254 1367 694

PGF2o (108M) 6 0 9  4 7 8b 6 0 7 216 b 710 148b

Represents the mean S.E.M. as CPM/mg tissue of six paired skins run for each time
peroid.

aTime is the period which the incubated tissues were exposed to PGF2Q.

bP>0.05 - Not statistically significant for all.



CHAPTER IV

DISCUSSION

Study 1: Role of Sodium in H+ Excretion

The cellular mechanisms involved in proton transport by renal tissues in

maintaining homeostatic systemic pH has long been questioned and pursued.

The microperfusion techniques of Rector, et al. (1965) and Malnic, et al. (1972)

along with the morphological studies of Madson and Tisher (1985) have

demonstrated the presence of H+ excretion in the mammalian proximal and

distal tubules. These characteristics have also been demonstrated in several

amphibian models including the toad urinary bladder (Frazier, 1985), the turtle

bladder (Stetson and Steinmetz, 1985) and various species of frog skin (Benos,

1981; Vanatta and Frazier, 1981; Lindenger and McDonald, 1986; Ehrenfeld, et

al., 1987). However, differences among these species in their membrane

pemeability characteristics (Bentley and Yorio, 1976) and ion transport

relationships with H+ excretion (Frazier, 1986; Duranti et al., 1986, Emilio and

Menano, 1975) have left many of the cellular mechanisms of proton transport in

question.

In the current study, net H+ flux was found to be unidirectional from serosa to

mucosa in both normal and acidotic animals. In addition, it was found that, in

yw, normal skins the serosal bathing fluid becomes alkaline, while during

chronic metabolic acidosis (cMA) the serosal bathing fluid becomes acidic. This

phenomenon has previously been shown in the integument of the frog (Page and

Frazier, 1987) and supports the model of Ehrenfeld et al. (1987) which suggests

a basolateral H+ secretory mechanism quiescent in normal conditions but

98
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stimulated in metabolic acidosis. This allows cellular pH to be maintained within

physiological limits by "dumping" protons systemically to be eliminated by the

kidney.

Further observations revealed that under normal acid-base conditions, H+

fluxes were found to depend on mucosal sodium concentrations. Conversely, in

metabolic acidosis, a linear relationship was observed for the H+ excretion rate.

These results suggest that under normal conditions there is a sodium

dependency of H+ excretion which is saturable at 20-30 mM mucosal sodium,

whereas at higher rates of H+ flux, under metabolic acidosis, this is less

apparent. This is similar to what has been reported for H+ fluxes in the skin of

the frog, Bana eaculenta (Ehrenfeld and Garcia-Romeu,1 977). This sodium

dependency difference was particularly noticeable in the low mucosal sodium (2

mM) H+ flux data. Amiloride (10-5M), a known inhibitor of passive mucosal Na+

absorption, was found to inhibit H+ excretion only in the acidotic frogs. These

results agree with previous observations of Frazier (1985) on the

amiloride-sensitive H+ flux in toad bladders in the presence of chronic metabolic

acidosis. It appears, therefore, that a decrease in sodium uptake across the

apical membrane results in a significant decrease in H+ excretion during acidotic

states. Leaf et al. (1959) proposed that as much as 50% of endogenous C02 is

generated from ATP production used for driving the basolateral Na+-K+ATPase

pumps, and that C02 is also a substrate for carbonic anhydrase in the

production of H+ for excretion. Therefore, amiloride, by blocking apical Na+

entry, produces a 40% decrease in H+ excretion, probably through an inhibition

in transcellular active sodium transport and a concomitant decrease In C02

generation. Furthermore, H+ excretion was markedly increased in acidosis,
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partly due to the decrease in cell pH from the increased uptake of systemic C02,

and partly from the presence of active sodium transport (Ehrenfeld et al., 1987).

It was interesting to note that under low sodium conditions (2 mM, mucosally),

only a slight decrease in H+ flux was observed during metabolic acidosis,

perhaps reflecting the presence of residual transcellular sodium transport and

C02 production sufficient in maintaining an elevated H flux. In addition, a

Na+/H+ exchanger on the apical membrane may exist, and most likely its activity

is increased in metabolic acidosis to conserve a physiological intracellular pH.

The apical Na+/H+ exchange would become most obvious during decreases in

intracellular pH, and as suggested by the data would show amiloride-sensitivity

during its activatied stated (i.e. metabolic acidosis). However, amiloride also

inhibits apical Na+ conductance, and this process may also play a role in the Na+

dependency of acidification. Therefore, further studies are warranted employing

selective amiloride analogues for each of these sodium transport processes.

Additional information concerning the sodium dependence of H+ excretion

was obtained by measuring H+ excretion in non-acidotic (normal) and acidotic

animals which were salt adapted. It was found that in normal frogs, which were

high salinity adapted (HSA) for 5 days, there was an increase in H excretion

over those of the normal 1 mM salt adapted frogs. This suggests that the apical

Na+ gradient has an influence on H+ excretion and the pH gradient. The

increased H+ flux may be the result of an increase in metabolic C02 production

resulting from energy utilization in driving the basolateral Na+-K+ ATPase pump.

An increase in Na+ uptake was evident by an increase in weight gain by the HSA

animals in comparison to the non-salt adapted animals, perhaps as a result of an

increased fluid absorption. On the contrary, some studies suggest that mucosal
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Na+ channel density is decreased during HSA, thus decreasing transcellular

sodium transport (Van Driessche and Lindemann, 1979). Sodium self-inhibition

of the Na+ channel has been observed to be much less effective at regulating

sodium transport. Regulation of Na+ channels is achieved better by intracellular

modulators including protein methylation (Sariban-Sohraby et al., 1984),

prostaglandins (Helman et al. 1983), and second messengers (Berridge, 1987).

Changes in sodium channel density respond to intracellular events which can

also mediate other transport processes, such as enhanced apical Na/H+

exchange, in order to maintain intracellular pH during conditions like HSA.

Blood acid-base profiles were also consistent with an increase in

integumental H+ excretion and chronic metabolic acidosis, as blood bicarbonate

concentrations were decreased and a compensatory decrease in pCO2 was

observed. Although no change in blood sodium concentrations were observed,

this may reflect an increase in blood volume from an enhanced water

reabsorption or a consequence of efficient sodium removal by the kidney.

The HSA animals in metabolic acidosis also showed an increase in weight,

and had a significant decrease in blood pH and HCO3, reflecting the state of

acidosis in the animal. The H+ excretion rates of the HSA acidotic animals were

sustantially greater than those of the non-acidotic HSA and control animals, and

as expected, blood pH and HCO3 concentrations were markedly decreased as

compared to the non-acidotic HSA and control animals. The blood acid-base

profiles of the HSA acidotic animals (pH, 7.0; HCO3, 4.3; pCO2,16) were not

significantly different from the animals in metabolic acidosis (pH, 7.2; HCQ3, 6.4;

pCO2, 15). This suggests that the acid-base changes are primarily a result of

systemic acidosis and not due to the salt adaptation. Likewise, the increase in
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H+ excretion in the non-acidotic HSA animals appears to be a function of

enhanced sodium uptake and transport, possibly through an increased C02

production, and not by altering the systemic acid-base status of the animal.

These data suggest that the apical Na+ gradient may influence H+ excretion,

perhaps as proposed by Frazier (1985) through energy dependent mechanisms

of active sodium reabsorption. Alternatively, at sodium concentrations below

sodium transport saturation (<30 mM), there appears to be a Na/H+ antiporter

that is driven by the sodium and pH gradients. Under acidosis, H+ excretion may

in part function through this antiporter, but it may also proceed through Na

independent processes linked to the metabolic state of the cell. Figure 26

depicts a modification of a model previously proposed by Frazier (1985) for the

toad bladder and depicts these alternate mechanisms. In Figure 26A, normal H+

excretion is depicted as an electrogenic apical pump which is dependent on the

intracellular H+ concentration produced from the enzymatic conversion of C02 to

bicarbonate. The intracellular C02 concentration is, in turn, primarily dependent

on the rate of passive apical Na influx which is actively removed basolaterally.

Thus, energy utilization for the active Na+/K+ pump plays a major role in cellular

C02 production. Under normal conditions the intracellular pH is efficiently

maintained and the Na+/H+ exchanger is quiescent and serosal alkalinization is

observed. Under these conditions H excretion occurs primarily across the

apical membrane.

When the animal is challenged with chronic metabolic acidosis, H+ excretion

is no longer primarily dependent on apical Na+ influx (Figure 26B), and the main

stimulation of H+ excretion is via the increase in cellular C02 from the induced

systemic acidosis. The increased C02 masks the Na+ dependency of H+
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Figure 26. Proposed model of H+ excretion characteristics and the role of

sodium in (A) the normal metabolic state, and (B) chronic metabolic acidosis.

Normal H+ excretion is mediated by an electrogenic apical pump dependent on

intracellular pH and C02. The C2 concentration is primarily dependent on

cellular metabolism derived from driving Na+ out of the cell. A basolateral Na+/H+

exchanger is quiescent. In acidosis (B) H+ excretion is no longer primarily

dependent on apical Na+ influx. Rather, the main stimulus of acidification is via

an increase in cellular C02 from the induced acidosis. In response to a decrease

in pHi, the Na+/H+ exchanger becomes activated to regulate pHi.
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excretion, but, in response to a decreased pH, the Na+/H+ exchanger becomes

activated. This Na+/H+ exchange results in both a serosal acidification and an

increase in intracellular sodium which can stimulate C02 production via the

basolateral Na-K+ATPase pump. The increased C02 acts as a substrate of

carbonic anhydrase to enhance apical proton excretion rates. Such a model is

consistent with the present observations. It was also evident that further studies

were needed to further describe these mechanisms and to elucidate the

mediators that may regulate these processes, therefore Study II was performed.

Study II: Prostaglandin Regulation of H+ Excretion.

Prostaglandins (PG) are known to produce several actions in renal epithelial

cells, including participation in renin secretion, renal diluting ability, sodium

excretion, action of diuretics and in modulating the effects of antidiuretic

hormone (Handler, 1981; Yorio et al., 1983a; Schlondorff and Ardaillou, 1986).

The role prostaglandins play in the cellular pH regulatory systems in the H+

secreting epithelia seen in the kidney has not been completely elucidated.

Intracellular pH is thought to play a critical role in many cell functions and

particularly in renal epithelia for urinary acidification. In the present study, a

model renal epithelial membrane, the frog skin, was used to investigate the

effects of a series of PGs on H+ excretion mechanisms. This epithelial

membrane is capable of excreting H+ across its mucosal surface, is sensitive to

changes in intracellular pH, and is able to enhance proton excretion when the

animal is placed under metabolic acidosis (Frazier, 1986). Metabolic acidosis

results in a decrease in intracellular pH and an activation of a proton pump

located in the apical membrane of the epithelial cell. In addition, it was shown in

Study I that the cell responds by activating a quiescent Na+/H+ exchanger in the
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basolateral membrane in an effort to return the intracellular pH back to normal.

What triggers or controls this acidification mechanism is unclear, but it could

involve the local paracrine actions, such as those mediated by PGs.

In the present study, it was found that PGF2a, but not PGE2 nor PGFia,

produced a dose-dependent inhibition of H+ excretion. The effect of PGF2a was

on both the mucosal proton excretion system as well as the serosal Na+/H+

mechanism. The ED50 was determined to be 5 x 1~8M (1.3 x 10-8 M - 2.0 x

10 7M), a concentration that is within the normal physiological range of this

elcosanoid. When animals were subjected to chronic metabolic acidosis (cMA) a

significant increase in proton excretion across both the mucosal and serosal

surfaces was observed. This was similar to what has been previously reported

for amphibian tissues (Frazier, 1986) as well as that of the renal tubular cells

(Hays et al., 1986).

Prostaglandin F2a attenuated H+ excretion in the integument of the acidotic

animal which was depressed further during the recovery phase, when PGF2a

was removed. These results suggested that PGF2a may play some role in

regulating intracellular pH in epithelial cells, and the observation that the

response is not readily reversible, suggests that PGF2a exerts some long-term

effects in the cell. Previous reports in turtle urinary bladder (Ascer et al., 1984)

and in rabbit medullary collecting duct (Hays et al., 1986) have also shown an

inhibition of proton secretion by PGE2, with the latter report demonstrating a lack

of reversibility of PGE2. What causes this irreversibility is unknown; however, this

could reflect cellular changes that are not easily recruited or the result of an

activation of other second messengers. Alternatively, it could reflect an inability

to readily remove PGs during washout and thus the continued presence of the
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prostanoid exerts a further attenuation of H+ excretion. PGs are known to remain

active for 2-4 minutes systemically before metabolism occurs with first pass

through the liver (Dunn, 1983). PGs may remain active locally at their site of

production or in xitrD for much longer periods of time. In toad urinary bladder, the

prostaglandin with the most significant effects on proton excretion was PGE2

(Frazier and Yorio, 1990). This is not surprising as PGE2 is one of the most

prominent PG formed by toad urinary bladder and kidney and has been shown to

increase in its formation following stimulation with hormones, such as

vasopressin (Handler, 1981). In the present study, PGE2 (107M) had no effect

on proton excretion, however dose-dependent effects were not tested. The dose-

response analysis for PGE2 effects in toad bladder revealed that at high doses

PGE2 stimulated proton excretion, whereas at lower doses it inhibited proton

excretion. A similar dose-dependent response of PGE2 has been observe in

water flow studies in similar tissues. Low dose PGE2 inhibits water flow through

suppressing cAMP formation, whereas high dose PGE2 stimulates water flow

through enhancing cAMP formation (Chabardes et al., 1988; Sonnenburg and

Smith, 1988). The dose-dependent effects of PGE2 on H+ excretion may act

through a similar mechanism of second messenger activation. PGF2a in frog

skin was found to inhibit acidification. It was also observed in toad bladder that

the concentrations of PGE2 were increased in animals who were under chronic

metabolic acidosis. Such increases in PGE2 concentrations may be high enough

for PGE2 to participate in enhancing proton excretion. Perhaps certain PGs, like

PGF2a, maintain low levels of proton excretion, and when the animal is in a state

of acidosis another PG, such as PGE2, may be released at concentrations which

locally stimulate proton excretion. In earlier studies with toad urinary bladders, it



107

was shown that the vasopressin-mediated hydroosmotic response can be

reduced by either placing the animal in metabolic acidosis (Frazier, 1980) or

lowering the external pH of isolated bladders (Burch and Halushka, 1982). It was

suggested that the acid pH stimulated PG production, particularly PGE2, which

subsequently inhibited the PG-mediated response. This supports the hypothesis

that PG synthesis may be increased in toad urinary bladder following acidotic

conditions and the increase in formation of certain PGs, like PGE2, could lead to

enhanced proton excretion.

In many systems, PGE2 and PGF2a appear to have opposite actions, with

PGE2 effects being mediated through actions on adenylate cyclase, whereas,

PGF2oc effects may result from stimulating receptors coupled to the calcium

mobilizing phosphoinositide pathway. It should also be noted that

dose-dependent effects of PGE2 on adenylate cyclase have been reported for

toad urinary bladder (Yorio et al., 1983a), as well as for the mammalian nephron

(Handler,1981), with high concentrations of PGE2 stimulating cAMP formation

and low concentrations inhibiting cAMP formation. These dose-dependent

effects of PGE2 on second messenger function may explain the variable

responses to PGE2 on the H+ excretions that were observed by Frazier and

Yorio (1990).

Voltage-clamp recordings across the frog skin revealed that PGF2a increased

the amiloride-sensitive short-circuit current (Isc) suggesting that transepithelial

sodium transport was stimulated. This action may be mediated through the

passive apical Na+ entry site or via the Na+/K+-pump. Previously it was found in

Study I that a Na+ dependency of proton excretion exists in the normal frog skin,

where animals faced with high mucosal sodium concentrations developed an
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increase in mucosal H+ excretion rates. Based on these findings, increasing

sodium transport could increase proton excretion. In the current study, an

enhanced proton excretion secondary to PGF2a stimulated transepithelial

sodium transport would be expected, however, this was not observed. On the

contrary, PGF2a inhibited mucosal H+ transport, suggesting either a direct

inhibition of the apical H+-pump or activation of second messengers to alter the

recruitment of the He-pumps or the activity of the Na+/H+ antiporter.

Additional support for a role of PGs in proton secretion was obtained when

animals were treated with ibuprofen, a PG synthesis inhibitor. Under ibuprofen

treatment (IB) the animals had a much higher rate of proton excretion than that

of the untreated animals. Since ibuprofen is an organic acid, the enhanced

proton excretion may be due, in part, to the induction of a systemic metabolic

acidosis rather than via decreased PG production. Unfortunately, blood

acid-base characteristics were not obtained from the lB animals in this

experiment. The rate of H+ excretion in the ibuprofen animals was of a similar

magnitude as those animals under metabolic acidosis, suggesting a role for

endogenous PGs in maintaining a low proton excretion rate. A rise in proton

excretion, after the administration of a PG synthesis inhibitor, has also been

observed in the rabbit medullary collecting duct (Hays et al., 1986) . In addition,

rabbit collecting ducts from adrenalectomized rabbits have a reduced proton

excretion rate (Stone et al., 1983b). The significance of this latter observation is

based on the finding that desoxycorticosterone decreases PG production in

rabbit cortical collecting tubules (Kirschenbaum et al., 1982) and that steroids

have been shown to decrease PG production by inhibition of

phospholipase-mediated release of arachidonic acid. Collectively, these
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observations suggest that endogenous basal PG production may act to decrease

proton excretion in renal epithelia to balance changes in intracellular pH. The

present findings appear to favor an action of PGF2a, however, other eicosanoid

products may also play a role, as evidenced by the magnitude of the increase in

proton excretion that occurred following ibuprofen treatment.

The mechanism whereby PGF2a decreases mucosal H excretion is not

clear, it could involve an action directly on the electrogenic apical membrane

proton ATPase or may be the result of PGF2a effects on second messenger

systems. This latter possibility is supported by recent observations that PGF2a

stimulates phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis and mobilizes

intracellular Ca++ in luteal cells (Davis et al., 1987). Studies in the turtle bladder

suggest that increases in intracellular calcium will inhibit acidification

mechanisms in this epithelia (Arruda, 1979). However, in addition to inositol

phosphate (IP) formation, and a calcium signal, the breakdown of PIP2 would

also result in the release of diacyglycerol and the possible activation of protein

kinase C (PKC). It is interesting to note that phorbol esters, activators of PKC,

have been shown to alter Na+/H+ exchange in many tissues (Grinstein et al.,

1985) and to inhibit proton excretion in intestinal epithelial cells (Shimada and

Hoshi, 1988).

Figure 27 is a proposed model of the sites of action that PGF2a may have in

the proton excreting MR cell of the amphibian integument. Continuing work with

this model has shown that PGF2a stimulates transepithelial sodium transport by

either facilitating passive apical Na+ entry or through enhancement of the

Na+/K+-pump on the basolateral membrane. Mucosal H+ excretion may be

directly inhibited by PGF2a at the site of the incorporation of the apical
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Figure 27. Proposed sites of PGF2a action in the H+ secreting MR cell of

the amphibian integument. PGF2a may directly inhibit mucosal H+ excretion at

the site of incorporation of the apical H+ pumps. PGF2x may increase

transcellular sodium transport either by facilitating apical Nla+ entry or basolateral

Na+/K+ pump activity. PGF2a produces serosal alkalinization probably through

inhibition of the basolateral Na+/H+ exchanger, stimulation of basolateral HCO3

exchange, or via activation of second messengers. PGF2x may promote

phosphoinositide breakdown and subsequent mobilization of Ca++ and activation

of protein kinase C to mediate these regulatory processes.,
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H+-ATPase pumps. PGF2a also produced serosal alkalinization that may occur

as a result of a direct inhibition of the basolateral Na+/H+ exchanger, stimulation

of a basolateral HC03 exchange, or possibly the result of second messenger

activation. PGF2a may be promoting the breakdown of phosphoinositides (PIP2)

into inositol phosphates (1,4,5 inositol trisphosphate), resulting in a mobilization

of intracellular Ca++. The increase in intracellular calcium may inhibit the serosal

Na+/H+ exchanger as well as affect the incorporation of cytoplasmic acidic

vesicles into the apical membrane.

Summary of Study 11 reveals that under normal and acidotic conditions

PGF2cz inhibits proton excretion in the frog skin, a model renal epithelium.

Endogenous PGs appear to contribute in regulating acid secretion, since

ibuprofen, a PG synthesis inhibitor, enhanced proton excretion. PGs thus appear

to maintain a low basal proton excretion rate in H+ secreting epithelia and may

play a primary role in the regulation of intracellular pH. The cellular mechanism

by which PGF2a exerts its action in this model epithelium is unknown; however,

the elucidation of these mechanisms were pursued in Study IV.

Study Ill: Adaptive Morphological Changes In the Frog Skin

The southern grass frog, Rana Qpipiens, berlandieri, has the ability to maintain

its systemic electrolyte and water balance through the regulation of ion transport

across its skin. The frog skin has two functional cell types, the granular (G) cell

and the mitochondria-rich (MR) cell (Farquhar and Palade, 1965), as well as

functionally distinct glands (Mills and Prum, 1984). It is of great interest to

determine the specific role of these cell types in ion transport across this model

tight epithelium. The G cell is thought to be primarily involved in sodium and

water uptake across the frog skin and is responsive to corticosteroids and the
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neurohypophyseal hormones such as vasopressin (Yorio and Bentley, 1978a;

DeSousa and Grosso, 1981). The MR cell is rich in carbonlic anhydrase and

thought to be the mediator of H+ transport (Rosen and Friedley, 1973), and

functions to help maintain systemic pH via active excretion of hydrogen ions

(Frazier, 1986). In addition, the MR cell has a specific pathway for passive

chloride conductance across the frog integument (Forskett and Ussing, 1986).

The mechanisms involved in the regulation of H+ excretion across the

amphibian skin are not entirely known. Previous data have shown that the skin of

Rana pipiens, berlandieri can significantly increase H+ excretion rates in chronic

metabolic acidosis (cMA) and this is associated with an increase in the MR cell

population (Page and Frazier, 1987). This phenomenon has been found to be

the case in analogous tissues such as the urinary bladder of the toad (Frazier,

1978) and turtle (Al-Awqati and Schwartz, 1986). Wheeler and Arruda (1987)

have recently shown that an increase in proton excretion by the turtle urinary

bladder under acidosis was associated with a corresponding increase in MR

cells and intracellular apically located acidic vesicles. These data offer additional

support that the MR cell may be the mediator of proton excretion. In the present

study it was found that the skin of the northern variety, Raa gpipens, Plp *ns,

was unable to increase H+ excretion in response to metabolic acidosis, and

likewise, no evidence of an increase in MR cell number was observed. On

occaision, these animals would become toxic and die secondary to the induction

of acidosis. This lack of response by the northern variety is intriguing within the

realm of comparative biology. Perhaps the adaptive responses to metabolic

acidosis in these two varieties is governed by individual mechanisms derived

from evolutionary adaptations to their respective environments. The southern
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variety may live in soil and water which is more acidic than that of the northern

frog resulting in a enhanced ability to extrude protons when given an acid-base

challenge. It would be of interest to analyze each of their environments and

further speculate on these comparative differences. Moreover, these

observations point to the MR cell as an important mediator in maintaining pH

homeostasis. These data also suggest that perhaps the inducible MR cells are

more important and subjected to regulation than those found under normal

acid-base conditions.

The results of a subsequent study based on the silver staining techniques of

Whitear (1972) and Katz and Gubbay (1988) show an increase in the MR cell

population (density) in a group of Rana pipiens, berlandieri placed in cMA. These

data concur with the results of the studies mentioned above. This information

suggests that one of the adaptive mechanisms involved in increasing H

excretion rates during cMA is through increasing MR cell density, thus enhancing

proton secretion capacity. Arguments do exist, however, concerning the

contribution of MR cell proliferation in the adaptive processes of cMA. The MR

cell is currently believed to exist in two forms, the H+ secreting cell and the HCO3

secreting cell (Stetson and Steinmetz, 1985). Studies by Schwartz et al. (1985)

in the rabbit collecting tubules demonstrated that the apparent increase in the

MR cell population from cMA was not the result of H+ secreting MR cell

proliferation but from the conversion of HCO3 secreting cells to acid secreting

cells, thus making the MR cells more conspicuous. However, the presence of

HCO3 secreting cells in the frog skin has not been definitively described. The

frog skin has been shown to excrete HCO3 during metabolic alkalosis (Vanatta

and Frazier, 1981) and characteristic histological changes of the skin occur
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during this treatment (Vanatta and Frazier, 1989). In the latter study, the MR cell

population did not change in alkalosis, but poorly stained euchromatin cells

became evident, which may or may not be related to the HCO3 secreting MR

cell. Until these cells can be further characterized, the observations to date

support the contention that the amphibian integument increases the MR cell

population as an adaptive mechanism to cMA.

Study I has also shown that high salinity adaptation (HSA) in 60 mM NaCl

can produce a significant increase in proton excretion rates across the frog skin.

These results raise the question if HSA increases H+ excretion rates by

stimulating an increase in MR cell population. The results of our present study

show there is no significant change in the MR cell population as a result of the

HSA regimen. Interestingly, previous studies have shown that altering the ionic

compositions of the environmental bathing fluid of the amphibian can induce

changes in the MR cell population of the skin. Ehrenfeld (1989) showed that

Jaoa esculenta adapted to 50 mM NaCl developed a significant decrease in MR

cell population of the skin, and distilled water adaptation caused an increase in

the MR cell population. Additionally, KCI adapted frogs increased MR cell

surface area, altered Na+ transport, and produced a metabolic acidosis. These

data suggest that changes in Na+ transport function and acid-base conditions

can modify MR cell morphology. Study I has shown the dependence of Na+ on

H+ excretion rates in the skin of the southern grass frog in the normal acid-base

state, and that HSA increases H+ excretion rates. Since HSA did not increase

MR cell density in the present study, the increased H+ excretion rates previously

observed during HSA may be the result of increased sodium effects on cellular

respiration. As previously cited, Leaf et al. (1959) proposed that as much as 50%
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of endogenous C02 is generated from the production of ATP to drive the

basolateral Na+-K+ pumps, and the C02 produced is a substrate in the

production of H+ for excretion. Therefore, HSA animals have an increased H+

excretion rate possibly as a result of enhanced cellular respiration to maintain

low intracellular Na+ concentrations, and not via MR cell proliferation.

The MR cell also plays a significant role in passive chloride conductance

across tight epithelia like the frog skin. The effects of environmental chlorinity on

MR cell density has been pursued. Katz and Gabbay (1988) have reported that

in the toad skin there is an inverse relationship between MR cell population and

environmental chlorinity. This occurrence has also been observed in the skin of

Xenopus laeis. (Ilic and Brown, 1980). In the current study, Rana pipi.ns,

berlandieri were adapted to a CF-free 60 mM NaNO3 solution and a significant

increase in MR cell population was observed. This tendency agrees with the

above studies using different amphibian skin epithelia. However, unlike these

previous studies, the HSA frogs of our study did not have a decrease in their MR

cell population. This discrepancy may be due to the fact that the animals in this

study were high salinity adapted at lower sodium chloride concentrations and for

a shorter period of time, therefore a concentration-response relationship of

environmental chlorinity was not observed. Regardless, our data support the

findings that alterations in external chloride concentrations can induce changes

in the MR cell population. However, the interrelationship between environmental

chlorinity and salinity with their mechanisms of changing MR cell function and

morphology is an interesting subject requiring further study.,

H+ secreting epithelia such as the renal tubules and the gastric mucosa have

been shown to be regulated by endogenous PGs (Cohen, 1986; Schlondorff and
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Ardaillou, 1987). In renal epithelia, PGs have a natriuretic effect by altering

Na+-K+- ATPase activity (Cordova et al., 1987), and PG can significantly alter

sodium transport in amphibian tissues (Yorio and Benoit, 1984). Study 11

demonstrated that PGF2a, produced a significant inhibition of H+ excretion rates

across the frog skin. Of interest is the fact that when ibuprofen, a

cyclo-oxygenase inhibitor, is injected into the frog for several days, H+ excretion

rates were significantly enhanced. In the present study, ibuprofen-treated

animals developed a significant increase in the MR cell population, suggesting

that this is one of the cellular adaptive mechanisms responsible for increasing H+

excretion. The mechanism whereby the inhibition of PG synthesis by ibuprofen

treatment induces cell proliferation is not clear, but it could involve the inhibition

of the regulatory role of PGF2a on cellular processes via second messengers.

PGF2z may be exerting its action, in part, through the activation of PKC.

Activation of PKC has been shown to alter Na+/H+ exchange in many tissues

(Grinstein et al., 1985), which subsequently results in changes in intracellular pH

causing cellular conditions favorable for cellular proliferation (Winkler et al.,

1982). A Na+/H+ exchanger has been described in the frog skin (Figure 26, page

104) which primarily functions to maintain intracellular pH (Ehrenfeld et al., 1987)

and may play a role in MR cell proliferation. Unfortunately, further studies must

be performed measuring intracellular pH during these adaptive processes in

order to delineate these cellular events.

In summary, Study Ill suggests that animals subjected to HSA appear to

increase their H+ secreting capacity secondary to sodium effects on cellular

respiration and not MR cell proliferation. Secondly, altered extracellular C1

concentrations seem to contribute to the regulation of the MR cell population.
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Lastly, our data suggest that one of the adaptive mechanisms reponsible for

increasing H+ excretion rates in the skin of the grass frog during chronic

metabolic acidosis and ibuprofen treatment is through MR cell proliferation.

These results infer that PGs may play a role in regulating H+ excretion in MR

cells and that either changes in intracellular pH or PG formation regulates cell

proliferation.

Study IV: Prostaglandin-Second Messenger Interactions

Study I demonstrated that the amphibian integument actively excretes

protons and this process may be enhanced by altering systemic acid-base states

and ion transport mechanisms. Furthermore, H+ excretion rates were found to be

influenced by the sodium transport state of the tissue. The mitochondria-rich

(MR) cell is believed to be the mediator of acidification in these tissues, and in

study Ill the MR cell was shown to increase in density as part of an adaptive

mechanism to enhance the rate of acidification. What stimulates the process of

enhanced proton excretion is not certain. Study I examined the contribution of

prostaglandins in the regulation of H+ excretion in these tissues. In the skin of

Rana pipiens, bgrlandieri, PGF2a, but not PGE2 was observed to produce a

dose-dependent inhibition of H+ excretion. The effect was on both the mucosal

proton excretion system as well as the serosal Na+/H+ mechanism. A similar

response has been observed with PGE2 in both the toad and turtle urinary

bladders (Ascer et al., 1984; Frazier and Yorio, 1990).

The mechanism by which PGs inhibit acidification processes in epithelia is

not understood. The role of the second messenger systems and signal

transduction, specifically the contribution of the polyphosphatidylinositide

cascade and activation of protein kinase C (PKC) in mediating the inhibition by
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PGF2a of acidification in H+ secreting epithelia is largely unknown. Presently, it

was observed that mezerein (1 08M), a non-phorbol ester activator of PKC,

produced a significant inhibition of both mucosal and serosal H+ excretion rates

across the integument of the southern frog. The degree of inhibition was found to

be similar to that previously observed in study II in the presence of PGF2a. The

effects appeared to not be mediated through activation of endogenous PG

formation, as ibuprofen, a cyclo-oxygenase inhibitor, had no effect on the

mezerein response when added simultaneously. This pharmacological

manipulation ensured that mezerein was not activating the release of

endogenous PGs resulting in a PG-mediated inhibition of acidification processes

as previously observed. To further confirm a PKC mediated inhibition of H+

excretion, the phorbol ester PKC activator, 4J-PMA, was found to inhibit both

mucosal and serosal H+ excretion similar to that of mezerein and PGF2a,

whereas the inactive epimer, 4a-PMA, had no effect of acidification. These data

suggested that PKC activation mediated the response to 4fl-PMA. PKC

activation has also been observed to inhibit histamine-stimulated acid secretion

in the gastric mucosa (Ostrowski and Bomsztyk, 1989), sodium transport in A6

cells (Yanese and Handler, 1986), and Na+/H+ exchange in the proximal colon

(Ahn et al., 1985). Similar results have shown that PKC activation in LLC-PKi

cells inhibits ammoniagenesis similar to that previously seen with PGF2a

(Tannen et al., 1990). Recently, 4P-PMA was found to decrease basal acid

secretion and block the stimulatory effects of C02 in the turtle urinary bladder

(Graber et al., 1989). Current findings also infer that 4P-PMA stimulates HCO3

transport in the turtle urinary bladder (Durham et al., 1987), these results suggest

a possible PKC mediated transition in cell morphology from a H+ secreting cell to
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a HCO3 secreting cell. However, additional studies with phorbol ester-induced

changes in HCO3 transport across the amphibian integument are required before

definitive conclusions can be made in the current model.

Study 11 demonstrated that preloading an animal with ibuprofen for several

days produced a significant increase in H+ excretion rates across this tissue.

This occurred presumably through the interruption of PG synthesis thus

preventing the regulatory contribution of PGF2a in the maintenance of a low

basal proton excretion rates and intracellular pH. Our study demonstrates that

animals pretreated with ibuprofen also showed less PKC activity than the control

animals. The activity of PKC in these animals could readily be inhibited in the

presence of H-7, a PKC inhibitor. These results agree with the premise that PKC

activation reduces proton excretion in the frog skin. The fact that IB animals have

a decreased level of PKC activity further suggests that PG may contribute to the

altered activity of this enzyme as a means to regulate acidification. PKC, when

activated, appears to associate with the membrane or other intracellular

organelles where it acts by phosphorylating membrane proteins and modulates

cell-specific responses (Mia et al., 1991; Nishizuka, 1987). Future studies

involving the cytosolic and membrane associated forms may offer further insight

of the involvement of PKC in the acidification processes that are activated during

changes of metabolic states.

Protein kinase C, a Ca++-phospholipid-dependent protein kinase, is generally

activated following the phospholipase C-mediated hydrolysis of

phosphatidylinositol 4,5-bisphosphate into inositol phosphates (IP) and

diacylglycerol (DAG). Calcium mobilization mediated by the released cytosolic

IP, specifically 1,4,5 inositol trisphosphate, subsequently occurs. DAG and Ca++
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may then associate with PKC thus producing activation and protein

phosphorylation. The present results suggest that the PGF2a inhibition of H+

excretion may be mediated through the activation of PKC. However, it is not

known whether this mechanism is mediated through a PGF2a stimulated

breakdown of phosphoinositides and release of DAG which would result in an

activation of PKC and subsequent inhibition of the acidification process. PGF2a

was observed to cause a significant breakdown in each of the fractions of

phosphoinositides studied (PI, PIP, PIP2). Unfortunately, several studies

involved in determining PI turnover via PGF2a stimulated IP release were

performed with consistently variable results. This variability could be due, in part,

to inadequate isolation of the frog skin epidermis, the heterogeneous cell types

present within the tissue (only the MR cells may respond to the PGF2a), basal

differences in responsiveness, and/or improper assay techniques. Regardless,

the breakdown of membrane phosphoinositides in the presence of PGF2a

provides some indication that PGF2a may be mediating its regulatory effects on

acidification via the PI cascade. However, great reservation must be made with

this conclusion due to the ambiguity in the ability of PGF2a to promote IP release

in this tissue. Continued research on this problem is required to definitively

determine IP release either by using isolated H+ secreting MR cells or a different

methodology.

Figure 28 is a hypothetical model suggesting possible prostaglandin-second

messenger interactions involved in the regulation of H+ excretion and

intracellular pH. In H+ secreting epithelia PGF2a produces an inhibitory effect on

H+ secretion. PGF2a may mediate these actions through activation of the

phosphoinositide cascade as evidenced by observed changes in membrane
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Figure 28. A hypothetical model suggesting possible prostaglandin-second

messenger interactions involved in the regulation of H+ excretion and

intracellular pH. PGF2a may mediate its inhibition of H+ excretion through

activation of the phosphoinositide cascade, which by mobilizing calcium and

increasing intracellular calcium concentrations can inhibit the incorporation of
H+-ATPase containing vesicles into the apical membrane. Phosphoinositide

breakdown would also result in the formation of DAG, an endogenous stimulator
of PKC. Activation of PKC with mezerein and PMA decreases both mucosal and
serosal proton fluxes possibly by direct inhibition of the apical H+ pump and the
apical sodium channel. PKC inhibits the basolateral mebrane Na+/H+ antiporter
and/or stimulate Cl~/HCO3 exchange.
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polyphosphoinositide concentrations after stimulation with PGF2a. This action

results in the production of IP3 (Tannen et al., 1990), which by mobilizing calcium

and increasing intracellular calcium concentrations can inhibit the incorporation

of H+-ATPase containing vesicles into the apical membrane (Arruda, 1979).

Phosphoinositide breakdown would also result in the formation of DAG, an

endogenous stimulator of PKC. In the present study, activation of PKC with

either mezerein or 40-PMA decreases both mucosal and serosal proton fluxes.

PKC can mediate these observed effects by direct inhibition of the apical H

pump, and the apical sodium channel by phosphorylation of specific protein

constituents directly associated with the membrane channel (Ling et al. 1990).

PKC also acts on the basolateral membrane to inhibit the Na+/H+ antiporter

and/or stimulate C/HCO3 exchange.

In summary, the observations and previous studies from this laboratory

demonstrate that PKC, like PG, contributes in the regulation of H+ excretion and

intracellular pH in the amphibian integument. The PGF2a regulation of acid

secretion appears to be related to, and possibly linked to, the activation of PKC.

The mechanism by which PGF2a inhibits H+ excretion may be through

breakdown of the phosphoinositide cascade and subsequent PKC activation,

however further definitive studies are required to confirm this hypothesis. The

intracellular mechanism and the role of second messengers in this regulatory

event is just beginning to unravel. These early studies will hopefully lead to

further experiments that will elucidate the cellular events that regulate the

changes observed when the animal adapts to different acid-base states.
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Future investigations

Further establishment of the contribution of second messenger function is

required for a complete understanding of the regulatory mechanisms of

acidification and intracellular pH. PG-stimulated inositol phosphate production

should be observed using better experimental techniques involved in the

isolation of the MR cell. Additional studies involving PG-stimulated calcium

mobilization using fluorescent probes (e.g. fura-2) would also prove to be of

interest in the delineation of the regulatory processes in this model epithelium.

By similar techniques, intracellular pH alterations can be assessed using the

fluorescent dye BCECF-AM (Arruda et al., 1987). Using the fluorescent probes,

the interdependence of PG mediated calcium mobilization and regulation of

intracellular pH also must be described. In addition to understanding the IP3 and

calcium response, the regulatory role of PKC in the acidification process should

also be pursued. PKC activity should be assessed not only in the ibuprofen

treated animals but also in other conditions which enhance acidification rates,

including chronic metabolic acidosis and high salinity adaptation. It would be of

interest to determine the specific PKC species involved in intracellular pH

regulation and determine their location using immunogold labeling.

Further characterization of the ion transport mechanisms in these epithelia is

also desired. The functional role of the basolateral Na/H+ exchanger should be

described further using basolateral amiloride analogues during conditions which

increase proton excretion and lower intracellular pH. These same analogues of

amiloride should be used mucosally to further characterize sodium movement

across the apical membrane during adaptive conditions. These studies would

provide information regarding a possible Na+/H+ exchange mechanism present



124

on the apical membrane which is activatied during acid-base disturbances. In

addition, the functional role of bicarbonate transport in these tissues during

adaptive conditions need to be more clearly described. Measurement of

transmembrane bicarbonate fluxes by the methods of Candia (1990) may

provide this information.



CHAPTER V

SUMMARY

The cellular mechanisms involved in the regulation of acidification processes

and intracellular pH were studied in the integument of Bana pipiens, a model

renal epithelium. Three adaptive conditions were employed to enhance H+

excretion in these tissues: (1) chronic metabolic acidosis (cMA), (2) high salinity

adaptation (HSA), and (3) iubprofen (IB) treatment. In a comparative study, the

skin of the northern grass frog, Ranp ipiens, pipiens, in contrast to the southern

grass frog, Bana pipiens, berlandieri, did not demonstrate any significant H+

excretion during a challenge of cMA. Likewise, no increases in the number of

H+-secreting mitochondria-rich (MR) cells were observed in the northern frogs.

Under normal acid-base conditions in the southern frog, H+ excretion was

found to be dependent on mucosal sodium concentrations, whereas during cMA,

H+ excretion was independent of mucosal sodium concentrations, but was

amiloride sensitive. HSA increased H+ excretion rates under both normal and

acidotic conditions. Blood analyses demonstrated that significant acid-base

changes were the result of systemic acidosis and not due to salt adaptations.

Blood Na+ and K+ concentrations were efficiently maintained during HSA and

cMA. These results suggest that H excretion in epithelia can be influenced by

the sodium transport state of the cell and the systemic acid-base profile.

The adaptive changes in the population (density) of the MR cells in the frog

skin were investigated under a variety of environmental and metabolic treatment

conditions which enhance H+ excretion rates (cMA, HSA, and IB). The

integument of adapted frogs were stained with AgNO3, as this proved to be a

125
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good stain for discriminating the MR cell populations from the granular cells.

HSA adapted frogs showed no change in the MR cell population. The inability of

the MR cell number to significantly increase suggested the the increased H+

excretion rates previously seen in these animals were not due to increased MR

cell proliferation. The MR cell population was found to increase in NaNO3

adapted frogs, demonstrating the contribution of extracellular Cl~ concentrations

on the regulation of MR cell density. Animals placed in cMA or pretreated with IB

demonstrated an increased MR cell population. The current observations are

consistent with previous findings that these treatment regimens increase H+

excretion, suggesting that one of the cellular adaptive mechanisms responsible

for increasing H+ excretion involves increasing the MR cell population. The

results further suggest that prostaglandins may play a role in regulating H+

excretion in MR cells, and that either changes in intracellular pH or prostaglandin

formation regulates cell proliferation.

The role of prostaglandins (PGs) in the regulation of acidification mechanisms

in the frog skin was investigated. Exogenous administration of serosal PGE2 and

PGF1a showed no significant alterations on H+ excretion rates. PGF2a exhibited

a dose-dependent inhibition of acidification in both the mucosal and serosal

media of animals in normal acid-base states. Frogs induced into cMA

demonstrated enhanced H+ excretion from normal which was inhibited by

PGF2a. Frogs subjected to IB had a stimulated mucosal acidification to a

magnitude similar to those seen in cMA, and this was inhibited by PGF2X during

the recovery phase. PGF2a also increased the amiloride-sensitive short curcuit

current, suggesting that transepithelial sodium transport was stimulated. Both the

mucosal proton excretion system and the serosal Na+/H+ exchange mechanism
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were affected by PGF2a. The apparent function of PGF2oc in this H+ secreting

epithelium is to maintain a low basal H+ excretion rate and to regulate

intracellular pH. These effects are believed to be mediated through activation of

second messengers.

A subsequent study was performed to determine if activation of protein

kinase C (PKC) alters H+ excretion rates in this tissue. Serosal addition of PKC

activators showed that both mezerein (nonphorbol ester) and PMA (phorbol

myristate acetate) produced a significant inhibition of mucosal and serosal H

secretion rates. Similar magnitudes of inhibition were observed with mezerein in

the presence of ibuprofen, suggesting the effects were not mediated through

production of endogenous PGs. 4a-PMA, an inactive epimer, showed no

significant change in acidification. Cytosolic PKC activity in IB animals showed a

decreased basal phosphorylation rate. Stimulation of PKC activity was

approximately 2.5-fold in both groups and was reversed by H-7, and inhibitor of

PKC phosphorylation. Preliminary studies in 3H-myoinositoll incubated tissues

show a PGF2a-mediated decrease in membrane polyphosphoinositides,

however, consistent changes in cytosolic inositol phosphate concentrations were

not observed. Collectively, these data suggest that regulation of acidification

processes and intracellular pH may be mediated through PKC activation.

Activators of PKC exhibited the capability to inhibity H+ excretion mechanisms

similar to that previously reported with PGF2a. However, further studies are

required to determine if PGF2a is indeed altering PKC activity through the PI

cascade or another second messenger system.
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