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Two separate experiments were designed to measure urinary

cyclic AMP and renal papillary cyclic AMP, respectively, Re-

sults suggest that urinary cyclic AMP excretion rate is un-

changed and cannot be used as an index of tubular sensitivity

to either vasopressin or fluoride. However, renal papillary

tissue cyclic AMP increased significantly (p<0.05) at plasma

fluoride concentrations which result in polyuric renal failure.

Further, it appears that fluoride independently stimulates

cyclic AMP in the papilla, demonstrated by the additive effect

with vasopressin. It was postulated that the defect in water

reabsorption induced by fluoride must be at a step subsequent

to the generation of cyclic AMP, because one would expect to

see an antidiuresis, not a diuresis with increased tissue

cyclic AMP.
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CHAPTER I

INTRODUCTION

In 1966, Crandell, et al. (15) proposed a specific anes-

thetic induced nephropathy caused by methoxyflurane (MOF).

Among 94 surgical patients anesthezized with MOF, 16 devel-

oped a toxic nephropathy, characterized by polyuria unrespon-

sive to exogenous vasopressin, a negative fluid balance, hyper-

natremia, elevated serum osmolality and blood urea nitrogen,

and low urine osmolality. Subsequent investigations have strong-

ly suggested that inorganic fluoride, a metabolic by-product

of MOF biotransformation, was responsible for the nephropathy

in these patients (68,50,14). Typically, urine flow rates

increase three to four-fold in rats (76), dogs (25), and in hu-
mans (68,53) when serum fluoride concentrations reach 200 to

300 micromolar. However, measurable impairment of renal func-

tion has been reported even with serum fluoride concentrations

as low as 32 micromolar in rats (76) and 50 to 80 micromolar

in man (53).

Investigatons of the MOF-induced nephropathy in man have

been greatly aided by the development of an animal model. Mazze,

et al. (50), after comprehensively testing five strains of rats,

demonstrated that the Fischer 344 rat met the requirements for
such model. According to Mazze, this rat strain shares similar
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metabolic pathways with man and manifests the same clinical

syndrome when given MOF or solutions containing fluoride.

Both species metabolize MOF to its two major metabolities, in-

organic fluoride and oxalic acid, and both develop a dose-related

vasopressin-resistant polyuria following MOF anesthesia. In

addition, similar renal functional abnormalities, hypernatremia,

elevated blood urea nitrogen, and polyuria, are observed in man

and in the Fischer 344 rat following MOF anesthesia (50,43).

The renal response to elevated fluoride concentrations in

the extracellular fluid has been substantially documented

(68,49,50,52,73). However, the site and mechanism of the acute

renal lesion produced by fluoride has not been established. It

has been postulated that inorganic fluoride causes nephrotoxi-

city by interfering with the action of vasopressin on the col-

lecting tubule by inhibition of adenyl cyclase (49,73).

The effect of vasopressin on the collecting tubule involves

the activation of adenyl cyclase with the subsequent increase

of second messenger cyclic adenosine 3', 5' -monophosphate

(cyclic AMP). It has been well established that increased con-

centrations of cyclic AMP in the collecting tubule increase the

permeability of this structure to water and enables the kidney

to concentrate the urine (47). Inorganic fluoride inhibits this

vasopressin-mediated response of the collecting tubule, resulting

in an uncontrolled polyuria identical to the MOF-induced neph-

ropathy.
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The present in vivo investigation examines the effect of

inorganic fluoride on cyclic AMP production in the renal papilla

of the Fischer 344 rat.



CHAPTER II

REVIEW OF LITERATURE

A great deal of information exists as to the physiologi-

cal and pharmacological effects of fluoride upon living organ-

isms. The first known effect of fluoride on agriculture was

reported in Icelandic literature over one thousand years ago

by Roholm (89). Since this early report, several reviews have

been published. Most of the early investigations were summarized

by Roholm (89) but an extensive compilation of both the older

and more recent literature on all aspects of fluoride is also

available (96). Two excellent volumes (36,90) review general

fluoride metabolism and pharmacology. In addition, cumulative

reports directed at fluoride effects on laboratory animals have

also been prepared (19).

Fluoride may be found in virtually every environment in var-

ious concentrations, e.g., soil, water, atmosphere, and both

plant and animal life. Minerals such as fluorospar (CaF) have

been used as metallurgic fluxes for etching glass since the fif-

teenth century (83). Fluoride-containing minerals have also been

used in pesticides, fertilizers and poisons (31,47,62). Com-

pounds containing fluoride have become notorious as poisons

because of the large number of human fatalities associated with

its accidental ingestion. One such case involved the accidental
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poisoning of 263 people at the Oregon State Hospital. Investi-

gations into the case revealed that a hospital worker unwitting-

ly mistook roach powder, which contained fluoride, for powdered

milk and added seventeen pounds of the mixture to scrambled

eggs (45).

Known pathways exist as to how fluoride passes from the

environment to living organisms and back again (74). Investi-

gators have made observations and described injuries to crops in

the vacinity of hydrogen fluoride manufacturing plants, cryolite

plants, aluminum reduction facilities, and glass factories. The

industrial effluents from these and other plants were recognized

for their toxic effect on plant life. More recently, it has

been shown that fluoride was the contributing factor of toxic-

ity (66). Among the common air pollutants of today, fluoride

ranks fifth in importance with respect to crop damage (31).

Studies indicate atmospheric fluoride enters the plant predomi-

nantly through the stomata of the leaf, accumulates there and

causes necrosis within the photosynthetic tissues of the plant (31).

The livestock industry has been hard hit by exposure to

fluoride. Most reports of fluoride toxicity in animals has been

associated with ingestion of plants contaminated by fluoride

(19,66). However, several reports document excessive intake of

fluoride by livestock following exposure to water or mineral sup-

plements containing this element (19). Domesticated animals,

especially sheep and cattle, have been extensively studied

because of the economic losses incurred each year by fluoride
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intoxication. Animals chronically exposed to fluoride develop

a condition termed "fluorosis" (61). The symptoms of fluorosis

include dental and osseous lesions, lameness, stiffness, and

systemic effects including decreased weight gain and malnutri-

tion (34,66,74).

Since fluoride has been found effective in preventing dental

caries, a vast amount of information covering this eaea of fluo-

ride research has been developed. There has been a long standing

interest in both the beneficial and harmful effects of fluoride

on the prevention of dental caries. The presence of fluoride in

fossil remains, elephant ivory, and human enamel led some early

investigators to believe that dental caries was a nutritional

deficiency of fluoride (18). The Italian immigrants that entered

this country had an unusual darkened color on their teeth. One

early investigator attributed this mottled appearance to the

place of birth (91). It was later demonstrated that high concen-

trations of fluoride in their drinking water were responsible

for the mottled appearance.

Early research on mottled teech pointed toward a develop-

mental flaw now termed "dental fluorosis" (7). The mottled teeth,

in spite of their imperfect appearance, were strikingly free of

dental decay. In 1941 the concept of caries prevention through

topically applied fluoride was developed (91). Clinical test-

ing has supported this concept and now throughout the world,

fluoride (1 ppm) is added to the water supply to prevent caries

without adversely affecting the color of the teeth.
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Pharmacology of Fluoride

The kidney is the major organ for the excretion of fluor-

ide. Reports indicate that from 40% to 60% of the fluoride ingested

daily is excreted in the urine with the remainder sequestered

in the osseous tissues (94). Fluoride is freely filtered from

the plasma into the tubules. The amount entering the tubules is

a function of plasma concentration times the glomerular filtra-

tion rate. Not all the filtered fluoride is excreted into the

final urine. Therefore, partial reabsorption of fluoride occurs

along the tubule. The exact amount of reabsorption that occurs

varies among individuals and the pH of the filtrate (94).

Fluoride is a well known poison at large doses and it is

also well established that small concentrations of fluoride in

the drinking water prevent dental caries. Plasma fluoride con-

centrations are important in determining various toxic responses

of the body to fluoride. Therefore, it became important to

determine the relationship between plasma fluoride concentrations

and its possible toxicity. The osseous tissues of the body are

a sink for ingested fluoride or intravenously infused fluoride,

while the kidney is the major organ of fluoride excretion. Hall

(29) devised a compartmental model for the study of the dynamic

flux of fluoride from tissues of the rabbit. His model describes

the movement of fluoride from the gut to a central compartment,

the extracellular fluid. From the central compartment, fluoride

moves into the osseous compartment as well as into the intra-

cellular compartment and urine. Increasing the fluoride
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concentration of the extracellular compartment correspondingly

raises the fluoride proportionately in the remaining compart-

ments. Thus, a measure of the plasma fluoride content could

be used to indicate possible toxicity in other tissues of the

body (92).

The pharmacology of fluoride was reviewed by Caruso, et

al. (82). This review covers the mechanisms of the effect of

fluoride on blood pressure, the heart, respiration, and gut mo-

tility in dogs. Intravenously infused fluoride in dogs causes

a marked reduction in systemic blood pressure and increased

rate and depth of respiration. In fact, death from acute fluo-

ride poisoning has been attributed to respiratory arrest. The

reduction of blood pressure has been attributed to the direct

vasodilatory effect of fluoride on the peripheral vasculature.

In sharp contrast to the vasodilatory effects of fluoride are

the marked pressure response and cardiac stimulatory effects

evoked by fluoride when administered after ganglionic blockade.

This response was most likely due to release of endogenous

catecholamines or a direct effect on heart contractility because

the pressor effect may be blocked by treatment with alpha or

beta adrenergic blockers. Vagotomy, ganglionic blockade,

atropine, and morphine all inhibit the neurogenic mechanisms

whereby fluoride increases gut tone. Fluoride increases res-

piratory rate in proportion to decreased blood pressure. This

apparent reflex mediated increase in the respiratory rate may

be abolished by bilateral vagotomy and carotid sinus denervation.
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A wide range of enzymes are inhibited by fluoride (95).

In fact, Wiseman, ibid., reported that sodium and potassium

salts of fluoride have been a primary tool of researchers in

elucidating many biochemical pathways, because fluoride inhib-

its such a wide range of enzymes. Similarly, a diversity of

cellular inhibitory effects can be attributed to fluoride.

The most widely known effect on cells grown in culture is the

inhibition of glycolysis through the Embden-Meyerhof pathway.

Other cellular inhibitory effects include loss of mitogenic

capacity and cellular differentiation, cell movement, phagocy-

tosis, and spermatozoa movement. Further, active transport

mechanisms in the gut epithelium loose their capacity to function

properly in the presence of fluoride. These latter effects are

ascribed to a primary inhibitory function of fluoride, the block-

ing of oxidative metabolism necessary for energy production.

Fluoride has also been shown to inhibit protein synthesis and

the synthesis of other large molecules (87).

Fluoride and Anesthetics

Two notable compounds, chloroform and ethyl chloride, have

been used as anesthetic agents for more than a century (86).

The presence of chloride in these hydrocarbons enhanced their

anesthetic qualities. It naturally followed to determine the

effect of fluorinating certain hydrocarbons to ascertain the

effect of fluoride in the molecule upon its anesthetic proper-

ties. Robins (60) reported a comprehensive study of flurocarbons
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as potential anesthetics. Out of the myriad of fluorocarbons

synthesized, only a handful became feasible as anesthetics.

Several excellent fluorocarbons, methoxyflurane, enflurane,

halothane, and isoflurane are in use today as anesthetic agents.

All anesthetics are associated with acute or chronic toxi-

city. The toxicity following the use of an anesthetic in many

cases is not due to the drug itself, but to a metabolic by-

product following the biotransformation of the drug in the

liver. There is much evidence that all volatile halogenated

anesthetics are metabolized in animals and humans (70). The

biotransformation of the drug is achieved by a rather small number

of enzymatic reactions such as oxidation, reduction, hydrolysis,

and conjugation. The essential effect is to convert lipophilic

compounds into hydrophilic compounds. The hydrophilic compounds

are more easily removed from the blood and excreted (86).

Of special interest to this investigaton is the fluorinated

anesthetic methoxyflurane (MOF). Methoxyflurane is a clear,

colorless liquid having a characteristic fruity odor. Although

it is no longer employed in routine human anesthesia because of

its possible nephrotoxic effects, it remains in use today in

veterinary medicine and in obstetric analgesia.

Methoxyflurane persists on the breath for several hours

following its use (11). Although the lung is the major organ

for the excretion of MOF, approximately one-half of the MOF

absorbed during anesthesia is altered enzymatically by the liver

(35). Inorganic fluoride is a major enzymatic cleavage product
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of MOF biotransformation (72). According to Holiday, et al.

(35), significant quantities of fluoride ion appear in the urine

following MOF anesthesia. Owing to the fact that MOF is highly
lipiphilic, metabolic degradation may occur for several days

following its use due to its gradual release from the adipose

tissue. Thus, elevated concentrations of fluoride ion in the

plasma and urine may be excreted for several days following its

use.

Nephrotoxicity Following Methoxyflurane Anesthesia

As mentioned previously, Crandell, et al. (15) was the first

to associate nephrotoxicity with MOF but offered no explana-

tion for the toxicity. Taves, et al. (68) submitted a report

suggesting that the inorganic fluoride released from the bio-

transformation of MOF was responsible for the nephrotoxicity

following MOF anesthesia. Taves, et al. noted in post operative

patients suffering from polyuric renal failure that all had

elevated serum and urine fluoride concentrations. Similarly,

Frascino, et al. (25) observed increased oxalic acid crystals in

renal biopsy and increased urinary excretion of oxalic acid in

patients suffering from the same MOF nephropathy. Cousins, et al.

(13) demonstrated that infusions of inorganic fluoride or oxa-

lic acid into the Fischer 344 rat to concentrations observed in

the MOF nephropathy resulted in nephrotoxicity. However, the

renal lesion produced by these two compounds are strikingly

different. In man, the oxalic acid lesion is characterized by
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anuric renal failure (33) while the fluoride lesion is charac-

terized by polyuric renal failure (13). Support for the concept

of fluoride-induced renal failure came from several investi-

gators (49,50,51,68,75). Cousins, et al. (12) observed the

degree of renal failure correlated with the dose of MOF and serum

fluoride concentration. He reported in patients anesthesized

with MOF, the greatest impairment of renal function was related

to the highest concentration of fluoride. Pretreatment of ex-

perimental animals with phenobarbitol potentiates the metabo-

lism of MOF (51). Pretreatment of experimental animals with

SKF-525-A, an enzyme inhibitor, results in decreased defluorina-

tion of MOF and attenuated renal responses to the fluoride (13).

The factors in the production of the MOF nephropathy have been

summarized as follows: The predominant factors in the produc-

tion of MOF nephrotoxicity appear to be MOF dosage and serum

inorganic fluoride concentration. It is likely that secondary

factors include (1) a high rate of MOF metabolism and sensitivity

of the kidney to inorganic fluoride toxicity; (2) concurrent

treatment with other drugs; (3) pre-existing renal disease; (4)

surgery of urogenital tract, aorta, or renal vasculature;

(5) repeated administration of MOF resulting in accumulation of

inorganic fluoride and perhaps MOF induction of its own metabo-

lism; and (6) concurrent treatment with enzyme inducing drugs

such as phenobarbital (52).

The MOF-fluoride-induced nephrotoxicity is characterized by

polyuria unresponsive to exogenous vasopressin, marked weight
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loss, delayed return of normal urine conceftrating ability,

serum hypernatremia and hyperosmolality, elevcted serum crea-t

tine and blood urea nitrogen, and increased uric acid along

with a decreased uric acid clearance.

Other fluorinated anesthetics have been studied for their

nephrotoxic effects (3,17,64,71). Studies with rats (17,48)

have shown that the release of fluoride from enflurane is in-

significant following its use. From studies conducted by Young,

et al. (81), it appears holothane anesthesia presents little

danger of nephrotoxicity (71). Isoflurane is so poorly metabo-

lized that serum fluoride concentrations following several hours

of anesthesia are far short of nephrotoxic levels (20,51).

Fluorinated anesthetics, upon their metabolism is the liver,

release varying amounts of inorganic fluoride. To date, MOF

is the only fluorinated anesthetic that consistently releases

enough fluoride to be of concern to the physician.

Nephrotoxicity of Inorganic Fluoride

One of the critical functions of the kidney is the homeo-

static regulation of the volume and composition of the body

fluids. A crucial point in the control of this system is the

ability to concentrate and dilute the urine. If a state of

overhydration exists, a dilute urine is voided, whereas in a

state of dehydration, a concentrated urine is voided.

The primary factors controlling the concentrating and di-

luting ability of the kidney are the presence of a hypertonic

medullary interstitium and antidiuretic hormone, vasopressin.
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The hypertonic medullary interstitium is maintained primarily

by the active transport of chloride from the ascending limb

of Henle's loop. Sodium follows passively to maintain electrical

balance within the tissues. It has been estimated that most of

the tonicity of the medullary interstitium is a direct conse-

quence of this mechanism. The remainder of the tonicity of

the interstitium is due to various other water soluble substan-

ces, the most notable being urea. Although a hypertonic medul-

lary interstitium is not necessary to produce a dilute urine,

it is absolutely necessary to produce a concentrated urine.

However, the hypertonic medullary interstitium must work in con-

cert with vasopressin in order to produce a concentrated urine.

Vasopressin, by increasing intracellular cyclic AMP, effectively

causes the water impermeable late distal nephron to increase

its permeability to water (56). The combined effect of vaso-

pressin in the presence of the hypertonic medullary interstitium

concentrates the urine.

Inorganic fluoride effectively inhibits the concentrating

ability of the kidney. The site and mechanism, however, of the

acute renal lesion remains unknown. Several hypotheses have

been proposed to explain the concentrating defect induced by

fluoride. The investigations that support and criticize the

various hypotheses concerning the concentrating defect caused

by fluoride are as follows.

In separate studies, Kosek, et al. (43) and Mazze, et al.

(49) investigated the morphological and pathological evidence
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of nephrotoxicity following MOF anesthesia. The predominant fea-

ture of their histological examination was mitochondrial swel-

ling in the proximal tubule. It was difficult to correlate

these anatomical changes to functional changes found in the

fluoride-induced nephropathy. If fluoride impaired proximal

tubule sodium transport, one might expect to see an increased

tubular water load and increased sodium excretion. However, the

failure of fluoride to promote increased sodium excretion sug-

gests that sodium transport is not affected or not markedly

reduced (24,49,76). Wallin and Kaplin (73) were able to demon-

strate in rats that delivery of filtrate to the ascending limb

is unaltered between groups receiving sodium fluoride and sodium

chloride. This finding suggests the proximal tubule is not the

primary site of the functional lesion. Chloride transport in

the ascending limb of Henle has also been implicated in the

polyuria following fluoride exposure. If chloride transport

were inhibited in the ascending limb of Henle, a chloruresis

would be expected. This has not been reported with the fluo-

ride nephropathy. Further, net free water clearance, a function

of delivery of filtrate to the thick ascending limb of Henle,

is not altered. Francino, et al. (24) in dogs and Wallin and

Kaplin (73) in rats were able to demonstrate that free water

clearance was not altered as a function of filtrate delivery.

Since ascending limb chloride reabsorption is the major factor

contributing to free water clearance, it is unlikely that any

significant change has occurred in chloride reabsorption as

a result of fluoride exposure.
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In an attempt to determine the effect of fluoride upon the

enzymatic functions of the kidney and body, discrepancies arose

between the in vitro and in vivo investigations. Fluoride is a

well known enzymatic poison (90). If fluoride inhibits the enzyme

systems necessary for sodium or chloride transport within the

tubules, decreased renal medullary hypertonicity would occur

and precipitate a diuresis. Evidence for this mechanism of

action of fluoride is tenuous. In vitro studies have demonstra-

ted that fluoride inhibits the Na-K ATPase system (69,80).

Tobin, et al. (69) compared in vivo and in vitro conditions

of fluoride inhibition of renal Na-K ATPase activity. No sig-

nificant evidence was obtained which suggested that the sodium

pump was inhibited in vivo, but marked inhibition was observed

in vitro. This finding suggests that the sodium pump is not

involved in the nephrotoxicity of fluoride. Similarly, fluoride

is known for its inhibitory effect in the glycolytic pathway

(87). In the renal medulla, glycolysis is the principal mecha-

nism for energy generation (32). Sodium transport in the renal

medulla, therefore, would be highly dependent upon this glyco-

lytic mechanism. Thus, based on in vitro studies, glycolysis

in the renal medulla would be particularly liable to fluoride

inhibition. However, Mazze, et al. (49) pointed out the gly-

colysis dependent sodium transport must remain intact, because

urine osmolality always remained above plasma osmolality in all

of his investigations. This finding does not rule out partial

inhibition of sodium pumping. Shearer (68) devised an experiment
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which he administered acute lethal and sub-lethal doses of

sodium fluoride to rats. He then measured selected intermedi-

ates in the glycolytic and TCA-cycle pathways within the liver

and kidney. The metabolic response of the liver was overwhel-

ming inhibition of these intermediates to both doses of sodium

fluoride. By contract, neither concentration of fluoride caused

significant changes in any glycolytic or TCA-cycle intermediate

of the kidney except glucose. It appears real differences must

exist between in vivo and in vitro studies on the inhibitory

action of fluoride based on these findings. More conclusive

evidence is needed in order to determine the extent of the

inhibitory action of fluoride on the sodium pump and energy

producing mechanisms of the kidney under in vivo conditions.

The absence of increased solute excretion and the inability

to provide conclusive evidence for inhibited sodium transport

and energy producing mechanisms have led investigators to

search for other causes to the fluoride-induced polyuria. The

increased urine flow rate and subsequent reduction in urinary

osmolality suggests a concentrating defect. Almost all of the

experimental evidence suggests this concentrating defect as the

cause of the polyuric renal failure. In separate studies Whitford

and Taves (76) and Francino (24) demonstrated a reduction of

inner medullary sodium concentration. Whitford and Taves (76)

and Francino (24) suggest increased medullary blood flow directly

or indirectly washes out the sodium gradient thereby destroying

the medullary hypertonic interstitium. Two possible mechanisms
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may exist whereby fluoride alters blood flow in the kidney.

Fluoride is a known potent vasodilator (82), and vasodilation of

the vasa recta and subsequent washout of the medulla has been

proposed. A second indirect method has been proposed to explain

the apparent loss of medullary hypertonicity. This proposal

involves the afferent-efferent shunting of blood throughout

the cortex. Medullary blood flow would increase, since the

pressure drop normally encountered at the glomerulus is bypassed.

The medullary washout hypothesis has been suggested by other in-

vestigators but no direct proof has been presented to support

this hypothesis (49,75).

The polyuria following fluoride exposure suggests a lesion

of the late distal nephron and/or collecting duct. The renal

lesion most closely resembles nephrogenic diabetes insipidus

because of its resistance to exogenous vasopressin administra-

tion (24). Mazze, et al. (53) first postulated the nephro-

toxicity induced by fluoride was a result of interference with

the action of vasopressin in the late distal nephron. Histolo-

gical evidence does not support this view, but the possibility

exists that the lesion cannot be seen histologically with pres-

ent technology. Clearance studies (24) suggest that fluoride

reduces negative free water clearance by inhibiting back diffu-

sion of water out of the collecting duct or, as mentioned

previously, by increasing medullary blood flow. Balance

studies by Wallin and Kaplin (73) confirm the results of pre-

vious investigations that serum fluoride concentration above
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approximately fifty micromolar produces a vasopressin resis-

tant polyuria. At lower doses, urine osmolality and volume

may be altered by exogenous vasopressin. Their data indicates

the excretion of endogenous vasopressin in the urine increased

during fluoride exposure while cyclic AMP excretion decreased

significantly at both low and high doses of fluoride. The

administration of exogenous vasopressin during high doses of

fluoride has no significant effect on cyclic AMP excretion, urine

osmolality, or urine volume. However, at low doses of fluoride

below 50 micromolar, the normal physiological response was

evoked by this peptide hormone, i.e. decreased urine production

and increased urinary osmolality. These findings suggest a

defect in the ability of the collecting duct to produce cyclic

AMP in response to exogenous vasopressin at high doses of fluo-

ride (above 50 micromolar).

Wallin and Kaplin's (73) data rest on a questionable base.

Although increases in urinary cyclic AMP content have been con-

sistently seen after in vivo administration of certain cyclic

AMP mediated hormones such as parathyroid hormone (39) and

catecholamines (40), reports on urinary cyclic AMP content follow-

ing administration of vasopressin have been both conflicting and

inconclusive (88). Recently, Bia, et al. (6) reported that

accurate measurements of vasopressin's action in the collect-

ing duct cannot be measured as a function of changes in urinary

cyclic AMP content, but changes in cyclic AMP must be measured

in the renal papillary tissue.
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An interesting dichotomy of the effects of fluoride on

cyclic AMP production may be observed in vitro and in vivo.

There is ample evidence from in vitro studies that the action

of vasopressin in the collecting duct is mediated through cyc-

lic AMP (10,57). Fluoride is a classic stimulator of cyclic

AMP in vitro (65,84). However, conflicting results have been

reported as to whether fluoride is able to increase cyclic AMP

in intact cells (1,41,73). Exogenous administration of cyclic

AMP as well as phosphodiesterase inhibitors such as theophyl-

line, which increase intracellular cyclic AMP, have been shown

to mimic the antidiuretic action of vasopressin (47). Fluoride

has been shown to inhibit phosphodiesterase in the rat brain (42)

and directly stimulate adenyl cyclase in tissue preparations

(27). If fluoride were to increase the production of cyclic

AMP in vivo, collecting duct permeability should increase,

not decrease as in the polyuric patients and in Mazze's rats.

Recent evidence by Yorio, et al. (79) suggest another mechanism

for the inhibitory action of fluoride-induced polyuria. Yorio,

et al. examined the hydro-osmotic response of the toad bladder

to varying levels of fluoride. It was reported that fluoride

inhibited the hydroosmotic response of the toad bladder to exo-

genous cyclic AMP, suggesting the site of inhibitory action of

fluoride is beyond the cyclic AMP generating system. Yorio,
et al. postulate that the fluoride-induced polyuria may be due

in part to fluoride's ability to interfere with calcium and

calmodulin initiated processes that occur subsequent to the
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production of cyclic AMP. Further evidence by Garland (26)

demonstrates that increased levels of cyclic AMP in the presence

of fluoride inhibit the polymerization of tublin, a micro-

protein, in porcine brain homogenates. Recent observations

strongly suggest that microtubules have an important role in

the antidiuretic activities of vasopressin (22). If fluoride

elevates cyclic AMP levels in the collecting tubule, micro-

tubule formation could be impaired, thus precipitating a diuresis.

The effect of vasopressin on the collecting tubule involved

the activation of adenyl cyclase with the subsequent increase

of cyclic AMP. Increased levels of cyclic AMP in the collecting

duct have long been associated with an increased permeability of

this structure to water. Inorganic fluoride, released from the

metabolism of MOF or from infusions containing inorganic fluo-

ride, inhibits the vasopressin-mediated response of the collect-

ing duct resulting in an uncontrolled polyuria. Available

evidence suggests the inhibitory effect of fluoride occurs

beyond the site of cyclic AMP generation. Fluoride is a classic

stimulator of cyclic AMP in vitro and the available evidence

suggests that fluoride will also stimulate the production of

cyclic AMP in vivo. Infusions of inorganic fluoride in experi-

mental rats mimic the nephropathy observed in patients suffering

from renal insufficiency following MOF anesthesia (50). Since

the nephropathy can be easily reproduced by simple infusions of

inorganic fluoride, MOF anesthesia is not necessary. The objec-

tive of this investigation was to determine the effect of
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intravenously infused sodium fluoride upon cyclic AMP genera-

tion in the renal papillary tissue of the Fischer 344 rat. It

was hypothesized that infusions of sodium fluoride in the

Fischer 344 rat would result in increased in vivo renal papil-

lary tissue cyclic AMP content.



CHAPTER III

METHODS AND MATERIALS

Experimental Design

Two separate and distinct experiments were performed in

this study. Experiment I (Figure 1) was designed to measure

the effect of inorganic fluoride and vasopressin (ADH) on the

excretion of urinary cyclic AMP. Urine flow rates, urine osmo-

lality, systemic blood pressure, respiratory rate, heart rate,

core temperature, plasma fluoride concentration, and plasma

osmolality were monitored and/or measured to determine the

physiological condition of the animal. Repeated measures

were taken on the above variables at thirty minute intervals.

In the second experiment, the effect of inorganic fluoride

and vasopressin on renal papillary and cortical cyclic AMP were

determined. Plasma fluoride concentration, systemic tempera-

ture, and plasma osmolality were monitored and/or measured also.

A single measure was taken on the above variables at the con-

clusion of the experiment.

Experimental Animals

Male Fischer 344 rats supplied by Charles River Breeding

Laboratories, weighing between 75 and 100 grams, were maintained

on a standard laboratory diet of Purina Rat Chow and tap water

23
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Figure 1. Protocol and Time Course for Experiment I. Eachrat served as its own control, receiving first an isotonicsaline infusion for 120 minutes followed by a second infusionof an isotonic solution containing NaF for 120 minutes. TheADH delivered in periods 3 and 7 was in a volume of 0.25 mlat a concentration of 20 mU/ml. Control period 1 was a thirtyminute equilibration with saline. Experimental period 5 wasan equilibration with the fluoride solution. No samples weretaken during these equilibration periods. All infusions weredelivered at a constant rate of 0.07 ml/min. A shortened ver-sion of this chart will appear on the subsequent graphs asthe ordinant to express the results of experiment one.
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ad libitum until a weight of 350 to 400 grams was attained.

Rats were housed two per cage in an alternating twelve hour

cycle of light and dark at ambient room temperature (220 - 260).

The rats were selected at random prior to experimental manipu-

lation.

Surgical Preparation

On the morning of the experiment, the rats were weighed

and anesthesized by intraperitoneal injection of sodium pento-

barbital, 60 mg/kg body weight. A surgical plane of anesthesia

was maintained by additional doses of 1 to 2 mg of anesthetic

as needed. The depth of anesthesia was determined by a physical

stimulus response applied to the tail. To maintain a patent

airway, the trachea was exposed through a midline incision

in the neck and cannulated with Clay Adams PE 240 intramedic

tubing. The left femoral artery and vein were exposed and

cannulated with heparinized Clay Adams PE 50 intramedic tubing.

The artery was used to monitor blood pressure and the vein for

infusions. In Experiment I, the urinary bladder was exposed

through a suprapubic incision and cannulated with Clay Adams

PE 60 intramedic tubing. Urine was collected through this

cannula for analysis of physiological changes in the kidney.

Respiration, blood pressure, electrocardiogram and core

temperature were recorded throughout the experimental periods

using a four channel physiograph (Narco Bio-Systems, Inc. Pro-

jector Model Type PMP-4A). The appropriate transducers for
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each physiological parameter were also utilized. Respiration

and electrocardiogram were monitored using needle electrodes

placed under the skin accompanied with the appropriate couplers,

impedance pneumograph coupler (Narco Bio-Systems, Inc. Type 7212)

and cardiac coupler (Narco Bio-Systems, Inc. Type 7176). Arter-

ial blood pressure, measured through the femoral artery, was

monitored using a Narco physiological pressure transducer (Model

P/N 705-3001) coupled to a Narco strain gage coupler (Type 7174).

Infusions of solutions were delivered at a constant rate

(0.07m./min) using a Sage Instruments (Model 351) syringe pump.

Experiment I (Figure 1)

Six rats were prepared as described above, including the

urinary bladder cannulation. Following the surgical preparation,

an isotonic saline solution (9.0 grams of NaCl in one liter of

distilled water) was infused into the left femoral vein at a

constant rate of 0.07ml/min for an initial 30 minute equili-

bration. A 1 hour infusion of saline followed this initial

30 minute equilibration. At the end of 60, 90 and 120 minutes,

total voided urine was collected in weighed, parafilm capped

3 ml vials. At the beginning of period 3 (60 minutes), 5

milliunits of arginine vasopressin (Sigma Chemical Co.) was

delivered intravenously in a volume of 0.25 ml isotonic saline.

A one ml arterial blood sample was taken at the end of the 120

minute saline infusion for determination of plasma fluoride and

osmolality. Immediately following the saline infusion, an iso-

tonic solution containing NaF and NaCl (a total of 155 meq Na)
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was infused for 30 minutes at the same 0.07ml/min. No samples

were taken during this equilibration period with inorganic

fluoride. A 90 minute infusion with the fluoride solution

followed this initial 30 minute equilibration. At 180, 210 and

240 minutes, urine was collected as described above, and a one

ml blood sample was taken at the end of the experiment. At the

beginning of the 210 minute (period 7) mark of the fluoride

infusion, 5 milliunits or arginine vasopressin was delivered

intravenously as described above. All samples were stored

frozen in tightly capped vials for later analysis.

Experiment II

Thirty-six rats were selected at random for this experi-

ment and divided into 6 groups of 6 each.

Group I. --The rats in this group serve as surgically non-

manipulated controls. On the morning of the experiment, the rats

were weighed and decapitated. The left kidney was removed and

its preparation described below.

Group II.--An isotonic saline solution was infused into this

gr up of rats at 0.07ml/min for 11 hours. This infusion rate

an time course were empirically determined on the basis of a

st ble blood pressure for 10 minutes.

Group III.--These rats received an isotonic saline solution

identical to Group II rats for a period of 1 hours. One and

onq-fourth hours into the infusion, 5 milliunits of arginine

va opressin was delivered intravenously in a volume of 0.25 ml.
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We have shown this concentration of vasopressin stimulates

cyclic AMP production in the renal papillary tissue of the

rat.

Group IV.--In this group, rats received an isotonic solu-

tion containing NaF and NaCl (a total of 155 meq of Na) at a

rate of 0.07 ml/min for 1 hours. The dosage of fluoride,

0.05mg/kg/min, raises the plasma fluoride concentration to lev-

els seen in the methoxyflurane (MOF) nephropathy patients (68)

and in Mazze's rats (50).

Group V.--These rats received an identical solution as the

rats in Group IV. However, after 1 hours of infusion, 5

milliunits of arginine vasopressin in a volume of 0.25 ml was

administered intravenously.

Group VI.--Theophylline, a phosphodiesterase inhibitor,

was infused into rats of Group VI. Various concentrations were

utilized in an attempt to inhibit the cyclic AMP degradative

activity of phosphodiesterase (PDE) in three subgroups of 2

rats each. Isotonic saline containing 5, 7.5, and 10 mM theo-

phylline respectively, was infused at 0.07 ml/min for a period

of 1% hours.

After the decapitation of Group I rats and following the

1D hour infusion periods of Groups II, III, IV, V and VI, the

left kidney, because of greater assessability, was exposed

through a midline incision and quickly removed. The kidney was

cut along its longitudinal axis and the papilla and a small

wedge of cortex were clipped away and frozen in liquid nitrogen.
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The time between excision of the tissue and immersion in liquid

nitrogen was 7 to 10 seconds. A 1 ml blood sample was taken in

a heparinized syringe at the end of the experiment and the

plasma frozen for later determination of fluoride content.

Analysis of Samples

The urine and plasma samples were analyzed for osmolality

by freezing point depression using an osmometer (Advanced Instru-

ments, Inc. Model 3W). Urine volumes were determined by taring

a 3 ml vial and subtracting the tare weight from the urine vial

weight. All cyclic AMP values were measured by radioimmunoassay

as described below. The renal cortical and papillary tissues

were weighed without thawing and then homogenized (Fischer

Model 300 sonic dismembrator), 3% homogenate, in phosphate

buffered saline (pH 7.0) containing 0.05 mM isobutyl-1-methyl

xanthine (MIX), a PDE inhibitor (Sigma Chemical Co.). The

homogenate was placed in a boiling water bath for 15 minutes

and then centrifuged for 20 minutes at 40C. at 11,700 x g. The

supernate was stored frozen and then assayed for cyclic AMP.

The precipitate was resuspended in an equal volume of 0.1 N

NaOH. This again was centrifuged at room temperature for 20

minutes at 11,700 x g. This supernate was stored frozen and

then assayed for protein content by a modification of the Bradford

method (8). Plasma fluoride concentrations were measured using an

Orion ion specific electrode (Model 96-09) and pH meter (Model

801A).
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A radioimmunoassay for cyclic AMP in the picomole range for

small amounts of renal tissue and urine was developed with the

aid of Dr. Jim Caffrey and his laboratory. Cyclic AMP assays

were performed with a rabbit antiserum raised against cyclic

AMP conjugated bovine serum albumin using I'25 -labeled 02'

monosuccinyladenosine 3',5'-monophosphatetyrosylester as a

radioactive tracer. A standard curve for cyclic AMP was prepared

for each group of samples. All samples were run in triplicate

and agreed within two percent. Urinary cyclic AMP was corrected

for volume and the results expressed in picomoles cyclic AMP/0.01

ml urine. Renal tissue cyclic AMP was corrected for protein

content and the results expressed in picomoles cyclic AMP/mg

protein.

The data were analyzed using two tests designed specifically

for the types of measures recorded. The statistical tests

employed take into account the small "n" in the groups. An

analysis of variance was performed on the data to estimate popu-

lation variance and the differences among means was tested using

Tukey's honestly significant difference (HSD) test (78).



CHAPTER IV

RESULTS

Experiment I

The protocol and time course for Experiment I are depicted

in Figure 1 (Chapter 3). The results of Experiment I are dis-

cussed in relation to this time course and protocol.

Urine-Flow Rates and Urine Osmolality.--The influence of

inorganic fluoride on urine osmolality (Uosm) and urine-flow

(0) is depicted in Figure 2. During the saline control periods,

Uosm remained similar between the three collection periods

(approximately 1500 milliosmoles Mosm). Administration of vaso-

pressin (period 3) was followed by a slight but not significant

increase of Uosm. The mean plasma fluoride concentration at the

end of period 4 (saline control) was less than 2.0 micromolar.

Uosm of the fluoride-infused groups fell significantly

(p< 0.01) after the second half hour of NaF infusion. Each of

the subsequent fluoride-infused periods were followed by a consis-

tent, nearly linear decline of Uosm with time. The lowest mean

urine osmolality, 650 Mosm, occurred at the final urine collec-

tion and related to a terminal mean fluoride concentration of

300 micromolar.

Figure 2 also represents and summarized all urine-flow

rate data from Experiment I. Urine flow rates were consistent

32
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Figure 2. Urine Osmolality and Urine-Flow for Experiment I.
Means and standard error are shown at 30 minute intervals for
six animals. Each animal served as its own control.
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during the control periods 2, 3, and 4 (0.25 ml/hr). Eleva-

tion of mean urine-flow rates of the fluoride-infusion periods

6, 7, and 8 attained statistical significance after the first

half hour of infusion (p< 0.01). This effect was found in all

fluoride infusion periods. Urine flow rates increased in a

nearly linear rate reciprocal with urine osmolality, reflecting

the positive free water clearance reported in the literature

(24). Exogenous vasopressin had no effect on urine-flow rates

during the saline infusion because the kidney was already maxi-

mally concentrating the urine. In addition, exogenous vasopressin

had no effect on urine-flow rates during the fluoride infusion,

a result consistent with the literature (52). The terminal

urine-flow rate had reached a mean of a ml/hr.

Urinary Cyclic Amp.--Figure 3 plots the mean urinary cyclic

AMP in a 0.01 ml sample of urine for Experiment I. Mean urinary

cyclic AMP, expressed as picomoles cyclic AMP/0.01 ml urine, was

not significantly different between control periods. The admin-

istration of vasopressin had no effect on urinary cyclic AMP.

The fluoride infusion periods were followed by a significant

(Pe 0.01), nearly linear decline with time in urinary cyclic

AMP content. However, Figure 4 demonstrates that when correc-

tions are made for urine flow rates, no significant differences

between excretion rates for cyclic AMP could be determined.

Physiological Parameters.--Mean heart rates and mean respira-

tory rates are plotted in Figure 5. No significant differences

were determined between any of the periods monitored. The
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Figure 3. Mean Urinary Cyclic AMP for Experiment I. Mean
urinary cyclic AMP in 0.01 ml of sample. Comparisons represent
only absolute amounts of urinary cyclic AMP without respect
for urine flow rate, GFR, or clearance. Means and standard
error are shown at 30 minute intervals for six animals. Each
animal served as its own control.
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Figure 4. Mean Urinary Excretion Rates for Experiment I.
Means and standard error are shown at 30 minute intervals for
six animals, each animal serving as its own control.
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effects of the various experimental manipulations on arterial

blood pressure are graphically illustrated in Figure 6. Although

increases in blood pressure were observed following vasopressin

in periods 3 and 7, these increases were not statistically sig-

nificant. The core temperature did not change between groups and

was monitored only to ensure the animal was not under undue

stress.

Experiment II

The effect of inorganic fluoride and vasopressin on

renal papillary and cortical cyclic AMP were determined in the

second experiment. The results of the second experiment repre-

sent a comparison of the six groups of rats using time-matched

controls.

Renal Tissue Cyclic AMP.--In contract to the lack of change

in urinary excretion of cyclic AMP between control, vasopressin,

and fluoride groups, differences in in situ renal papillary

cyclic AMP were significant between groups (Figure 7). In

comparison to the value of 36+2 picomoles/mg protein found in

saline control animals (SAL), papillary cyclic AMP rose to 67+4

picomoles/mg protein after saline with vasopressin (SVP),

(p 4 0.01). Cyclic AMP content following inorganic fluoride

(FLU) rose to 59+5 picomoles protein (p< 0.05). This result

suggests that inorganic fluoride increases collecting tubule

cyclic AMP content, however, the increase in cyclic AMP content

still resulted in a classic fluoride-induced polyuria. Mean
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Figure 5. Physiological Parameters for Experiment I. Means
and standard error are shown at 30 minute intervals for six
animals.
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Figure 6. Arterial Blood Pressure for Experiment I. Means
and standard error are shown at 30 minute intervals for six
animals.
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plasma fluoride concentrations for Experiment II were similar to

values obtained during Experiment I. The mean control values

were less than 2 micromolar and the mean fluoride values were

320 micromolar.

When vasopressin was added to the fluoride-infused group

(FVP), renal papillary cyclic AMP content rose to 86.9+10 pico-

moles/mg protein (p<0.01). This value was higher than either

the SVP or FLU values and may suggest separate mechanisms of

stimulation for fluoride and vasopressin because of the additive

pharmacological effect of these two agents.

An interesting observation was the change in renal papillary

cyclic AMP from the baseline decapitated group (DEC) and the SAL

group. In comparison to the value of 16+2 picomoles/mg protein

found in the DEC group, papillary cyclic AMP rose to 36+2 pico-

moles/mg protein in the SAL group. The increase in cyclic AMP

content was found to be significant. However, since the DEC

group was not subjected to the same experimental manipulation,

the reasons for this difference cannot be explained.

Theophylline, a phosphodiesterase inhibitor, was infused at

various concentrations in an attempt to alter cyclic AMP content

of the renal papilla. At concentrations of 5 and 7.5 mM theophyl-

line (THL), no significant increase in cyclic AMP content was

measurable in the renal papillary tissue (Figure 7). However,

at 10 mM concentrations of THL, cyclic AMP content of the renal

papillary tissue rose significantly to an average value of 75

picomoles/mg protein in three rats (p<0.01). This concentration
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Figure 7. Renal Papillary Cyclic AMP for Experiment II.
Mean in situ renal papillary cyclic AMP content in decapi-
tated7DEC), saline (SAL), saline receiving vasopressin,
5mU/0.25m. (SVP), fluoride (FLU), fluoride receiving vaso-
pressin, 5mU/0.25m. (FVP), and in rats receiving theophylline,
7.5mU (THL). Means and standard error are for six animals.
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Figure 8. Renal Cortical Cyclic AMP for Experiment II.
Mean in situ renal cortical cyclic AMP content in decapitated
(DEC), saline (SAL), saline receiving vasopressin, 5mU/0.25m.
(SVP), fluoride (FLU), fluoride receiving vasopressin., 5mU/0.25ml
(FVP), and in rats receiving theophylline, 7.5mU (THL). Means
and standard error are for six animals.
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of THL was successful in raising the cyclic AMP content of the

renal papilla, but the pressor effects of this drug were over-

whelming at this concentration. Arterial pressure dropped

from a mean of 125 mm Hg to approximately 80 mm Hg at this

concentration of THL.

Physiological Parameters. --Figure 9 represents the mean

arterial blood pressures for Experiment II. Figure 10 repre-

sents mean heart rate and Figure 11 mean respiratory rate. No

significant differences were observed between the groups for

these physiological parameters. Arterial blood pressure in-

creased slightly following the administration of vasopressin in

both the SVP and FVP group but not to significance. Although

not graphically depicted, the core temperature did not change

between groups and was monitored only to ensure the animal

was not under undue stress.
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Figure 9. Arterial Blood Pressure for Experiment II. Saline
(SAL), saline receiving vasopressin, 5 mU/0.25ml (SVP), fluoride
(FLU), fluoride receiving vasopressin, 5 mU/0.25ml (FVP), and
in rats receiving theophylline, 7.5 mU (THL). Means and stand-
ard error are for six animals.
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Figure 10. Mean Heart Rates for Experiment II. Saline (SAL),
saline receiving vasopressin, 5mU/0.25ml (SVP), fluoride (FLU),fluoride receiving vasopressin, 5mU/0.25 ml (FVP), and in rats
receiving theophylline, 7.5 mU (THL). Means and standard error
are for six animals.
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Figure 11. Mean Respiratory Rates for Experiment II. Saline
(SAL), saline receiving vasopressin, 5mU/0.25ml (SVP), fluoride
(FLU), fluoride receiving vasopressin, 5mU/0.25 ml (FVP), and
in rats receiving theophylline, 7.5 mU (THL). Means and stand-
ard error are for six animals.



909-

E 60-

-30-

0 I-- - I I I --I ~I -- I

56

SAL SVP FLU FVP



CHAPTER V

DISCUSSION

Inorganic fluoride, a metabolite of methoxyflurane, has been

implicated in the polyuria that sometimes followed the use of

this anesthetic agent in surgical patients (15,49,76). Several

hypotheses have been proposed to explain the nephrotoxic actions

of inorganic fluoride. One likely hypothesis for the mechanism

of action of inorganic fluoride on renal concentrating ability

is inhibition of the action of vasopressin in the collecting

tubule (49,73). The renal lesion produced by inorganic fluo-

ride resembles nephrogenic diabetes insipidus because the lesion

is unresponsive to exogenous vasopressin (24).

The process whereby vasopressin exerts its physiological

action is mediated in part by the activation of adenyl cyclase,

with the subsequent increase of cyclic AMP (10,57). Increased

cyclic AMP concentrations are the classic response to this

hormone (22). Changes in urinary cyclic AMP excretion were used

as an index of the tubular sensitivity to vasopressin in Wallin

and Kaplin's report (73) to determine the mechanism by which

fluoride interferes with the action of vasopressin. Urinary

samples seemed to be the logical choice, because changes in urin-

ary cyclic AMP have been used previously to monitor the respon-

siveness to vasopressin and other cyclic AMP mediated hormones

57
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in various disease (4) and drug (2,67) induced states. However,

discrepancies arose between in vivo investigations in both man

and rat as to whether or not vasopressin increased the urinary

excretion of cyclic AMP (9,10,46). Several factors may have

contributed to the conflicting results. These factors include:

(1) a wide dosage range of vasopressin was utilized between the

studies, some several times the physiological dose; (2) in

some investigations, only the absolute rate of cyclic AMP excre-

tion was expressed, whereas it is more acceptable to express

excretion as an index of GFR, urine flow rate, or creatinine

clearance; (3) the experimental protocol induced surgical trauma

and stimulated the release of other cyclic AMP mediated hormones

that contributed to the total cyclic AMP measured; (4) the

methods were inappropriate for the determination of cyclic AMP.

Reports now indicate that urinary cyclic AMP following

vasopressin is not a sensitive measure of its action (6,9).

Bia, et al. (6) have demonstrated the tubular sensitivity of

physiological doses of the hormone is best demonstrated in vivo

by determining the cyclic AMP content of renal papillary tissue

in situ. The in situ rat kidney preparation of Bia, et al.

(6) was adapted to the study of the fluoride-induced diuresis

by developing methods by which cyclic AMP could be measured

accurately as a functon of vasopressin stimulation. Imbert-

Teboul, et al. (37) and Morel, et al. (55) reported that there

are vasopressin sensitive receptors in the medullary thick

ascending limb of Henle as well as in the collecting tubule.
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The papilla of the rat, unlike the whole medulla, contains a very

high concentration of collecting tubules and therefore a large

population of vasopressin-elicited adenyl cyclase activation

should be found in the collecting tubules (55). On the basis

of this activity and location of receptors, the papilla was se-

lected for the measurement of vasopressin stimulated in situ

cyclic AMP.

The current investigation demonstrates that inorganic

fluoride increased in vivo papillary cyclic AMP content but still

resulted in a classic polyuria and increased free water clearance.

Further, these fluoride-induced increases in cyclic AMP content

appear to be independent of those elicited by vasopressin because

of the additive effect of fluoride with vasopressin (Figure 7).

Substantial in vitro evidence demonstrates that fluoride is a

classic stimulator of cyclic AMP accumulation (10,22,57,84).

The results of the present experiment confirm that of the above

investigations, that urinary cyclic AMP changes are inaccurate

measures of physiological doses of vasopressin in vivo. There-

fore, total urinary excretion of cyclic AMP is not a useful in-

dex of the tubular sensitivity to this hormone.

Wallin and Kaplin's report (73) indicating significant

reductions in urinary cyclic AMP following inorganic fluoride,

warrants a second interpretation based upon the above discussion

on vasopressin stimulated increased in cyclic AMP. Their data

suggest inorganic fluoride inhibits the generation of cyclic AMP

by the collecting tubule in response to vasopressin and this
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action of fluoride may contribute to the nephrotoxic action of

this ion. The present investigation demonstrates that no sig-

nificant differences between excretion rates of cyclic AMP could

be determined for any period when corrections were made for

urine-flow rates. Wallin and Kaplin's report of significant

decreases in urinary cyclic AMP following fluoride was not

substantiated by this investigation. Fluoride had no signifi-

cant effect upon the urinary excretion of cyclic AMP in the

present study.

As was stated previously, inorganic fluoride is a classic

stimulator of cyclic AMP in vitro. It is generally accepted that

elevated levels of cyclic AMP in the collecting tubule lead to

increased water permeability of this structure (56). The addi-

tion of exogenous cyclic AMP or inhibition of its breakdown by

phosphodiesterase inhibitors increase the tissue concentration

of this nucleotide and mimic the action of vasopressin in toad

bladders and isolated collecting tubules (22,27,28,84). There-

fore, if inorganic fluoride were increasing cyclic AMP in vivo,

collecting tubule permeability should increase, not decrease.

Cyclic AMP content of the renal papillary tissue following inor-

ganic fluoride rose 64% above saline control values. This result

is in stark contract to the lack of change in urinary cyclic

AMP between control, vasopressin, and fluoride groups. Differ-

ences in in situ renal papillary cyclic AMP were significant,

suggesting that inorganic fluoride increases collecting tubule

cyclic AMP content but still resulted in a classic fluoride-
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induced diuresis. On the basis of these findings, the site

of the inhibitory action of fluoride on the vasopressin system

must be at a location beyond the cyclic AMP generation step.

When vasopressin was added to the fluoride infused (FVP)

group, renal papillary cyclic AMP content rose 140% over saline

control values. This value was higher significantly than either

the vasopressin (SVP) or fluoride (FLU) values. This finding

suggests that fluoride is acting to elevate cyclic AMP content

by separate mechanisms apart from vasopressin since the con-

centration of cyclic AMP in FVP is an additive function of

vasopressin and fluoride (Figure 7).

The present results demonstrate that inorganic fluoride

does increase in vivo papillary cyclic AMP. Further, the in-

crease in cyclic AMP induced by inorganic fluoride observed in

the present study is separate from that induced by vasopressin.

The literature provides possible mechanisms whereby fluoride

might modulate such changes in cyclic AMP. Katz and Tenenhous

(42) have shown that fluoride inhibits the activity of phopho-

diesterase in the rat brain which leads to an increase in cyclic

AMP accumulation. Further, the fluoride ion directly activates

adenyl cyclase to increase tissue levels of this necleotide in

vitro (21,58,65). Recently, Yorio, et al. (79) have demon-

strated in the toad bladder that inorganic fluoride may suppress

calmodulin activation of phosphodiesterase. These reports

suggest that inorganic fluoride increases cyclic AMP accumula-

tion by a direct effect on adenyl cyclase and indirectly by in-

hibition of phosphodiesterase activity.
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A number of naturally occurring substances are able to alter

the tissue response of vasopressin by affecting either the forma-

tion of or breakdown of cyclic AMP. These substances include

prostaglandins (28,38), catecholamines (44,54), thyroid hormone

(30) osmolality and various electrolytes (16), and possibly

other similar nucleotides (59). Any one or a combination of

the above substances might also be involved in the fluoride-

induced changes in cyclic AMP. The intricate biochemical steps

that occur following vasopressin stimulation of the collecting

tubule epithelium have not been totally elucidated. However,

it now appears that postaglandins, and especially prostaglandin

E2 modify the vasopressin response of the kidney. Edwards,

et al. (23) have presented the first clear cut evidence for and

antagonism between prostaglandin E2 and vasopressin-dependent

cyclic AMP accumulation in the papillary segments of the nephron.

Intimately tied to prostaglandins in the regulation of

cyclic AMP within the cell, is ionic calcium. Calcium appears

to exert a key role in the regulation of the vasopressin increase

in water transport across the collecting duct epithelium (97).

Changes in intracellular calcium have been implicated in a vari-

ety of cellular events involved in the regulation of water flux

in the kidney. Low calcium concentrations stimulate the forma-

tion of cyclic AMP in response to vasopressin (5), whereas

high calcium concentrations inhibit the formation of cyclic

AMP in response to vasopressin (97). Yorio, et al. (79) have

suggested that the inhibitory effect of high calcium concentra-
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tions may be due to an increase in prostaglandin activity,

increase in prostaglandin synthesis, inhibition of adenyl

cyclase, and/ or prevention of the polymerization of tublin.

It appears that activation of intracellular calcium is related

to all these cellular events, but the exact biochemical path-

ways remain unknown (97).

Flouride is a known calcium chelator. One possible mecha-

nism for the fluoride-induced increase in papillary cyclic AMP

may be related to fluoride's ability to form calcium salts

in vivo and thereby inhibit the calcium mediated events neces-

sary for water absorption and turning off the adenyl cyclase

system. It remains to be determined whether these endogenous

substances function as modulators of the vasopressin response

in intact cells, and therefore, one can only speculate as to

whether fluoride can and does interfere with these proposed

modulators of the vasopressin systems.

There was an attempt to raise renal papillary cyclic AMP

content by infusions of theophylline, a phosphodiesterase in-

hibitor. Various concentrations of theophylline were utilized

in this attempt. The lower doses of 5 and 7.5 mM produced no

detectable change in papillary AMP, however the 10 mM concen-

tration resulted in a statistically significant rise in papil-

lary cyclic AMP. Although theophylline at 10mM concentration

resulted in an increased concentration of cyclic AMP it also

resulted in an overwhelming drop in arterial blood pressure.

Since other endogenous cyclic AMP mediated hormones, especially
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the catecholamines, are released during stress and are known to

increase cyclic AMP content of tissues, the increase in cyclic

AMP may not be attributable to the theophylline alone.

The site of the biochemical renal lesion was not specifi-

cally defined by the present study. The functional impairment

appears to be at a site beyond the generation of cyclic AMP.

To further distinguish the biochemical lesion, the interaction

of fluoride between other intracellular modulators of the vaso-

pressin response must be more clearly defined. The most prom-

ising modulator, intracellular calcium, appears to have a

central and key role in the action of vasopressin. The effects

of fluoride on calcium metabolism should be investigated fur-

ther to determine the possible relationship of this intracellu-

lar modulator to the vasopressin response of the mammalian

kidney.
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