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ALEXANDER JOHN ROUCH 

Characteristics of Fluoride Flux and the Absence of a Vasopressin
like Effect by Fluoride in the Isolated Perfused Rabbit Cortical 
Collecting Duct 
Under the direction of GARY M WHITFORD 

Fluoride flux (JF) was measured in the isolated perfused 

rabbit cortical collecting duct (CCD) to determine some of the basic 
physiological characteristics of JF in this segment. Also, the effect 
of fluoride on hydraulic conductivity (Lp) in the CCD was assessed. 

Fluoride can increase cyclic AMP levels in a variety of tissues and 
the vasopressin-induced increase in Lp in the CCD is a cyclic AMP
dependent event. To determine if fluoride would increase Lp. Lp 
was compared among 3 conditions: 1) control, (no fluoride or 
vasopressin); 2) with 1 or 5 mM .fluoride in the bath; and 3) with 
25 J.LU/ml vasopressin in the bath. The Lp in condition 1 was not 

different from that in 2 (8.6 ± 1.8 vs 5.0 ± 2.7 cm/sec/atm X I0-7, 
respectively, n=5) (Data expressed as mean ± SE). Lp in condition 

3 (112 ± 7.4 cm/sec/atm X 10-7) was significantly higher than that 
in 1 and 2 (p<.001). 

The effect of luminal-fluid pH on JF was assessed. In one set 
of experiments (n=7), JF determined with a pH of 6.1 was 

significantly higher than that with a pH of 7.4 (.027 ± .007 vs .008 ± 
.002 pmole/min/mm, respectively; p<.01). In another set (n=5), 
JF with a pH of 5.0 was significantly higher than that with a pH of 

6.1 (.040 ± .004 vs .018 ± .003 pmole/min/mm, respectively; 
p<.01). Bath pH was always 7.4. 

Osmotically-induced, lumen-to-bath fluid flux (Jv) did not 
affect JF. A 40o/o reduction in the trans epithelial fluoride 
concentration gradient did not affect JF. The effects of 
acetazolamide and the disulfonic stilbene DIDS on JF were 
determined separately by measuring JF in the absence and 

presence of each agent. Neither of these agents significantly 
affected JF, although JF was reduced consistently with 



>_ 

acetazolamide. JF measured with bicarbonate-buffered solutions 

(.025 ± .003 pmole/min/ID.Iil, n=30) was significantly higher than 
that with HEPES-buffered solutions (.012 ± .003 pmole/min/mm, 
n=16) (p<.02). Transepithelial voltages which ranged from +10 to -
104 mV did not affect JF. It was concluded that: 1) fluoride did not 
affect Lp: 2) Jv did not affect JF: 3) pH gradients affected JF: 4) 
acetazolamide and DIDS did not affect JF: 5) JF was affected by the 

buffer of the solution: and 6) the CCD permeability for fluoride is 
relatively low. 

INDEX WORDS: Fluoride, Fluoride Flux, Cortical Collecting Duct, 
Voltage, Hydraulic Conductivity, Fluid Flux, Acetazolamide, DIDS 
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INTRODUCTION 

Background: 
Extensive research related to the fluorides has generated 

valuable information benefiting the public. Of the many positive 
outcomes, the fluoridation of public water supplies is most 
significant and has been truly one of the major public health 
advancements of the century, particularly with regard to the 
reduction in dental caries. Almost every commercial toothpaste 
contains fluoride. Its addition to dental products bestows the 
marketer an advantage in advertising as the public now perceives 
that such a product is worth using if it contains fluoride. Dairy 
products and other food sources naturally contain fluoride and 
consumption is now at its highest level. 

Benefits are not limited to reducing dental caries. Scientists 
use fluoride for the experimental treatment of bone disease, and 
fluoride has been recommended as a therapeutic aid for the 
postmenopausal osteoporotic individual (6,11 7). The combination 
of fluoride, calcium and vitamin D stimulates new bone formation 
and increases bone mass (52). These responses are not apparent 
without fluoride. Fluoride is also used to treat otosclerosis and it is 
incorporated into the molecular structures of some of the volatile 
anesthetics to improve efficacy (122). Fluoride induces an 
inotropic effect on the isolated heart (105), and a possible 
therapeutic role for the fluorides in cardiovascular disease is 
intriguing and warrants further study. Clearly, the full therapeutic 
potential for fluoride has not yet been observed. 

Unfortunately, harmful effects occur upon exposure to high 
fluoride levels. Epigastric distress, nausea, and vomiting are 
common problems resulting from excessive fluoride ingestion 
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(105). Chronic exposure can cause permanent dental fluorosis 
.(3,48, 125). Protein synthesis can be adversely affected (70), and 
although fatalities are rare, fluoride can cause death (105). 

Fluoride pP,armacology attracts the attention of scientists, 
particularly with. respect to the effect of fluoride on a variety of 
enzymes. Fluoride inhibits enolase in the glycolytic pathway 
preventing acid production which could be directly related to 

.. dental decay (120). Because fluoride stimulates adenylate cyclase, 
it is commonly used as an experimental tool to study the 
mechanism of activation of this enzyme. A variety of digestive 
enzymes as well as some of the phosphatases are also affected by 
fluoride (74,100,104). 

This brief overview of the biologic effects of fluoride (a more 
detailed description is provided in the Review of Literature) 
highlights the necessity for further research. Since public 
consumption of fluoride is on the rise and because fluoride has 
enormous potential for altering physiological processes, additional 
research serves not only the scientific community .but also the 
public. 

The renal handling of fluoride has received considerable 
attention from scientists. Because fluoride exits the body by renal 
excretion, the kidney is important in the metabolism and toxicity of 
the ion. Abnormal renal function has been observed in both humans 
and animals with high plasma fluoride levels (121,133). Therefore, 
the potential toxic effects of fluoride on the kidney and the 
characteristics associated with the basic renal physiology of fluoride 
are current research needs. 

Using clearance techniques, scientists have investigated the 
relationships of fluoride excretion to urinary flow rate, urinary pH, 
and the excretion of inorganic iorts including sodium, chloride, and 
potassium (20,93, 131). Chen et al. (24) found a positive 
relationship between fluoride excretion and urinary flow rate, and 
Walser ·and Rahill (119) reported that flUoride and chloride 
excretion were related. The most consistent relationship, 
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however, was that between urinary pH and fluoride clearance. 
Evidence has shown that the excretion of fluoride can be separated 
from that of chloride and urinary flow rate by varying the urinary pH 
(131). Regardless of the methods used to alter urinary pH, alkaline 
conditions elevated, and acidic conditions reduced fluoride 
clearance, respectively. Whitford et al. (129) presented evidence 
strongly suggesting that with a low urinary pH, fluoride 
reabsorption was enhanced due to elevated transepithelial 
concentration gradients of nonionic hydrofluoric acid (HF). Less 
tubular HF and more ionic fluoride exist with a higher urinary pH. 
Thus, renal fluoride reabsorption under acidic conditions appeared 
to result from diffusion of HF from the tubular lumen to the 
peritubular blood due to the large HF concentration gradient and 
the high epithelial permeability to HF. Results which showed that 
fluoride can be used to estimate intracellular pH support this 
hypothesis (123). This proposed mechanism for fluoride 
reabsorption is developed further in the Review of Literature. 

Data from clearance studies have helped scientists build a 
basic understanding of the renal handling of fluoride. The present 
investigation was designed to augment this understanding with 
different techniques capable of probing this subject in greater 
detail. 

The Problem: 
A complete understanding of the renal handling of any 

filtered substance requires knowing what occurs as it moves 
through each nephron segment. Research has provided such 
knowledge for sodium, chloride, potassium, hydrogen ion, 
ammonia, glucose, and most of the amino acids. Prior to this study, 
there were no known investigations conducted to obtain this kind 
of information for fluoride. The intent of this study was to attack
this problem with an investigation designed to examine basic 
physiological characteristics of fluoride handling by a specific 
nephron segment - the cortical collecting duct (CCD). Specific 
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reasons for using this segment are included in the Nature of the 
Investigation. 

Potential benefits from this type of study include information 
which ·clearance studies simply cannot provide. For example, a 
clearance study can tell t):le investigator if net reabsorption or 
secretion of a filtered substance occurs, but it cannot reveal if both 
can happen simult;aneously, and the specific nephron sites where 
these processes occur cannot be identified. By studying the 
handling of fluoride by an individual nephron segment, scientists 
can substitute speculations with sound conclusions and replace the 
"black box" approach of the clearance technique with a more 

complete pic~ur"e. 
Therefore, the problem associated with this research effort 

was that no knowledge of the physiological characteristics of 
fluoride in a given nephron segment existed. With the potential 
benefits of such knowledge clearly established, the question is what 
method is most likely to solve the problem. 

Method of Solving the Problem: 
Microperfusion of the isolated perfused rabbit CCD was the 

method chosen for solving the problem just described. A brief 
historical perspective of this method is contained in the Review of 
Literature. Since 1966, valuable information discovered from 
microperfusion studies has greatly advanced_ the science of renal 
physiology. The technique Of isolating and perfusing a specific 
tubular segment is clearly relevant to the problem. 

Micropuncture, another relevant technique, is the method 
where fluid from a specific nephron segment from the intact 
kidney is extracted and analyzed. The in vivo conditions of 
micropuncture offer an advantage compared to the in vitro 
conditions of microperfusion. However, more control over the 
eXperimental environment is provided by the latter. Additionally, 
only a select population of nephron segments is accessible with 
micropuncture, whereas all segments can be studied with 
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microperfusion. Nevertheless, similar experimental designs using 
micropuncture would assist in the objective of obtaining a more 
detailed description of the renal handling of fluoride. 

The stop-flow technique offers another . alternative to 
microperfusion. Using this technique, Whitford et al. (129) showed 
that the renal reabsorption of fluoride is a distal-tubular, pH
dependent event. These results first demonstrated fluoride 
absorption characteristics in the nephron, and focused attention on 
the distal nephron as being most important in regulating fluoride 
excretion. This procedure, however, divides the nephron only into 
its proximal and distal segments. Microperfusion divides the 
nephron into 12 individual segments, and data compiled over the 
last 22 years have displayed considerable structural and functional 
heterogeneity not o~y among but also with these segments. 

Although microperfusion provides an excellent way of gaining 
knowledge not currently available, it is understood that other 
techniques and more research are required to characterize fully the 
handling of fluoride in the nephron. 

Nature of the investigation 
To examine the basic physiological characteristics of fluoride 

movement in the ceo. it was felt that experimental conditions 
simulating the "normal" situation should be employed. Specifically, 
this refers" to the lev~ls of fluoride used in this study. Although a 
considerable amount of variability exists under normal conditions, 
the-urinary level of fluoride in the. human averages between 25 and 
150 liM· (93,121). The plasina)evel is much lower and is normally 

. ab~ut 1 liM· These values depend primarily on the fluoride levels of 
the· diet and the drinking water. 

· Based on . the reported urinary values, the levels of fluoride 
used usually in this study ranged between 40 and 150 JJ.M. Under 
most experimental conditions, the lumen of the ceo contained 100 
11M fluoride. This level would be expected to be within the range 
found in vivo. Thus, the results acquired in vitro represented the 
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normal in vivo condition, as far as fluoride was concerned. For 
practical reasons which are explained in the Review of Literature, 
other conditions with regard to solution composition did not 
conform to the "normal" situation. There are, of course, no "ideal" 
experimental conditions for -this type of a study, and it should be 
noted that the luminal-fluid composition in the nephron varies 
considerably under normal conditions in vivo. It was felt that the 

· exPt;rimental .conditions used in this study were appropriate for 
examining basic pliysiological characteristics of fluoride movement 
in the CCD. 

An important feature of the CCD is. its ability to respond to . . 
antidiuretic hormone (ADH) or vasopressin. When vasopressin is 

present on the serosal side of the CCD, the luminal membrane 
becomes -permeab~e to water and the hydraulic conductivity (Lp) of 

the tubtile increases (5,19). This response is mediated by increases 
in intracellular cyclic 3' - 5' adenosine monophosphate (cAMP) (5). 
It is well known that fluoride stimulates adenylate cyclase in vitro 

and increases intracellular cAMP levels in a variety of tissues 
including the kidney (125). The possibility of fluoride increasing 
Lp in the CCD had not been investigated before this study, and it is 

important to know if the kidney is responsive to fluoride as it is to 
ADH. Based on the cAMP connection, it was hypothesized that 
fluoride would mimic the action of vasopressin and increase Lp. 

The antidiuretic response in the CCD induced by vasopressin 
involves fluid movement from the lumen out to the bath (or to the 
interstitium, in vivo). Since this response is essential for fluid 
reabsorption in vivo and, therefore, must occur frequently, it is 
important to know if fluoride movement is affected by fluid 
movement. It was expected that fluoride movement would be 
affected by the vasopressin-induced fluid movement either via 
solvent drag or by the increase in luminal fluoride concentration 
which would occur as water left the lumen. However, the 
selectivity of the CCD to water during the antidiuretic response is 
high (90). Whether CCD would discriminate against fluoride during 
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this response was not known, but in light of the desire to 
investigate basic characteristics of fluoride movement in the CCD, 
the effect of fluid absorption on fluoride absorption deserved 
attention. 

Another basic investigation was the effect of transepithelial 
electrochemical gradients on fluoride movement. Since the in vivo 

levels of fluoride in the kidney vary considerably under normal 
conditions, it is important to know what happens to fluoride 
movement in the nephron when the transepithelial gradients for 
fluoride change. Very little evidence exists which indicates that 
fluoride is transported actively in any tissue, thus, it is generally 
believed that fluoride moves across biological barriers passively. It 

was hypothesized, therefore, that a measurable change in the 
transepithelial electrochemical gradient for fluoride in the CCD 
would result in a measurable change 1n fluoride movement. 

As explained earlier, clearance studies have shown that the 
renal handling of fluoride is determined primarily by the urinary 
pH. Fluoride excretion is reduced, or in other words, fluoride 
reabsorption is increased, when the urine is acidified. Based on the 
results of these clearance studies, it was hypothesized that a change 
in the pH of the luminal fluid in the CCD would affect fluoride 
movement. Specifically, a transepithelial pH gradient induced by 
making the luminal fluid more acidic would be expected to yield 
higher rates of fluoride movement from the lumen. The CCD is an 
appropriate nephron segment to study pH effects because the 

- ' . -
largest. transepithelial pH gradients in vivo are generated in the 

. collecting duct (62), Addition~lly, as stated earlier, evidence 
showed that fluoride absorption in the kidney was, to a large 
degree, .a distal tubular event influenced by changes in urinary pH. 

The urinary pH is affected by proton secretion which is 
believed to occur by an active process in the CCD (61,62). 
Acetazolamide is a diuretic agent which affects the urinary pH. In 
vivo, this 'drug 'inhibits proton secretion, inhibits bicarbonate 
absorption, and elevates urinary pH (41). All of these events are 
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related. The biochemical event affected by this drug is an 
inhibition of the enzyme, carbonic anhydrase (CA), which catalyzes 
the rate of hydration and dehydration of carbon dioxide and water, 
This is the well known carbon dioxide buffer reaction: 

C02 + H204 CA ~H2C03 4 ~ HCO + H+ 
With adequate levels of carbon dioxide, the CCD would be able to 
produce protons and proton secretion would be likely to occur. It 
can be expected that when added to the CCD, acetazolamide would 
inhibit this chemical reaction, inhibit proton secretion, and thus, 
change the luminal pH. An alkalinizing effect on the luminal fluid of 
the CCD by acetazolamide has been reported (61). Additionally, 
investigators have reported· that acetazolamide increases fluoride 
excretion (or reduces fluoride absorption) in vivo (131). This was 
believed to occur as a direct result of a change in urinary pH 

·.induced by acetazolamide. Consequently, it was hypothesized that 
acetazolamide would reduce the rate of fluoride movement in the 
CCD in vitro as it reduced fluoride absorption in vivo. 

It should be noted that the compoSition of the perfusion and 
bathing solutions could affect the results of this study. Specifically, 
the pH-buffer of each solution must be considered. Two types of 
buffered-solutions were used, bicarbonate-buffered, and N-2-
Hydroxyethylpiperazine- N-2~ethanesulfonic acid (HEPES)-buffered. 
The bicarbonate-buffered solutions were equilibrated with a 95% 
oxygen and 5% carbon dioxide gas mixture. HEPES-buffered 
solutions were equilibrated with room air. The level of carbon 
dioxide present with the bicarbonate-buffered solutions was 
considered to be a normal physiological amount whereas that with 
HEPES-buffered solutions was significantly less. It was expected 
that normal levels of carbon dioxide would cause proton secretion 
to occur at variable rates, thus influencing the luminal pH. With 
negligible levels of carbon dioxide, proton secretion would not be 
expected to occur at rates which could influence the luminal pH. 
Consequently, when it was desired to maintain solution pH at a 
constant level, HEPES-buffered solutions were used. Bicarbonate 
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buffered solutions were used when the maintenance of a constant 
pH was not critical to the experiment, or when proton secretion 
was important to the nature of the study. For example, in the 
investigation of the effect of acetazolamide on fluorid~ movement, 
bicarbonate-buffered solutions were used because adequate levels of 
carbon dioxide were needed for proton secretion to occur. 

In the CCO, a variety of transport mechanisms for inorganic 
and organic ions have been identified. Some of these mechanisms 
involve anion transport. For example, chloride and bicarbonate ions 
apparently share an anion-exchange mechanism in the CCD (107), 
although the transport of these two anions is probably not confined 
exclusively to this mechanism. The membrane protein known as 
Band 3 is a well known transport protein for anions, and it has been 
identified in the CCO (95). Although Band 3 has an important role 
in transporting anions in the red blood cell membrane (108), the 
extent to which the protein transports anions in the ceo is not 
known. Despite this lack of knowledge, the mere presence of Band 
3 suggests that anion transport is mediated, in part. by this protein. 
The transllort function of Band 3 can be inhibited with the stilbene 
derivative 4,4 - diisothiocyano-2,2 - stllbenedisulfonic acid (DIDS). 
If Band 3 in the CCD is involved in transporting fluoride, then 
application of OIDS to the experimental conditions should affect 
fluoride movement. As stated earlier, very little evidence supports 
an active transport mechanism for fluoride in any tissue. However, 
based on the existing knowledge of the function of Band 3, its 
presence .in the CCD, and its inhibition by OIDS, and based on the 
lack of knowledge about fluoride handling in any nephron segment, 
an~ inve~?tigation iilto the effect of DIDS on fluoride movement was 
warranted. If it were found that DIDS had no effect on fluoride 
J11ovement, then the suggestion that Band 3 could transport . . . 
fluoride in the CCD could be ruled out. 

In addition to the effect of DIDS on JF, the effect of ouabain 

required investigation. Ouabain is a well-known cardiac glycoside 
that inhibits sodium-potassium ATPase (36). Active absorption of 
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sodium in the CCD is direc~y related to the activity of this enzyme 
(109). Sodium absorption and potassium secretion are reduced in 
the presence of ouabain (94). If fluoride is associated with the 
inorganic ion transport mediated by the sodium-potassium ATPase 
in the CCD, then ouabain add~d to the experimental conditions 
should affect fluoride movement. 

Specific Aims: 
The goal of this research project was to investigate the 

characteristics of fluoride migration or fluoride flux (JF) across the 

isolated perfused rabbit CCD aild examine potential effects of 
fluoride on the physiology of the CCD. The specific aims related to 
this goal were to determine: 
1. If fluoride can increase Lp in the CCD. 

· 2. . If vasopressih-induced fluid movement affects JF. 
3. If transepithelial electrochemical gradients affect JF. 

· 4. If transepithelial pH gradients affect JF. 
5. If acetazolamide affects JF. 
6. If DIDS affects JF. 
7. · If ouabain affects JF. 



REVIEW OF LITERATURE 

Scope: 
This review is divided into three sections. The first involves 

a general discussion about the science of fluoride. Topics related to 
the chemistry, pharmacology, and metabolism of fluoride are 
reviewed. Special emphasis is assigned to the renal handling of 
fluoride and the effect of transmembrane pH gradients on fluoride 
migration. The second section is a brief description of the 
microperfusion technique of isolated kidney tubules. The third 
section is a discussion of the CCD. Research findings concerned 
with the characteristics of the CCD including anatomy, water 
permeability, electrical properties, inorganic ion transport, acid
base features, and species differences are discussed. This literature 
review is intended to provide a detailed yet brief discussion of 
selected evidence pertinent to this study. 

The Science of Fluoride 

Chemistry: 
Fluoride is a member of the halides. It is number 9 on the 

periodic table of elements and has a molecular weight of 18.995. 
Fluorine comprises the thirteenth most abundant element in the 
earth's crust. Consequently, many natural as well as man-made 
substances contain fluoride. 

The electronegativity of fluorine is higher than that of any 
other element (23). This refers to the tendency of an atom to 
attract electrons in a molecule. The ionic hydration energy of 
fluoride, which refers to the interaction between ions and water 
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molecules, is higher than that of any of the halides (47). Thus, 
while the ionfc radius of fluoride is small (1.36 A), Its hydrated 
radius is large (3.5 A) (45). For a comparison, the ionfc and 
hydrated radii of chloride are 1.8 and 3.0 A. respectively; those of 
iodide are 2.2 and 3.0 A. respectively (45). 

These chemical characteristics could have important 
physiological significance. Fluoride exhibits relatively strong 
attraction for water molecules. Thus, the structure of water could 
be altered, particularly where fluoride accumulates. The degree 
and consequence of such an alteration are not known .. 

Since fluoride does have a large hydrated radius, water 
movement could influence fluoride movement. It has been 
speculated that fluoride crosses biological barriers as a result of the 
bulk flow process (24,128). However, the large hydrated radius 
results in a lower mobility for fluoride compared with other ions 
(47). Thus, while water movement could affect fluoride movement, 
fluoride could conceivably affect water movement. 

The hydrated radius of the hydroxyl ion equals that of ionfc 
fluoride (45). This is probably why the hydroxyl ion can interfere in 
the analysis of fluoride activity with the fluoride-selective electrode 
(45). The similarity in size of these two ions could have 
physiological significance with regard to the transmembrane 
movement of fluoride. It has been hypothesized that the similarity 
in hydrated radius between ammonium and potassium accounts for 
the ability of the former to substitute for the latter at some 
transport sites along the nephron and other tissues (33,34,35). 
Ammonium substitutes for potassium in supporting the hydrolysis 
of ATP by sodium-potassium ATPase in rat brain (88), and rat 
kidney (66). Ammonium can also replace potassium in moving 
sodium out of human red blood cells (81): a process mediated by 
sodium-potassium ATPase. The ability of fluoride to utilize 
transport mechanisms associated with the hydroxyl ion is 
questionable, but the possibility is feasible and warrants 
consideration. 
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A feature of great importance with regard to this thesis is the 
effect of pH gradients on transmembrane migration of fluoride. 
The physiological significance of transmembrane pH gradients 
results from a unique chemical property of fluoride which is the 
unusual behavior of hydrofluoric acid (HF). HF is different from 
other hydrogen halides such as chloride, bromide, and iodide in 
that HF is a weak acid due to the high electronegativity of fluoride. 
If a mole of hydrochloric acid is dissolved in water, one free mole of 
hydrogen ion is generated. One mole of HF dissolved in water 
creates very little free hydrogen ion. The explanation for this 
observation has important implications with regard to 
transmembrane fluoride migration. Although HF completely gives 
up its proton to water, the hydronium ion remains tightly 
associated to the fluoride ion through a hydrogen bond. Some 
chemists call this association an "ion pair" (45). Ion pairs are 
common in nonaqueous environments, but the HF ion pair is unique 
for aqueous solutions. HF is therefore a weak acid with a pK of 3.45 
(123), and this feature of fluoride is of physiological importance. 

Pharmacology: 
It was stated in the Introduction that although fluoride is 

beneficial particularly in reducing dental cartes, it can also be 
harmful due to a variety of pharmacological properties. Accidental, 
excessive ingestion of fluoride by humans produces symptoms such 
as intense salivation, vomiting, diarrhea, abdominal pains, 
convulsions, labored respiration, and hypotension (65,105,106). 
These observations not only have caused a great deal of concem 
among the general public but also have led to a vast amount of work 
done to uncover the mechanisms involved with these events. 
Special interest here is given to the toxicology of fluoride and the 
effect of fluoride on enzymes. · Some brief comments about the 
incorporation of fluoride in steroids will also be made. 

· Fluoride, administered in sufficient doses, produces 
. hypotension. Greenwood et al. (39) reported a 20% decrease in 
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blood pressure in dogs given an intravenous fluoride dose of 23 
mg/kg. Leone et al. (64) observed significant decreases in blood 
pressure and heart rate and increased respiratory rate in dogs 
given intravenous doses of 20 to 30 mg/kg. These authors also 
reported electrocardiographic irregularities resulting from these 
doses. Caruso and Hodge (121) reported that oral doses above 15 
mg/kg produced hypotension in dogs, but no effect was observed at 
lower doses. Bishop et al. (10) reported a prolonged peripheral 
vasodilation in dogs after an intra-arterial injection of 0.15-1.0 mg 
fluoride, and Richardson et al. (87) reported significant decreases 
in blood pressure in dogs given total oral fluoride doses of 1 and 5 
mg. The results from these latter two studies are in disagreement 
with others in regard to the amount of fluoride required to produce 
hypotension. Although intra-arterial doses may be more effective in 
producing hypotension, no explanation has been given for the 
discrepancy with oral doses. 

The :Qlechanism of fluoride-induced hypotension is not 
known. Evidence· from· studies which used various blocking agents 
and other mediators of cardio-vascUlar physiology suggested that 
fluoride did not produce hypotension via histamine release, a 
cholinergic mechanism, or alpha and beta adrenergic .effects (105). 
whitford et al. (133) speculated that fluoride-induced diuresis 
could result from vasodilation of the vasa recta and the resultant 
increase, in renal medullary blood flow. Thus, fluoride-induced 
hypotension could result from a direct vasodilatory effect. 

Interestingly, Caruso and Maynard (22) reported that, in the 
presence of ganglionic blockade, fluoride produced hypertension. 
Significant increases in blood pressure and heart rate were 
observed in dogs after ganglionic blockade produced by 
administration of the drug pentolinium, even from small 
intravenous fluoride doses. These increases were immediate and 
consistent, yet they were not sustained as hypotension was noted 
approximately 3 to 5 minutes following the fluoride dose. The 
hypertensive response was attributed to catecholamine release 
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from the adrenal medulla. Adrenalectomy markedly reduced the 
pressor response to fluoride, but the cardio stimulatory response 
was not changed. It was speculated that fluoride-induced 
hypertension after ganglionic blockade resulted from a direct 
stimulation on the heart and release of catecholamines from the 

' 
adrenal medulla. Reduction in spleen volume also appeared to 
contribute to the hypertension induced by fluoride. These results 
are important in that they provide a different profile of the activity 
of fluoride. However, since ganglionic blockade is required for the 
observed pressor effect, fluoride is still vf,ewed as a hypotensive 
agent. 

Fluoride produces a stimulatory effect on the isolated heart. 
Bennet and Chenoweth (8) reported a positive inotropic effect on 
"failed" cat papillary muscle with 5 mM fluoride. Hamishito (42) 
found the same effect on the isolated bull frog heart. Majeski and 
Berman (68) reported an increased force of contraction in rat 
ventricular strips in the presence of 2.15 mM fluoride. It was 
speculated that fluoride could interact directly with the adrenergic 
beta-receptor or affect the intracellular calcium availability in 
producing this stimulatory effect (105). Further investigation is 
required to discover the specific mechanisms of the cardio
stimulation, but the potential for a therapeutic use of fluoride in 
heart disease is intriguing. 

Intravenous fluoride doses given to dogs increased 
gastrointestinal tone (105). This response was blocked by atropine. 
Ganglionic blocking agents as well as bilateral vagotomy also 
blocked the effect of fluoride on the gastrointestinal tract. These 
results indicated that fluoride exerts its effect on the gut via a 
neurogenic mechanism. 

A number of investigators have reported that respiratory rate 
increased in an inverse proportion to the hypotension evoked from 
fluoride (64,65, 105). This effect could be a reflex activated 
response to the hypotension since fluoride has not been shown to 
stimulate the respiratory center directly. Additionally, respiratory 
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arrest was the terminal result in dogs with acute fluoride poisoning 
(105). The speculative mechanism was associated with events at 
the neuromuscular junction because fluoride has been shown to 
inhibit acetyl cholinesterase and antagonize neuromuscular 
blockade imposed by d-tubocurarine (63,105). 

Although this thesis is concerned with fluoride and the 
kidney. it is important to understand the effects of fluoride in other 
organ systems because this could add insight to the mechanisms 
associated with the renal handling of fluoride. 

Literally hundreds of enzymes are affected by fluoride, and 
enzymologists take advantage of this ill studying complex 
mechanisms of enzymatic activity. An extensive review of the 
enzymes affected by fluoride is beyond the scope of this paper. The 
importance and relevance of this topic can be revealed in brief 
discussions about glycolytic enzymes, phosphatases, and adenylate 
cyclase. 

Fluoride is well known for its use associated with the 
prevention of dental decay. Although the exact mechanism of this 
be,nefit is not krtown, the inhibition of some of the glycolytic 
.e.es may be involved. Inhibition of enolase is the best known 
example of the· effect of· fluoride on enzymes. Warburg and 
Christian (120) detnonstrated an inhibitory effect by fluoride on 
this enzyme and suggested that this effect was due to a magnesium
fluoride-phosphate complex. Cimasoni (25) reported that enolase 
from rabbit muscle was weakly affected by fluoride alone, but the 
inhibition was strong in the presence of phosphate. Apparently, 
different 'inhibitory mechanisms were involved with and without 
phosphate. Bunick and Kashket (13) presented data which 
reflected complex interactions among fluoride, magnesium, and 
phosphate with enolase inhibition. The level of fluoride used to 
produce this inhibition was about 1 mM. 

Two other metabolic enzymes inhibited by fluoride are 
succinic dehydrogenase and phosphoglucomutase. Slatter and 
Bonner (102) studied the former from the equine heart and 
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reported that the effect was greatly enhanced by phosphate. Najjar 
(77) studied the latter from rabbit muscle and found that 
phosphate, though not required, also enhanced the inhibition by 
fluoride. It is interesting that data from all of these studies suggest 
that fluoride does not act alone in inhibiting these enzymes, but is 
involved with other substances, particularly the metals and 
inorganic phosphate. 

Many of the phosphatases, including the acid-alkaline 
phosphatases, have been shown to be inhibited by fluoride. One of 
special .interest is the sodium-potassium ATPase associated with 
active ion transport. Yoshida et al. (138) studied the fluoride effect 
on this enzyme as well as on the potassium-dependent ATPase. 
These authors· reported that fluoride inhibited both enzymes at 
concentrations as low as 0.3 mM. Magnesium was essential for the 
inactivation of both enzymes, and the potassium-dependent ATPase 
was more sensitive to fluoride than sodium-potassium ATPase. ATP 
and sodium appeared to protect the enzymes against inactivation by 
fluoride. Kirschner (54) reported that fluoride inhibited sodium 
extrusion from swine erythrocytes. The author suggested that 
fluoride inhibited the ATPase enzyme required for that process. 
Another possibility for the inhibition of sodium extrusion was a 
reduction in the supply of ATP resulting from a metabolic 
disturbance. However, results showed that inhibition was not 
accompanied by cessation of lactic acid production and cellular ATP 
levels did not disappear. Thus, a direct effect on the "pump 
ATPase" was concluded. The mechanism of the inhibition of 
sodium-potassium ATPase by fluoride is still not understood, but 
because of the enzyme's ubiquitous distribution, more research is 
essential. 

Another ubiquitous enzyme is adenylate cyclase, and the 
activation of this enzyme by fluoride has been known for many 
years. Since a more detailed description of fluoride and adenylate 
cyclase is provided in a section in the Discussion chapter, a brief, 
general overview of this topic is given here. 
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In 1958, Rail and Sutherland (83) reported that fluoride 
activates adenylate cyclase in broken cell preparations. Since then, 
fluoride has been found to activate adenylate cyclase in vitro In 
virtually all tissues examined (80,125). Scientists commonly use 
fluoride as an experimental tool in .studying mechanisms associated 
with cAMP accumulation. The stimulation of adenylate cyclase by 
fluoride in broken cell preparations is widely accepted. 
Controversy still remains about the same result In Intact tissues and 
cells, however, evidence has shown fluoride can increase cAMP 
content in intact cells (7,97,98). Shahed et al. (97) demonstrated 
that fluoride, as low as 0.015 to 0.15 mM, induced increases In 
cAMP production in isolated rat hepatocytes. These authors also 
reported an altered glucose metabolism by fluoride. Other 
examples of fluoride altering physiological function include 
increases in histamine release from mast cells. (1), increases in 
gastric acid secretion (99), and increases in amylase secretion from 
the rat parotid gland cells (96), The latter example, investigated by 
Shahed and AHmann, indicated that fluoride-induced amylase 
secretions was mediated by an increase in cAMP production. 
Mor11stad and VanDijken (75) reported higher parotid salivary 

. secretory rates and higher salivary cAMP levels in humans given 
fluoride at 0.05 and 0.07 mg/kg body weight. The connection 
between cAMP accumulation and the resultant biological response 
is Interesting in that it does not always OCCUl". A clear explanation 
for this observation has not ·yet been given. Speculation on this 
matter is Included in the Discussion chapter. 

The mechanism of activation of adenylate cyclase by fluoride 
is not understood, and there may be more than one mechanism 
.involved. It has been assumed that fluoride acts on the enzyme's 
catalytic subunit (82). · Recent evidence demonstrates a 
dependence of fluoride activation of adenylate cyclase on the 
guanine nucleotide regulatory protein (G-protein) (9,26,29). 
Downs et al. (26) reported that treatment of turkey erythrocyte 
membranes to change the nature of the G-protein caused changes 
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in fluoride stimulated adenylate cyclase activity. They concluded 
that the G-prciteilt·p~cipated in the activation of adenylate cyclase 
by fluoride and suggested that G-protein itself may have been 
involved in fluoride stimulation of adenylate cyclase. Recent 
evidence showed that aluminum ions were required for fluoride to 
activate G-proteins, and the complex AIF4 could have acted as the 
active component (9). It was suggested that this complex could 
have been involved in other studies where fluoride was used to 
influence enzymes. 

The physiological significance of adenylate cyclase is 
unquestioned, and the ability of fluoride to influence this enzyme 
gives fluoride the potential to affect many physiological systems. 
More research is required to identify the exact mechanism of 
action, and when this is f'mally accomplished, the physiological 
effects of fluoride will be better understood. 

Finally, it is not necessary to summarize in detail the 
concepts of fluoride-containing steroids, but the fact that fluoride 
has been added to many steroids demonstrates another aspect of 
the wide variety of beneficial uses of fluoride. Fluorosteroids have 
been shown to have greater therapeutic use than many natural 
steroids. Although the mechanism of action is not clear, greater 
potency and efficacy have been attributed to the incorporation of 
fluoride in the steroid molecule. Fluorosteroids of the corticoid 
series have proved extremely useful as anti - inflammatory agents 
(103). Therapy in clinical medicine requires the use of many 
steroids, and the use of fluoride in conjunction with steroids to 
improve therapeutic measures should not be overlooked. 

Metabolism: 
The specific feature of fluoride metabolism relevant to this 

study is renal excretion. In addition, the distribution of fluoride 
and its dependence on transmembrane pH gradients requires 
discussion. Before these two topics are reviewed, a brief overview 
is in order. 
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The major source , of fluoride intake comes from the diet. 
Swallowing significant amounts of fluoride-containing dental 
products can contribute to the total daily intake. About 95o/o of the 
ingested fluoride is absorbed in the stomach and small intestine. 
The remaining 5% passes out in the feces. Approximately 50% of 
the absorbed fluoride is deposited in the skeleton or other calcified 
tissue, and the other 50% is excreted by the kidneys. Due to the 
rapid rate of plasma clearance of fluoride by the kidneys and 
calcified tissue, elevated plasma fluoride levels, resulting from 
fluoride ingestion, return to pre-ingestion levels within hours. 
Since the kidneys are responsible for removing fluoride from the 
body, the renal handling of fluoride is important and has received 
considerable attention from scientists over the years. 

The handling of fluoride by the kidney is characterized by 
glomerular ffitration and tubular reabsorption. Filtration can be 
assumed because fluoride does not'bind to plasma proteins (32). In 

the initial studies on fluoride renal handling, a positive relationship 
between urine flow rate and fluoride clearance was shown (20,24). 
Additionally, Schiffl and Binswanger (93) reported a positive 
correlation between the fractional excretion rate of fluoride and 
that of water in humans. These investigators suggested that 
fluoride reabsorption depended on water reabsorption which could 
be influenced by flow rate. Hence, the consensus was that fluoride 

-clearance was determined primarily by the urinary :flow rate. 
, This position was questioned after the findings reported by 

Chen et al. (24) were published. In their study, fluoride clearance 
was measured in the presence of different forms of diureses in the 
dog. In the presence of an osmotic diuresis induced by hypertonic 
saline or mannitol, fluoride clearance varied directly with urinary 
flow rate. However, this relationship was not observed when the 
same level of diuresis was induced by sodium sulfate or sodium 

.-

nitrate. 
Walser and Rahill (119) conducted a study which showed that 

the dependence of fluoride clearance on flow rate was not apparent 
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wheJOI chloride excretion rates were high. They reported a positive 
relationship between fluoride and chloride excretion rates in dogs. 
When chloride clearance was markedly reduced, fluoride clearance 
was then related to the urinary flow rate. These authors suggested 
that during chloruresis, the reabsorptive mechanisms for chloride 
were not separable from those of fluoride, but with reduced 
chloride excretion, fluoride clearance depended primarily on 
urinary flow rate. 

Since the relationship between fluoride clearance and urinary 
flow rate was inconsistently observed and since chloride and 
fluoride clearances were related only during chloruresis, other 
mechanisms of fluoride clearance warranted investigation. 
Whitford et al. (131) presented evidence which questioned the 
depertdence of the two mechanisms just described, urinary flow 
rate and chloruresis. In their study, fluoride renal clearance in rats 
was compared between furosemide and acetazolamide diuresis. 
Furosemide yielded urinary flow rates of two to three times that 
with acetazolamide, yet fractional fluoride clearance with the 
former was less than half of that with the latter. A significant 
chloruresis was also measured with furosemide. These results 
clearly indicated that fluoride clearance could be dissociated from 
both urinary flow rate and chloride clearance. The positive 
relationship displayed in this study was that between fluoride 
clearance and urinary pH: in fact, a strong dependence of the 
former on the latter was observed. These authors also compared 
the clearances between sodium and fluoride and between potassium 
and fluoride. The only parameter which fluoride clearance was 
consistently related to was the urinary pH. Higher fluoride 
clearances occurred with an elevated urinary pH. 

Using the stop flow technique in dogs, Whitford et al. 
(123,129) further investigated the effect of urinary pH on fluoride 
clearance. These authors reported that under a mannitol-induced 
diuresis, the pH of the fluid in the distal tubule was about 6.5, while 
under the sodium sulfate-induced diuresis, this pH was about 4.0. 
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The fractional excretion of fluoride was signtflcantly higher under 
the mannitol condition. These findings explained the confusing 
results of Chen et al. (24) which showed equal magnitudes of 
diureses induced by mannitol and sodium sulfate produced 
different values of fluoride clearance. 

The stop-flow results also Indicated that fluoride reabsorption 
is a distal tubular event. The distal part of the nephron is the site 
where the largest pH gradients In the kidney are generated (62). 
Thus, it makes sense that fluoride reabsorption is greatly 

• 
influenced In the distal .nephron. A significant amount of fluoride 
reabsorption In the proximal convoluted tubule cannot be excluded. 

Ekstrand et al. (31) studied renal fluoride handling during 
acid-base changes in man. Five subjects ingested fluoride during 
separate periods of metabolic acidosis and alkalosis induced by 
consuming ammonium chloride and sodium bicarbonate, 
respectively. Under alkaline conditions, the renal clearance of 
fluoride was significantly higher than that under acidic conditions. 
The pharmacokinetic analysis of plasma fluoride levels showed a 
longer plasma half-life for fluoride under acidic conditions. The 
authors concluded that an increased renal reabsorption of fluoride 
due to a lower urinary pH was responsible, in part, for the longer 
plasma half-life. 

Figure 1 illustrates the mechanism of enhanced fluoride 
reabsorption, Figure 2 supports the proposed mechanism. Figure 1 

depicts HF diffusing from the lumen into the interstitium and from 
there into the peritubular blood. Figure 2 shows that the 
transtubular HF concentration gradient is markedly dependent on 
the transtubular pH gradient while the respective gradient for ionic 
fluoride is virtually independent of urinary pH. Both of these 
figures were developed by Whitford (123). Therefore, the 
proposed hypothesis for the renal reabsorption of fluoride is that 

. reabsorption occurs via nonionic diffusion of HF, and this process is 
greatly enhanced by an acidic urine. The tubular permeability to HF 

. is another ililportant factor that should be mentioned. 



Ftgure 1. Proposed Mechanism for the Renal Reabsorption of 
Fluoride 

LEGEND: 

THIS FIGURE ILLUSTRA1ES THE PROPOSED MECHANISM FOR 

FLUORIDE REABSORPTION FROM THE KIDNEY. WITH AN 

ALKAliNE URINE, MORE IONIC FLUORIDE AND LESS HF EXIST 

AND WITH AN ACID URINE MORE HF IS FORMED CREATING A 

LARGE TRANSTUBULAR CONCENTRATION GRADIENT FOR HF 

AND HF DIFFUSES INTO THE INTERSTITIUM. THIS MODEL 

ASSUMES THAT THE TUBULAR PERMEABILI1Y FOR HF IS HIGH 

AND THAT FOR IONIC FLUORIDE IS WW. 

F7GURE TAKEN FROM WHITFORD (123) 
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Figure 2. Effect of Urine pH on the Transtubular Gradients for 

HF and Ionic Fluoride 

LEGEND: 

IN 1HIS FIGURE, URINE pH IS PLOTI'ED ON THE ABSCISSA AND 

THE LOG OF THE URINE TO PLASMA CONCENTRATIONS FOR HF 

AND IONIC FLUORIDE ARE PLOTTED ON THE ORDINATE. THE 

HF GRADIENTS ARE STRONGLY DEPENDENT ON URINE pH; THE 

IONIC FLUORIDE GRADIENTS ARE INSENSITIVE TO CHANGES IN 

URINE pH. 

FIGURE TAKEN FROM WHITFORD {123) 
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One of the objectives of the current study was to examine the 
effect of a lumen-to-bath pH gradient on fluoride movement in the 
CCD. Based on the renal clearance data just reviewed, it was 
hypothesized ·that lumen-to-bath fluoride movement would increase 
as the luminal fluid acidified. The assumption behind this 
hypothesis is that _ HF is the permeating moiety and that its 
permeation is high relative to ionic fluoride. This assumption is 
valid based on the following evic;l~nce. 

Whitford et al. (127) compared published intracellular pH 
values (pHi) to calculated pHi values using the tissue-to-plasma 
(T /P) fluoride ·ratio. A weak acid can be used to estimate the pHi of 
a particular tissue provided that, among other factors, the 
permeability coefficient for the undissociated weak acid is much 
greater than that of the ionic form (11). The pHi values 
determined by established methods from the muscle, heart, 
diaphragm, liver, skin, and erythrocytes compared favorably with 
those calculated from the T /P fluoride ratios. This evidence 
supported the hypothesis that the T /P fluoride distribution is 
dependent on the magnitude of the transmembrane pH gradient. 
Hence, HF would be in diffusion equilibrium across the membrane 
whereas fluoride would not. 

Assuming that the proposed mechanism of fluoride .transport 
is via the movement of HF across membranes, Whitford (123) 
calculated intracellular - to - extracellular (1/E) fluoride 
concentration ratios at different 1/E pH values. These calculations 
clearly indicated that, from the process of fluoride distribution 
throughout biological compartments, fluoride accumulated in the 
one which is more alkaline. Also, it was the pH gradient, not the 
absolute pH of either compartment, that was the critical factor 
determining fluoride distribution. 

Reynolds et al. (86) demonstrated an important physiological 
consequence of the fluoride distribution . phenomenon. They 
examined the effect of a pre-existing acid-base state on fluoride 
toxicity in rats. Acidic rats were more susceptible to the toxic 
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effects of fluoride than were the alkalotic rats. Alkalosis provided a 
protective mechanism when the fluoride concentration was at the 
toxic level. This protection was attributed to the high fluoride 
renal clearance and low T /P fluoride concentration ratios induced 
by alkalosis. Thus, intracellular fluoride concentrations can be 
raised or lowered by making the extracellular fluid acidic or 
alkalotic, respectively. 

The hypothesis that membranes are more permeable to HF 
than to ionic fluoride has been tested. The permeability coefficient 
across lipid bilayer membranes for HF was about 106 times higher 
than that for ionic fluoride (40). These ·results support the 
proposed mechanism of fluoride reabsorption from the kidney, and 
defend the use of HF in the estimation of pHi. 

Microperfusion of Isolated Tubules 

Twenty three years ago Burg et al. (16) introduced a 
technique for isolating nephron segments and perfusing them in 
vitro. Since then, hundreds of papers have been published based 
on results from this technique, and there have been extensive 
reviews on the technical details of microperfusion of nephron 
segments (14,15,18). Basically, ~ubules are dissected from the 
kidney, and both ends of the tubule are connected to glass 
micropipettes; one end is used to perfuse the lumen and the other 
is used to collect the perfused fluid. Thus, the luminal fluid, or 
perfusate, is effectively isolated from the bath. The collected fluid 
is analyzed to determine differences in composition compared to 
the perfusate. Transport rates and limiting concentration gradients 
can be calculated from the results. Electrophysiological techniques 
can be used to determine transepithelial voltages and resistances. 
The tubule can be retrieved ~tiler perfusion for cellular analysis. 
The technique allows for a wide range of experimental application. 

One advantage of this technique is that all nephron segments 
can be studied independently. Micropuncture and clearance 
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techniques lack this capacity. However, Burg pointed out that this 
advantage can also be a liDlitation (14). The function of a single 
nephron segment in vivo is often affected by the function of other 
segments. Whlle perfusing an isolated nephron segment in vitro 

allows for~ ~on trolled study of its function, it necessarily eliDlinates 
the influence that other segments have in vivo. The kidney is a 
complex organ which requires coordination of all of its parts to 
function normally, _and obviously, this coordination is lost during 
Dlicroperfusion. 

· The. major advantage is the precise control offered to the 
investigator over the perfusate and bathing fluid compositions. This 
is essential for transport studies because it perDlits simultaneous 
measurements of fluxes and driving forces. Hence, 
characterizations of transport mechanisms can be assessed. 

Rabbit renal tubules have been used for many years because 
they are relatively easy to dissect .. In fact, until the 1980's most 
Dlicroperfusion studies utilized the rabbit kidney as the primary 
model. Numerous improvements have led to Dlicroperfusion of 
tubules from other species, and functional differences among 
species have been identified. 

The nephron can be subdivided into 12 segments for 
perfusion purposes (18). Figure 3 is a schematic diagram of these 
segments. All segments have been studied by the Dlicroperfusion 
technique, but more is known about the longer segments such as 
the proximal tubule, thick ascending limb, and cortical and outer 
medullary collecting duct. The shorter segments such as the distal 
convoluted tubules and connecting segments are more difficult to 
dissect and perfuse. These smaller segments could have important 
functions not yet discovered. 

With regard to the appropriate experimental conditions for 
the technique of microperfusion, there are no "physiologically 
correct" bathing and perfusing solutions for each segment. It 

should be recognized that the luminal solution in vivo may vary 
widely under normal conditions. The specific purpose of the 



Figure 3. Schematic diagram of the twelve nephron segments 
found in the rabbit kidney 

FIGURE TAKEN FROM BURG AND KNEPPER (18} 
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experiment determines the composition of solutions. If the 
purpose is to characterize transport mechanisms or conditions 
affecting transepithelial movement of a particular substance (as this 
study was), it is appropriate to use the identical solution in the bath 
and perfusate. Although the results from in vitro perfusion do not 
directly explain what happens in vivo, the knowledge gained from 
the former can greatly enhance the understanding of the latter. 
Advancements in analytical techniques have expanded the 
information acquired from microperfusion studies, and 
undoubtedly, further use of this technique will continue to enhance 
scientists's understanding about the many complicated functions of 
the kidney. 

Since the rabbit CCD was used in this study, experimental 
results of this segment are reviewed, and some comparisons with 
other segments are made. 

Cortical Collecting Duct 
Anatomy: 

The collecting duct can be subdivided into the CCD, the outer 
medullary collecting duct (OMCD), and the inner medullary 
collecting duct (lMCD). The collecting duct extends from the 
conqecting segment (a transition site from the distal convoluted 
tubule to the proximal end of the collecting duct) to the papillary 
tip, and the CCD terminates at the cortlcomedullary junction. In 

the upper half of the CCD, the lateral intercellular spaces are 
slightly dUated with slender folds .and fingerlike cell processes 
projecting into the intercellular space (53). The intercellular 
spaces are more narrow in the lower half of the CCD and in the 
OMCD. 

The epithelium of the collecting duct is composed of two 
distinct cell types, principal and intercalated cells (50,67,110). 
Significant structural as well as functional heterogeneity exists 
within the separate populations of intercalated and principal cells 
along the collecting duct. The ratio of principal to intercalated 



30 

cells in the CCD is approximately 2:1, and this ratio increases to 
about 4: 1 in the OMCD. Characteristic of the principal cell is a basal 
"membranous labyrinth" (53). This is created by extensively 
intertwined infoldings of the basal cell membrane, The principal 
cell has a light cytoplasm with few mitochondria and an apical 
plasma membrane that is relatively smooth. Cell organelles are 
generally localized in the apical cell half of principal cells. 

Intercalated cells can be divided into light, or type A. and 
dark, or type B, cells. This terminology was based on cytoplasmic 
density. The functional heterogeneity of these two intercalated cell 
types has not I?ee distinguished, and it is not yet clear if they are 
indeed two distincf cells. In fact, some investigators do not 
categorize the intercalate~ cells.- Those that do classify these cells 
report that the type B cell· is the dominant intercalated cell of the 
rabl!it CCD. The type A cell becomes more numerous in the OMCD. 
The_ intercalated cell is rich in carbonic anhydrase. It also has a 
high amount of mitochondria, a large golgi apparatus, and a basally 

· located nucleus (53). · . . 
This is merely a simplified view of the anatomy of the CCD, 

but even this illustrates the complexity_ of the tubule. Identifying 
the detailed anatomical characteristics of each tubule segment is 
helpful in understanding the evidence acquired from functional 
tests. 

Water Permeability: 
One of the essential tasks of the kidney Is to functionally 

separate water absorption from solute absorption. This function 
serves to maintain constant extracellular fluid volume, intracellular 
fluid volume, and body fluid osmolality despite wide daily variations 
in water and solute intake. The success of this process is critically 
dependent upon the ability of the collecting duct to alter rapidly 
and reversibly the water permeability of its apical membrane. The 
basolateral membrane remains freely permeable to water. 
Antidiuretic hormone (ADH) increases the water permeability of 
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the_ apical membrane by about an order of magnitude without 
significantly affecting solute permeability (46). The cellular events 
which transpire to achieve this remarkable transformation are not 
completely known, but this process is of major interest in 
' . . 
menibr'ane bioiogy; 

In the first publication from a study of isolated 
microperfusion of renal tubules, Grantham and Burg (37) reported 
that when vasopressin and cAMP were added separately to the 
bathing solution of the rabbit CCD, the diffusional permeability to 
water and the net water absorption increased significantly. 
Vasopressin was ineffective when added to the perfusate. These 
authors also reported that urea permeability was very low and did 
not change significantly after e~ther vasopressin or cAMP addition 
to the bath. At the time this finding was somewhat surprising, 
however it is now widely accepted that the vasopressin-induced 
water permeability change is highly selective to water and 
discriminates towards hydrophilic substances. 

These results motivated others to investigate this process 
further. After many years of collaboration and well planned 
experimentation, an interesting hypothesis has developed. The 
specific studies .and details are provided in the Discussion chapter 
because of the direct relevance to this study. Generally, it was 
hypothesized that upon the. addition of vasopressin, cAMP, or 
another active agent to the bath, cAMP-mediated intracellular 
events lead to the incorporation of water channels into the apical 
membrane. These channels are highly selective to water, and their 
radii preclude side by side water movement; thus, single-file 
diffusion is the obligatory process of water movement through these 
channels, and water is absorbed transcellularly. It is not known if 
both the principal and intercalated cells respond to vasopressin, 
but it has been speculated that the latter are not involved in this 
process (43). 
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Electrical Properties: 
Burg et al. (17) measured the transepithelial potential 

difference or voltage across the CCD, and an average value of -25 
mV (lumen negative) was reported. However, a large variability in 

the CCD voltage has been reported for "control" tubules ranging 
from +10 to -120 mV (78). This variability could be related to the 
role this tubule segment has in controlling electrolyte metabolism, 
but a satisfactory explanation has not been given. The voltage is 
usually negative and this has been shown to result from active 
sodium absorption (38). Vasopressin increases the lumen 
.negativity transiently, and then the voltage usually assumes a value 
lower t:Qan that before the addition of the hormone (17). The 
reason for thfs effect is unclear, but prostaglandins may play a role 
in the transient effect by inhibiting sodium absorption (50,109). 

Stoner et al. ·(in) reported that amiloride at w-4 Madded 
to the lumen reversed the voltage from negative to positive. 
Sodium absorption and potassium secretion were inhibited by 

: amiloride. The positive voltage decreased toward zero when 
acetazolamide was added to the bath. These authors speculated 
that the posi.tive voltage resulted from urinary acidificatio·n . ' ' . . 
mechanism. · 

Sodium, potassium, and chloride are the dominant ions 
transported by the CCD. As stated before, sodium is actively 
absorbed and potassium is actively secreted. Chloride transport 
appears to be mainly passive, although active processes have been 
identified. O'Neil and Boulpaep (78) investigated the conductive 
properties of the rabbit CCD in relation to ~ese three ions. They 
reported that the permeabilities of the tight junction and 
basolateral membrane for sodium and potassium appeared to be 
low. The apical boarder permeability for potassium was relatively 
high. The permeability of the tight junction and basolateral 
membrane 
suggested 
chloride, 

for chloride were high and variable. These authors 
variations in ionic conductivity, particularly with 
could account for the variations in the, 
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electrophysiological_ properties of the CCD. These results may 
_-explain, in part, the reason for the wide range of observed voltages 
in the CCD. 

Schlatter and Schafer (94) investigated the 
electrophysiological properties in the rat CCD and reported that 
intercalated cells responded differently to vasopressin. The 
basolateral membrane potential of the intercalated cell 
hyperpolarized in response to vasopressin, and the same potential 
in the principal cell depolarized. The significance of this 
difference is not known, but these results further illustrate the 

· structural and functional complexity of the CCD. 

Acid-Base Characteristics: 
The CCD also exhibits interesting variability with respect to 

acid-based properties. Details from specific studies are covered in 
the Discussion chapter. Generally, the CCD has the capability to 
absorb and secrete bicarbonate. McKinney and Burg (73) 
demonstrated this. in the rabbit CCD by inducing acidosis or 
alkalosis in the rabbits with pretreatment of ammonium chloride or 
sodium bicarbonate ingestion, respectively. The CCD from acid
treated rabbits reabsorbed bicarbonate whereas the alkaline 
condition yielded bicarbonate secretion. Significant transport of 
bicarbonate was not observed in the CCD from rabbits which 
received no pretreatment. The acid-base function of the CCD 
apparently depends on diet. As will be discussed later, the isolated 
perfused rabbit CCD under certain conditions, can acidify or 
alkalinize its luminal fluid apparently by active processes. The 
physiological significance of the dual nature in bicarbonate 
transport by the CCD has not been determined, but the results 
indicate that the CCD has an important role in the overall acid-base 
regulation of the kidney. 

It has been proposed that the intercalated cells are 
responsible for hydrogen ion secretion and bicarbonate secretion 
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and absorption (53,67). It has been speculated that the type A cell 
is Involved with the former and the type B cell with the latter: 

Ammonia handling in the CCD appears to depend upon the 
acid-base state of the tubule. Knepper et al. (59) reported data 
which indicates that transepithelial ammonia flux occurs via 
nonionic diffusion of NH3. It was proposed that the acidification 
mechanisms of the tubule could be responsible for this process In 
that acidification of the luminal fluid resulted In ammonia secretion 
presumably as a result of established transepithelial NH3 
concentration gradients. If the relationship between urinary pH 
and the renal handling of fluoride is recalled, it would be reasonable 
to speculate that the same events which affect ammonia In the CCD 
could affect fluoride. 

Species Differences: 
It is important to recognize that species differences among 

;the·structural and functional properties of the CCD have been 
reported. Since Knepper (57) ·discovered that tubules from rat 
kidneys could be dissected .with relative ease if the animals were 
kept in a pathogen-free environment, functional tests have 
expanded on animals other than the rabbit. Reif et al. (85) 
reported that the voltage increase Induced by vasopressin in the rat 
CCD maintained a higher negativity for over 3 hours unlike the 
rabbit CCD which, as previously described, responded transiently to 
the hormone. Atkins and Burg (4) reported that bicarbonate 
secretion In the rat CCD decreased with time of perfusion whereas 
this occurred to a much less extent fn the rabbit CCD. It was 
suggested that the rat CCD possesses additional control 
mechanisms associated with bicarbonate transport. The rabbit 
normally excretes an alkaline urine and the rat an acidic urine; 
thus, differences in whole-body acid-base function should be 
considered when these data are discussed. 

Obviously, unknown functional differences among species 
complicate the process of data interpretation. Species differences 
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such as these restrict the investigator from making broad 
generalizations about a specific group of data, and require caution 
when interpreting such data. 



MATERIALS AND METHODS 

Perfusion of Isolated Kidney Tubules: 
Figure 4 illustrates the materials employed for the isolated 

microperfusion of the rabbit CCD. 
Rabbit CCD segments were perfused in accordance with the 

standard methodology of Burg et al. (16). New Zealand white 
rabbits maintained on standard chow and tap water were killed by 
decapitation and the left kidney was rapidly removed and chilled. 
Coronal slices were prepared and placed in a petri dish filled with 
the dissection solution maintained at a temperature of about 10 °C. 
CCD segments were dissected from medullary rays with jeweler's 
forceps on the stage of a dissecting microscope and transferred to a 
perfusion chamber mounted on an inverted-stage microscope. The 
temperature of the bathing fluid in the chamber was kept at 37 ± 
0.5 °C throughout each experiment by delivering current from a DC 
power supply to the perfusion chamber via an electrical wire. A 
thermoprobe sensed the temperature of the bath, and the other 
end was connected to a standard thermometer used to control the 
current delivered to the chamber and to monitor the output. 

The ends of the tubule were aspirated into two glass 
micropipettes from which the tubule was suspended in the bathing 
solution which flowed continuously through the chamber at a rate of 
approximately 1 ml/min. A smaller pipette (perfusion pipette) was 
advanced inside one of the holding pipettes (constriction pipette) 
so that the tip of the perfusion pipette penetrated the tubular , 
lumen. Fluid was infused from this pipette through the tubule and 
allowed to collect in the opposite holding pipette (collection 
pipette) under water-equilibrated mineral oil. Timed collections 
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Figure 4. Materials used for Perfusing Isolated Kidney Tubules 
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were taken from the collection pipette with an inner micropipette 
(volumetric pipette). The collected volume was 7 nl. 

Tubule lengths were measured with an eyepiece micrometer 
and ranged from 0.6 to 2.2 mm. The corticomedullary junction was 
visible under the dissecting lllicroscope and caution was used to 
insure that no section of the outer medullary collecting duct was 
perfused. Tubules were observed under high magnification (X400) 
for any tissue damage which may have occurred during the 
dissection procedure. Tubules were discarded if any damage was 
found or suspected. 

Transepithelial potential differences, or voltages, were 
monitored throughout each experiment. The perfusion pipette was 
used as one bridge via a silver, silver-chloride wire, and the bath 
served as the r~ference. (See Figure 4) The output was visible from 
a high impedance electrometer and continuously recorded on a 
strip-chart recorder. 

Solutions: 
Table I contains a list of the compositions of the solutions 

used in this study. Fluoride levels and specific changes to the 
solutions made during an experiment will be given in the 
description of experimental protocols. 

Bicarbonate-buffered solutions were continuously gassed with 
a 5% carbon dioxide/95% oxygen gas mixture which resulted in a 
solution pH of 7.4 ± .05. The bicarbonate-free solutions contained a 
buffer chosen to maintain the solution at a constant pH. These 
solutions were titrated with either 1 N hydrochloric acid or 1 N 
sodium hydroxide to achieve the desired pH. These titrations did 
not adversely affect the sodium or chloride levels. At most, 2.5 mM 

of either ion was added to the solutions which already contained 
145 or 112 mM sodium or chloride, respectively. 
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Table I. Com:gositions of Solutions. 
All concentrations are in mM. 

BICARBONATE 25 HEPES 5 

Sodium 145 (80) 145 (80) 

Chloride 112 (47) 112 (47) 

Potassium 5 5 

Calcium 2 2 

Magnesium 1 1 

Sulfate 1 1 
Phosphate 1 1 
Acetate 10 10 

Cyclamate 0 20 
Glucose 8 8 

Alanine 5 5 
pH 7.4 7.4 
Osmolality (mOsm) 285 (170) 285 (170) 

Bicarbonate solutions were equilibrated with 95 % oxygen I 5 % 

carbon dioxide gas mixture. HEPES solutions were equilibrated 
with room air. For solutions with pH of 6.1 and 5.0, the buffer used 
was MES (2(N-Morpholino) ethanesulfonic Acid) pK = 6.1. HEPES 
- N-2 Hydroxyethylpiperazine-N-2 ethanesulfonic Acid, pK = 7.5. 
Values in parentheses represent the levels used in the hypotonic 
solutions used in two projects: 1) Effect of fluoride on Lp; and 2) 

Effect of Jv on JF. 
Osmolalites were determined with a vapor-pressure 

osmometer. 
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Key Parameters and Calculations 
In order to determine perfusion rate (Vi, nl/mln), tritiated 

inulin was present in all experiments at 30 J.LCi/ml. Collected 
samples were expelled from the volumetric pipette into 
scintillation fluid and counts of tritium recovered in the collected 
fluid were determined with a standard liquid scintillation counter. 
Vi was determined as Vi = (3Ho/3Hi) Vo where 3Ho and 3Hi are 
the concentration of counts in the collected and perfused fluid, 
respectively, and Vo is the rate at which fluid accumulated in the 
collection pipette which was measured directly. 

Fluid flux (Jv: nl/min/mm) was determined as 
J~ =(Vi- Vo)/L where Lis the tubular length. 

Hydraulic conductivity (Lp) was determined as 

Lp = ViCi [ Ci-Co + .l 2 ln (Co-CblCi J 
RTA CiCoCb (Cb) (Ci-Cb) Co (2 7) 

where Ci, Co, and Cb are the osmotic pressures of the perfusate, 
collected fluid, ·and bath, respectively (atmospheres), R is the gas 
constant, T is the temperature in °K, and A is the tubular area 
(cm2) calculated from the measured tubule length and an assumed 
intemal diameter of 20 J.Lm (19). It was assumed that hydrostatic 
pressure differences were negligible with respect to osmotic 
pressure differences and did not influence the determination of Lp 
(91). Moreover, there was no evident Jv in the absence of an 

osmotic pressure gradient in Ulls study. 
Fluoride flux (JF. pmole/min/mm) was determined as JF = 

(ViFi - VoFo)/L where Fi and Fo are the perfused and collected 
fluoride activities, respectively. 
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Fluoride Activity Analysis: 
Collected Fluid: 

Fluoride activity in the collected fluid was determined with 
the technique of fluoride analysis for nanoliter-size volumes 
described by Vogel et al. (118). This technique was highly specific 
and reproducible over the range of sample ionic composition and 
pH used in this study. 

Figure 5 illustrates the method and materials used in this 
project. The fluoride selective membrane (a Lanthanum-fluoride 
crystal) was removed from the fluoride electrode (Orion, model 94-
09-00, Cambridge, MA) and a small plastic dish fitted around the 
membrane so that the upper surface could be covered with water 
water-equilibrated mineral oil. The lower surface was in contact 
with an electrolyte filling solution (.1 mM NaF and .1 mM KCl) via 

rubber tubing which also fitted around the membrane and formed 
to a "U" shape. The tip of a calomel electrode made contact with 
the filling solution at the hollow end of the rubber tubing. 

Each collected sample, mixed with an equal volume of TISAB 
(Total Ionic Strength Adjusting Buffer), was carefully injected from 
the volumetric pipette onto. the membrane surface. A fiber-optic 
light source illuminated the surface which was observed with a 
standard microscope. The calomel electrode in contact with the 
ffiling solution was connected to one terminal of a high impedance 
electrometer. The tip of a reference, KCl-filled microelectrode, 
which was connected to the other terminal of the electrometer to 

complete the circuit, was manipulated to make contact with each 
sample, and the voltage developed across the membrane was 
compared~ with a previously determined Nemstian standard curve. 
The· microelectrode was pulled to a tip of about 1 1J.II1 with a 
standard microelectrode pull~r. 

The Nernstian curve was determined from the values 
me-asured from fluoride standards made from a fluoride-free_ 
bathing solution. Standards were analyzed in duplicate and handled 
exactly like the collected samples. 



Figure 5. Materials used for Analyzing Fluoride Activity in the 

Collecting Fluid. CoUected volumes were 7 nanoliters 
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Perfused Fluid: 
The fluoride activity in the perfusate was analyzed using the 

technique just described. Mer each experiment, the fluid in the 
perfusion pipette was transferred to a capillary tube from which 
samples were withdrawn with the volumetric pipette and placed on 
the membrane surface. These samples also contained an equal 
volume of TISAB. 

Bathing Solutions: 
In those experiments where fluoride was added to the 

bathing solutions, the activity level was determined using the 
standard technique of direct analysis with the fluoride electrode 
and a standard pH meter. Bath samples of 1 ml mixed with an 
equal volume of TISAB were analyzed in triplicate and compared 
with .a Nepistian: curve constructed from the analysis of sodium 
fluoride standards. 

Rabbit Urine: 
Urine samples from 4 rabbits were analyzed for fluoride 

activity. Immediately following decapitation and removal of the 
kidney, a hypodermic needle attached to a 10 ml syringe was 
inserted into the bladder and the urine sample was aspirated into 
the syringe. The sample remained frozen until the day of analysis. 
After the sample thawed, it was centrifuged to separate the 
precipitate from the urine fluid. This fluid was treated for fluoride 
analysis as described for the .bathing solutions. Fluoride levels in 
the rabbit urine ranged from 50 to 65 J.l.M. 
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Fluoride Contamination: 
Since fluoride is a ubiquitous substance, the possibility of 

fluoride contaminating the solutions used in this study was 
assessed. Samples of a bath solution with no added fluoride were 
analyzed via the HMDS-facllitated diffusion technique (116). This 
technique is used to measure fluoride activity in samples where the 
fluoride level is too low to be detected by direct analysis. No 
fluoride was detected in the solution. Solutions were prepared 
with strict consistency, and unless fluoride was added to the 
solution, it was always assumed to be fluoride-free. 

Experimental Protocols: 
The description of each experiment corresponds to the 

specific aims listed in the Introduction. Each experiment 
consisted of at least 2 phases. The first step of the first phase 
followed a 90-minute equilibration period at 37 °C. Following 
completion of the first phase, the perfusate or the bath was 
exchanged for one of a different composition. Unless otherwise 
noted, a 30-minute equilibration period preceeded the sampling 
procedure for a subsequent phase. 

1. Effect of Fluoride on Lp: 
Bicarbonate-buffered solutions were used in this project, and 

the perfusate was fluoride-free and hypotonic to the bath (170 ± 5 
vs 285 ± 5 mOsm, respectively). Six experiments of 2 or 3 phases 
(control, fluoride, vasopressin) were conducted. A fluoride-free 
bath was used in the control phase. ln the fluoride phase, 1 or 5 
mM fluoride was present in the bath. Vasopressin at 25 !J.U/ml and 
fluoride were present in the bath in the vasopressin phase. Three 

' samples of the perfused fluid were collected in each phase, and the 
Lp was determined f()r each sample as previously described. The 
,mean Lp for a given phase was the average of the 3 determinations. 

Three experiments began ·with a control phase, proceeded to 

_the fluoride phase, and ended with the vasopressin phase. Two 
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experiments began with a control phase and ended with a fluoride 
phase, and the final experiment began with a fluoride and ended 
with a vasopressin phase. Thus, the "n" for control, fluoride, and 
vasopressin phases were 5, 6, and 4, respectively. 

2. · Effect of Jv on JF: 
Ten experiments were conducted in this project, 5 with 

bicarbonate-buffered and 5 with HEPES-buffered solutions. The 
lumen-to-bath osmotic gradient of the previous protocol was used 
in this project. The perfusate contained 100 11M fluoride and the 
bath was fluoride-free. Each experiment consisted of 2 phases, 
control and vasopressin. The vasopressin phase was performed as 
in the previous protocol. Jv and JF were compared between 
phases. Seven samples were collected in each phase. The first and 
last 2 were used for Jv determination and the middle 3 were 

placed on the fluoride sensing element for fluoride activity analysis. 
The reported Jv of a given phase was the average of 3 or 4 
determinat!ons·. while the JF was the average of 2 or 3 
determinations. . ~ter the experiment, three samples · of the 
perfusate were placed ·on the fluoride electrode for analysis of 
fluoride activity in the perfused fluid, as previously described. 

This procedure for Jv and JF determination in each phase 

was followed in o~er protocols and will not be restated. 

3. Effect of Transepithelial Electrochemical Gradients on JF: In 

this project, the. perfusate was isotonic to the bath and each 
experiment consisted of three phases. The control phase was 
followed by an experimental phase where the bath fluoride level 
was altered and the experiment ended with another control phase 
(i.e., control-experimental-control). Jv and JF were determined for 

each phase as previously described. Two sets of experiments were 
conducted. 

In the first set (n=4), HEPES-buffered solutions were used, 
the perfusate contained 150 11M fluoride, and the bath contained 
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ouabain at I0-4 M. The bath was fluoride-free in the control phase 
and contained 60 11M fluoride in the experimental phase. This 
resulted in a 40o/o reduction in the transepithelial fluoride 
concentration gradient. The transepithelial voltages were slightly 
positive, 1 to 4 mV, due to the ouabain. The purpose of this set was 
to determine the basal permeability of the CCD to fluoride. 

Three experiments were conducted to determine if ouabain 
could affect JF. HEPES-buffered solutions were used and the 

perfusate contained 100 j.!.M fluoride. The bath was fluoride-free 
and ouabain-free in the control phase and contained 1o-4M 
ouabain and 40 llM fluoride in the experimental phase. The 
electrochemical gradient for fluoride was reduced not only by 
adding fluoride to the bath but also by removing the electrical force 
for fluoride movement as the effect of ouabain removed the luminal 
negativity. 

In the second set (n=8), bicarbonate-buffered solutions were 
used and the perfusate contained 100 11M fluoride. The bath in the 
control and experimental phases contained 100 and 500 11M 
fluoride, respectively. Ouabain was not present in these 
experiments. The purposes of this set were to determine if a 
positive JF could occur with equal fluoride levels on both sides of 
the epithelium and if fluoride could move from the bath to the 
lumen. 

4. Effect of Transepithelial pH Gradients on JF: 

Two sets of experiments were conducted in this project and 
all experiments utilized bicarbonate-free solutions. The bath was 
HEPES-buffered and fluoride-free. The perfusate contained 100 
11M fluoride and was buffered with either HEPES (pH=7 .4), or MES 
(pH=6.1 and 5.0). The perfusate was isotonic to the bath. Each 
experiment consisted of 2 phases. After samples were collected for 

. Jv and JF determination in one phase, the perfusate was exchanged 

with one of a different pH. 
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In one set (n=7), the JF measured with a perfusate pH of 7.4 

was compared to that with a perfusate pH of 6.1. In the other set 
(n=5), JF was compared between a perfusate pH of 6.1 and 5.0. 

The order of the perfusate pH (i.e., a given pH being in the first or 
second phase) was alternated in each set of experiments. 

5. Effect of Acetazolamide on JF: 
In this project (n=6) bicarbonate-buffered solutions were 

used. The bath was fluoride-free, and the perfusate contained 100 
IJ.M fluoride and was isotonic to the bath. Each experiment 
consisted of a control phase followed by the experimental phase 
where acetazolamide at I0-4 M was added to the bath, and the 
experiment ended with another control phase. JF was determined 
in all three phases. As always, a 30-minute equilibration period was 
interposed between phases. However, two additional experiments 
were conducted where this equilibration was not allowed and the 
collections were taken immediately after the bath with 
ace~lamide made contact with the tubule. The purpose of these 
two experiments was related to the effect of acetazolamide on 
transepithelial _voltage. Within the usual 30-minute equilibration 
period, the voltage increased (greater luminal negativity) then came 
back to its basal· level. These experiments were conducted to 
determine if JF was affected during this transient voltage shift. 

6. Effect of DIDS on JF: 
· HEPES-buffered solutions were used in this project with a 

fluoiide-free bath and 100 11M fluoride in the perfusate which was 
isotonic to the bath. Each experiment consisted of 2 phases which 
differed only in that in one phase, the perfusate contained 4,4-
diisothiocyano 2,2 stilbene disulfonic acid (DIDS) at Io-4 M and the 
other was without DIDS. The JF was compared between phases. 
Four experiments were conducted in this project with 2 having 
DIDS in the first phase and 2 with DIDS in the second phase. 
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Statistics 
In the projects that contained two experimental phases, the 

t-test for paired comparisons was used to analyze key parameters 
between phases. The unpaired t-test was used to compare JF 
between bicarbonate-buffered solutions and HEPES-buffered 
solutions. In the projects that contained three phases, a two-way 
analysis of variance was used to compare key parameters among 
phases. The effect of transepithelial voltage on JF was analyzed by 
calculating correlation coefficients from scatter diagrams in which 
the voltage was plotted against the JF from experimental phases 
which used the exact experimental conditions. Linear regression 
was performed on these scatter diagrams as well. A significance 
level of .05 was chosen. Data were reported or shown as Mean ± 
SE. 



RESULTS 

Effect of Fluoride on Lp: 
Figure 6 summarizes the results from this project. The Lp 

measured under the fluoride-free condition was not different from 
that with 1 or 5 mM fluoride in the bath (8.6 ± 1.8 vs 5.0 ± 2.7 
cm/sec/atm x w-7, respectively). (Lp did not change with 1 mM 
fluoride so 5 mM was used and again Lp did not change so the data 
with 1 and 5 mM fluoride were pooled). The Jv also was not 

significantly different between these two conditions (.04 ± .03 vs 
.02 ± .03 nl/min/mm, respectively). Jv data are not shown on 
Figure 6. The Lp and Jv measured with vasopressin and fluoride 

present in the bath (112 ± 7.4 Cni/SeC/atm X IQ-7 and 0.74 ± .0.17 
nl/min/mm, respectively) were significantly higher than the 
respective values in the two previous conditions. Vi ranged from 3 
to 11 nl/min among experiments but was constant in each 
experiment, and the voltages ranged from 0 to -29 mV. Vi did not 
appear to affect the results. 

Effect of Jv on JF: 
Figure 7 illustrates the results from this project. Jv increased 

significantly with vasopressin present in the bath in both the 
HEPES and bicarbonate-buffered conditions (from 0.06 ± 0.03 to 
0.71 ± 0.11, and from 0.07 ± 0.02 to 0.67 ± 0.09 nl/min/mm, 
respectively). JF did not change in either condition (HEPES; from 
0.019 ± 0.006 to 0.010 ± 0.005: bicarbonate; from 0.050 ± .013 to 
0.052 ± 0.020 pmole/min/mm). Vi among these experiments 
ranged from 4 to 6 nl/min but was constant in each experiment. 
Transepithelial voltages ranged from -9 to -26 mV among the 
HEPES-buffered experiments while in all but one of the 
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Figure 6. Lp - Absence of a fluoride Effect 

LEGEND: 
IN THIS FIGURE: C REPRESENTS CONTROL CONDITIONS, NO 

FLUORIDE IN THE BATH; F REPRESENTS FLUORIDE 
CONDITIONS, 1 OR 5 mM FLUORIDE IN THE BATH; AND VP 
REPRESENTS VASOPRESSIN, 25 JlU/ML IN THE BATH. 
FLUORIDE REMAINED IN THE BATH DURING VP CONDITIONS. 
THE PERFUSATE WAS FLUORIDE-FREE AND HYPOTONIC TO THE 

BATH (170 VS 285 mOSM, RESPECTIVELY]. SIX EXPERIMEN1S 
WERE CONDUCTED: 2 EXPERIMENTS CONTAINED C AND F 
PHASE ONLY; 3 EXPERIMEN1S CONTAINED C, F, AND VP PHASE; 
AND 1 EXPERIMENT CONTAINED F AND VP PHASE ONLY. THUS, 
N FOR C = 5, F = 6, AND VP = 4.1 mM FLUORIDE WAS USED IN 3 

EXPERIMENTS AND 5 mM FLUORIDE WAS USED IN 3 

EXPERIMENTS. NEITHER 1 NOR 5 mM FLUORIDE APPEARED 
TO CHANGE Lp SO THE DATA WERE POOLED. UNES CONNECT 

MEAN VALUES OF EACH PHASE AND STANDARD ERROR BARS 
ARE DRAWN. • - SIGNIFICANTLY DIFFERENT FROM C AND F. 
(p<.001) 
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bicarbonate-buffered experiments, the voltage decayed to 0 or 
attain_ed a positive value of 1 to 4 mV. The voltage progression of 
each experiment are shown in Figures 8 and 9. 

When vasopressin was added to the bath in the HEPES
buffered experiments, a transient voltage increase (i.e., greater 
luminal negativity) occurred, and then the voltage retumed to a 
value slightly lower than that of basal conditions. This is the classic 
response of the rabbit CCD to vasopressin, but the underlying 
mechanism is not clearly understood (17). Despite the voltage 
decay observed in the bicarbonate-buffered experiments, the 
transient voltage increase induced by vasopressin was observed in 4 
out of 5 of these experiments. 

Effect of Transepithelial Electrochemical Gradients on JF: 

These experiments proceeded from a control to an 
experimental phase and then went back to the control phase. In 
the first set of experiments, JF was measured with 150 J.LM fluoride 

in the perfusate and a fluoride-free bath in the control phase. In 

the experimental phase, 60 J.LM fluoride was added to the bath. 
Ouabain at I0-4 M in the bath resulted in a constant, slightly 
positive transepithelial voltage. HEPES-buffered solutions were 
used in this set. The JF in the control, experimental, and control 

phases were not different (0.031 ± .004, 0.031 ± .005, 0.032 ± .004 
pmole/min/mm, respectively). Figure 10 shows these results. 

In the second set of experiments, the control phase 
consisted of 100 IJ.M fluoride in the perfusate and bath. In the 
experimental phase, the perfusate contained 100 and the bath 
contained 500 IJ.M fluoride. The voltage in these experiments 
ranged from -2 to -65 mV. Bicarbonate-buffered solutions were 
used in this set. ,.A significant reduction in JF occurred in the 

experimental phase. (0.015 ± .003, .001 ± .006, .016 ± .003 
pmole/min/mm). These data are shown in Figure 11. 

Figure A1.4 shows the results from 3 experiments where the 
control phase consisted of 100 J.LM fluoride in the perfusate and a 



Figure 7. Jv and JF with and without Vasopressin 

LEGEND: 

IN THIS FIGURE C REPRESENTS CONTROL CONDITIONS, NO 

VASOPRESSIN JN BATH. VP REPRESENTS VASOPRESSIN, 25 

p,U/Ml VASOPRESSIN IN THE BATH. FIVE EXPERIMENTS 

CONDUCTED WITH HEPES·BUFFERED SOLUTIONS ARE SHOWN 
ON THE LEFT, AND FIVE EXPERIMENTS CONDUCTED WITH 

BICARBONATE-BUFFERED SOLUTIONS ARE SHOWN ON THE 

RIGHT. THE PERFUSATE WAS HYPOTONIC TO THE BATH (170 

VS 285 mOSM, RESPECTIVELY} AND CONTAINED 100 JLM 
FLUORIDE. THE BATH WAS FLUORIDE-FREE. UNES CONNECT 

THE MEAN VALUES OF THE C AND VP PHASE. STANDARD 
ERROR BARS ARE DRAWN FOR J 0 • STANDARD ERROR BARS 

WERE TOO SMALL .FOR JF. • - SIGNIFYCANTLY DIFFERENT FROM 

c. (p<.005) 
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Figure 8. Transepithelial Voltage - Effect of Vasopressin (HEPES

bu.ffered experiments) 

LEGEND: ·.r I ' 

THIS FIGURE ILLUSTRATES THE TRANSEPITHEUAL VOLTAGE 

PROGRESSION IN EACH EXPERIMENT OF THE HEPES

BUFFERED SOLUTIONS OF FIGURE 7. EXPERIMENTS ARE 

NUMBERED 1 THRU 5. TIME OF PERFUSION IS ON THE 

ABSCISSA AND VOLTAGE IS ON THE ORDINATE. ARROWS 

DENOTE THE TIME WHEN VASOPRESSIN WAS ADDED TO THE 

BATH. IN EACH EXPERIMENT AFTER THE ADDITION OF 

VASOPRESSIN, THE VOLTAGE INCREASED TRANSIENTLY THEN 

STABAUZED AT A LEVEL LOWER THAN THAT BEFORE 

VASOPRESSIN WAS ADDED. THE TRANSIENT INCREASE IN #4 

WAS RELATIVELY SMALL. AS EXPLAINED IN THE TEXT, THE 

VOLTAGE RESPONSE TO VASOPRESSIN DISPLAYED IN EACH 

EXPERIMENT IN THIS FIGURE WAS NORMAL FOR THE RABBIT 

ceo. 
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Figure 9. Transeptthelial Voltage - Effect of Vasopressin 
(Bicarbonate-buffered experiments) 

LEGEND: 
THIS FIGURE ILLUSTRATES THE TRANSEPITHEUAL VOLTAGE 

PROGRESSION IN EACH OF THE BICARBONATE-BUFFERED 
EXPERIMENTS OF F1GURE 7. EXPERIMENTS ARE NUMBERED 1 
THRU 5. TIME OF PERFUSION IS ON THE ABSCISSA AND 
VOLTAGE IS ON THE ORDINATE. THE ARROW DENOTES TIME 
·WHEN VASOPRESSIN WAS ADDED TO THE BATH. A TRANSIENT 

VOLTAGE_ INCREASE UPON VASOPRESSIN ADDITION WAS 

OBSERVED IN 4 OF THE 5 EXPERIMENTS, THAT IN #5 WAS NOT 
OBSERVED AND THAT IN #1 WAS RELATIVELY SMALL. IN 4 OF 
THE 5 EXPERIMENTS THE VOLTAGE DECAYED TO A POSITIVE 
LEVEL. ONLY IN #2 WAS THE VOLTAGE NEGATIVE AT THE END 
OF THE EXPERIMENT. THE REASON FOR THE VOLTAGE DECAY 

IS NOT KNOWN. 
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Figure 10. Absence of Effect of an Electrochemical Gradient 
ChangeonJF 

LEGEND: 

IN TinS FIGURE C REPRESENTS CONTROL CONDITIONS, 150 

J.LM FLUORIDE IN THE PERFUSATE AND A FLUORIDE-FREE BATH. 

E REPRESENTS EXPERIMENTAL CONDITIONS, 150 p.M 

FLUORIDE IN TH~ PERFUSATE AND 60 p.M FLUORIDE IN THE 

BATH. HEPES-BUFFERED SOLUTIONS WERE USED, AND 

OUABAIN WAS ALWAYS PRESENT IN THE BATH. VOLTAGES 

WERE CONSTANT AND POSITNE, BUT CLOSE TO ZERO. THE 

ADDED FLUORIDE IN E RESULTED IN A 40% REDUCTION IN 

THE TRANSEPITHELIAL CONCENTRATION GRADIENT FOR 

FLUORIDE. LINES CONNECT MEAN VALUES IN EACH PHASE 

AND STANDARD ERROR BARS ARE DRAWN. N = 4 
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Figure 11. Effect of an Electrochemical Gradient Change on JF 

LEGEND: 
IN THIS FIGURE C REPRESENTS CONTROL CONDITIONS, 100 
J1.M FLUORIDE IN THE PERFUSATE AND BATH. E REPRESENTS 

EXPERIMENTAL CONDITIONS, 100 JLM FLUORIDE IN THE 
PERFUSATE AND 500 JLM FLUORIDE IN THE BATH. 
BICARBONATE-BUFFERED SOLUTIONS WERE USED. UNES 

·CONNECT MEAN VALUES IN EACH PHASE AND STANDARD 
ERROR BARS ARE DR.4-WN. • - SIGNIFICANTLY DIFFERENT FROM 
BOTH C PHASES, N = 8 (p<.05) 
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fluoride-free bath. In the experimental phase, ouabain ph.ls 40 11M 
fluoride were added to the bath. The voltages ranged from -18 to -
28 mV in the first control phase, from 2.9 to 6.1 mV in the 
experimental phase and from -9 to 5 mV in the second control 
phase. The JF did not appear to be affect by the effect of ouabain. 

Vi ranged from 2 to 4 nl/min in all three sets. This was 
slightly lower than the Vi of the previous project, but Vi did not 
apparently affect JF in this study. 

Effect of Transepithelial pH Gradients on JF: 
Figure 12 shows the results from this project. In all 

experiments there was 100 11M fluoride in the perfusate and the 
bath was fluoride-free. In the first set of experiments, the JF was 

significantly higher when the perfusate pH was 6.1 compared to 
that when the perfusate pH was 7.4 (0.027 ± .007 vs 0.008 ± .002 
pmole/min/mm, respectively). In another set of experiments, the 
JF with a perfusate pH of 5.0 was significantly higher than that with 

a pH of 6.1 (0.040 ± .004 vs 0.018 ± .003 pmole/min/mm, 
respectively). The final part of Figure 12 shows the combined data 
from both sets of experiments plus additional data from 
experiments where the JF was measured without exchanging the 
perfusate (i.e., with only one experimental phase). The JF with a 

perfusate pH of 5.0, 6.1, and 7.4 were 0.042 ± .005, 0.024 ± .005, 
and 0.008 ± .002 pmole/min/mm, respectively. Vi ranged from 2 
to 4 nl/min. 

Transepithelial voltages were higher, although not 
significantly, with the more acidic pH. The range of voltages with 
the perfusate pH of 7.4 was -9.8 to -43.1 mV with a mean of -21 
mV, that with a perfusate pH of 6.1 was 2.0 to -77.35 mV with a 
mean of -26.3 mV, and that with a perfusate pH of 5.0 was -2.2 to 
104.3 mV with a mean of -35.2 mV. In each experiment, the JF 
was higher under the more acidic condition regardless of a voltage 
change. (In some experiments, a voltage change did not occur). In 
addition, 2 experiments were conducted with ouabain in the bath 



Figure 12. Effect of Perfusate pH on JF 

LEGEND: 
THIS THREE-PART FIGURE SHOWS RESULTS FROM TWO SETS 
OF EXPERIMENTS. PART I PRESENTS RESULTS OF JF FROM 

ONE SET EXPERIMENTS IN WHICH THE PERFUSATE pH 
VALUES WERE 7.4 AND 6.1. PART II PRESENTS RESULTS OF JF 

FROM ANOTHER SET OF EXPERIMENTS IN WHICH THE 
PERFUSATE pH VALUES WERE 6.1 AND 5.0. PART ill INCWDES 
VALUES FROM PARTS I AND II PLUS ADDmONAL RESULTS NOT 
INCLUDED IN·PARTS I AND II. (Le., 3 ADDITIONAL JF VALUES 

WITH PERFUSATE pH OF 5.0 ARE INCLUDED IN THESE DATA) 

IN PARTS I AND II, •- SIGNIFICANTLY DIFFERENT FROM 7.4 AND 
6.1, RESPECTWELY. N = 7 IN PART I AND N = 5 IN PART II. 
(p<.01) 
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which caused the voltage to be close to 0 mV throughout the 
experiment, and· again_ the JF were higher with the more acidic pH. 

Effect of Acetazolamide on JF: 
Figure 13 shows the results from this project. Bicarbonate

buffered solutions were used in these experiments. These 
experiments proceeded in a control, experimental, control format 
with the only difference being that acetazolamide at I0-4 M was 
present in the bath during the experimental phase. A non
significant, reduced JF was observed in the experimental phase 
(0.035 ± .010, 0.029 ± .007, 0.037 ± .009 pmole/min/mm, control, 
experimental, control, respectively). 

Voltages among these phases were not different. However, 
when acetazolamide was added to the bath a transient increase in . 
the voltage (greater luminal negativity) ranging 15 to 30 mV 
occurred, and after approximately 15 minutes, the voltage returned 
to the basal level. (This response was similar to that when 
vasopressin was added to the bath). Two additional experiments 
were conducted where samples for JF determination were 
collected during this increased voltage response. Figure 14 shows 
the voltage response of acetazolamide in these two experiments, 
and the JF results are given in Table A3.10. JF did not appear to be 
affected by the acetazolamide-induced transiency and this was not 
pursued further. Vi range from 3 to 5 nl/min in this project. 

Effect of DIDS on JF 
Figure 15 shows the results of JF from this project. These 

experiments consisted of 2 phases where the only difference was 
that in one phase DIDS at I0-4 M was present in the perfusate. JF 
in the DIDS condition was not different from that in the DIDS-free 
condition (0.020 ± .002 vs 0.021 ± .001 pmole/min/mm, 
respectively). HEPES-buffered solutions were used in this project, 
the Vi ranged from 2 to 4 nl/min, and the voltages were not 



Figure 13. Effect of Acetazolamide on JF 

LEGEND: 

IN THIS FIGURE C REPRESENTS CONTROL CONDITIONS, BATH 

WITHOUT ACETAZOLAMIDE. E REPRESENTS EXPERIMENTAL 

CONDITIONS, 1 o-4 M ACETAZOLAMIDE IN THE BATH. 

BICARBONATE-BUFFERED SOLUTIONS WERE USED. THE 

PERFUSATE CONTAINED 100 pM FLUORIDE AND THE BATH WAS 
FLUORIDE-FREE. JF IN E WAS SUGHTLY WWER THAN IN C. 

THIS WAS NOT STATISTICALLY SIGNIFICANT. UNES CONNECT 

MEAN VALUES IN EACH PHASE AND STANDARD ERROR BARS 

ARE DRAWN. N= 6 
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Figure ~4. Effect of Acetazolamide on Transepithelial Voltage 

LEGEND: 

VOLTAGE IS _ON 'THE ORDINATE AND TIME OR PERFUSION IS 

ON THE ABSCISSA. ARROWS REPRESENT TIME OF 

ACETAZOLAMIDE ADDITION TO THE BATH. A TRANSIENT 

INCREASE IN THE VOLTAGE OF ABOUT 15-25 mV WAS 

OBSERVED. THE VOLTAGE INCREASE LASTED ABOUT 15 

MINUTES THEN RETURNED TO BASAL LEVEL. 
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Figure 15. JF In the Presence and Absence of DIDS 

LEGEND: 
IN THIS FIGURE C REPRESENTS CONTROL CONDITIONS, 
WITHOUT DIDS. DIDS REPRESENTS CONDITIONS WHERE 10·4 

M DIDS WAS IN THE PERFUSATE. HEPES·BUFFERED 

SOLUTIONS WERE USED, THE PERFUSATE CONTAINED 100 p.M 

FLUORIDE, AND THE BATH WAS FLUORIDE FREE. STANDARD 
ERROR BARS WERE TOO SMALL TO BE DRAWN. N= 4 
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different between the two phases (-21.7 ± 9.7 mV for DIDS 
perfusate, and -27.2 ± 4.5 mV for DIDS-free perfusate). 

Effect of Transepithelial Voltage on JF 
Figure 16 (A-E) plots transepithelial voltage vs JF under a 

specific experimental condition. A significant correlation between 
the two parameters was not found under any condition. 



Figure 16 A thru F. Transepithelial Voltage vs JF 

LEGEND: 

THIS FIGURE IS A SERIES OF SCATI'ER DIAGRAMS. EACH 
DIAGRAM PLOT JF (ON THE ORDINANT) MEASURED AT THE 

RECORDED VOLTAGE (ON THE ABSCISSA) UNDER THE SAME 
EXPERIMENTAL CONDITIONS. THE SPECIFIC . CONDITION IS 

PROVIDED IN EACH DIAGRAM. CORRELATION COEFFICIENTS (r) 

WERE CALCULATED WITH THE LEAST SQUARES METHOD, AND 

THE T-TEST WAS USED TO DETERMINE IF r WAS DIFFERENT 

FROM ZERO. r WAS NOT DIFFERENT FROM ZERO UNDER ANY 

CONDITION. 
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DISCUSSION 

Effect of Fluoride on Lp: Fluoride and Adenylate Cyclase 
Fluoride, at 1 and 5 mM in the bath, did not alter Lp under 

control conditions in which the bath was fluoride-free. When 
vasopressin was added to the bath, a significant elevation in Lp 

occurred. It was concluded-from these results that fluoride does 
not mimic the action of vasopressin in the rabbit CCD. 

It was hypothesized that fluoride would increase both Lp and 
Jv under the experimental conditions as vasopressin did. This 

expectation was based on two well-known phenomena: 1) 
vasopressin increases Lp and Jv via adenylate cyclase activation 

resulting in elevated intracellular cAMP levels (5); and 2) fluoride 
elevates intracellular cAMP levels by stimulating adenylate cyclase 
(125). With these 2 phenomena and the results from this project 
in mind, the following questions warrant discussion: 1) why did 
fluoride not alter Lp?; 2) could fluoride have stimulated adenylate 

cyclase in the CCD without inducing the physiological response 
associated with vasopressin?; and 3) can fluoride influence the 
antidiuretic action of vasopressin in the CCD? 

With regard to these questions, three answers are proposed: 
1) fluoride does not activate the vasopressin-associated adenylate 
cyclase; 2) adenylate cyclase could have been stimulated and cAMP 
levels could have increased in the CCD without increasing Lp; and 

3) although the results reported in this project suggest that 
fluoride does not influence the effect of vasopressin in the CCD, it is 
possible that fluoride could interfere with the antidiuretic response 
of vasopressin. Based on available evidence, the answers are 
speculative and remain open for discussion. 

70 
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In 1958, Rail and Sutherland demonstrated that fluoride 
activates adenylate cyclase (83). Since then fluoride has been used 
extensively by scientists studying the mechanisms associated with 
cAMP production in both broken cell preparations and intact 
tissues. Hence, it seems reasonable to consider fluoride as a 
nonspecific stimulator of adenylate cyclase, in that, in almost every 
organ tested including the kidney, fluoride increases cAMP 
content. 

Marx et al. (71) reported that fluoride significantly increased 
cAMP levels in membranes prepared from the cortex, outer 
medulla, and papilla of the rat kidney. The cAMP increases were 
highest in the papillary preparation, and those from the cortex and 
outer medulla were about equal. In fact, these authors showed that 
fluoride-induced cAMP levels were higher than those induced by 
parathyroid hormone, calcitonin, and vasopressin in all three zones. 
These authors used fluoride at 7 mM which was not much higher 
than the 5 mM used in this project. 

Evidence suggests that fluoride can increase renal cAMP 

levels in vivo. Susheela and Singh (112) administered, via 
intubation, daily doses of fluoride at 10 mg/kg body weight to 
rabbits for six months. These authors reported significantly higher 
cAMP concentrations measured from whole homogenates of kidney, 
bone, and liver tissue in the fluoride-treated rabbits compared to 
controls. Interestingly, no difference was found in skeletal muscle. 
Kleiner et al. (56) reported similar fmdings in rats maintained on 
either a fluoride-deficient diet or on a diet supplemented with 20 
ppm fluoride. After 2 weeks, rats on the fluoride-diet exhibited 
higher cAMP content in kidney and liver tissue, and values were 
even higher after 4 weeks. For some unexplained reason, heart
tissue cAMP levels did not increase. Kleiner and Allmann (55) also 
investigated the effects of fluoridated water on urine and tissue 
cAMP in the rat. In rats which drank this water at 1 ppm, cAMP 

levels were significantly higher in tissue samples from kidney, liver, 
bone, and heart after 6 weeks compared to rats which drank 
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distilled water. Urinary excretion rates of cAMP were significantly 
higher in fluoride-treated rats after 20 days and this difference was 
maintained through 16 weeks. Allmann and Kleiner (2) reported 
that rats given fluoride intraperitoneally also had elevated kidney 
tissue cAMP levels. 

It was assumed, in these in vivo studies, that fluoride directly 
stimulated adenylate cyclase: however, it is possible that other 
factors were involved. Excessive fluoride administration has been 
shown to yield secondary hyperparathyroidism, and parathyroid 
hormone can increase cAMP levels (6). Thus, fluoride could have 
had an indirect role in cAMP accumulation in vivo. 

In obvious contrast to the work of AUmann and Kleiner, 
Ophaug et al. (79) reported that in rats which consumed fluoridated 
water at 25 ppm, cAMP excretion was not different from that of 
control rats. Additionally, reported data on fluoride-induced cAMP 
excretion in humans has been inconsistent (30, 76). Despite these 
discrepancies, the reasons for which are unknown, the kidney's 
susceptibility to adenylate cyclase activation by fluoride is well 
documented. 

Since fluoride did not alter the Lp in the CCD and vasopressin 
apparently did, it could be assumed that fluoride does not stimulate 
adenylate cyclase in this segment. However, the absence of the 
physiological response does not necessarily imply that fluoride did 
not increase cAMP levels in the tissue. It would not have been 
surprising to observe cAMP elevations in ~e CCD induced by 
fluoride, had cAMP been measured in this project. Specificity and 
heterogeneity are two keywords that might support this statement. 

The CCD is heterogeneous in that it contains more than one 
cell type (50,67). The principal cell may be the target for 
vasopressin and the intercalated cell the target for other hormones. 
If fluoride stimulated adenylate cyclase in a cell not targeted for 
vasopressin, an increase in tissue cAMP content conceivably could 
have occurred without observing the physiological response caused 
by vasopressin. This reasoning could explain similar findings in 
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other studies where fluoride produces higher cAMP levels without 
inducing a specific functional event (72,137). 

Biochemical systems associated with cAMP production may 
exhibit some unknown specificity characteristics for fluoride. 
Queener et al. (82) reported that fluoride at 0.5 mM had an additive 
effect upon calcitonin-induced cAMP levels in partially purified 
porcine renal cortical membranes. However, the same level of 
fluoride had no effect upon glucagon or parathyroid hormone 
induced cAMP increases. The calcitonin-responsive adenylate 
cyclase system in this preparation expressed unique characteristics 
for fluoride. The enhancement of cAMP by fluoride occurred at 
fluoride levels below those required for activation of the enzyme 
without the hormone. These authors suggested that fluoride 
induced conformational changes in the calcitonin-associated 
adenylate cyclase as reflected by increased heat lability of the 
enzyme by fluoride. It was clear from this study that fluoride 
affected one particular hormonal-cAMP system differently from 
others, in that, the calcitonin-cAMP system demonstrated 
specificity for fluoride whereas other hormonal systems did not. 

The vasopressin-associated cAMP system, for some unknown 
reason, may not respond to fluoride. Maxwell et al. (72) suggested 
that the fluoride-induced renal cAMP elevation in vivo may be 
independent of that induced by vasopressin. These authors 
administered fluoride via intravenous infusion to rats and reported 
significant increases in papillary cAMP content with a concurrent 
fluoride-induced diuresis. With elev!lted cAMP levels, the 
collecting duct permeability to water would be expected to 
increase, enhance free-water reabsorptiop and prevent diuresis. 
However, it should also be noted that Whitford et al. (133) reported 
that renal medullary hypertonicity is reduced upon elevated plasma 
fluoride levels in the rat. If this occurred in the study of Maxwell et 
al., then an increase in collecting duct permeability would have 
been ineffective in preventing diuresis. 
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The results from this project (Effect of fluoride on Lp in the 

CCD) support the conclusion that fluoride does not mimic the 
action of vasopressin in the rabbit CCD. However, it cannot be 
concluded that fluoride does not affect the Jv elevation induced by 
vasopressin. The Jv caused by vasopressin in the presence of 

fluoride in the bath was 0. 74 ± 0.17 nl/min/mm. This was 
comparable to the results of another project where Jv was 
measured upon the addition of vasopressin to a fluoride-free bath 
(i.e., Effect of Jv on JF, to be discussed next). The Jv for two sets of 

experiments in that project were 0.71 ± 0.11 and 0.68 ± 0.11 
nl/min/mm. These data suggest that fluoride did not affect the Jv 
induced by vasopressin. However, Yorio et al. (137) reported that 
fluoride inhibits the hydro-osmotic action of vasopressin in the toad 
bladder which can serve as a model for the mammalian collecting 
duct with respect to the vasopressin-induced antidiuretic response. 
These authors also reported that fluoride increases cAMP levels in 
this tissue. They reasoned that if both events (inhibition of hydro
osmotic action and cAMP enhancement) occur simultaneously, it 
would suggest that fluoride exerts its inhibitory effect at some 
intracellular site beyond cAMP accumulation. This could also 
explain the results of Maxwell et al. where fluoride-induced diuresis 
occurred concurrently with elevated renal cAMP content. Yorio et 
al. also reported that fluoride did not alter the hydro-osmotic 
response from control conditions (without vasopressin or fluoride). 
This is consistent with the findings in the rabbit CCD. It is 
understood that additional studies are required to determine if 
fluoride can affect the vasopressin-induced increase in Jv in the 

rabbit CCD as it apparently does in the toad bladder. 
In summary: (1) fluoride did not mimic the action of 

vasopressin in the rabbit CCD; (2) it is hypothesized that fluoride 
can elevate cAMP in the CCD without increasing the tissue's 
permeability to water; and (3) it is possible that fluoride can affect 
the vasopressin-induced hydro-osmotic effect in the CCD, although 
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the data presented in the current study do not support this 
possibility. 

The fluoride-adenylate cyclase connection is intriguing. Until 
scientists clearly identify the mechanism of activation, it will always 
l>e difficult to explain the absence of a physiological resppnse 
mediated by cAMP in the presence of fluoride. Speculations about 
this mechanism include: 1) fluoride activates the enzyme by 
binding to its catalytic subunit (82); 2) fluoride activates the 
enzyme by interaction with the guanine nucleotide binding 
component (9,29,29); and 3) fluoride elevates cellular cAMP levels 
via inhibition of phosphodiesterase (136). Interestingly, fluoride 
has been shown to inhibit adenylate cyclase (69). It is proposed 
that many hormone-receptor-enzyme complexes are susceptible to 
fluoride and some are not. The specificity characteristics 
explaining this susceptibility have yet to be determined. 

Effect of Jy on JF: Absence of Solvent Drag 
The results of this project, graphed in Figure 7, show clearly 

that JF was unaffected by an increased Jv. No apparent solvent drag 
of fluoride occurred in the rabbit CCD during lumen-to-bath 
osmosis regardless .of the type of buffered solution used 
(bicarbonate or HEPES). This might be surprising when the strong 
interactions of ionic fluoride and water are considered. The 
hydrated radius and energy of hydration, of the fluoride ion are high 
relative to other inorganic ions (45,47). Thus, fluoride movement 
from one compartment to another could be dependent, in part, on 
water movement. The degree of this dependency may be 
determined by the mode of water movement across biological 
barriers. The proposed mode of water movement across the rabbit 
CCD explains satisfactorily the results of this project. 

When vasopressin is added to the bath of the isolated 
perfused rabbit CCD, the permeability of the luminal membrane for 
water increases (46). Two experimentally determined parameters 
quantitatively assess water permeability. The diffusional 
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permeability coefficient for water (Pd) is determined. by measuring 
tracer water diffusion at zero volume flow, while the osmotic (or 
hydraulic) permeability coefficient (Pf) is determined by measuring 
the volume flow from an imposed transepithelial osmotic gradient. 
A discrepancy exists between these two values measured in the CCD 
under both the vasopressin-independent and vasopressin
dependent conditions. The Pr/Pd ratio determined for the former 
is about 4 and for the latter, about 13. Schafer and Andreoli (91) 
analyzed this discrepancy and rationalized the disparity between pf 

and Pd in terms of cellular constraints to diffusion. In other words, 
they assumed that the increase in water movement from 
vasopressin was due soley to an increased rate of water diffusion 
across the luminal surface of the CCD. For this assumption to be 
valid, no molecular sieving of hydrophilic substances should occur 
(92). Schafer and Andreoli (90) validated this assumption 
experimentally by showing that the vasopressin-dependent 
reflection coefficients for NaCl, urea, and sucrose were each unity 
in the rabbit CCD. Also, the diffusional permeability coefficients for 
urea and thiourea were shown to be unaffected by the vasopressin
induced volume flow. From these fmdings, Hebert and Andreoli 
(46) quantitatively analyzed the mode of water movement across 
the CCD. Their analysis supported the hypothesis that water moves 
via single-file diffusion through aqueous channels which become 
incorporated into the apical membrane by the action of ADH. The 
radii of these channels preclude side by side water passage; i.e., 
only one water molecule at a time can enter, and single-file 
diffusion is the obligatory mode of water movement. 

The fluoride ion with its hydrated radius of 3.5 A could not 
enter a channel which selects specifically for a water molecule 
which has a radius of about 1.8 A (45). The marked discrimination 
between water and fluoride selectivity in response to vasopressin in 
the rabbit CCD is consistent with the current hypothesis of the 
mode of water movement across the CCD and the experimental 
results supporting the hypothesis. 
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It was clear from Figure 7 that JF showed- no appreciable 

change as water was absorbed from the CCD. As expected, the 
collected-to-perfused fluoride activity ratio in the vasopressin phase 
was significantly higher than that in the control phase (1.15 vs .99 
in HEPES-buffered experiments and 1.1 vs .91 in bicarbonate
buffered experiments, respectively). Since the concentration of 
fluoride increased down the length of the tubule and JF did not 

change, it would seem to suggest that the CCD permeability to 
fluoride is low. Thus, the measured JF which was greater than zero 

may not have resulted from passive lumen-to-bath fluoride diffusion. 
However, before this argument can be accepted, the transepithellal 
electrical gradient must be considered. 

In the 5 HEPES-buffered experiments, the transepithellal 
potential differences, or voltage, ranged from -9 to -26 mV in the 
control phase. When vasopressin was added to the bath, the voltage 
increased transiently, then it stabilized at a value lower than that in 
the control phase (lower luminal negativity) (Figure 8). The 
transient period lasted approximately 10 minutes, so the collected 
samples for JF determination were taken in the presence of this 
lower voltage. It could be argued that the reason JF did not change 
as Jv increased was because the voltage decline offset the increase 

in luminal fluoride concentration. In fact, the transepithellal 
electrochemical gradient for fluoride in the vasopressin phase was 
slightly lower than that in the control phase (13.1 vs 13.9 KJ/mole, 
respectively). These values were calculated from the arithmetic 
mean of the transepithelial fluoride concentration gradient [((Fi -
Fb) + (Fo - Fb))/2) and the voltage in the specific experimental 
phase. (Fi, Fo, and Fb represent the fluoride levels in the perfusate, 
collected fluid, and bath, respectively) Therefore, since the 
transepithelial electrochemical gradient for fluoride did not change 
significantly from control to vasopressin phase, the suggestion that 
the results of this project indicate a low· CCD permeability for 
fluoride should not be valid. 
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However, it was concluded that voltage did not affect JF not 

only in this project but also throughout the entire study. Figure 16 

{A thru F) shows that, under the same experimental conditions, 
voltage and JF were not related. Results from other projects, to be 

discussed, corroborate this conclusion. Therefore, the suggestion 
is probably valid. The next project better addresses the 
permeability issue. 

The electrochemical gradients were not calculated in the 
experiments with bicarbonate-buffered solutions because the 
voltage failed to stabalize. A voltage decay was observed in these 
experiments, and only one experiment maintained a lumen

. negative voltage to the end. The cause of this decay is unknown. It 
was speculated that fluoride may have been involved because the JF 
measured in these experiments was higher than that measured in 
the HEPES-buffered experiments. Thus, more fluoride could have 
been present intracellularly, and this might have affected enzymes 
associated with the voltage, most notably sodium-potassium ATPase. 
Fluoride has been shown to inhibit this enzyme in vitro (138). 
However, the voltage decay did not occur in subsequent 
experiments under similar conditions, and it was concluded that 
fluoride did not affect the voltage of the CCD in this study. 

The transient change in voltage induced by vasopressin is a 
normal response of the rabbit CCD (17). The initial increase in 
voltage is believed to result from increased sodium conductivity. It 
is not known why the increased voltage is not sustained in the 
rabbit CCD as it is in the rat CCD (85). Prostaglandins have been 
implicated as a possible cause for the voltage transiency (50). With 
regard to the voltage change from vasopressin, another suggestion 
concerning fluoride movement in the CCD can be made and that is 
that since JF did not change with the change in voltage, fluoride 
movement is independent of the ionic conductivity changes 
induced by vasopressin (at least the stabilized conductivity 
changes). 



79 

Though Jv and JF were compared in the CCD only, the results 
lead to speculation of potential physiological significance elsewhere 
in the kidney. The CCD and the outer medullary collecting duct are 
similar with respect to a low permeability for urea and the 
proposed mode for water movement (50). The inner medullary 
collecting duct exhibits a high permeability to urea, and urea 
diffusion from this segment contributes to the high concentration 
in the medullary interstitium (67). If similar characteristics exist 
for fluoride, it is reasonable to assume that fluoride can become 
concentrated in the renal medulla. In fact, Whitford and Taves 
(133) reported a 3 to 4 cortex-to-papilla fluoride concentration 
gradient in the fluoride-infused rat. It has been emphasized that 
high levels of fluoride can result in toxicologic effects on exposed 
tissue. The results presented in this study and those linking 
fluoride to nephrotoxicity warrant future studies to investigate the 
effect of fluoride on isolated perfused segments from the medulla 
and papilla. 

The results of the present study also highlight the 
importance of considering the physiology of the specific tissue 
when speculation about the dependency of fluoride movement on 
water movement is made. With respect to fluoride's relatively 
strong ability to attract water, it can be assumed that in those 
tissues where bulk flow is the primary mode of transepithelial fluid 
movement, fluoride migration would be somewhat dependent on 
fluid movement. The proXimal convoluted tubule (PCT) has been 
described as a "leaky" epithelia (134), and it was hypothesized that 
fluoride absorption could be somewhat dependent on bulk flow 
(24,128). Thus, fluoride reabsorption could be dependent on fluid 
reabsorption in the PCT. 

The collecting duct is a unique epithelia where one of its 
membranes, the basolateral, is freely permeable to water and the 
other membrane, the luminal, is impermeable to water unless a 
vasopressin-like action occurs which results in fluid absorption via 
diffusion, not bulk flow. Fluoride movement across the CCD is 
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independent of water movement, because of the mode of water 
movement and the physiology of the tubule. 

Comments concerning the higher JF under bicarbonate

buffered conditions are made in the Summary of the Investigation. 

Effect of Transepithelial Electrochemical Gradients on JF: 
Speculation of a Transport Mechanism for Fluoride 

Although some evidence suggests that fluoride can be 
transported actively particularly in bacteria (51,101), it is widely 
accepted that fluoride does not utilize an active or. carrier mediated 
transport mechanism in any tissue. It was hypothesized that if JF 
were found to be different from zero under any condition, the JF 

mechanism would be of a passive nature. Therefore, it was 
expected that a measurable alteration in the transepithelial 
electrochemical gradient for fluoride would elicit a measurable 
change in JF. In two sets of experiments, such an alteration did 
not affect JF while in a third, a significant JF change was measured. 

Differences in experimental conditions may explain this 
discrepancy; nonetheless, the results of this project were 
perplexing and unexpected. 

In one set of experiments, the lumen-to-bath fluoride 
concentration gradient was reduced by 40% without an apparent 
change in JF (Figure 10). The voltage was not a factor due to the 

constant presence of ouabain in the bath. HEPES-buffered solutions 
were used in this project. Each experiment was with 150 J.1M 
fluoride in the perfusate, a fluoride-free bath in the control phase, 
and 60 J.1M fluoride in the bath in the experimental phase. The JF 
in each phase was different from zero and positive (a positive JF 
signifies lumen-to-bath fluoride movement and a negative JF, bath

to-lumen movement). These results might suggest that the apical 
membrane is permeable and the basolateral membrane is 
impermeable to fluoride. Although this is not a likely explanation, 
the CCD does exhibit differential permeability characteristics to 
other substances including water, potassium and chloride (46, 78). 
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The ability of ouabain to influence JF in the CCD was assessed. 
Three experiments were conducted in which the fluoride 
concentration gradient was again reduced by 40o/o, and ouabain was 
added to the bath in the experimental phase. The voltage in the 
first control phase was -22.8± 2.9 mV, in the experimental phase, 
It was 3.7 ± 1.2 mV, and in the second. control phase, It was -3.5 ± 
4.2 mV. So, the transepithelial electrochemical· gradient for 
fluoride was different among the phases, but JF did not change and, 
again, was greater than zero (Figure 12). HEPES-buffered solutions 
were also used in this project. It was suggested that the 
physiological changes induced by ouabain did not affect JF. 

From the results of these two sets of experiments, it was 
suggested that the basal permeability of the rabbit CCD to fluoride is 
low. The fluoride levels used in these experiments were chosen for 
the purpose of determining a permeability coefficient for fluoride. 
This would be determined with the Fick equation: P = JF I (MC) 

where A is the cross section,al area of the epithelia, ~C is the 
transepithelial concentration gradient for fluoride, and P is the 
permeability coefficient. Since the imposed change in ~C did not 
cause a change in JF, P could not be determined from these results. 

In another set of experiments, JF changed significantly when 

the transeplthelial fluoride concentration gradient was changed by 
a larger amount than that in the previous 2 sets. Bicarbonate
buffered solutions were used, 100 J.1M fluorl,de was in the bath and 
perfusate in the control phases, and 500 J.1M fluoride was in the 
bath in the experimental phase. Ouabain was not used, and voltages 
ranged from -2 to -65 mV. Fluoride had no apparent effect on the 
voltage. Figure 11 shows that JF deCliJ?.ed significantly in the 
experimental phase, and in both control phases, JF was 

significantly greater than zero. Figure A1.3 shows the results of the 
individual experiments in this set. The purpose of presenting this 
figure is. to show that in each experiment, a JF reduction was 
observed, and in two experiments, the JF was negative in the 
experimental phase. When voltage was accounted for, it turned out 
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that four of the eight experiments showed a net lumen-to-bath JF 
despite the electrochemical gradient favoring JF in the opposite 

direction. If voltages were not accounted for, six of the eight 
experiments showed this result. Values were calculated, as 
described previously, using the arithmetic mean of the fluoride 
concentration gradient and the measured voltage, when accounted 
for. 

With respect to all experiments conducted in this project, 
the following questions should be asked: 1) how did the positive JF 

in the control phases of all experiments occur, or in other words, 
by what mechanism did 5 to 10% of the infused fluoride disappear 
from the lumen?: 2) why did JF not change in the first 2 sets of 
experiments?: and 3) why was JF reduced in the third set of 
experiments? Unfortunately, the data from this study did not allow 
direct answers to be made for these questions. Based on what is 
known about the physiology of the CCD, however, some speculative 
comments are in order. 

Since JF was greater than zero and did not change with a 
change in the electrochemical gradient, it is reasonable to assume 
that fluoride left the lumen via some mechanism other than passive 
diffusion of ionic fluoride. Although there may be no a priori reason 
to compare fluoride with chloride, a brief consideration of chloride 
transport offers at least a starting point in the attempt to answer 
the questions previously listed. This will also provide some insight 
concerning the complexity of the CCD. 

Chloride is transported across the CCD by several 
mechanisms (114,115). Using electrophysiological techniques, 
Sansom et al. (89) concluded that the paracellwar pathway provides 
a major route for chloride movement across the rabbit CCD.: These 
authors reported that the chloride conductivity of the basolateral 
membrane was about 5 times higher than that .for the tight 
junction. Hanley and Kokko (44) demon~trated that the majority of 
the lumen-to-bath chloride-tracer flux occurred via an electrically 
silent self-exchange mechanism. The chloride-chloride exchange 
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mechanism may be regulated by CAMP (113). There is strong 
evidence that chloride can be absorbed from the CCD via a chloride
bicarbonate excl;tange process. Star et al. (107) suggested that the 
anion specificity for the this exchanger is l~w because other anions 
can substitute for chloride to yield bicarbonate secretion. Chloride 
could be absorbed 1n exchange with the hydroxyl ion. S!nce ionic 
fluoride and the hydroxyl ion are s1m1lar in size (45), the possibility 
of fluoride absorption 1n exchange with hydroxyl ion secretion is 
interesting. This type of association has been observed with 
potassium and ammonium as described in the Review of Uterature. 

It is understood that any suggestion linking JF with one of the 

proposed chloride transport mec~sms is premature. However, 
it should be recognized that the CCD is a complex tissue with a 
wide range of potential mechanisms for transepithelial transport. 
For now, the results of this project warrant consideration of some 
of these mechanisms with respect to fluoride. 

When bicarbonate-buffered solutions were used, the CCD was 
exposed to physiological levels of carbon dioxide and proton 
secretion was more likely to occur at higher rates than when 
HEPES-buffered solutions were used. Therefore, it was possible 
that when the solutions contained bicarbonate, enhanced proton 
secretion could have facilitated JF through the. formation and 

diffusion of HF. Koeppen and Helman (61) reported that the 
is~lated perf11sed rabbit CCD is capable of generating and 
maintaining a significant acid luminal pH. Ishibashi et al. (49), on 
the other hand, reported an alkaliniz1ng effect on the luminal fluid 
of the rabbit CCD. Although methodological differences could 
explain this discrepancy, the physiological diversity of the CCD 
could have important implications with regard to JF. 

McKinney and Burg (73) showed that the rabbit CCD can 
absorb and secrete bicarbonate. The acid-base state of the animal 
appears to be the determining factor as to which particular process 
dominates. The acid-base state of the rabbits used in this study was 
not manipulated, and the collected fluid pH was not measured, thus 
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it was now known what happened, if anything. to the luminal fluid 
pH. However, the observation of a positive JF with equal 

concentrations of fluoride on both sides of the epithelia could be 
explained by luminal acidification. If the luminal fluid acidified, a 
transepithelial HF concentration gradient could have been created, 
and fluoride could have been absorbed in the form of HF. Fluoride 
absorption via this mechanism would be similar to the way the 
kidney handles ammonia in that ammonia traverses the epithelia in 
the nonionic form of NH3 as a result of transepithellal pH gradients 

(58,59,60). .AD:unonia fluxes in the CCD have been shown to be 
dependent on acidification mechanisms, and it is ·likely that JF 

could be dependent somewhat on these same mechanisms. 
In two of the eight experiments of the third set, JF was 

negative in the experimental phase and in all of the experiments, 
JF was reduced in this phase. It appeared that fluoride moved from 
the bath into the lumen to reduce the net JF. The bath fluoride 

. level was 500 J.LM which is above the normal physiological range for 
extracellular fluoride (123). One possible explanation for these 
results could be that fluoride, at 500 J.LM. changed the normal 
permeability of the CCD. If this occurred, it was obviously 
reversible as the JF between the two control phases was not 

different. Fluoride has been shown to adversely affect the structur~ 
integrity of the gastric mucosa (28) and also the membrane 
permeability of the small intestine (100). Such changes iil the 
permeability did not occur in tlie. tlrst two . sets of experiments 
where lower fluoride levels were used. A more likely explanation 
was that the higher imposed bath-to-lumen HF gradient resulted in.··. 
secretion of fluoride as HF (secretion is not meant to imply active 
transport). The basal permeabilitY. of the CCD to ionic fluoride is 
believed to be much lower than to HF. This is supported by the 
fmdings of the next project. Passive bath-to-lumen movement of 
ionic fluoride could also explain these results. 

In summary, the results found in this project were not 
anticipated. They could suggest that a specific mechanism is 
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involved in moving fluoride out of the lumen of the CCD. Oua,bain 
had no apparent effect on JF. The electrochemical gradient for 
fluoride did not affect JF except when a large (5 to 1) gradient was 
imposed, and the JF under that condition did not always obey the 

rules for passive diffusion. The physiological diversity of the CCD 
displayed, in part, by the wide range of voltages reported by many 
investigators as well as in this study, may have been important with 
respect to the measured JF in this project. Future experiments 
designed to study the JF mechanisms in the rabbit CCD will require 

better control of the physiological variables. Some such 
manipulations were attempted in this study with the use of 
acetazolamide, ouabain, and DIDS. However, a clear explanation for 
the transepithelial migration of fluoride is still lacking. 

The CCD is an important nephron site with regard to the 
kidney's regulation of salt and water excretion, and the entire 
transport machinery of this tissue is not understood. It is 
intriguing to speculate that fluoride can use this machinery, but 
until more specific findings are available, the actual transport 
mechanism for fluoride absorption from the CCD -must remain 
undefined. 

Effect of Transepithelial pH Gradients on JF: HF Diffusion 

Because of the evidence which has clearly shown that the 
renal clearance of fluoride is dependent on urinary pH, a major 
objective of this study was to determine if transepithelial pH 
gradients influence JF. The measured JF was compared between 

two different luminal pH values in each experiment. Two sets of 
experiments were conducted. In the first, JF was compared 
between luminal pH values of 7.4 and 6.1, and in the second, the 
luminal pH values were 6.1 and 5.0. The pH of the bath was always 
7.4, and the solutions were either HEPES-buffered (pH = 7.4) or 
MES-buffered (pH = 6.1 and 5.0). The idea was to use highly 
buffered solutions to maintain a constant luminal pH. The pH of the 
collected fluid was not. determined .. but it was believed that an 
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appreciable change was unlikely. The results, present in Figure 13, 
show that JF was inversely related to the luminal pH used in this 

project. These data. are consistent with those from clearance 
studies which reported that the reabsorption of fluoride from renal 
tubules was inversely related to urinary pH (123,128,131). 

Whitford et al. (131) were the first to show that the renal 
clearance of fluoride depends on the urinary pH which is now 
believed to be the primary determinant of fluoride renal clearance. 
These authors studied this relationship in rats and reported that 
urinary flow rate and chloride clearance, both previously reported 
to influence fluoride excretion (24,119), could be dissociated from 
fluoride clearance. It was also reported that sodium and potassium 
clearances were not correlated with that of fluoride. Using the 
stop-flow technique and a variety of agents (lithium chloride, 
sodium bicarbonate, sodium nitrate, acetazolamide, and 
furosemide) to influence urinary pH as well as other conditions in 
dogs, Whitford et al. (129) reported that among a variety of renal 
parameters, fluoride excretion correlated consistently only with 
urinary pH. This study also suggested that the distal nephron is an 
important site for fluoride reabsorption. This is logical since the 
major transtubular pH gradients are generated in the distal 
nephron (62). Along these lines, it has been shown that the 
medullary collecting duct has a major role. in the acidification 
process of the nephron, and that the CCD, although also involved, 
may have a less significant role (62). 

The hypothesis for the mechanism relating fluoride clearance 
and urinary pH was previously explained. Large transepithelial HF 

gradients are created when the urine acidifies, and fluoride is 
apparently reabsorbed via HF diffusion. This m,odel assumes that 
the tubular epithelia is more permeable to HF to ionic fluoride. 
This assumption was supported by Gutknetch and Walter (40), who 
reported that artificial lipid bilayers were about 106 times more 
permeable to HF than to the fluoride ion. Solution pH influenced 
fluoride migration also in the stomach (121), erythrocyte (124), 
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hamster cheek pouch (126), urinary bladder (130), and bacteria 
(132), and all of these examples could be explained by nonionic 
diffusion of HF. 

More evidence supporting the hypothesis of nonionic 
diffusion comes from observations which show that fluoride can be 
used to accurately estimate intracellular pH (123). A weak acid can 
do this if, among other factors, the plasma membrane is permeable 
to the nonionic moiety but impermeable to the ion (11). 

Thus, from the evidence which shows conclusively that 
transmembrane pH gradients affect fluoride migration and that the 
analyses and interpretations of this evidence strongly support the 
mechanism of nonionic diffusion, it was hypothesized that the same 
mechanism was responsible for the higher JF reported in the 

presence of the more acidic perfusate in this project. However, an 
interesting occurrence could be used to argue against this 
hypothesis. -

On the average, a marked increase in -the negativity of the 
transepithelial voltage occurred with the more acidic perfusate. 
Such an increase would increase the force for lumen-to-bath 
fluoride movement. However, as _previously stated, it was 
concluded that voltages did not affect JF in this study. Again, 

Figure 16 (A-F) provides the evidence in support of this conclusion. 
Incidentally, the mechanism associated with the higher voltage 
induced by the acidic fluid appeared to be associated with an 
inhibition of potassium secretion (12). It iS doubtful that JF would 

be influenced by such an inhibition. In addition, two other 
observations are noteworthy. First, in every experiment, the JF was 

higher with the more acidic perfusate, whereas the voltage 
difference between the two perfusates was not always observed. 
Secondly, two experiments were conducted with ouabain in the 
bath. Previously, it was concluded that ouabain did not affect JF and 

abolished the lumen negative voltage. Results from both 
experiments were consistent, in that, the JF was higher with the 
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lower perfusate pH. It was concluded that JF from the rabbit CCD 

. was dependent directly on the perfusate pH. 
Finally, it should be emphasized that while the mechanism of 

nonionic diffusion is a well supported hypothesis, an alternative 
does exist. Polyanionic cha,rges of membranes and some channels 
can be neutralized if the surrounding environment is made acidic. 
Varanda and Finkelstein (135) showed the effect of neutralizing the 
charge of the channel formed in lipid bllayers by the sea anemone 
Stoichactis helianthus. These channels were cation selective above 
pH 7.0, but as the pH was lowered, so was the selective 
permeability to cations. Raymond et al. (84) showed that in another 
type of channel formed by colicin E1 in planar bilayers, no 
selectivity existed at pH above 8.0, but these channels became 
anion-selective as the pli of the surrounding fluid was lowered. . . 

Although these data suggest an interesting alternative to the 
proposed hypothesis of this project, it is unlikely that they explain 
the elevated JF in the rabbit CCD with the lower perfusate pH. 

Reducing the urinary pH is not known to affect uniformly the 
tubular permeability to anions. 

In summary, perfusate pH· and JF were inversely related in 
the rabbit CCD. The perfusate pH directly· influenced Jf. The 
increased voltage, which resulted from the acidic perfusate, did not 
affect fluoride movement. 

Effect of Acetazolamide on JF: 
Because acetazolamide affects urinary acidification (41,131), 

acidification by the rabbit CCD (61), and the renal handling of 
fluoride {131), the possibility of this drug affecting JF in the rabbit 

CCD was investigated. The underlying mechanisms associated with 
these events were described in the Introduction. Six experiments 
were conducted. Bicarbonate-buffered solutions were used to 
assure adequate carbon dioxide levels necessary for the possibility 
of proton secretion as previously explained. Acetazolamide, at w-4 

M, was added to the bath in the experimental phase which was 
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bracketed by two control phases. A small reduction in JF occurred 
in the experimental phase, but this was not statistically significant 
(Figure 14). It was concluded that acetazolamide did not affect JF 

in this project. 
The voltages among experimental phases in these six 

experiments were not significantly different. However, 
acetazolamide induced a transient increase in the voltage (greater 
luminal negativity) similar to that observed in other projects when 
vasopressin was added to the bath. The mechanism of this 
transiency with acetazolamide is not known. It was speculated that 
acetazolamide induced an inhibition of proton secretion which may 
have been restored by an unknown, intracellular pH-regulating 
mechanism. If this were true, the luminal fluid pH may have 
increased with the inhibition of proton secretion then returned to 
the basal level as proton secretion was restored. Transepithelial 
voltage in the CCD is influenced by the acidification process; in fact, 
it has been suggested that the lumen positive voltage, which is 
observed after the inhibition of active sodium transport, is a direct 
result of proton secretion (11). 

With these ideas in mind, two additional experiments were 
conducted to determine if JF was influenced by this transient 
phenomenon. The JF did not appear to change significantly when 
it was measured immediately after acetazolamide was added to the 
bath and in the presence of a higher lumen-negative voltage. These 
results further support the conclusion that voltages did not affect 
JF in the rabbit CCD. Acetazolamide increased the voltage from -18 
to -45 mV in one experiment and from -19 to -32 mV in the other 
(Figure 15). 

Whitford et al. (131) reported that intravenous infusion of 
acetazolamide in rats increased the fractional excretion of fluoride. 
They reported that this increase was significantly higher than that 
induced from furosemide infusion which produced a significantly 
greater diuresis. These results were the first to indicate that 
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urinary pH is more important than urinary flow rate with regard to 
the renal handling of fluoride. 

The results of the studies conducted by Koeppen and Helman 
(61) and Ishibashi et al. (49), mentioned earlier, apply to this 
project. The former study reported an acidification process by the 
rabbit CCD, and the latter reported an alkalinization process. 

Koeppen and Helman used acetazolamide at the same level 
used in this project and reported the same voltage response as just 
descl;"ibed. When the drug was added to the bath, the luminal pH 
became progressively more alkaline, increasing by 0.23 ± ;04 pH 
units. The pH appeared to stabilize about 15 minutes after the 
addition of the drug. It should be noted that their perfusion 
solution was not equilibrated with carbon dioxide. Luminal 
acidification could have occurred by lumen-to-bath carbon dioxide 
diffusion and subsequent hydrogen ion formation rather than by a 
tubular process. Aware of this possibility, the authors determined 
the carbon dioxide-equilibration pH ·· and reported that the 
acidification of the luminal fluid under control conditions exceeded 
that which would occur via carbon dioxide diffusion. Therefore, an 
active acidification mechanism by the rabbit CCD was proposed. 
Despite the alkalinization of the luminal fluid by acetazolamide, the 
resultant pH was still below the determined carbon dioxide 
equilibration pH. This would suggest that acetazolamide did not 
halt the acidification process bur rather, slowed it down. 

With regard to the JF results, it is conceivable that 

acetazolamide caused a reduction in the rabbit CCD acidification 
process which lead to a nonsignificant reduction in JF. When the 
data from the project investigating the effect of pH gradients on JF 
were reviewed, it was found that when pH changed by 1.3 (pH, 7.4 
to 6.1) and 1.1 (pH, 6.1 to 5.0) pH units, the JF changed by .020 

and .021 pmole/min/mm, respectively. In the acetazolamide 
project, JF was reduced by about .005 pmole/min/mm in the 
experimental phase. This reduction in JF is close to what would be 

predicted (about .004 pmole/min/mm) based on the findings of the 
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pH-gradient project and the .23 pH unit reduction from 
acetazolamide addition reported by Koeppen and Helman. This, of 
course, is only a crude comparison, but the findings are consistent 
with a pH effect on JF. 

It must be reemphasized that a major limitation of this study 
was the absence of a pH determination of the luminal or collected 
fluid. The finding of Ishibashi et al. which showed that the CCD 
alkalinizes the luminal fluid to a level where the hydrogen ion 
concentration is not in electrochemical equilibrium should not be 
neglected. It is understood that the discussion made in this 
section is speculative: nevertheless, the results of this project 
mildly suggest a pH effect on JF. 

Finally, the finding that acetazolamide did not significantly 
reduce JF in the CCD does not conflict with the data which 

reported that acetazolamide reduced fluoride reabsorption from the 
kidney. As stated earlier, the medullary collecting duct appears to 
be a more efficient acidifying segment than the CCD. If the effect of 
acetazolamide on JF in the nephron is to be assessed completely, 

other segments, particularly the medullary collecting duct, must be 
studied. 

As stated earlier, the CCD can secrete and absorb bicarbonate 
depending on the acid-base state of the animal. The variability of 
this tubular segment requires that future projects, designed to 
investigate the effect of the CCD acidification process on JF, be 

conducted where the acid-base state of the animal is better 
controlled. 

Effect of DIDS on JF: Anion Transport Possibility 
Under most experimental conditions used in this study, the 

measured JF was significantly different from zero and unaffected by 

changes in the transepithelial electrochemical gradient for fluoride. 
Acidification of the luminal fluid resulting in HF diffusion has been 
targeted as one possibility explaining the positive JF. While this 

mechanism would be more likely to . occur with bicarbqnate-
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buffered solutions, JF was also positive with HEPES-J:mffered 

solutions in which luminal-fluid acidification would be expected to 
be negligible. Hence, as stated earlier, it was suggested that 
fluoride could have moved out of the lumen of the CCD via some 
mechanism other than simple diffusion of fluoride. Such a 
mechanism could be anion transport or anion exchange. Evidence 
has been discussed of a chloride self exchange mechanism as well 
as a chloride-bicarbonate exchange process in this segment. 
Schuster et al. (95) reported that the rabbit CCD tested positive for 
the Band 3 protein, the major anion transporter of .the red cell 
membrane. One of the commonly used inhibitors of anion transport 
via the Band 3 protein is the stilbene derivative DIDS (108). 

It was hypothesized that if Band 3 transported fluoride in the 
CCD, DIDS should affect JF. To determine the effect of DIDS on JF, 

four experiments with HEPES-bl,lffered solutions were conducted 
with DIDS at lQ-4 M added to the perfusate in the experimental 
phase. The order of phases (i.e., control or exPerimental, first or 
second) was altemated. The results, graphed in Figure ·15, show 
clearly that DIDS had no effect on JF. 

These results do not exclude the possibility of anion transport 
of fluoride in the rabbit CCD. Tago et al. (113) reported that DIDS, 
when added to the perfusate at the same level as in this project, 
did not affect the chloride-tracer rate coefficient. These authors 
concluded that DIDS did not affect the chloride self exchange 
process. Apparently, DIDS did not affect the anion transport 
mechanisms associated with chloride transport. Hence, the 
possibility of a transport mechanism for fluoride in the CCD still 
warrants consideration. Additionally, Whitford et al. (124) reported· 
that DIDS did not appear to affect fluoride transport in the red 
blood cell. If an anion transporter, inhibitable by DIDS, exists in 

the rabbit CCD, it apparently does not transport fluoride. 



Summary of the Investigation 

From the results presented in this study, the following 
conclusions concerning the isolated rabbit CCD can be made: 
1. Fluoride did not increase Lp (as vasopressin did). 

2. Fluid absorption (i.e. lumen-to-bath fluid movement) did 
not affect JF. 

3. Transepithelial pH gradients affected JF: the JF was 

inversely related to the pH of the luminal fluid. 
4. Acetazolamide did not affect JF significantly. 
5. DIDS did not affect JF. 

6. Transepithelial voltages, which ranged from +7 to -104 
mV, did not affect JF. 
Ouabain did not appear to affect JF. With respect to 

transepithelial electrochemical gradients for fluoride, under those 
conditions which would be considered "physiological", JF did not 

change when the electrochemical gradient for fluoride changed. 
From this observation, it can be suggested that the permeability of 
the rabbit CCD for fluoride is low. The permeability coefficient for 
fluoride could not be determined because of the absence of a 
change in JF. However, a maximal limit to the permeability 

coefficient can be calculated based on the results of the study. The 
calculation and underlying assumptions are in Appendix 2. The 
value calculated for ionic fluoride was .838 X IQ-5 em/sec. It can 
be concluded that the permeability coefficient of the rabbit CCD for 
ionic fluoride does not exceed this value, and the actual coefficient 
is suspected to be much lower. For comparison, the permeability 
coefficients of the rabbit CCD for the following substances have been 
determined: 1) chloride, 5.0 X IQ-5 em/sec (111); 2) sodium, .08 
X IQ-5 em/sec (111); and 3) potassium, 1.0 X IQ-5 em/sec (111). 

93 
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Based on the maximal limit value calculated for fluoride which was 
considered .to be a "conservative" value, it was suggested that the 
.CCD permeability for fluoride is lower than the permeability for 

' ·these other substances. It can be concluded that the permeability 
for ionic fluoride is lower than that for chloride. The permeability 
coefficient calculated for HF ~as 7.47 X 10-2 em/sec which also is 
most likely an overestimation of the actual coefficient for HF. 

· It was explained in the Introduction that the type of solution 
buffer used could a,ffect JF. Specifically, when carbon dioxide 

containing, bicarbonate-buffered solutions were used, proton 
secretion could acidify the luminal pH. This could increase JF by 

creating transepithelial HF concentration gradients and fluoride 
movement could occur as HF diffusion. When HEPES-buffered 
solutions, which were without carbon dioxide, were used, proton 
secretion would be less likely to occur, hence, JF would be less 
likely to be affected. The comparison of JF between these two 
conditions indicated that the type of buffer did indeed affect JF. 
The average JF under bicarbonate-buffered conditions, .025 ± .003 
pmole/min/mm, was significantly higher than the JF under 

HEPES-buffered conditions, .012 ± .003 pmole/min/mm. The data 
that were compared were those in Figure 18 (A and B). The only 
condition that was different between the two was the buffer. 
Therefore, it was concluded that bicarbonate-buffered solutions, on 
the average, caused JF to be higher than that with HEPES-buffered 
solutions. The phrase "on the average" is important because JF 

under bicarbonate-buffered conditions was not always higher than 
that with HEPES-buffered conditions. This could be related to the 
variability in the acid-base physiology of the CCD which was 
explained previously. Nevertheless, the data suggest that JF was 

influenced by the acid-base characteristics of the tubule and this is 
consistent with the hypothesis of HF diffusion. 

Also consistent with the pH effect on JF, the nonsignificant 
reduction in JF with acetazolamide was suggested to result from an 

inhibition of proton secretion caused by the drug. As stated in the 
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Discussion portion of-this project, the acid-base state of the animal 
should be controlled better in future studies designed to investigate 
the characteristics of JF in the CCD. 
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APPENDIX 1. Additional Figures not presented in the Results 



Figure Al.l Collected to Perfused Fluoride Activity Ratios with 

and without Vasopressin 

LEGEND: 

THIS FIGURE ILLUSTRATES THE COLLECTED/PERFUSED 

FLUORIDE ACTIVITY RATIOS CORRESPONDING • TO THE 

RESULTS IN FIGURE 7. C REPRESENTS CONTROL CONDITIONS 

AND VP REPRESENTS VASOPRESSIN CONDITIONS. 

(CONDmONS GNEN IN FIGURE 7) HEPES REFERS TO THE FIVE 

EXPERIMENTS CONDUCTED WITH HEPES-BUFFERED 

SOLUTIONS AND BICARBONATE REFERS TO THE FIVE 

EXPERIMENTS CONDUCTED ,·WITH BICARBONATE-BUFFERED 

SOLlmOJ'VS. • - SIGNIFICANTLY i?IFFERENT FROM C. 
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Figure A1.2 Collected to Perfused Fluoride Activity Ratio of 
the Electrochemical Gradient Effect on JF 

LEGEND: 

THIS FIGURE SHOWS THE COLLECTED/PERFUSED FLUORIDE 

ACTIVITY RATIO FOR THE EXPERIMENTS 1N FIGURE 11. C 

REPRESENTS CONTROL CONDITIONS AND E REPRESENTS 

EXPERIMENTAL CONDmONS. (CONDITIONS GIVEN IN FIGURE 

11. • - SIGNIFICANTLY DIFFERENT FROM C. 

NOTE: Fo/Fi IN E WAS LESS THAN 1.00. THE 

ELECTROCHEMICAL GRADIENT FAVORED BATH-TO-LUMEN 

FLUORIDE MOVEMENT IN THIS PHASE. IF THIS WOULD HAVE . . . 
OCCURRED ACCORDING TO THE IMPOSED FWORIDE GRADIENT, 

THEN Fo/Fi 1N E WO~ BE.EXPECTED TO GREATER THAN 1.00. 
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Figure A1.3 Effect of Electrochemical Gradient on JF · 

LEGEND: 

THIS FIGURE ILLUSTRATES THE RESULTS FROM THE 

INDNIDUAL EXPERIMENTS IN FIGURE 11. C REPRESENTS 

CONTROL CONDITIONS AND E REPRESENTS EXPERIMENTAL 

CONDIDONS. (CONDITIONS GIVEN IN F1GURE 11) NOTE: 1) IN 
ALL EXPERIMENTS, JF WAS REDUCED IN E; AND 2) TWO 

EXPERIMENTS RESULTED IN A NEGATIVE JF IN E. 
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FlgureA1.4 Absence of an Ouabain-Effect on JF 

LEGEND: 

IN THIS FIGURE C REPRESENTS CONTROL CONDITIONS, 

FLUORIDE-FREE AND OUABAIN-FREE BATH. E REPRESENTS 

EXPERIMENTAL CONDITIONS, 40 JlM FLUORIDE IN THE BATH 

AND l0-4 M OUABAIN IN THE BATH. THE 40 J.lM FLUORIDE IN 

THE BATH IN E REDUCED THE FLUORIDE TRANSEPITHEUAL 

CONCENTRATION GRADIENT 40%. HEPES-BUFFERED 

SOLUTIONS WERE USED. OUABAIN REDUCED THE VOLTAGE 

SIGNIFICANTLY. ON THE AVERAGE, THE VOLTAGE IN THE 

FIRST C PHASE WAS -23 mV, IN E IT WAS +4 mV, AND IN 

SECOND C PHASE, IT WAS -4 mV. (VOLTAGES NOT SHOWN} 

UNES CONNECT MEAN VALUES IN EACH PHASE AND STANDARD 

ERROR BARS ARE DRAWN. N= 3 
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Calculation of a maximal limit of the permeability 
coefficient for fluoride 

The permeability coefficient (P) can be calculated from the Fick 
equation P = JF/(MC) where JF is the fluoride flux, A is the area of 

the epithelia, and tiC is the transepithelial concentration gradient. 
A was calculated from an internal diameter of 20 J.Uil (19). tiC was 
assumed to be 95 J.LM and JF was assumed to be .03 
pmole/min/mm. These values were chosen because they were 
within the range of those found in the project where the change in 
the electrochemical gradient did not affect JF. In other words, the 
JF used to calculate P apparently did not result from passive 

diffusion of fluoride. Therefore this calculated P can be considered 
to be a value higher than the actual P. 
PF = Coefficient for ionic fluoride. Assumes JF was due to passive 

diffusion of ionic fluoride. 
PF = .03 pmole/min/mm = .838 X I0-5 em/sec 

.628 X 1Q-3 cm2 fmm (95 J.l.M) 
PHF =Coefficient for HF. Assumes JF was due to passive diffusion 

ofHF. 
PHF = .03 pmole/min/mm = 7.47 X 10-2 em/sec 

.628 X I0-3 cm2/mm (.0106 J.!.M) 
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Data from Individual Experiments in Each Project 

Units are uniform in each table and conform to the following 
convention: 
Vf Perfusion Rate (nl/min) 

· Vo Collection Rate (nl/min) 
Jv - Fluid Flux (nl/~n/mm) 
Lp - Hydraulic Copductiv.ity (cm/sec/atmX IQ-7) 
Vt Transepitheliat·voltage (mV) 
·JF - Fluoride Flux (pmole/min/mm) 

· Fo/Fi - (Collected Fluoride Activity /Perfused Fluoride Activity) 



Table A3.1 Effect of Fluoride on Lp 

CONTROL CONDmONS WERE WITHOUT FLUORIDE. FLUORIDE 
CONDITIONS CONTAINED 1 mM FLUORIDE IN THE BATH IN 

EXPERIMENTS #1. #4, AND #5, AND 5 mM FLUORIDE WAS IN 
THE BATH IN EXPERIMENTS #2 AND #3. EXPERIMENTS #1 AND 

#2 DID NOT CONTAIN A VASOPRESSIN PHASE. EXPERIMENT #3 
DID NOT CONTAIN A CONTROL PHASE. • - SIGNIFICANTLY 

DIFFERENT FROM CONTROL AND FLUORIDE. 



Table A3.1 Effect of Fluoride on L 

CONTROL FLUORIDE VASOPRESSIN 

n Vi Vo J L vt Vi Vo J L vt Vi' Vo J L vt v p v p v p 

1 1.9 1. 8 .03 3.1 -29 1.8 1. 9 -.03 -2.7 -27 

2 11.1 10.8 0 11.1 - 9 10.4 10.4 0 1.1 3 

3 9.8 9.9 0 1.0 - 4 10.5 9.1 1.1 130 - 4 

4 10 9.8 0 11 -29 7.1 7.0 0 5 -29 3.8 2.6 .78 116 -25 

5 3.1 2.9 .10 12 -26 3.4 3,2 .10 13 -20 1.8 1.2 .43 106 -11 

6 4.1 4.1 .06 5.8 -15 3.8 3.5 .13 12.6 -20 4.2 2.5 .63 95.3 -13 

x 6.0 5.9 .04 8.6 -22 6.0 5.9 .03 5.0 -16 5.1 3.9 .74 112 -13 

SE 1,8 1.8 .02 1.8 4.0 1.7 1.5 .03 2.7 5.0 1.9 1.8 .14 7.4 4.4 

* * --0'1 



Table A3.2 J:v. and JF with and without Vasopressin 

THIS TABLE PRESENTS THE DATA FROM THE FIVE 
EXPERIMENTS CONDUCTED WITH HEPES-BUFFERED 

SOLUTIONS. DATA AND EXPERIMENTAL CONDITIONS 

CORRESPOND TO FIGURE 7. * - SIGNIFICANTLY DIFFERENT 

FROM CONTROL. 



Table A3.2 J and JF with and without Vasopressin 

CONTROL VASOPRESSIN 

n Vi Vo J L vt JF Fo/Fi Vi Vo J L vt JF Fo/Fi v p v p 

1 5.2 5.1 0 12.7 -12 • 02 .99 4.8 4.2 .70 61.5 - 2.0 0 1.1 

2 3.8 3.7 0 12.8 -31.1 .015 .99 4.3 3.4 .98 111 -12.9 .025 1.18 

3 3.5 3.3 .17 17.2 -26.7 .041 .98 4.4 3.6 .91 103 -20.3 .019 1.19 

4 15.0 14.8 .11 11.7 - 9.0 .017 .99 12.6 11.5 .60 67.1 - 6.0 .005 1.09 

5 1.9 1.8 .04 3.9 -25.8 .003 1.01 2.4 1.9 .36 38.0 -19.2 .001 1.2 

-X 5.9 5.7 .064 11.6 -21 .019 .99 5.7 4.9 .71 76 -12.1 .010 1.15 

SE 2.3 2.3 .03 2.2 4.4 .006 .003 1.8 1.7 .11 13.5 3.6 .005 .02 

* * * 

---..1 



Table A3.3 J:v: and JF with and without Vasopressin 

THIS TABLE PRESENTS THE DATA FROM THE FIVE 

EXPERIMENTS CONDUCTED WITH BICARBONATE-BUFFERED 

SOLUTIONS. DATA AND EXPERIMENTAL CONDITIONS 

CORRESPOND TO FIGURE 7. * - SIGNIFICANTLY DIFFERENT 

FROM CONTROL 



Table A3.3 J and JF with and without Vasopressin 

CONTROL VASOPRESSIN 

II Vi Vo J L vt JF Fo/Fi Vi Vo J L vt J Fo/Fi v p v p .. F 

1 3.7 3.7 -.03 -2 .098 .80 4.1 3.5 .79 75.0 .110 .93 

2 4.4 4.3 .08 18.7 -26.7 .041 .95 3.2 2.6 .69 76.6 -27 .004 1. 2 

3 5.3 5.2 .08 8.1 .03 .93 4.1 3.7 .32 32.5 .027 1.0 

4 4.1 3.7 .09 20.7 .028 .• 96 4.0 2.4 .84 166 .041 1.31 

5 5.7 5.5 .11 10.8 .052 .90 5.4 4.4 .73 83.1 .080 .99 

-X 4.6 4.5 .07 ll.3 .050 .91 4.2 3.3 .67 86.6 .052 1.1 

SE .37 .37 .02 4.1 .01 .03 .35 .37 .09 21.7 .02 .07 

* * 

--00 



Table A3.4 Absence of Effect of an Electrochemical Gradient 
ChangeonJF 

THIS TABLE PRESENTS DATA SHOWN IN FIGURE 10. CONTROL 
CONDITIONS CONTAINED A FLUORIDE-FREE BATH. 

EXPERIMENTAL CONDITIONS CONTAINED 60 J,LM FLUORIDE IN 
THE BATH. THE PERFUSATE CONTAINED 150 J.1M FLUORIDE. 



Table A3,4 Absence of Effect of an Eleci:rochemical Oradient Change on J11 

CONTROL EXPERIMENTAL CONTROL 

, Vi Vo Jv VI: JF Fo/Fi Vi Vo J· v vt JF Fo/Fi Vi Vo Jv vt JF ro/ri 

1 4.1 4.0 .05 1.7 .024 .94 3.7 3.7 0 1.0 .020 .93 3.0 3.0 .01 .1 .023 .92 

2 3.6 3.6 .oj 3.9 .034 .91 3.7 3.5 .1 2.0 .040 .91 3.5 3.5 -.02 1.4 .036 .89 

3 3.9 3.0 ,01 1.7 .027 .91 3.0 3.8 .o1 1.0 .025 .• 92 3.6 3.6 -.01 .3 .026 .• 90 

4 4.4 4.4 -.oi 1.8 .043 .90 4.7 4.0 .06 1.8 .033 .92 4.4 4.5 -.02 1.0 .045 .90 

X 3.8 3.8 .02 2.3 .031 .92 4.0 3.9 .012 1 • .5 .031 .92 3.8 3.8 -.006 .7 ,032 .9 

SE .22 .22 .o1 . .s4 .004 .01 .19 .22 .03 .26 .005 .004 .17 .zo .01 .3 .004 .005 

--\0 



Table A3.5 Effect of an Electrochemical Gradient Change on JF 

THIS TABLE PRESENTS DATA SHOWN IN FIGURE 11. CONTROL 

CONDITIONS CONTAINED 100 !J.M FLUORIDE IN THE 
PERFUSATE AND BATH. EXPERIMENTAL CONDITIONS 
CONTAINED 500 !J.M FLUORIDE IN THE BATH. 
SIGNIFICANTLY DIFFERENT FROM BOTH CONTROL PHASES. 

• 



Toblo A3.5 Efloct of an Electrochemical Orodlont Change on Jr 

CONTROL EXPER1HEHTAL CONTROL 

, Vi Yo "'v yt Jp f'o/F~ Vi Yo J v. "'r f'o/f'i Vi ... Yo "'v yt "'r Fo/f'i 

I 2.9 2.9 • 0 -19.3 • 014 .91 2.7 2.8 -.02 -20.4 0 .98 3.1 3.1 .01 -22.6 .013 .93 

2 2.7 2.7 ,OJ -12.4 .019 .91 2,8 2.8 .01 -10.3 .011 .94 1.8 1.8 • 0 - 6.5 .017 .86 

3 3.3 3.3 .oz -65.0 .025 .92 3.3 3.3 .01 -61.7 .02Z .93 3.7 3.7 .oz -57.9 .028 .92 

4 1.98 2.0 -.OJ - 8.6 .012 .96 2.6 2.6 -.03 ... 5.4 -.033 1.06 2.85 2.88 ~.03 - 6.7 .019 .95 

' 3.1 3.1 -.02 -44.2 .006 .95 3.1 3.1 -.01 -44.6 .001 .99 2.7 2.7 • 0 -34.5 .006 .97 

6 2.6 2.5 .02 -21.1 .OZ7 .94 2.6 2.6 -.04 -21.6 .007 .97 2.5 2.5 -.01 -23.4 .030 .92 

7 3.0 3.0 -.02 -1.96 .001 ·" 3.2 3.2 -. 0 -1.98 -.013 1.05 3.3 3.3 .o1 -1.44 .oo& .97 

8 3.0 3.0 .02 -36.6 .018 .92 3.4 3.4 -.01 -'•O. 5 .011 ·" 3.3 3.4 -.01 -33.9 .012 .95 

" 2.84 2;83 • 0 -26.1 .0153 .94 3.0 3.0 -.01 -26 .001 .98 2.9 2.9 -. 0 -23.4 .017 .93 

'g .149 .147 .008 7.4 .003 .01 .II .II .007 7.5 .006 .oz .21 .21 .005 6.6 .003 .01 

• • 

.... 
~ 



Table A3.6 Absence of an Ouabain-Effect on JF 

THIS TABLE PRESENTS DATA SHOWN IN FIGURE 12. CONTROL 
CONDITIONS CONTAINED A FLUORIDE-FREE BATH AND A 

OUABAIN-FREE BATH. EXPERIMENTAL CONDITIONS 

CONTAINED 40 J.LM FLUORIDE IN THE BATH AND OUABAIN AT 
IQ-4 M IN THE BATH. THE PERFUSATE ALWAYS CONTAINED 

100 J.LM FLUORIDE. 



Table A3,6 Absence of an Ouabain-Effect on JF 

CONTROL EXPERIMENTAL CONTROL 

II Vi Vo J vt JF Fo/Fi Vi Vo J vt JF Fo/Fi Vi Vo J vt JF Fo/Fi v v v 

1 3.6 3.6 0 -22 .047 .87 3.7 3.6 .04 2 .053 .87 3.7 3.7 0 -5 .04 .90 

2 2.0 2.0 .01 -18 ,033 • 87 2.0 2.0 ,03 3 ,044 ,83 2.0 2.0 .02 -9 .035 .87 

3 2.2 2.2 0 -28 .006 .91 2.2 2.2 0 6 .006 .92 2.2 2.2 .005 5 .008 .89 

X 2.6 2.6 0 -23 .029 .88 2.6 2.6 .02 3.7 .034 .87 2.6 2.6 .01 -3.5 .028 .~9 

SE .so .so 0 2.9 .01 ,01 ,54 .so .01 1.2 .01 .03 .53 .53 .01 4.1 ,01 .01 

-N -



Table A3. 7 Effect of Perfusate pH on JF 

THIS TABLE PRESENTS DATA FROM PART I OR FIGURE 13. 
PERFUSATE pH VALUES WERE 7.4 AND 6.1. *-SIGNIFICANTLY 
DIFFERENT FROM PERFUSATE pH VALUE 7.4 



Table A3.7 Effect of Perfusate pH on JF 

7.4 6.1 

IJ Vi Vo J vt JF Fo/Fi Vi Vo J vt JF Fo/Fi 
v v 

1 2.7 2.8 -.02 - 10 .014 .95 2.6 2.6 .006 2.0 .048 .75 

2 3.5 3.5 -.02 -8.4 .003 .97 3.6 3.7 -.01 - 28 .016 .93 

3 3.4 3.5 -.03 -8.1 .003 .97 3.7 3.7 0 -7.6 .013 .93 

4 3.5 3.5 .04 - 27 .005 ,99 3.6 3.6 .05 - 53 .014 .96 

5 3.5 3.6 -.03 - 21 .004 .99 3.8 3.7 .09 -77 .032 .92 

6 3.5 3.6 -.03 - 43 .006 .92 3.6 3.7 -.02 - 51 .012 .93 

7 4.2 4.2 .04 - 27 ,018 .97 4.1 4.2 -.07 - 59 .056 .89 

-X 3.5 3.5 -.01 - 20 ,008 .97 3.6 3.6 .01 - 39 .027 .90 

SE .16 .15 .01 4.9 .002 .01 .17 .18 .02 10.9 .007 .03 

* * -N 
N 



Table A3.8 Effect of Perfusate pH on JF 

THIS TABLE PRESENTS DATA FROM PART II OF FIGURE 13. 
PERFUSATE pH VALUES WERE 6.1 AND 5.0. •- SIGNIFICANTLY 

DIFFERENT FROM PERFUSATE pH VALUE 6.1 



Table A3.8 Effect of Perfusate pH on JF 

6.1 5.0 

II Vi Vo J vt JF Fo/Fi Vi Vo J vt JF Fo/Fi v v 

1 3.5 3.4 .03 -26 .015 .94 3.7 3.7 .01 -104 .032 .85 

2 4.0 4.0 -.01 .8 .023 .94 3.4 3.4 .04 - 36 .047 .87 

3 3.1 3.1 • 0 -22 • 017 .93 3.9 3.9 -.02 - 2 .051 .82 

4 3.2 3.3 -.03 2 .Oll .93 3.4 3.4 .02 - 3 .033 .85 

5 3.6 3.6 -.01 2 .026 .91 3.6 3.5 .03 - 2 .036 .88 

x 3.5 3.5 0 - 9 .018 .93 3.6 3.6 .02 - 29 .040 .85 

SE .16 .15 .01 6 .003 .01 .09 .09 .01 19 .004 .01 

* * 

-~ 



Table A3.9 Effect of Acetazolamide on JF 

THIS TABLE PRESENTS DATA SHOWN IN FIGURE 14. CONTROL 

CONDITIONS WERE WITHOUT ACETAZOLAMIDE. 

EXPERIMENTAL CONDITIONS WERE WITH ACETAZOLAMIDE AT 
1 o-4 M IN THE BATH. PERFUSATE CONTAINED 100 ~ 
FLUORIDE AND TilE BATH WAS FLUORIDE-FREE. 



Table A3.9 Effect of Acetazolamide on JF 

CONTROL EXPERIMENTAL CONTROL 

6 Vi Vo J vt JF Fo/Fi Vi Vo J vt JF Fo/Fi Vi Vo J Vt JF Fo/Fi v v v 

1 3.8 3.8 ', .03 -6 .084 .78 4.0 4.0 .03 -9 .054 .87 3.9 3.9 0 -6 .076 .79 

2 4.4 4.3 .02 -5 .034 .86 4.4 4.3 .02 -6 .028 .89 4.4 4.5 -.02 -5 .035 .84 

3 3.0 3.0 0 -3 .020 .90 2.6 2.6 0 -6 .013 .92 3.0 3.0 .01 4 .020 .90 

4 3.1 3.1 0 -1 .041 .90 3.2 3.2 0 -1 .046 .88 3.2 3.2 0 1 .047 .90 

5 3.0 3.0 0 -45 .011 .90 3.8 3.9 0 -46 .014 .90 3.4 3.4 0 -41 .014 .88 

6 3.0 3.0 0 -25 .023 .87 3.2 3.2 .01 -28 .023 .88 3.5 3.5 0 -21 .028 .86 

X 3.4 3.4 .01 -14 .036 .87 3.5 3.5 .o1 -16 .030 .89 3.6 3.6 -11 .037 .87 

SE .24 • 22 .01 7 .01 .02 .26 • 26 .01 7.1 .01 .01 .21 .22 6.9 .01 .01 

.... 
~ 



Table A3.10 Effect of Acetazolamide on JF during the 

Transient Voltage Increase 

CONDITIONS WERE THE SAME AS IN TABLE A3.9. THE JF IN 

THE EXPERIMENTAL PHASE WAS MEASURED IMMEDIATELY 
AFTER ACETAZOLAMIDE WAS ADDED TO THE BATH (NO 

EQUILIBRATION PERIOD). 



. ' 

CONTROL 

(} Vi Vo Jv vt JF Fo/Fi 

1 3,5 3.4 .04 -18 .013 .96 

2. 3.9 3.9 0 -19 .029 ,91 

X 3.7 3.7 .02. -18 .021 

SE .19 ,25 .02 1 .01 

Table A3.10 Effect of Acetazolamide on JF 

during the Transient Voltage Increase 

EXPERIMENTAL 

Vi Vo J Vt: JF Fo/Fi v 

3.5 3.4 .042. -36 ,014 .96 

3.9 3.9 0 -28 ,023 .93 

3.7 3.7 ,02 -32 .019 ,95 

.19 .25 .02 4 .005 .01 

CONTROL 

Vi Vo J vt JF Fo/Fi v 

3.5 3.4 .04 -2.9 .019 .94 

3.9 3.9 0 -14 .027 .92 

3.7 3.7 .02. -2.1 .023 .93 

.19 .25 ,02 7 .004 .01 

-~ 



Table A3.11 Effect of DIDS on JF 

THIS TABLE PRESENTS DATA SHOWN IN FIGURE 15. CONTROL 

CONDITIONS WERE WITHOUT DIDS. EXPERIMENTAL 
CONDITIONS CONTAINED DIDS AT IQ-4 M IN THE PERFUSATE. 

THE PERFUSATE CONTAINED 100 ~ FLUORIDE. EXPERIMENT 

#3 DID NOT CONTAIN A CONTROL PHASE. 



Table A3.11 Effect of DIDS on JF 

CONTROL EXPERIMENTAL 

It Vi Vo J vt JF Fo/Fi Vi Vo J vt JF Fo/Fi v v 

1 2.8 2 .• 8 .03 -25 .019 .92 2.5 2.5 0 -7 .017 .90 

2 3.2 3.2 0 -21 .021 .92 2.6 2.6 0 -50 .020 .90 

3 3.1 3.1 .03 -14 .018 .94 

4 2.9 2.9 .03 -36 .023 .91 3.6 3.6 .01 -15 .025 .93 

-X 3.0 3.0 .02 -27 .021 .92 3.0 3.0 .01 -22 .020 .92 

SE .10 .11 .01 4.5 .001 .003 .26 .25 .01 9.7 .002 .01 

-~ 




