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Fluoride-induced Diuresis:

Renal-tissue Solule Concenirations. Funclional. Hemodvnamic, and
Hislologic Correlales in the Ral

Gary M. Whitford, Ph.D.,* Donald R. Taves, M.D., Ph.D.7

Groups of anesthetized rats received graded
doses of fluoride in isotonic solutions by con-
iv infusi Resultant plasma fluoride
concentrations included those known to occur in
patients  following hoxyflurane it
Graded increases in urine-flow rate were not ac-

jed by i in sodi or p i
excretion or osmolar clearance. In some experi-
‘ments, sodium or potassium excretions were re-
duced, as were urinary osmolality and tubular
fre t ption. Gl ular filtration rates
tended to be reduced in the fluoride-infusion
groups, while *'I-hippuran clearance was not al-
tered. The inner dullary sodi
was inversely related to plasma fluoride concen-

fon

tration. Increased renaltissue water content ac-
d for a of slightly reduced medul-
lary potassi ions.  Histologically,

glomeruli from fluoride-infused rats contained less
than half the ervthrocytes of control rat glomeruli.
Outer medullary vessels appeared hyperemic.
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THE LITERATURE contains references to the efS
fects of inorganic fluoride on both kidue_\§
structure - and kidney function,* +-5 but these®,
effects have not been studied in detail. This2
lack is probably due to the fact that renal ef—é
fects are not a prominent feature of fluorideS:
toxicity when fluoride is ingested orally, the>
usual route of exposure. More informationd
about parenterally administered fluoride isg
needed in order to evaluate the hypothesis *3
that fluoride released from the anesthetic me-%
thoxyflurane, CH;OCF.CHCL.. is responsible.
for the high-output renal failure otcasinnn]l_\'g—
seen after anesthesia. g

Taves ¢t al.® advanced the hypothesis afters,
finding a much higher plasma fluoride concen-g-
tration (275 pM) in a patient with high—cut-‘?L
put renal failure than in two other patientscs
who were free of nephrotoxic symptoms (<30x
pM).1  Subseq studies by Fry et al® in-8

/Al

These resuits suggest that the fuoride-induced
concentrating defect results from increased medul-
lary blood flow, increased permeability to water,
and/or decreased sodium reabsorption, in the
ascending limbs of Henle'’s loops. These findings
are with the hyp is that fluoride is

ible for the ing defect following
methoxyflurane anesthesia. (Key words: Fluo-
ride; Concentrating defect; Mcthoxyflurane nephro-
toxicity. )

® Assistant Professor of Oral Biology-Physiology.
Present address: Medical College of Georgia, Dept.
of Oral Biology, Augusta, Ga. 30902.

1 A jate Profe of Phar )
cology.

Received from the Department of Radiation
Biology and Biophysics and the Department of
Pharmacology and Toxicology, University of Roch-
ester School of Medicine and Dentistry, Rochester,
New York 14642, Accepted for publication April
20, 1973. ‘This paper is taken from the Ph.D.
thesis of Dr. Whitford, “Acute Effects of Inorganic
Fluoride on Renal Function in Rats.” University
of Rochester, 1971. Supported in part by work
performed under contract with the U. S. Atomic
Energy Project and in part by the USPHS Train-
ing Grants 1-P11-GM-15190, GM-01781 and DE-
00175, and has been assigned Report No. UR-
3490-200.

v and Toxi-

dicated the usual plasma fluoride concentration
to be 20-60 p\ in both man and rat the day§
after methoxyflurane anesthesia, while Mazzex
¢t al1? reported that maximum values averag-
ing 105 and 190 pM were associated withg
Iaboratory and clinical evidence of changes in&
renal function. There were, however, no datuf
to demonstrate that the plasma fluoride con-S
centrations seen clinically could produce com-g
parable renal effects in animals when otherg
methoxyflurane metabolites - ¥ were not pres-g
ent. Thus, the hypothesis rested on a tenuousS
base. >

Three recent reports have partially filled thisQ
hiatus. Whitford and Taves presented pre—é:
liminary data '3 from anesthetized rats infusedg
with fluoride indicating that urine-flow rateg
tripled when plasma fluoride concentration was o
raised from approximately 1 pM to 300 M2
which is appropriate to the hypothesis. Theyg
also suggested that the basis of the diuresis was3
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f Plasma fluoride concentrations of healthy
adults drinking fluoridated water (1 ppm or 52
#)M) are approximately 1 pM.
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Tanti 1. Time Courses of Urine-flow Rates (ul/min) for Various Fluoride-infusion Rates®

FLUORIDE~INDUCED DIURESIS

Urine-flow Rates (ul/min)

| F. 50 | F. 100 : F, 500 . F. 1,00¢
i mnol ‘min i minol ‘min H nmol ‘min : nmol ‘min
0-30 min i | |
Mean ST 210 | I &3
sEM i 0.20 0.13 i 0.25 . 0.3
Number i 10 24 ! 11 K
30-60 min ; : |
Mean E ; 2.4 468 i a0
SEM 0.26 ! 0.18 030 : 142
Number ; 10 24 | 3 i 3
60-90 min ;‘ i l
Mean i 3.68 : i 7
SEM 03 H : 217
Number i0 ‘ H
90-120 min i
Mean 417 394 : 6.71 | 6.93
=EM . 039 ' 0.3t ] 042 ! 1.07
Number k1) i 10 ' 24 ! 38 B
i
120-150 min | ; i |
Mean : 3.01 : 420 . 1.54 i : 581
SEM 0.14 043 : 03 ' ' 0.66
Number ' 3v ! 10 24 ! 3
150-189 min ; :
Mean X 3.10 i 4.66 4.88 I 7.98 291
SEM H 0.13 1 0.39 04 i 0.58 130
Number ! 37 ! 10 24 : 3 , 5
-t ! 1
182-210 miin i
AMean 319 | 457 ! 531
SEM 0.16 033 ! 1.88
Number ; 35 ! 10 ; 33 ; 3
210-240 min . ‘ i
Meun 248 493 ; 6.62 10.58 —
SEM ! 0.1 : 043 : 0.8 ; 1.63
Number : 7 ; Bl | il S
i t i

* Tnfusion of solutions startedd at zero time.

a reduction in renal inner medullary sodium con-
centration. Frascino ?* reported that a plasma
fHuoride concentration of approximately 400 pM
in hydropenic dogs resulted in an increase in
urine-flow rate, and decreases in urinary osmo-
lality and renal medullary sodium concentra-
tion, with little or no change in glomerular
fltration rate or sodium excretion rate. Mazze
et al.'* noted diuresis (unresponsive to vaso-
pressin), urinary dilution, hemoconcentration,
and weight loss in one strain of rats given me-

thoxyflurane or fluoride, with plasma fluoride
concentrations ranging to as much as 700 pM.

Additional information is needed concerning
the effects of low plasma fluoride concentra-
tions on renal function and the mechanism of
action. The present experiments concentrate
on plasma fluoride levels of clinical interest
and the associated changes in renal-tissue com-
position. function, hemodynamics, and his-
tology.
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Fic. 1. Urine-flow rates and plasma flnoride
concentrations (means = SEM) during the eighth
half-hour of fluoride infusion in experiment 2.
Left to right: F, 0; F, 50 nmol/min; F, 100 nmol/
min; F, 500 nmol/min.

Methods

Female, 200-g, Sprague-Dawley rats were
anesthetized with sodium pentobarbital (40
mg/kg, ip). The basic experiment was to
assign four rats randomly te different fluoride-
infusion-rate groups. All infusates were iso-
tonic, containing 145 mM sodium and various
concentrations of chloride and fluoride. Addi-
tional, trace solutes were hydroxymethyl #C-
inulin and *L-hippuran, depending upon the
experiment. Solutions were infused continu-
ously at a slow rate (20 ul/min) into the left
iliac vein.

The urinary bladder was catheterized intra-
urethrally with polyethylene tubing. Urine
was collected, usually for half-hour periods, by
attaching a capillary tube of constant inside
diameter and known volume to the catheter.
Urine volumes were determined by measuring
the urine column. This technique is more
rapid than weighing, and the two methods
were found to agree to within 0.5 per cent.
Blood was collected in heparinized capillary
tubes from the severed tail tip at the mid-points
of urine-collection periods, or terminally from
the tail tip or heart, depending upon the
experiment.

In experiments which included analysis of
renal tissue, both kidneys were removed simul-
taneously following the final urine collection.
Each kidney was divided along its longitudinal
axis. The polar thirds were cut away and dis-
carded. A second longitudinal cut was made

0 100 300
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so that a wedge from the center of the kidney
remained. This wedge was divided into cor2
tex, outer medulla, inner medulla, and papillg
in one experiment, while in two others th@
inner medulla included the papilla. Corred
sponding sections from each kidney werg
pooled for weighi 1 ization umg_
analysis.  Homogenization was done in 0.70 tg
1.00 ml of deionized, doubly-distilled water;
The facing kidney half was similarly sectioned
except for the papilla, then weighed, dried tq
constant weight in a 70-C oven and reweighed
to determine water content. All renal-tissue
analyses are expressed in terms of water con®.
tent. In one experiment kidney sections wer@
stained with hematoxyvlin and eosin and pre3
pared for microscopic examination.
Sodium and potassium were determined &
flame photometry, osmolality by freezing-poinf)
depression, and fluoride by electrode, as preS
viously reported,’* or with a modification
the Morin-thorium method of Taves % followd
ing Auoride isolation by hexamethyldisiloxane
diffusion. Urinary pH was determined witlgD
narrow-range pH paper and systemic hematos:
erit by microanalytic technique: these va]ue.(&é)
were not influenced by fluoride infusion. Hy3
droxymethyl #C-inulin ** was determined byp
liquid scintillation. To obtain similar quench33
ing, 100 pl of cold rat plasma from a commons
pool were added to each urine, standard, :m(g
background sample. 13'I-hippuran was counte
in a well-type scintillation counter.

for:!

uBisrnSzesey)

Ufssue

ExPERIMENT 1

Urine-flow rates and plasma fluoride concen<g
trations from this experiment have been re%
ported.*  Fluoride-infusion-rate groups re-3
ceived 0 (isotonic saline solution), 100, 500‘2
and 1,000 nanomoles/min.§ The saline-solu-3
tion group had four rats and each of the otherss
had five rats. Urine collections continued forg
31 hours, and then the kidneys were remo\'ed.‘é:
The renal papilla was analyzed separately froma
the inner medulla.

1-2¥S00

uo jsen

ExPERIMENT 2
Fluoride-infusion groups received F(0),5
F(50), F(100), and F (500). These groupsZ

§ Infusion-rate groups are designated by F fol-IY
lowed by the nanomoles/min in parenthesis, e.g.,’®
F([lOO‘Zimc:ms 100 nanomoles/min of fluoride were
infused.
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Tanrk 3. Per Cent Water Content. (Means = SEM) of Renad Tissue Seetions® E
—=-
i Per Cent Water >
; 2
: o F, 30 F. 100 F. 500 ; - 1000 &
} . ‘ nwmol ‘min | nmol ‘min amol ‘min : nmol ‘min g
i + i
Experiment 1 H ! | ‘ i g_
Cortex i .6 _— ' 6 ! 8.5 1‘ a0 _g
0.5 i 10 0. ' 07 2
| | ‘ 2
Outermedulla ¢ S — i 813 3.1 ESE S
f 0.5 : i 0.4 1.2 10 o
| ! | 5
Tnner medulla i — ‘ ST 88 3
! i i 0.9 oy 3
| | |
Papilky | — ! sS4 : s 8
| f 0.9 ! 0y 3
| ! | &
>
Experiment 2 : | 2
Tortex ! 76.1 ; | 6.7 T - Z
i 05 ! : 0.4 0.6 @,
i I
Inner medulla, ! 846 85.3 ! sos S8 - 8
including papill: 0.5 0.4 i 0.3 H 05 >
! =
. y o Q
* Infusion of solutions started at zero time, o
st P < 0,05, P < .08, I’ < 0.001, respectively, compared with F, 0. 3
3
<

had eight, ten, ten, and ten rats, respectively.
Urine collections were begun one hour before
starting infusions and then continued for eight
half-hour periods. The kidneys were removed
during the ninth half hour of infusion. A
single, terminal blood sample was taken. The
renal papilla was included with the inner
medulla.
EXPERIMENT 3
Fluoride infusion rates were F(0) (n=6)
and F(100) (n=9). An intravenous prim-
ing dose of hydroxymethyl *C-inulin (0.25
#Ci in 0.20 ml isotonic saline solution) was
given shortly after starting the sustaining in-
fusion. Blood was collected during the third.
fifth, sixth. and seventh half-hour urine couec-
tion periods.
ExPERIMENT 4
Fluoride-infusion-rate groups were F(0)
(n=9) and F(300) (n=11). Otherwise
this experiment was identical to experiment 3.
EXPERIMENT 3
Fluoride-infusion-rate groups were F(0)
(n=8) and F(430) (n=11). An intra-
venous priming dose of *I-hippuran, in 0.10
ml isotonic saline solution, was given immedi-

ately after starting the sustaining infusi
Resultant plasma 3! counts were at least fiv:
times background in 100-pl samples. Blo
was collected as in experiment 3.

o
1434

62.9%

ExpenriMeNT 6

00/788¢€!

This experiment involved three rats recei@
ing F(100) and was designed to observe tlg
time course of the reduction of inner medul
larv sodium concentration. Urine was cof
lected in 15-minute intervals and single bluug
samples were taken from the tail tips teg
minally. Kidneys were removed 40, 70, :mg
100 minutes after the start of infusion. Thg
inner medulla included the papilla. >

qpd-9

ExpeEmisest 7
Five rats were used, two receiving F (03
and three receiving F(300) for six half-hous
urine collections. Kidneys were then remov
and prepared for sectioning and staining witR
hematoxylin and eosin. Glomerular ervthre
cyte were 1. A gl ulug
was included for cell counting only if it ha
been sectioned through its center, as judged®
by its area. Ten outer cortical glomeruli and
ten inner cortical glomeruli from each rat were
counted.
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Student’s t test for differences between con- I,
trol and fluoride-infused means was used for 2
statistical analysis.
¥y
) 4
Results § A
Unixe-rLow RaTe axp Prasyta FLuorie 'E &.—._.
CONCENTRATION =0
Table 1 summarizes all urine-flow-rate data
from experiments 1, 2, 3, 4, 5, and 7. Eleva-
3 ine. - - [+
h.on .cf the mean urine. i_]o\\ mtes‘ (?f the- ﬂl}o b o0 750 e 0
ride-infused groups attained statistical signifi- ;
cance (P < 0.001) after the second half hour (o, 14
of infusion. This effect was found in all ex- Fic. 2. Inner medullary/cortical sodium con-
periments except experiment 3, where urine centrations and plasma Huoride concentrations

flow rates for the F(100) group were lower
than the control values for the first two half-
hour collections. Subsequently, they became
higher than control urine-flow rates, but not
with statistical significance. The terminal,
mean plasma fluoride concentration of the
F(100) group was 78 pM. The F(1,000)
group of experiment 1 showed a decline in
urine-flow rates after the third collection, when
the mean plasma fluoride concentration was
about 500 pM.

Figure 1 plots the eighth half-hour urine-
flow rate and corresponding plasma fluoride
concentration for each infusion-rate group of
experiment 2. The fluoride concentration of the
F(0) group was not precisely determined but
was less than 2 pM. The F(50) group had a
mean fluoride concentration of 32 xM and a
64 per cent increase (P < 0.01) in urine-flow
rate over the F(0) group. The F(100) and
F(500) groups had plasma fluoride concentra-
tions of 61 and 341 pMI, respectively. Their
increases in urine-flow rate over the F(0)
group were 121 and 253 per cent, respectively
(P <0.001).

{(mean = SEM) during the ninth half-hour of
fluoride infusion in experiment 2. Left to right:
F, 0; F, 30 nmol/min; F, 100 mnol/min; F, 500
nmol/min.

ReENAL-TissUE Sobtuat, POTassiuM, AND
FLuorIDE CONCENTRATIONS

Table 2 shows the sodium, potassium, and
fluoride concentrations in various renal sections
for all rats of experiments and 1 and 2. The
sodium concentrations of the inner medulla
and papilla were inversely related to the fluo-
ride concentrations. The potassium concentra-
tions for all renal sections of the fluoride
groups were generally reduced. A portion of
this effect can be explained by increased water
content (table 3). The renal fluoride concen-
trations, not determined for the F(0) group,
ranged from 92 pM in the cortex of the F(50)
group to 3.8 mM in the papilla of the F(1,000)
group. A three- to fourfold concentration
gradient (papilla/cortex) was present for
fluoride.

Figure 2 shows the sodium concentration
gradient (inner medulla/cortex) as a function
of plasma fluoride concentration in experiment

Tante 4. Experiment 6,* Time Courses of Reductions of Inner Medullary Sodium Concentration,
Terminal Urine-flow Rate (V'), and Plasma Fluoride Concentration ([FJe)

. . Na (M)
of Infasion (l win) ([R';
Cortex Inner medulla
Cantrol data from experiment 2 240 9.6 216.2 —
Rat | 40 101.8 2419 18
Rat 2 0 87.8 157.2 34
Rat 3 100 91.1 153.5 —

* Rats 1, 2, and 3 received 100 nanomoles fluoride /min.
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‘I'anLe 5. Experiment 2, Sodium and Potassium Excretion Rates (Means == SIEN)* g
: F.0 F. 50 nmol /min F. 100 ol /min F. 500 muol/min =
: 5
Na K Na < Na < Na < &
Exeretivn Excretion Excretion Excretion | Exeretion Excretion Excretion cretion —n

(aM/min) | (aM/min) | (aM/min) | (8M/min) [ (aM/min) | (aM/min) | (aM/min) (n\l/mln) ]

3
—60-0 min 187 184 268 546 257 504 30 865 =
16 40 26 35 32 29 44 43 T
o

60-90 min 285 816 134 954 239 206 290 s g
41 6 83 05 2 65 28 103 :

120-150 min 390 02 520 o8 303 912 130 S0t é
63 70 136 Iz 32 70 43 st S
o

210-240 min 472 &2 668 84 574 HY 625 ™3 o
67 1 113 125 3 90 w2 144 124 S
i oy

=

* Tnfusion of solution started @ zero time, o
P < 0.05. 5

@

(25

2, The gradient reduction was statistically
significant (P < 0.001) even for the F(50)
group, whose terminal plasma fluoride con-
centration was 32 uM.

Table 4 contains data from experiment 6.
Control data were from experiment 2 since the
experiments were similar and the kidneys were
sectioned identically. There was no reduction
of inner medullary sodium concentration for
the rat sacrificed at 40 minutes. The cor-
responding plasma fluoride concentration was
18 pM and the terminal urine-flow rate was
not elevated. The fluoride effect was clearly
present, however, in the rats sacrificed at 70
and 100 minutes. The plasma fluoride con-
centration of the 70-minute rat was 34 gl
Based on previous experimental results, the
plasma fluoride concentration of the 100-min-
ute rat would have been 40-30 pM. The
terminal urine-flow rates of these two rats were
elevated.

SoruTe Excreriox Rate

Preliminary experiments, not detailed here,
indicated that sodium and potassium excretion
rates of rats receiving F(200) and F(1,000)
were approximately half those of rats receiving
F(0). Table 3 shows the sodium and potas-
sium excretion rates of experiment 2. These
were essentially identical for all groups except
during the pre-infusion period, when the ex-
cretion rates for the fluoride-infusion groups
were, by chance, higher than that for the

F(0) group.

Table 6 shows the sodium and pol.lssmnﬁ
excretion rates, expressed in terms of 1 ml/mn.‘@
glomerular filtration rate, from experiments 3’!1
and 4. The observed sodium excretion mlc*l
of the fluoride-infusion groups were lower bvé
approximately half relative to the controk;
groups in both experiments.  Potassium excre<
tion rates were also lower, but to a lesser de-x
gree. Correction of these excretion rates tod
units of glomerular filtration rate ehmm.ltc'lco
the differences in experiment 4 but not mm
experiment 3. £

The influence of fluoride infusion on urin.xr\g
osmolality is shown in table 7. During thcm
pre-infusion period, urinary osmolalities \\cre'\)
similar for all groups (approximately 2,000«:
mOsm). During the third period, the F(O)w
group’s urinary osmolality increased slightly.S
with little change thereafter. However, |'n|8
each of the Auoride-infusion groups, urinary
osmolality showed a consistent, nearly linear>
decline with time. The degree of reductiong
in a given period is directly related to theZ
fluoride-infusion rate. The lowest mean urinaryly
osmolality, 580 mOsm, occurred in the eig\thm
period for the F(500) group. Mean pl.xsm.r*
osmolality was 299 mOsm for each group. s

The osmolal clearances of the F(0) .mdno
F(30) groups approximately doubled nfteh_;‘
starting infusion. Tubular free-water nr.\b-=
sorption for these two groups increased by .l
factor of 2 (slightly less in the F(30) group). ™
Osmolal clearance of the F(100) group in-

00/8!
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‘TasLe 7. Experiment 2. Urinary Osmolalities
(Means == SENL)*

Osmolality (mOsm kg)

F.0 F. 50 F. 100 F. 500
. nmol ‘min {nmol min | nmwal ‘min

—60-0 min L3 o207 | 1,934 ’ 2043
61 8§ w | s

60-90 min | 2,087 | 1,813 | 1,505 | 930
111 03 S | 71

120-150 min | 2,076 | 1,684 | 1,243 © 707
8 125 | 60

210-290 min | 2,092 Ty I
120 631 46

* Infusion of solutions started at zero time.

creased by about 75 per cent after the start
of infusion, while the mean increase in tubular
free-water reabsorption was by a factor of 1.5.
The osmolal clearance of the F(300) group
showed only a slight increase after the start
of infusion, and tubular free-water reabsorp-
tion decreased progressively from a pre-infu-
sion value of 12.3 to a final value of 3.0
pl/min.

GrLoaERULAR FiutraTioN RaTe axp
L HipPURAN CLEARANCE

Table 8 contains glomerular-filtration-rate
data from experiments 3 and 4, and ¥3tLhip-
puran clearance data from experiment 5. The
glomerular filtration rates of the fluoride-infu-
sion groups, but not those of the control groups.
decreased significantly during the experiments.
By the end of the experiments, glomerular
filtration rates were 80 and 50 per cent of con-
trol values in the F(100) and F(300) groups,
respectively. Data from experiment 3 indi-
cated that F(450) infusion for 3! hours had
essentially no effect on **'I-hippuran clearance.
Although there was a slight reduction over
time, the differences between group means did
not achieve statistical significance.

MICROSCOPIC APPEARANCE OF THE KIDNEY

Experiment 7 included microscopic examina-
tion of kidnev sections from rats which had
received F(0) and F(500) for three hours.
There was no evidence of cellular damage in
any section. However, the glomeruli of the
sections from the F(500) group contained
fewer than half the quantity of erythrocytes

Anesthesiology

. ES
AXND D. R. TAVES v 39, No 4, Oct 1933

found in the glomeruli of the F(0) group.
This was true for both superficial cortic
glomeruli (49.5 3.1 vs. 22.7 = 2.5 SE) an
justamedullary glomeruli (31.3 = 2.2 ¢s. 12.0
1.2). The vessels of the outer medulla of thg
F(300) group, on the other hand, appearedy
hyperemic relative to those of the F(0) groups
In the F(300) group there was also slight, buf
consistent, dilatation of the dxshl tubules 1-&
the cortex and intermediat Jull
zone,

19A|1S"ZBSE,

Discussion

The renal response of the normally llydmletg'
rat to continuously elevated fluoride concenZ
trations is consistent with the hypothesis th.ng
fluoride is r ible for the oxicits
observed in patients after methoxyflurane Anesg
thesia. A three- to fourfold increase in urineZ
flow rate with plasma fuoride concentrationg:
of 200-300 pM has been observed in man ¥ ":37
and the rat. A statistically significant increasés-
(P <0.01) in urine-flow rate of 64 per ceu%‘
occurred in rats when the plasma fluoride cond
centration was only 32 pM. The absence OE
increased solute excretion to accompany ing3
creased urine-flow rate, and the consequents
reduction in urinary osmolality, are also sxmxl.xrg
for man 31 and the rat. The results suggests
a concentrating defect and are in agreementS
with the findings of Frascino in dogs ™ .uu|°°
Mazze ¢t al.*® in rats.

The most striking and consistent effect ufo
fluoride, and the likely cause of the concentrat-b
ing defect, was the reduction of the lnncrA
medullary sodium concentration. The d.lf.lg
from experiments 2 and 6 indicate that -lo
significant reduction occurs when plasma fluo-S
ride concentration is as low as 32 ;O\ g

The mechanism whereby fluoride reduu:cg
the inner medullary sodium concentration can-o
not be precisely determined, but certain pm\-13
sibilities can be excluded. Tllere are five pos-Z
sible hani: 1) i d tubular fluide
flow rate 20-31. 2) delivery of mndequa(em
quantities of sodium to Henle's loops; 3) in-g
hibition of sodium pumping from the ascend-—n
ing limbs of Henle’s loops; 4) increased perme->
ability to water of the ascending limbs of 3.
Henle’s lvops; 3) increased medullary blood’\’
flow.

It is doubtful that the first factor is im-
portant.  Urine-flow rates usually did not ex-

t
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TabLk 8. Time Courses of Glomerutar Filtration Rate and ®I-hippurau g

Clearance (ERPF) (Means = SEM)* 2

=

)

Experiment 3 Experiment 4 Experiment 5 I

GFR (ml/min) GFR (ml/min) ERPF (w!/min) %

o

. F, 100 o F, 500 3 F. 450 g

F.o nandl min F.0 nmol/min Eo amal/min 3

=5

60-90 min 1.31 1.32 174 115 294 281 %
0.07 0.03 0.11 0.10 015 0.34 =

i w

120-150 min 1.34 1.24 1.82 0480 f 237 2.10 ?\})
0.12 0.08 0.10 0.0 : 0.19 0.10 %

@

150-180 min 145 115 1.66 042 211 1.9 §
0.08 0.07 0.08 0.10 0.04 017 o

Q

180-210 min | DE U Lue 1.63 0.85¢ 210§
0.10 i 0.04 11 : 0.09 . 0.17 5

! i H 5

All of the above 140 b a2z 171 0.967 P 2441 228 2
005 | o0 0.05 005 . 009 011 3

; i 2

y N =3

* Infusion of solutions started at zero time. 8
abe: P < 0.05, P < 001, P < 0.001, respectively, compared with F, 0. ‘g
=

ceed 12 pul/min, glomerular filtration rates
tended to be reduced, and net sodium reab-
sorption was not inhibited. Atherton et al.**-**
observed marked changes in medullary solute
concentrations during diuresis in rats, but urine-
flow rates were well in excess of 100 pl/min.
Although a reduction of nearly half in glo-
merular filtration rate (table 8) might diminish
the inner medullary sodium concentration, data
from the other fluoride groups indicate that
this is not the primary mechanism. During
the third half hour of infusion at F(100), the
reduction in glomerular filtration rate was only
7 per cent. In experiment 6, after 70 minutes
of F(100) infusion, the inner medullary so-
dium concentration was definitely reduced.
Moreover, it would be expected that F(30)
would have even less effect on glomerular
filtration rate, but this fluoride-infusion rate
produced a statistically significant reduction
in the inner medullary sodium concentration.
The failure of fluoride to promote increased
sodium excretion suggests that sodium reab-
sorption from the ascending limbs of Henle’s
loops may not have been markedly reduced.
However, inhibition of sodium reabsorption by
the proximal tubule and the loop of Henle
without increased sodium excretion, indicating
increased reabsorption in more distal segments,
has been demonstrated.®**% Thus, decreased
sodium reabsarption cannot be excluded.

The absence of increased sodium excretiong
is noteworthy. Yoshida et al.*> demonstrateds
a 60 per cent in-vitro inhibition of Na-K—%
ATPase in the presence of 0.6 mM fluoride,2
which is one tenth the maximum papillary,&
and less than the maximum cortical, fluoride®
concentration observed here. .\Iarh’nez—.\ln]-tE
donado et al.*® unilaterally infused digoxin, a3
potent inhibitor of Na-K-ATPase, into theJ
renal artery of the dog. A profound, unilateralS
natriuresis and markedly increased osmo].xlcn
clearance resulted. Na-K-ATPase activities m'\)
both the cortex and inner medulla of the«:
digoxin-infused kidney were reduced by half. 0’
However, Walser *° has described certain dl-o
uretics which inhibit Na-K-ATPase in mrmo
but fail to do so in vito, so the apparent dw-o
crepancy between the in-tito and in-vitro ac-3
tions of fluoride is not unique. 1:

It is possible that increased medullary b]ood‘"
flow is the primary event responsible for re3
duced medullary sodium concentration. The%
possible causes of increased medullary blood®
flow are either direct or indirect. A dlrectJ
effect of fluoride on the medullary vasculatureno
is reasonable, since single, large doses of ﬂuo—c
ride cause peripheral dilatation.®s In general, =
renal cortical fluoride concentrations are hlgher,\J
than those of plasma by a factor of 3, while™
the inner medullary factors range from 4 to 7.
Smith =* has summarized data which show the
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concentration of radioactive fluoride in the kid-
ney to be 214 to 4 times higher than that in
skeletal muscle for as long as nine hours after
dosing. Thus, direct vasodilatation localized
in the kidney, especially the inner medulla, is
possible.

A possible indirect mechanism could involve
afferent—efferent shunting throughout the cor-
tex. The effect of fluoride on glomerular
filtration rate and the paucity of glomerular
ervthrocytes suggest afferent arteriolar con-
striction. The lack of a fluoride effect on
hippuran clearance, indicating normal cortical
blood flow rate, and the observation of in-
creased numbers of ervthracytes in the vessels
of the outer medulla suggest afferent—efferent
shunting. Medullary blood flow would be ex-
pected to increase, since the pressure drop
which normally occurs across the glomerular
vascular tuft would be avoided.

Increased permeability to water of the as-
cending limbs of Henle’s loops might explain
such shunting. The resultant delivery of a
more nearly isotonic fluid to the macula densa
may be a critical factor in the control of
glomerular filtration rate, as suggested by the
juxtaglomerular apparatus feedback theory of
renal autoregulation,® possibly by afferent—
efferent shunting of blood. Increased perme-
ability to water of the ascending limbs would
also directly result in a diminished ability to
concentrate sodium in the medulla. If in-
creased permeability to water of the ascending
limb is the basis of the fluoride-induced de-
crease in medullary sodium concentration, then
the Auoride-intoxicated kidney would have dif-
ficulty forming hypotonic urine. Frascino’s
data ** suggest dilution is not markedly af-
fected, but neither blood ner renal fluoride
concentration was reported, so the critical ex-
periments remain to be done. Moreover, a
direct effect of fluoride on the juxtaglomerular
apparatus, resulting in afferent arteriolar con-
striction, cannot be excluded.

The decreases in osmolal clearance for the
fluoride-infusion groups suggest that the de-
cline in urinary osmolality was proportionately
greater than the increases in urine-flow rate.
Fluoride tends to decrease glomerular filtration
rate. This reduction, accompanied by either
no change or an increase in fractional solute
reabsorption (table 6), can explain decreased
osmolal clearances. Concurrent increases in
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urine-flow rate result in decreased tubular
free-water reabsorption. In addition, reduces
medullary interstitial hypertonicity can ag
count, at least in part, for both increasdgd
solute reabsorption and decreased water r&
absorption, the former through a lower trans.
tubular gradient for ion back-diffusion, angl
the latter through the reduction of transtubulg
osmotic gradients. g

The increased water content of the kidnéy
sections of the fluoride-infusion groups can
partly explained by increased distal tubule miﬁ
collecting-duct volumes. An additional f.lcma'
might be increased medullary blood flow,
which case the countercurrent exchanger fungt
tion of the vasa recta would be compromis
and more water would be carried into the
medulla.

After correction of renal-tissue potassiufg
concentrations for increased water content, 2
slight reduction persisted for the ﬂuoride-infg
sion groups. The basis for this effect is uig
known, but it is not peculiar to flouride inf@
sion. Heller ¢t al*' noted a similar result )(Tn
diuretic rats, as did Atherton et al.21: 2= Thug
decreased renal-tissue potassium wncentmhma
appears to be frequently associated with m:
creased urine-flow rate in the rat.

There is a growing body of e.\penmeut%
evidence supporting the hypothesis that fud
ride is the cause of post-methoxyflurane ren
dysfunction. Our preliminary results \nldi
rats,’® Frascino’s results with |y dropen@
dogs,!* the findings of Mazze ¢t al. with raf£
receiving methoxvflurane or fluoride,** and the
current results all point to a ﬂuonde-mduceﬂ
concentrating defect which closely r&sembleﬂi
that seen in post-methoxyflurane p1hents.o
The present experiments have examined ren@
changes associated with plasma fluoride coifg
centrations of clinical importance and lead i@
the conclusion that the basis of the concentral
ing defect is a reduction in medullary solutz
concentration. The suggestion of reduced ml:»
lecting-duct permeability to water as t}‘@
cause %1% does not seem likely. The redug
tion of medullary solute concentration is suffx
cient to account for the functional chungeéi
while decreased collecting-duct permeability &8
water cannot explain the reduction in meduks
lary solute concentration. Further e.\'perimen§
on the mechanism of the renal effects of fluo-
ride should be directed toward changes in in-

Sau
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trarenal hemodynamics, permeability to water,
and sodium transport in the ascending limbs of
Henle’s loops, or altered function of the juxta-
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15. Mazze RI, Cousins MJ, Kosck JC: Dose-re-
lated methoxyflurane nephrotoxicity in rats:
A biochemical and pathologic correlation,
AxesTesioLocy 36:371-387, 1972

glomerular apparatus.
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