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ABSTRACT

The experiments described in this thesis were performed to
obtain quantitative information on the absorption, distribution and
excretion of inhaled hydrogen fluoride. Male Long Evans rats were
subjected to whole body HF exposure for 6 hours or to nose-only HF
exposure for 1 hour. Total (ashed samples)and/or ionic (unashed
samples) fluoride concentrations in lung, plasma, kidney, trachea,
femur, urine and feces were determined at various times following
exposure. Both total and ionic lung, plasma and kidney
concentrations were determined, the difference, referred to as the
AF fraction, being attributed to the presence of a fluoride
specie(é) which did not respond to the fluoride ion sensitive
electrode.

In rats sacrificed 6 hours after whole body exposure to 11-179
mg F/m3 HF dose~dependent increases in lung, plasma and kidney
total and ionic fluoride concentration occurred. Plasma ionic
fluoride ranged from 0.6 ug/ml after exposure to 11 mg F/m3 to
5.7 pyg/ml after exposure to 116 mg F/m3 (control 0.03
ug/ml). In addition, a dose-dependent increase 1n plasma AF
concentration was evident. Plasma AF concentration averaged
7-18% of the plasma total fluoride concentration and was strongly
correlated with the log of the plasma total fluoride
concentration. The source of this AF is unknown. Rats excreted
many times more fluoride in the urine after whole body exposure to
HF than oould be explained by the amount of HF inhaled. The

results of these experiments provide considerable evidence that
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airborne HF deposits on fur and is then ingested due to preening
activity.

Urinary fluoride excretion was increased by nose-only exposure
to 63 mg F/m3 HF. Approximately 90% of the excess fluoride
excreted as a result of exposure was eliminated within 24 hours of
the start of 1 hour exposure, the remainder was excreted the
‘ following day. The urinary fluoride excretion accounted for
approximgtely twice the fluoride estimated to be inhaled during
exposure., The amount of fluoride present on the fur covering the
nose was of sufficient magnitude to account for the difference.

Tissue fluoride concentrations were elevated immediately after
nose-only exposure. Fluoride concentrations in lung and kidney
returned to control levels within 12 hours. Plasma fluoride
concentration was slightly elevated 24 hours after the start of the
1 hour exposure but was at control levels at 96 hours.

Immediately following nose-only exposure lung ionic fluoride
concentrations were less than plasma ionic fluoride concentrations
suggesting that the fluoride in the lung had reached that site via
plasma transport rather than by inhalation. 1In a separate
experiment HF laden air was drawn through the upper respiratory
tract of the rat while room air was respired through an
endotrachael tube. Analysis of the fluoride concentration in air
drawn into and leaving the upper respiratory tract indicated that
greater than 99.9% of airborne HF was removed during passage
through that site. A dose-dependent increase in plasma ionic
fluoride concentration occurred after upper respiratory tract HF

exposuré providing strong evidence that tluoride is absorbed



systemically from that site. The plasma ionic fluoride
concentration after upper respiratory tract exposure was of
sufficient magnitude to account for the plasma fluoride
concentrations observed intact nose-only exposed rats.

In summary, inhaled HF is near completely deposited in the
upper respiratory tract and is absorbed systemically from that
site. Two forms of fluoride are present in the plasma of HF-
exposed rats, one ionic in nature, the other a fluoride specie (s)

which does not respond to the fluoride ion sensitive electrode.
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INTRODUCTION

The presence of hydrogen fluoride in the atmosphere of Venus
(Mueller, 1968) points out the possibility that a fraction of the
HF present in the earth's atmosphere may be derived from natural
sources, Volcanic activity is one such natural source of HF (Smith
and Hodge, 1979). There can be no doubt however, that man has
added significant amounts of HF to his environment.

Hydrogen fluoride is a highly corrosive compound with a boiling
point of 19.5°C and thus can exist in the gaseous 6: liquid state
at temperatures near room temperature. In the gaseous state HF may
polymerize to form compounds up to H6F6, however, as discussed
by Leech (1956), at the temperatures and partial pressures of HF
encountered in the experiments to be described in this thesis
essentially no polymerization occurs. Hydrogen fluoride is
miscible at all concentrations with water; gaseous hydrogen
fluoride fumes in moist air (NIOSH, 1976). In aqueous solution
hydrogen fluoride is a weak acid Ky = 1 x 10"3). Perhaps the
most widely known property of hydrofluoric acid is that it
dissolves glass. Commercially‘hydrofluoric acid is used in giass
etching processes.

The National Institute of Occupational Safety and Health (1976)
estimates that 22,000 workers are potentially exposed to HF in the

United States. Hydrogen fluoride is used in the production of

cryolite in the aluminum industry and in the manufacture of



fluorocarbon compounds. These two uses account for approximately
80% of the 400,000 tons of HF consumed in the United States in 1974
(NIOSH, 1976). Considerable amounts of gaseous fluorides,
principally HF and SiF, are released during the production of
phosphoric acid and phosphate fertilizers. 1In this process dry
phosphate rock, which contains 3.5-4.2% fluoride, is treated with
acid, thereby converting the fluoride to volatile forms. The HF
formed in this process may react with the silica in the rock to
form SiF4 (Rye, 1961). NIOSH (1976) recommends a standard of 2.5
mg/m3 F as HF for up to a 10 hour workday and a 40 hour work week.
Hodge and Smith (1977) have recently reviewed the literature
concerning occupational exposure to fluoride. In the workplace
atmosphere numerous other fluorocompounds, either particulate or
gaseous, are always present with HF. Consequently epidemiologic
studies 'do not discriminate the effects of HF from those of other
fluorocompounds. In general, these studies have revealed no toxic
effects except in the bone following chronic exposure to
atmospheres containing less than 6 mg F/m3. Fluoride accumulates
in the bone and may, if enough of this ion is deposited in this
tissue, lead to crippling fluorosis. This condition is
characterized by osteosclerosis, exostoses of bone and
calcification of ligaments (Hodge and Smith, 1977). Many years of
exposure are required for this condition to develop. In all
epidemioligic studies in which it was measured, urinary fluoride

excretion was increased by occupational exposure to fluoride



containing atmospheres indicating that exposed individuals absorb
significant amounts of flﬁoride. Machle and Evans (1940) reported
no abnormal chest or bone radiographic or hematologic findings in
men exposed to HF and CaF2 in the manufacture of HF. Airborne
fluoride levels were occasionally as high as 21 mg F/m3. Rye
(1961) studied individuals exposed to fluorides involved in a rock
phosphate operation. He did not detect a significant increase in
any particular type of gastrointestinal or respiratory complaint in
egposed workers. Airborne fluoride concentrations were maintained
below 3 mg F/m3. Derryberry, et al. (1963) investigated the

health of 74 men exposed to fluoride gases and duéts in a phosphate
fertilizer manufacturing plant. Airborne fluoride concentrations
were calculated to be less than 4.5 mg F/m3. Clinical

examination revealed no increased incidence of positive physical
findings in the respiratory, gastrointestinal, cardiovascular,
genitourinary or musculoskeletal systems of these fluoride exposed
individuals compared to a control group matched for age, sex and
socioeconomic class. Medical histories revealed an increased
incidence of pneumonia, pleurisy and influenza in the exposed
group. Derryberry, et.al. reported "minimal or questionable
degrees of increased bone density” measured in chest and pelvic
radiographs, but the effects did not correlate with fluoride
exposure as measured by length of employment or urinary fluoride

levels. These authors also reported a slight increase (p<0.10

compared to control) in incidence of albuminuria. Other clinical



studies have not seen this effect. In over 41,000 urine samples
collected from workers in the aluminum industry no correlation
between increased incidence of proteinuria and urinary fluoride was
seen (Dinman, et al., 1976). Though increased bone density was
detected in workers exposed to as much as 6 mg F/m3 in an

aluminum smelter, no increase in gastrointestinal or genitourinary
disease or in chronic obstructive pulmonary disease was detectegd
(Kaltreider, et al., 1972). Diagnosis of chronic obstructive
pulmonary disease was based on chest radiographs and forced vital
capacities.

Slight irritation of the face, nose and eyes was experienced by
men exposed to 1.1 - 3.7 mg F/m3 HF in an investigation of the
urinary fluoride excretion after HF exposure (Largent, 1961). At
26 mg/m3 HF (25 mg F/m3) mild irritation of the eyes, nose and
larger airways is reported (Machle, et al., 1934). At 48 mg F/m3
there is a marked conjuntival and nasal irritation and tickling and
discomfort in the larger airways upon inspiration. A concentration
of 95 mg F/m3 was the highest that would be tolerated by humans'
for 1 minute. At this concentration the effects were similar to
those reported for 48 mg F/m3 HF., Largent (1961) reported
exposure to 420-850 mg F/m3 HF causes extreme pain in the eyes,
nose, mouth, pharyni and the upper chest of humans. This high
concentration also causes watery discharges from the eyes and nose,
coughing, gasping and laryngospasm. Two humans exposed to HF when

a 2 liter bottle of hydrofluoric acid exploded died within 10 hours



of the accident (Greendyke and Hodge, 1964). " In both men severe
pulmonary edema was thought to be the cause of death. Blood
fluoride concentrations at the time of déath were 3 and 4 ug/mi
in these men (normal level less than 0.1 pg/ml).

Inhaled HF is thought to be rapidly absorbed and excreted by
the human. Rye (1961) investigated the urinary fluoride excretion
in humans exposed to atmospheric fluorides at a rock phosphate
plant. The proportions of gaseous and particulate fluoride was not
given. Peak urinary fluoride excretion (fluoride excreted per two
hour collection period) occurred 2-4 hours after the end of
exposure. Urinary fluoride concentration did not return to control
levels until 3 days following the exposure. Collings, et al.
(1951) investigated the fluoride excretion in two subjects exposed
to an industrial environment containing fluoride "principally in
the gaseous state, in the form of HF and SiF4" for 8 hours.
Particulate fluoride constituted less than 5% of the total airborne
fluoride. Peak urinary fluoride excretion (fluoride excreted per 2
hour collection period) occurred 2-4 hours after the end of
exposure. The time weighted average fluoride concentration for the
exposure was 3.3 mg F/m3. Urinary fluoride excretion was
elevated over control levels during the day of the exposure and
during the succeeding day. Of the total excess fluoride excreted
by the two subjects (9.5 mg and 8.6 mg) 8 and 15% was excreted
during the day following exposure. If a ventilation rate of

8 1/min is assumed then it is estimated that each subject inhaled



13 mg fluoride. Largent (1961) studied the fluoride excretion in 5
subjects exposed to HF at concentrations ranging from 1.1 - 3.8
mg F/m3 for 6 hours per day, 5 days per week for a total of 10-50
days. Largent stated that inhalation of HF caused a proﬁpt
increase in the urinary fluoride excretion. In summary, studies on
man have shown that airborne fluorides may be rapdily absorbed when
inhaled as evidenced by a prompt increase in urinary fluoride
excretion. However, in only one study (Largent, 1961l) was HF the
sole source of airborne fluoride. 1In the other studies, the
chemical nature of the airborne fluoride was poorly defined.
Exposure to airborne HF produces repiratory tract irritation and
can cause death presumably due to pulmonary edema, if the exposure
is severe enough. No consistent effect of chronic exposure to low
levels of airborne fluoride is evident in any tissue except bone.
There have been several investigations of the mortality in
animals following exposure to airborne HF. The results of these
studies are summarized in Table 1. 1In these studies mortality was
monitored for 1-4 weeks following exposure but usually occurred
within 24 hours. As can be seen high concentrations compared to
the recommended standard of 2.5 mg F/m3 are necessary to cause
mortality. As the length of exposure increases the LCS50
decreases. Some species differences are also evident, viz. the
mouse appears to be more sensitive to HF than the rat. 1In each of
these studies it was reported that HF induced nasal irritation.

This irritation was shown by mucoid discharge from the nose,



Exposure
time

5 minute

5 minute

15
30
60

60
60

minute
minute
minute
minute

minute
minute

TABLE 1

LC50 OF HF IN SEVERAL SPECIES

LC50
(mg F/m3)

5,000
14,400

4,060
2,200
1,670
1,070

1,100
270

Species

mouse
rat

rat
rat
rat
rat

rat
mouse

Reference

Di Pasquale and Davis (1971)

Rosenholtz, et.al. (1963)

Wohlslagel, et al.(1976)



sneezing, pawing at the nose and/or nasal pathology. Pulmonary
damage was a common finding after these HF exposures. Pulmonary
edema and hemmorrhage occurred in the rabbit and guinea pig
(Machle, et al., 1934), and the rat and mouse (Di Pasquale and
Davis, 1971; Wohlslagel, et al., 1976) after these exposures.
Rosenholtz, et al. (1963) ob;erved mucosal and submucosal necrosis
of the anterior portion of the nasal passages in the rat after
exposure to HF but made no mentioﬁ of pulmonary damage. These
authors also observed proximal tubular necrosis of the kidney in
these exposed rats. Similar renal injury has been reported to
occur in the rat after acute sodium fluoride intoxication (Taylor,
et al., 1961).

Pulmonary and renal injury have been observed in several
species after chronic HF exposure. Machle and Kitzmiller (1935)
exposed rabbits and gquinea pigs to 14.4 mg F/m3 HF, 6-7 hours per
day, 5 days per week for a total of 309 exposure hours (50 exposure
days). Pulmonary damage was evident in some guinea pigs (lung
hemorrhage and atelectasis) and scme rabbits (inflammation of
alveolar walls). Pulmonary edema and/or hemorrhage was present in
the dog, rat and rabbit exposed to 25 mg/m3 HF (24 mg F/m3) 5
hours per day, 6 days per week for a total of 30 exposure days
(Stokinger, 1949). This exposure regimen produced 100% mortality
in the rat and mouse. Renal cortical degeneration was observed in
the kidney of all rats exposed to this regimen. No mortality or
pathologic effects were observed in the same species after exposure

to 7 mg F/m3 HF by a similar regimen (Stokinger, 1949).



In only a few instances has there been an.attempt to measure
the fluoride burdens in animals after the exposure to HF. Smith
and Gardner (1949) measured the blood fluoride concentration in
‘rabbits immediately after 1 to 5 days (6 hours per day) exposure to
29 mg/m3 HF (28 mg F/m3). The blood fluoride concentration
averaged 0.75 ug/ml (control 0.12 pg/ml) and did not appear to
increase with successive day of exposure, however, there was a lot
of scatter in the data. Blood fluoride levels in rabbits
sacrificed from 1-4 days postexposure ranged from 0.18 to 0.48
Ug/ml. Machle and Scott (1935) determined bone fluoride content
in rabbits sacrificed 9-15 months after exposure to varying levels
of HF. The exposures ranged from chronic (1l4.4 mg F/m3 x 309
hours) to acute (1000 mg F/m3 x 1 hour). When the rabbits were
separated into 4 groups using the HF concentration times the length
of exposure (C x T) as a measure of the dose, a'dose—dependent
increase in bone fluoride content was evident. Bone fluoride
content ranged from 3-fold higher than control levels in the lowest
C x T exposed group to 13-fold higher in the highest C x T exposed
group. Femoral fluoride content was measured in rats sacrificed
serially during exposure to 25 mg/m3 HF (24 mg F/m3) 6 hours
per day 6 days per week for a total of 30 exposed days (Stokinger,
1949). The femoral fluoride concentration in exposed rats was at
least 5 times higher than control levels and increased with

increasing time of exposure.
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Skeletal deposition of fluoride has been shown to occur after
intoxication with other fluorocompounds (Smith, 1966). Since HF is
a weak acid complete ionization would be expected at physiologic
pH. Thus, the distribution of fluoride after HF exposure would be
expected to be similar to that after administration of ionic
fluoride. Smith (1966) has reviewed the voluminous literature
concerning the metabolism of fluoride.

Absorption of fluoride after ingestion of soluble fluoride
salts is quite rapid. Wallace-Durbin (1954) reported absorption of
an ingested dose of NaF to be 75% complete in 1 hour and 90%
complete within 9 hours. Peak plasma fluoride concentrations
occurred shortly after ingestion. After ingestion of NaF peak
plasma fluoride concentrations occur within 30 minutes in the
rabbit (Hall, et al., 1976), in 90 minutes or less in the rat (de
Lopez, et al., 1976) and within 1 hour in the human (Hennon,
et al., 1969).

A large fraction, approximately 50%,0f the fluoride absorbed

into the blood stream deposits rapidly in the skeleton. Two

18F injection significant amounts of

minutes after intravenous ﬁa
fluoride were detected by autoradiographic techinques in the
skeleton of the mouse and rat (Ericcson and Ullberg, 1958). 1In
another study (Wallace-Durbin, 1954) 33% and 56% of an intravenous
dose of fluoride (as NaF) was accounted for in the skeleton of the

rat 15 minutes and 1 hour after injection. Savchuck and Armstrong

(1951) reported a retention of 42% of the absorbed fluoride during
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A

a 60 day feediﬁg stu&? in the rat. Over the course of a 20 week
feeding study approximatgly 58% of the absorbed fluoride was found
to be retained by the rat by Wadhwani (1953). Once deposited in the
bone fluoride is removed slowly. 1In rats sacrificed 150 days after
the termination of a 60 day feeding study the fluoride content of
the humeri averaged 85% of that present in that site at the end of
the feeding period (Savchuck and Armstrong, 1951).

Fluoride appears to accumulate only in calcified tissue. Smith,
et al (1960) measured the fluoride concentration in heart, liver,
lung, kidney and spleen obtained at autopsy from human subjects
living in communities with differing amounts of fluoride in their
water supplies. In none of these tissues was there any evidence of
accumulation of fluoride. 1In the rat, the concentration of fluoride
in all soft tissues analyzed except kidney was found to be less than
or equal to the fluoride concentration in plasma at several times up
to 9 hours after intravenous administration of NaF (Carlson, et al.,
1960c; Wallace-Durbin, 1954).

Fluoride is rapidly excreted into the urine. In humans peak
urinary fluoride concentrations occur between 1 and 2 hours after
ingestion of NaF (Zipkin and Leone, 1970; Hennon, et al., 1969).
Wallace-Durbin found 31% of an intravenous dosé of fluoride (as NaF)
to be excreted in the urine within 9 hours. Humans excreted a mean
of 54% of an oral dose of fluoride (as NaF) in 24 hours (Zipkin and

Leone, 1970). By 24 hours after ingestion the urinary fluoride

excretion had returned to control levels in these individuals. A



mean urinary excretion of 47.6% of an ingested fluoride dose
occurred within 24 hours in another study (Hennon, et al., 1969).
Over the course of a 20 week feeding study (2 mg F~ as NaF p.o.
per day) 42% of the administered dose was excreted in the urine by
the rat (Wadhwani, 1953). The recovery of fluoride in this study
was 99%. Very little fluoride was found in the soft tissues of
these animals while large concentrations were present in bone.

In summary, the absorption, distribution and excretion of
fluoride appears to be similar in animals and man. After ingestion
of NaF, fluoride is rapidly absorbed. A large fraction of the
absorbed dose deposits in the skeleton, a site from which it is
slowly removed. The remaining fraction is excreted in the urine.
There appears to be no accumulation of fluoride in soft tissues.
Thus, quantification of the skeletal fluoride deposition and/or
urinary fluoride excretion may provide a good estimate of the
absorbed fluoride dose if it were unknown.

The effects of HF in aniﬁals and man are similar. Exposure to
HF results in the absorption of significant amounts of fluoride in
the body. This has been shown in animals by dose-dependent and
time dependent increases in bone fluoride and in only one study by
elevated plasma fluoride concentrations after exposure. In man
significant elevations in urinary fluoride excretion occur
following exposure to HF. The promptness of the increase in
urinary fluoride excretion suggests that inhaled HF is rapidly

absorbed. Exposure to high levels of HF causes death apparently

12
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due to respiratory insufficiency. 1In all species studied,
including man, pulmonary edema and hemorrhage is a common finding
after HF inhalation. Exposure to HF .leads to renal damage in the
rat; no clear cut effects ¢f HF exposure on renal function have
been demonstrated in man.

The experiments described in this thesis were performed to gain
some quantitative information on the effects of inhaled HF.
Considerable emphasis was placed on the absorption, distribution
and excretion of fluoride as a result of HF exposure. Male Long
Evans rats were used in every experiment. The parameters examined
following each exposure are shown in Table 2. During every
exposure airborne HF levels were determined by a modification of
the N.I.0.S.H. (1976) recommended technique. The effects of HF on
the lung were assessed by lung histology and gravimetric analysis.
The lung wet weight to dry weight ratio is perhaps the most
sensitive measure of lung water content (Staub, 1974). After
quantification of the lung water content following HF exposure it
was hoped to study the pathogenesis of HF-induced pulmonary edema.
However, the exposure regimens used in this investigation did not
produce pulmonary edema in the rat.

Kidney histology, blood urea nitrogen, urine output, urine
specific gravity and urinary protein excretion were monitored to
assess renal damage following HF exposure. The fluoride ion
produces renal toxicity (Taylor, et al., 1961) and has been shown

to induce a diuresis in the rat (Whitford and Taves, 1973).



TABLE 2

EXPERIMENTAL PARAMETERS

I Experimental Conditions

II Effects of Exposure

A.
B.

Pulmonary Effects

Renal Effects

III Fluoride Retention and Excretion

A.

Soft Tissue Fluoride Retention
1. Total and Ionic Fluoride Concentration
2. AF Concentration
a. Characterization of AF
Fluoride Excretion and Skeletal Deposition
1. Urinary F Excretion
a. Ionic Fluoride Content
b. AF Concentration
2. Fecal Fluoride Concentration
3. Femoral Fluoride Concentration

Sources of Fluoride

14
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To investigate the distribution of fluoriae after exposure to
HF the fluoride concentration in the lung (the presumed site of
entry), the plasma (as a measure of the systemic fluoride burden),
the kidney (the site of fluoride excretion) and the femur (as a
representative sample of the skeleton, the site of fluoride
deposition) were measured. Since recent evidence suggests that all
of the fluoride present in plasma is not ionic in nature (Taves,
1968a; Guy, et al., 1976; Ophang and Singer, 1577), both total and
ionic fluoride concentrations were measured in the plasma, lung and
kidney of HF exposed rats. Whole body exposure to HF resulted in
dose~dependent increases in total fluoride concentration, ionic
fluoride concentration and in the concentration of a non-ionic
fluoride component (s) referred to in this thesis as ghe AF
fraction. A few preliminary investigations on the nature of the
AF fraction were also performed.
Fluoride excretion in urine and feces was also measured after
HF exposure. Both ionic and total fluoride concentration in urine
was determined. Total fecal concentration was determined. At the
end of each experiment the fluoride excretion data, the femoral
"fluoride content, and the soft tissue fluoride concentrations were '
compared in an attempt to infer some information on the site of
absorption, the rate of absorption and the sources of absorbed
fluoride in the HF exposed rats.
In addiﬁion to whole body and nose-only HF exposures, several

supportive experiments on the absorption, distribution and



excretion of fluoride were performed. The experiments described in
this thesis are listed in Table 3. 1In the first group of
experiments rats were subjected to whole body exposure to HF or
NaF. After completion of two preliminary range finding experiments
a dose response experiment was performed in which groups of rats
obtained from Blue Spruce Farms suppliers were exposed to one or
another of 6 aifferent concentrations of airborne HF. Due to an
administrative error (not ours) several groups of rats obtained
from Charles River Laboratories were also exposed to HF. In one
exper iment theleffect of increased relative humidity on HF toxicity
(Blue Spruce rats) was examined. A large group of rats was exposed
to HF and sacrificed serially up to 42 days postexposure to
investigate the retention of fluoride after a single exposure. To
obtain baseline data for comparison to HF, rats were exposed to NaF
dust.

The results of the whole body HF and NaF retention experiments
suggested that considerable amounts of fluoride deposit on the fur
during exposure and were then ingested due to preening activity.
Therefore, it was decided to expose rats to HF by a regimen in
which only the nose was in contact with HF atmospheres. These
nose-only exposures were of 1 hour duration. To gain baseline data
rats were subjected to intraveous infusion of fluoride (as NaF) for
1 hour. Then as a preliminary experiment to quantify the response
to nose-only exposure, rats maintained on the normal purina chow

diet were nose-only exposed to HF. This exposure regimen did not
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TABLE 3
EXPERIMENTS PERFORMED

I  Whole Body Exposure
A. Preliminary Experiments
1. 55 mg F/m3
2. 380 mg F/m3
B. Dose-Response Experiment
1. Blue Spruce Rats
2. Charles River Rats
3. Effect of Water Vapor
C. HF Retention Experiment

D. NaF Retention Experiment

IT Nose-Only and Non-inhalation Exposures

A. Intravenous NaF Infusion

B. HF Retention in Normal F Rats

C. Fluoride Depletion Experiment

D. Fluoride Injection

E. Upper Respiratory Tract Exposure
HF Retention in F Depleted Rats

-n
.

17
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greatly increase urinary fluoride concentration over control
levels. It was, therefore, decided to maintain rats on a low
fluoride diet prior to HF exposure. Before this exposure was
undertaken, the rate of fluoride depletion in untreated rats on low
fluoride diet and the fluoride excretion of the fluoride depleted
rat after fluoride injection were investigated. Next an experiment
in which the upper réspiratory tract of the rat was isolated was
performed to determine the fractional deposition of inhaled HF in
this site. 1In the final experiment fluoride depleted rats were
sacrificed at various times after nose~only HF exposure to

investigate the retention of fluoride after this exposure regimen.



METHODS AND MATERIALS

Animal Care and sacrifice procedure

Male Long Evans rats obtained from Blue Spruce Farms
(Altamount, NY) or Charles River Laboratories (Wilmington, MD) were
used in all experiments and at all times were housed and maintained
according to rules promulagated by the American Physiologica;
Society. Rats from Blue Spruce Farms were used unless indicated
otherwise. The rats were maintained on Purina rat chow
(Ralston-Purina, St. Louis, MO; fluoride concentration 25-35
Hg/g) and tap water (fluoride concentration 1 ug/ml). Prior to
some experiments rats were fed low fluoride diet (Teklad Test
Diets, Madison, WI; fluoride concentration 0.7 ug/g) and
distilled water (fluoride concentration less than 0.0l ug/ml).
Those experiments in which rats were fed low F aiet are specified
in the text.

All animals were sacrificed by an intraperitoneal injection of
approximately 100 mg/kg sodium pentobarbital (V. Pento, A.J.Buck
and Son, Cockeysville, MD). Approximately 8 ml of blood for
analysis was removed by cardiac puncture with a heparinized syringe
while the heart was still beating.

The trachea was then cut just below the larynx, and the lung
and trachea removed from the thoracic cavity and trimmed free of
excess tissue. In one rat per sacrifice group following whole body
exposure, the entire lung and trachea were fixed intact in 10%

buffered formalin. These lungs were to be used for investigation
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of the zonal distribution of any pulmonary edema produced by HF
inhalation. 1In all other rats the trachea and major bronchi were
removed at their point of entrance into the lung parenchyma and the
lung was weighed. Approximately one-half of the left lung was
placed in a tared test tube to be dried to constant weight at
60-80°C for determination of lung wet weight to dry weight
ratio. A section taken from the central por;ion of the left lung
was fixed in 10% buffered formalin and later embedded in paraffin,
sectioned at 4 um and stained with hematoxylin and eosin (H and
E) for light microscopic examination. The remaining lung tissue
was homogenized in approximately 3 volumes of double distilled
water in a glass Ten Broeck hocmogenizer using 4 complete strokes.
The homogenate was then transferred to a graduated glass cylinder
with two rinses of double distilled water, the final homogenate
concentratioﬁ being 6-7 parts water to one part lung.

Each kidney was removed, decapsulated and weighed. One kidney
was sliced in half longitudinally, one half being fixed in 10%
buffered formalin and processed for light microscopy in the same
manner as pulmonary tissue. The remaining renal tissue (1-1/2
kidneys) was homogenized in double distilled water by the same
procedure as for the lung. The final tissue concentration of
kidney homogenates was 5-6 parts water to 1 part kidney.

The right femur was removed and scraped free of most excess
tissue with a scalpel. Femurs were stored in a refrigerator until

analyzed for fluoride content. Plasma obtained by centrifugation



of whole blood, trachea and tissue homogenates were stored frozen
in polystyrene test tubes until analyzed for fluoride content.

Metabolic Studies

In several experiments rats were housed in metabolism cages
(Lab Products, Rochelle Park, NJ) after exposure'to hydrogen
fluoride. Urine was collected in cups containing thymol and
mineral oil. At the termination of each collection period rats
were voided manually and the cage funnel and urine cup removed and
immediately replaced with new ones. After removal of feces each
cage funnel below the cages was rinsed with 10 ml double distilled
water to ensure complete collection of urine. Urine volumes were
recorded to the nearest ml and corrected for the rinse water
volume. The urine volumes during short collection periods (7 hour
periods) were determined by weight and specific gravity. Any urine
contained in the bladder upon sacrifice was removed by syringe and
added to the appropriate urine cup.

Urine specific gra&ity was determined with a hand
refractometer (American Optical Model 10400 TS Meter, American
Optical, Buffalo, NY) and corrected for the cage wash volume.
Urinary protein content was determined by the method of Lowry as
modified by Schlatz (1971). The concentrations of thymol present
in urine samples did not interfere with this assay. Another
indicator of kidney function, blood urea nitrogen, was determined

in plasma samples by the method of Chaney and Marbach (1962).
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Exposure Conditions

Male Long Evans rats were exposed to gaseous hydrogen fluoride
in either of several different exposure systems. These systems
included whole-body exposure in a 28 1 glass battery jar inhalation
chamber (pickle jar, Leach,‘1963), a modified pickle jar inhalation
chamber, a 1.8 m3 Rochester Chamber (Leach, et al., 1959), and a
nose only exposure in a specially constructed nose only exposure
chamber. Each exposure system is discussed in greater detail
later. During every exposure airborne HF levels were monitored by
a modification of the N.I.O.S.H. recommended technique (NIOSH,
1976) . Chamber air samples were drawn through two midget impingers
in series at a flow rate of 0.5 1/min for 2 minutes or 0.77 1/min
for 1 minute. Each impinger -contained 10 ml TISAB rather than the
NIOSH recommended 0.1 N NaOH as the trapping agent). An 0.5 ml
aliquot of the first impinger fluid was added to 1.5 ml TISAB and
analyzed for ionic fluoride by the known addition technique to'be
described. Fresh TISAB was placed in the first impinger prior to
'each sample collection. Air samples were drawn at least every 30
minutes during 6 hour exposures and at 10 minute intervals during 1
hour expésure. Less than 0.1% of the fluoride collected in the
first impinger was found in the second impinger indicating the high
collection efficiency of TISAB in‘this air sampling system.

Hydrogen fluoride atmospheres were generéted by two
techniques: the aqueous system and the compressed gas system. The

aqueous system consisted of two teflon bubblers placed in a 50°¢
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water bath through which clean room air was fed. The first bubbler
contained distilled water and served to humidify the air; the
second bubbler contained 24% aqueous analytical grade hydrofluoric
acid (J.T. Baker Chemical, Phillipsburg, NJ). Air flowing from the
second bubbler was combined with diluting air in a mixing flask and
fed into the chamber. Chamber airborne HF concentrations were
controlled by varying the air flow through the bubblers, maximal
flow rates being 4 1/min. For exposure generated by the compressed
gas technique the output of a tank containing 1% HF in nitrogen
(Matheson Gas Products, East Rutherford, NJ) was mixed with clean
room air in %" polyethylene tubing and fed into the chamber.

- Since total and ionic fluoride concentrations were to be
determined in soft tissues of rats exposed to HF, both total and
ionic fluoride concentrations were determined on several air
samples withdrawn from chambers containing HF generated by either
technique. These chamber air samples were collected in double
distilled water. Water is also an efficient collecting agent of
airborne HF. 1In addition, total and ionic fluoride concentrations
were determined on diiuted samples of the hydrofluoric acid
solution used in the bubbler of the aqueous system. As can be
seen, (Table 4) total and ionic fluoride concentrations in air
samples and in bubbler fluid were identical within analytical
error. Total and ionic fluoride concentrations in these samples

were determined by the method to be described for plasma samples.
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TABLE 4

TOTAL AND IONIC AIRBORNE FLUORIDE CONCENTRATIONS

Generating system Airborne F Total F Ionic F-
Concentrationl  concentrationl

(mg F/m3) (ug/ml) (ug/m1)

Compressed gas 88 8.4 9.0

7.6 8.4

9.2 9.0

192 - 18.5 19.0

18.0 19.5

19.0 19.0

Agueous system 83 8.6 9.0

: 8.2 8.2

7.6 7.8

Aqueous system 2.7 2.6

hydrofluoric 2.5 2.6

acid solution? 2.7 2.6

2.6 2.6

Y

1 Fluoride concentration in first impinger collecting fluid after air
sampling.

2 Hydrofluoric acid diluted 1:100,000 prior to analysis



25

Exper imental: Protocols

In the preliminary experiments rats were exposed to HF

generated by the aqueous system for 6 hours in a 28 1 glass battery
jar inhalation chamber (Figure 1). Total flow rates were measured
with rotameters (F.W. Dwyer, Michigan City, IN) Rats were
sacrificed immediately after expoéure, 6 hours after the end of
exposure or 24 hours after the start of exposure.

Because of the difficulties encountered in the generation and
maintenance of HF atmospheres by the aqueous system it was decided

to generate HF atmopsheres in the dose-response experiment by

diluting the output of a tank containing 1% HF in nitrogen
(compressed gas technique). To help control the output of the HF
tank an orifice made by drilling a hole in a teflon disc was placed
in the outlet nozzle of the HF regulator. The orifice was
calibrated by placing the nozzle containing the orifice on a tank
of nitrogen and measuring the gas flow through the nozzle at
several requlator pressures using a dry gas meter. As is shown in
Figure 2, the flow is linearly related to regulator pressure. With
one orifice the flows were excessively high, and, therefore, a
second orifice was added to the system. This was accomplished by
placing a second drilled disc in a polyethylene tube which was then
attached to the nozzle. Flow plotted versus regulator pressure in
the two orifice system, calibrated in the same manner as before, is
also shown in Figure 2. Again, a linear relationship was obtained

between regulator pressure and flow.



FIGURE 1

The 28 liter glass battery jar inhalation chamber (from Leach, 1963).
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FIGURE 2

Gas flow rate versus HF requlator pressure for system containing one

or two orifices.
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The exposure chamber was also modified for the dose response
experiment. Since HF reacts with glass the glass pickle jar was
replaced with a 23 liter plastic cylindrical container (a
Rubbermaid waste basket, Rubbermaid, Wooster OH). In addition all
tygon tubing was replaced with HF resistant polyethylene tubing.
The modified chamber was calibrated for two regulator pressures
with both orifices in the regulator. With no rats in the chamber
airborne F concentrations reached steady state quickly (less than
20 minutes) and the steady state airborne fluoride concentration
was in good agreement with the expected concentration calculated
from the orifice calibration data (Table 5). However, with rats
present in the chamber the time weighted average fluoride
concentration for the exposure was much less than the fluoride
concentration predicted from the orifice calibration data (Table 5).

As in the preliminary experiments, exposures were of 6 hour
duration in the dose-response experiments. 1In both cases timing of
the exposure began Qhen the flow of HF was started. The flow of HF
was terminated after 6 hours, and the rats removed from the chamber
20 minutes later to allow time for chamber HF concentrations to
decrease before opening the chamber door. Total air flow through
the chamber was 28 1/min throughout the 6 hour exposure and 20
minute postexposure period. 'The chamber temperature during these
exposures ranged between 21°% and 27°C.

Control exposures were performed in a 28 1 glass battery jar

inhalation chamber. Flow rates were again 28 1/min. Rats were in



Regulator
pressure
1/ in?

10
15

15
30

15
25
30

TABLE 5

HF REGULATOR PRESSURE AND CHAMBER AIRBORNE
FLUORIDE CONCENTRATIONS

Number of Number of rats Measured
orifices in chamber .airborne F
(mg F/m3)
0 50
0 84
11
27
72
1 6 116
1 6 148
179

29

Expected
airborne F
(mg F/m3)

70
100

. 65
100
170

422
622
723



the control chamber for a total of 6 hours and 20 minutes. Both
control. and HF exposed rats were sacrificed 6 hours after the
termination of exposure (12 hours after the start of exposure) .

In the whole-body HF retention experiment 60 rats were exposed

to HF generated by the compressed gas system for 6 hours in a 1.8
m3 Rochester chamber. Three days later 60 control rats were
exposed to clean roam air in a similar chamber. Both control and
HF chambers were operated at a slightly negative pressure of -0.08"
water; the total air flow through these chambers was approximately
0.5 m3 per minute. Chamber temperature ranged between 24 and

25°C. Animals were housed in pairs in stainless steel wire mesh
cages during exposure and were removed from the chamber immediately
after exposure. Rats were sacrificed in groups of 6 at various
times up to 42 days postexposure. Seven of these control rats were
sacrificed for another purpose, thus the data for only 53 control
rats are reported. Rats were housed individually in metabolism

cages at various times during the postexposure period.

Sodium fluoride (NaF) dust exposures took place in a 28 1

glass battery inhalation jar chamber. A Wright dust feed was used
to generate the NaF atmosphere. Analytical grade NaF was ball

milled for 7 days for reduction of particle size prior to use. By
placing a nozzle on the end of the diluting air line and directing
the resulting airstream across the outlet tube of the Wright dust
feed it was possible to obtain relatively even dust concentrations

throughout the chamber. Of 5 chamber locations analyzed for
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airborne NaF the one having the lowest concentration averaged 80%
of the location having the highest concentration. Air flow rates
were 10 1/min through the diluting air line and 1% 1/min through
the Wright dust feed.

Air samples (0.5 1/min x 2 minutes) were drawn through 0.8
Hm pore size millipore filter for determination of airborne
- fluoride concentrations. The dust collected on each filter was
dissolved in 10 ml double distilled water and analyzed for fluoride
content by the known addition technique. The mean chamber
temperature during the exposure was 25°C. The mass median
aerodynamic diameter of the NaF dust was 2.8 um (0g = 2.2).

A group of ten rats were exposed to this dust for 6 hours and
were removed from the chamber immediately after the exposure. One
group of 5 was sacrificed immediately postexposure, the other 5
were housed individually in metabolism cages during an 8 day
postexposure period,

For intravenous infusion rats were anaesthetized with

approximately 70 mg/kg sodium pentobarbital i.p. and operated on
under clean but not sterile conditions. An incision was made on
the ventral side of the neck, the left jugular vein was isolated
and approximately 4 cm of PE 10 tubing (Clay Adams, Parisippany,
NJ) was inserted into the vein and tied in place with surgical
thread. Control and fluoride treated rats weré infused
continuously at a rate of 1.08 ml per hour with a B Braun
Apparatebau (Melsungen, W. Ger.) infusion pump for 1 hour. Control

rats were infused with 154 mM NaCl (less than 0.005 ugF /ml),
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treated rats with 32 mM NaF in 122 mM NaCl (600 ugfF /ml).

Control and fluoride infused rats were sacrificed immediately or 6
hours after the end of infusion. Rats were housed individually in
metabolic cages during the postexposure period.

A nose-only exposure unit was constructed from the modified
pickle jar chamber and five plastic baby bottles. A diagram of
this unit is contained in the schematic drawing of the upper
respiratory tract exposure system (Figure 3). The bottles
consisted of a plastic cylindrical container (the actual bottle), a
plastic screw cap with a. circular hole in it and a removable
nipple. Thus the bottle could hold a rat in place while his nose
protruded through the circular hole in the cap. Because the
chamber wall was unavoidably cracked the 23 liter plastic chamber
was placed in a polyethylene bag to prevent air leakage into or out
of the chamber. Five caps were securely mounted over holes carved
through the plastic bag and the chamber wall. The nipples were
trimmed so that all that remained was an O ring which was then
placed through the holes in the caps and served as a gasket to
improve the seal around the rat's nose. The bottles could be
easily mounted or removed from the chamber by screwing or
unscrewing them from the mounted caps. Since the rats were to be
anaesthetized and could thus offer no resistance the entire bottle
was not necessary to hold them in place. Therefore, most of the
plastic bottle was carved away from its threaded neck until all
that remained was a horizontal platform to support each rat. For
exposure anaesthetized rats were placed in a proﬁe position with

their noses fit snugly into the nipple gaskets. The expusure



chamber was run at slightly negative pressﬁre.to prevent leakage of
HF out onto the fur. Approximately 3 cm2 of the fur around the
nose was in contact with the HF atmosphere which the rats were
inhaling.

Initially the negative pressure in the chamber during exposure
was monitored with a U tube containing water. However, it was
noticed that at negative pressures of 1/16" water or less the
plastic bag would be sucked firmly against the wall of the
chamber. 1If the negative pressure was lost (by movement of a rat
or removal of a stopper) the plastic bag expanded. Therefore,
pressure in the chamber was monitored simply by observing the
plastic bag. Negative presgu:e in the chamber was generated by
connecting the outlet tube of the chamber to a water aspirator.
Exposures were run at pressures just negative enough to cause the
bag to cantréct around the chamber wall (approximately 1/16" water).

Total air flow rate through the chamber was 9.5-10 1/min.
Chamber relative humidity was measured prior to each exposure with
an Envirommental Tecktonics (Southhampton, PA) Model CP-147
psychrometer. 1Initial studies had indicated that chamber relative
humidity did not vary during the day. Internal chamber temperature
ranged between 22 and 25°C. A 250 watt infrared heat lamp
directed on the animals was used to keep the anaesthetized rats
warm.

In the normal F diet HF retention experiment anaesthetized (70

mg/kg pentobarbital, i.p.) male Long Evans rats were exposed to HF

generated by the compressed gas technique in the nose-only unit
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for 1 hour and sacrificed 96 hours after the étart of exposure.
Control rats were exposed to room air in a similar unit. Rats were
housed individually in metabolism cages during the postexposure
period. Excreta were collected during the 0-7, 7-24, 24-48, 48-72
and 72-96 hour experimental period. Timing of the experiment began
at the start of exposure.

Sixteen rats were housed individually in metabolism cages

during the fluoride depletion experiment. These rats were fed

normal F diet and tap water for three days. Then, at the start of
day 0, 4 rats were sacrificed and the remaining twelve were placed
on low F diet and distilled water. Four rats was sacrificed after
6 days on this low F regimen. At the start of the 12th day 5 rats
were instilled intratracheally with 200 ugF. For this procedure
an incision was made on the ventral side of the neck, and the
trachea isolated in anaesthetized (70 mg/kg pentobarbital, i.p.)
male rats. The needle of a syringe containing 0.20 ml of 1.0
mgF /ml (as NaF) solution was inserted in the trachea near the
larynx, pushed to a level near the bifurcation, and the contained
fluid injected during the inspiratory phase of the rat's
respiratory cycle. Three control rats were sham operated, the
needle being inserted into the trachea but no fluid instilled.
Treated rats were sacrificed 96 hours after injection (or sham
operation). Timed excreta samples were collected during this 4 day
postexposure period.

Timed excreta samples were also collected for 4 days after

intraperitoneal fluoride injection. Two groups of fluoride
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depleted rats (injected at the beginning of the twelfth day of

fluoride depletion) and one group of normal F rats were injected
i.p. with 0.2 ml of 1.0 mgF/mlL as NaF solution (200 ugF) and
housed individually in metabolism cages for this experiment.

The purpose of the upper respiratory tract study was to expose

only the upper respiratory tract of rats to HF. This was
accomplished by inserting two endotracheal tubes made of PE 205
tubing (Clay Adams, Parsippany, NJ) into the trachea of each rat:
one leading towards the lung, the other towards the mouth, and then
placing the animals' head inside the HF chamber using the holder of
the nose-only assembly. Thus, the rat inspired clean room air
through the endotracheal tube leading towards the lung while HF
laden air was drawn through the uppér respiratory tract by a pump.
A schematic of this exposure system is shown in Figure 3.

For this experiment rats were anaesthetized with 70 mg/kg
sodium pentobarbital (i.p.). After isolation the trachea was cut
approximately 3 mm below the larynx. The endotracheal tube leading
towards the lung was insefted to a depth of approximately 2 cm. The
endotracheal tube leading towards the mouth was inserted until its
tip was just cephalad of the larynx. Both endotracheal tubes were
tied in place with surgical thread. After completion of the
surgical procedure the rat's nose and mouth were placed in the HF
nose-only chamber. The nipple had to be removed from the bottle
cap to accommodate the rat's head to this extent. .The endotracheal
tube leading towards the mouth was attached to a HF air sampler
consisting of two midget impingers and a vacuum pump. The dead

space between the rat's trachea and the first midget



FIGURE 3

Schematic diagram of upper respiratory tract exposure system.
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impinger was less than 1 cm3. Exposure began'when the wvacuum

pump was turned on.

Several precautions were taken to ensure no HF would be
inspired into the lungs of these rats. As is shown in Figure 3.
the endotracheal tube leading to the lung through which the rat
respired spontaneously was p;aced over the rim of the baby bottle
cap, as far away as possible from the opening into the HF chamber.
The chamber was run at negative pressure, which was monitored
continuously, to ensure that no HF leaked out. In addition, the
entire exposure unit was operated in a hood with clean room air
continuously drawn over the rats.during exposure.

Evidence that all of the air flow drawn into the air sampler
actually passed through the nose, as opposed to the mouth, was
obtained indirectly. When the head of a surgically prepared rat
was placed under water and air was blown through the endotracheal
tube, bubbles formed only at the external nares. Similarly, with
only the nares under water and a vacuum pulled on the endotracheal
tube, water is sucked up into the tube. If water is forced into
the endotracheal tube and slight pressure is placed on the mouth,
the water flows out of the nares only. This procedure was used to
rinse the upper respiratory tract. Presumably the rat's tongue or
epiglottis forms a seal which prevents air or water flow through
the mouth. To be absolutely sure that only HF laden air was drawn
into the endotracheal tube both the rat's head and mouth were
placed inside the HF chamber. The fit around the head was tight

enough to provide pressure on the lower jaw.
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Rats were exposed to HF in a supine posifion and sacrificed
immediately after exposure. Blood was drawn by cardiac puncture.
The upper respiratory tract was rinsed once by gently forcing 4 ml
of double distilled water into the endotracheal tube leading
towards the mouth. Generally 3 ml or more of water was collected
fram the external nares. HF atmospheres were generated by the
compressed gas technique. Fluoride concentrations were determined
in both chamber air samples and air samples which were drawn
through the upper respiratory tract.

All rats in the fluoride depleted HF retention experiment were

sacrificed during their 15th day on the low fluoride dietary
regimen. Groups of rats were sacrificed at 1 hour, 7, 12, 24, and
96 hours after the start of the 1 hour nose-only exposure to HF.
All rats were housed individually in metabolism cages fram the end
of exposure to the time of sacrifice. Timed excreta samples were
collected during the postexposure period. No rat urinated or
defecated during exposure. HF was generated by the compressed gas
technique. The sacrifice technique included several new
procedures. In some rats, after removal of blood the fur around
the nose was wiped with a damp 2x2" cotton gauze. This gauze was
then placed in 9 ml of double distilled water for at least 24 hours
in a refrigerator. An aliquot of this extract was then analyzed
for fluoride content by the procedure used for plasma. Recovery of
fluoride standards by this technique averaged 110%. The fur around
the nose was wiped twice with two gauzes to determine if successive

wipes removed less fluoride. After wiping, an endotracheal tube



was inserted in the trachea to a level abﬁve the larynx. Three
consecutive washes of the upper respiratory tract with 4 ml each of
double distilled water were'performed as previously described. If
the esophagus had been inadvertently cut it was important to clamp
it shut before performing this procedure. The pelt covering the
nose, from the external nares to a plane through the posterior end
of the mouth, was removed and homogenized in 30 ml of double
distilled water in é Waring blender. The area of the pelt was
approximately 7 cm2 and accounted for more area of the fur than

was actually in contact with the HF atmosphere. The entire
sacrifice procedure consisting of the procedures described above
and organ removal and hocmogenization was not performed on every rat
because it extended the sacrifice time for each animal. The exact
sacrifice protocol for each rat is enumerated in the results

section.

Statistics

The mean and standard error of the mean (S.E.M.) for each
group of data were calculated. Groups were compared with the
students t-test (Dixon and Massey, 1969). A p value less than 0.05
was required for significénce. Linear regressions were performed by
least squares technique. A non-parametric test, the sign test, was
used to assess the significance of AF levels in soft tissues of

control and exposed rats.
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Fluoride Analysis

Fluoride concentrations in air and tissue samples were
determined with the fluoride ion sensitive electrode (Frant and
Ross, 1966). For this purpose the analytical method of Cowell
(L975) was modified to include the known addition technique as
described by Hall, et al. (1972). Samples were ashed prior to
analysis for determination of total fluoride concentration; ionic
fluoride concentration was determined on unashed samples.

The fluoride ion sensitive electrode consists of a membrane
permeable only to fluoride and hydroxide ion, and a reference
electrode. Different fluoride concentrations in samples result in
different potential differences between the fluoride and reference
electrodes. The measured potential is related to fluoride
concentration as described by the Nernst equation. This equation
predicts that fluoride ion activity (linearly related to
concentration at constant ionic strength) is logarithmically
related to potential with a slope of -59.0 millivolts per decade
change in fluoride activity.

Digital pH/millivolt meters (Orion Reseach, model 701 and_
710A, Cambridge, MA), were used to measure electrode potential.
With the use of two Orion model 605 electrode switches twelve
fluoride ion sensitive electrodes (Orion Research, model 96-09)
could be used at once.

For analysics, samples were allowed to equilibrate on the
electrodes for at least 30 miﬁutes or until the millivolt reading

changed 0.2 millivolts or less over a 5 minute period prior to
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recording of potential. A known amount of fluoride standard
solution was then added to each sample. This known addition, of
0.025 ml volume, contained 2-3 times the amount of fluoride
originally present in the sample. After the samples had
reequilibrated on the electrodes the new potential was recorded.
The difference between potentiél readings caused by the known
addition (AE) was then used to calculate the fluoride content
originally present in the sample by the formula:
fluoride content (ug) = known addition (ug) IOAE/59 - 1.
This formula is derived from the Nernst equation.

Standard curves were prepared with samples containing 1.0 ml
total ionic strength adjusting buffer (TISAB, Orion Research) and
1.0 ml of fluoride standard of concentration 0.010 - 10.0
ugfF /ml (as NaF). Total ionic strength adjusting buffer
provides a constant high background ionic strength and maintains
the sample pH between 5 and 7 to minimize hydroxide ion
interference. A total of 9 different concentrations were used for
each standard curve. If the standard curve was not linear
(correlation coefficients for linear standard curves exceeded
0.995) or if the slope deviated from the theoretical slope, the
electrode was replaced. Typically, the slopes of the standard
curves for the twelve electrodeé would average -58.7 millivolts per
decade with a standard deviation of 0.3 millivolts per decade. 1In
addition to being used as check for proper electrode function, the
standard curves were used to estimate the amount of fluoride

originally present in each sample. This estimate was then used to



determine the appropriate fluoride standard solution for the known
addition. The analytical blank was measured &aily and averaged
0.007 ug. The limit of detection of this fluoride method is
approximately 0.005 ug.

The ionic fluoride concentration in soft tissues was measured
by the same procedure as for fluoride standards. An aliquot of
. plasma or homogenate was added to 1.0 ml TISAB. The total volume of
each solution to be analyzed was maintained at 2.0 ml by addition
of double distilled water if less than 1.0 ml of tissue sample was
used. For plasma, untreated sample was added to TISAB for analysis
of ionic fluoride concentration. Since the addition of whole
homogenates to TISAB resulted in the formation of a gel,
homogenates were centrifuged at 600g for 10 minutes and an aliquot
of the supernatant added to 1.0 ml TISAB. In a few test samples
fluoride concentration of the supernatant averaged 102% of that in
the whole hamogenate (standard deviation of 2%). In addition, no
more fluoride could be rinsed out of the 600g pellet than could be
explained on the basis of the volume of the pellet in relation to
the initial volume of the whole homogenate, suggesting that
fluoride was not sequestered in the pellet. Recovery of 0.016-5.0
Hg of added fluoride (as NaF) from tissue homogenates or plasma
averaged 104 + 4.3% (mean + std. dev.) for a total of 19 samples.
For these analytical checks fluoride was added to the whole
homogenate and the 600g supernatant analyzed for fluoride; fluoride
was added directly to plasma samples. Recoveries were similar in

all tissues and for all amounts of added fluoride.
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Urine samples were acidified prior to determination of
fluoride. To 9 parts urine (by volume), 1 part 30% HClO4 was
added, the solutions mixed and then centrifuged. To 2.0 ml TISAB,
0.050 or 0.100 ml of the acidified urine supernatant was added, and
the ionic fluoride concentration then determined with the fluoride
ion sensitive electrode by the knbwn addition technique. The
recovery of ionic fluoride added to urine cups containing mineral
0il and thymol and analyzed by the urinary flupride technique was
100 + 3 % (mean + std. dev.).

FPor determination of total fluoride concentration in all
tissues, samples were ashed in platinum crucibles, the ash
dissolved in acid and then analyzed for ionic fluoride content.
Ashing and then dissolution in acid is assumed to convert all
organic and inorganic fluoride to ionic fluoride. Soft tissue,
fecal, food, pelt and femoral ash were all dissolved in 0.5 N
HC10,. A 0.5 ml aliquot of this acid dissolved ash was added to
1.5 ml TISAB. This solution was pH adjusted by addition of 0.050
ml 25.5% KOH and then analyzed for fluoride content by the known
addition technique.

Soft tissues (lung, plasma and kidney) and urine were burned
to ashes in platinum crucibles at 575°C overnight using 10.0
(9.90-10.0) mg Ca0 as a fixative. Recovery of 0.5 - 10.0 ug
added fluoride (as NaF) from lung, kidney, plasma and urine
averaged 95 + 11.5% (26) [mean + std. dev. (n)] . Recovery was
similar at all levels of added fluoride and in all tissues. No

more than 3.0 ml of homogenate or plasma or 1.U ml of urine were

.
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ashed at one time. If samples were expected té contain large
amounts of fluoride (ionic fluoride content was determined prior to
ashing), less than 3 ml was ashed in an attempt to keep the amount
of fluoride to less than 5 ug per crucible during the ashing
procedure. No value reported in this thesis for total F analyzed
in this manner was obtained from an aliquot containing more than 10
ug of fluoride, i.e. sufficient fixative was always present. The
ashing blank with 10 mg Ca0 ranged between 0.3 and 0.6 ug F.

Tracheas were ashed at 575°C overnight using 100. mg Ca0 as
fixative and dissolved in 10. ml 0.5 N HCIO, and analyzed for
fluoride as described. Recoveries of fluoride (as NaF) by the
technique averaged 100% with a standard deviation of 9.6% (n=9).
The ashing blank using 100 mg CaO averaged 2.5 ug F.

Total fluoride content was determined in feces, food and pelt
homogenates by a slightly different technique. Fecal samples were
dried for at least 24 hours in a 60-80°C oven prior to analysis.
Dried fecal samples (approximately 1 g in mass), food samples
(approximately 1 g) and pelt homogenates were ashed at 575°C
overnight using 400 mg Ca0 as a fixative. These ashes were then
dissolved in 100 ml of 0.5 N HClO4 and analyzed for fluoride as
previously described. This ashing method is the standard method
used by Smith and Gardner (personal communication). The blank for
this method averaged 10 ug F. Recovery of 20-100 ug added
fluoride (as NaF) from feces by this method was 104 + 5.2% (mean +

std. dev.).



Femoral fluoride is already fixed as fluoroapatite. Femurs
were ashed overnight at 575°C with no fixative, dissolved in 100
ml 0.5 N HC1O, and the fluoride concentration measured as
previously described.

The precision of the ionic and total fluoride techniques vary
for each tissue because differing amounts of tissue were used in
each procedure and differing analytical blanks were involved with
each procedure. Because fluoride is so ubiquitous every step in
the preparation and analysis of tissue adds more fluoride to each
sample. Thus there is no true limit of detection for each method
because the limit of detection for the electrodes themselves is
smaller than the amount of fluoride picked up by each sample during
preparation. It is therefore, crucial that appropriate blank
corrections be deéermined for each preparation and analytical
technique.

The ionic fluoride concentration in lung and kidney is
reported to.the nearest 0.01 ug/g and could be determined to +
0.04 yg/g. The ionic fluoride concentration in plasma is
reported to the nearest 0.001 ug/ml and could be detemined to #+
0.002 pg/ml. The ionic fluoride concentration in urine is
reported to the nearest 0.0l ug/ml and could be determined to
+ 0.04 yg/ml. The coefficient of variation for these ionic
fluoride methods is 4.3%.

The coefficient of variation of the total fluoride method
using 10, mg CaO is 11.5%. Total fluoride concentration in lung

and kidney is reported to the nearest 0.1 ug/g and could be
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determined to + 0.3 ug/g. Total plasma fluoride concentration is
reported to the nearest 0.01 ug/ml and could be determined to +
0.04 ug/ml. Total urine fluoride is reported to the nearest
0.lug/mi and could be determined to + 0.1 u/ml.

The total fluoride concentration in trachea is reported to the
nearest 1. Ug/g and could be determined to +1. Ug/g. The total
fluoride concentration in food and feces is reported to the nearest
0.1 ug/g and could be determined to + 0.8 ug/g. Total fluoride
content in the femur is reported to the nearest 1. ug and could
be determined to + 1. ug.

In soft tissues total fluoride concentrations consistently
exceeded ionic fluoride concentration. This was considered to be
due to a fluoride component which did not respond to the fluoride
ion sensitive electrode. This fraction was termed.the AF
fraction. The concentration of fluoride in this fraction was
calculated by subtracting the ionic fluoride concentration in each
tissue sample from the total fluoride concentration in that
sample. Since there is analytical error involved in both the ionic
and total fluoride techniques the value obtained for the AF
concentration is necessarily imprecise. The coefficient of
variation for the determination of AF concentration can be
estimated to be 12.3% (4.3%2 + 11.52)1/2. Because of this
large coefficient of variation it would be expected that both
positive and negative AF concentrations would be obtained. For
example, if total fluoride concentration equalled ionic fluoride

concentration, in 5% of the groups of tissues analyzed total
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fluoride concentration would be expected to a&erage 24.6% (2 times
the relative standard deviation of 12.3%) less than the ionic
fluoride concentration. However, if the detection of AF were due
only to random analytical error an equal number of positive and
negative AF concentrations would be expected. Therefore, the
significance of the occurrence of AF fraction in tissue from each
experiment was assessed by tabulation of the number of positive and

negative AF concentrations obtained.

AF Characterization

Lung and Kidney homogenates of rats sacrificed 22 hours after

exposure to 380 mg F/m3 were subjected to acid or base treatment

to determine if such treatment would convert the fluoride in the
AF fraction to a form responsive to the fluoride ion sensitive
electrode. For acid treatment 0.200 ml of 30% trichloracetic acid
was added to 1.0 ml of whole homogenate, mixed and centrifuged at
600 g for 10 minutes. Ionic fluoride concentration was determined
on a 0.100 ml aliquot of the supernatant. The analytical blank for
this procedure averaged 0.0l ug. Base treatment consisted of
digestion in potassium hydroxide. A 0.200 ml aliquot of whole
homogenate was added to 1.0 ml 25.5% KOH and heated in a boiling
water bath for 30 minutes. An 0.8 ml aliquot of the digest was
added to 1.2 ml TISAB and the fluoride concentration determined
with the fluoride ion sensitive electrode. Solutions of sodium
monofluoroacetate, sodium monofluoroproprionate and trifluoroacetic

acid were treated similarily. The blank for the digestion
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procedure averaged 0.180 * 0.020 ug F (mean * std. dev.).

The remaining kidney homogenates from this group of animals
were pooled and subjected to dialysis. Ten ml of kidney homogenate
pool was placed in 4.8 um pore diameter seamless dialyzer tubing
(Fisher Scientific, Pittsburgh, PA) and dialyzed against double
distilled water for 24 hours. The water was changed 3 times during
this period. Total and ionic fluoride concentrations were
determined by the standard techniques.

Plasma obtained from rats sacrificed 6 hours after a 6 hour

exposure to 84 mg F/m3 were separated into ionizable and

non-ionizable fluoride fractions by the calcium phosphate
adsorgtion technique of Venkateswarlu, et al. (1971). 1.0 ml of
plasma plus 2.0 ml of double distiiled water were added to 10.0 mg
crystalline calcium phosphate and incubated at 38° ¢ for 1 hour

in a shaking water bath. After centrifugation at 600 g for 20
minutes the supernatant was decanted of the calcium phosphate
pellet. A volume of approximately 2.6 ml was removed by the
decanting procedure. After the calcium phosphate pellet had

completely dissolved in 0.5 ml 0.5 N HClO 2.0 ml 0.5 M sodium

4’
citrate was added. Ionic fluoride concentration was determined on
0.5 ml aliquots of the dissolved calcium phosphate layer and the
supernant layer. Total fluoride concentration was determined on
1.5-2.0 ml of each layer by the method described for plasma.

The remaining untreated plasma samples from this group of

animals (84 mg F/m3 HF exposed) were pooled and subjected to

Sephadex G-25 gel chromatography. This procedure separates
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molecules on the basis of their molecular radius. Gel
chromatography was performed at 25° ¢ by the same procedure as
described by Thomas (1977). Two ml of plasma was layered on top of
a 33 cm x 1.6 cm Sephadex G-25 column and eluted with 28.2 ml per
hour 0.05 ammonium acetate (pH 7.0) for 4 hours. Elution samples,
each of 2.8 ml volume were collected every 6 minutes. The ionic
and total fluoride content of each sample was determined by the
method described for plasma. Dextran Blue 2000 (Sigma Chemical,

St. Louis, MO) was used for determination of void volume.



RESULTS AND COMMENTS
I. Whole Body Exposures

A, Preliminary Experiments

The preliminary experimenté consisted of two range finding
exposures to HF. These exposures were performed to gain
information on the levels of airborne HF which could be generated
and maintained by the aqueous system, the systemic fluoride burden
of HF exposed animals and the toxic effects on lung and kidney
resulting from HF exposure. Since the acute toxicity of HF was of
interest animals were subjected to a single exposure. For reasons
of safety it was decided to expose the animals to HF for as long as
practical to minimize the airborne concentrations of HF necessary
to produce toxic effects, rather than to use very high
concentrations even for only brief periods. To this end a 6 hoqr
exposure period was decided upon. Animals were sacrificed at
various times up to 24 hours after the start of exposure to
investigate any delayed effects.

In the first exposure 15 male Long Evans rats obtained from
Blue Spruce Farms were exposed to HF for 6 hours in a 28 liter
glass battery jar inhalation chamber and sacrificed immediately (20
minutes to 1 hour) 6 hours or 18 hours after the exposure. Because no
specific airborne F concentration was intended for this exposure,
it was decided to use a flow rate of 4 liters/min through the
bubbler and then determine the resulting HF levels. Airborne
fluoride concentrations measured at various times during the

exposure arc shown in Figurc 4. The generator was shut down 3

60



FIGURE 4

Measured airborne fluoride concentrations versus exposure time for the

55 mg F/m3 HF exposure.
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minutes for repairs from time 38-41 minutes. The time weighted
average fluoride concentration for the exposure was 55 mg F/m3.
Rats were fasted during the postexposure period but had access
to water. Control animals were sacrificed after a 24 hour fast and
were not chamber exposed. No mortality occurred and no gx:oss
pathologic alterations were seen in any animal, control or exposed.

The renal and pulmonary effects of this exposure are given in
Table 6. The kidney weight to body weight ratio increased with
time after the exposure suggesting some effect of HF exposure on
the organ. 1In animals sacrificed 18 hours postexposure this ratio
was significantly higher than in control animals. The lung weight
to body weight ratio was not significantly different from control
levels at any sacrifice time. However, the lung wet weight to dry
weight ratio was significantly elevated in animals sacrificed
immediately or 6 hours postexpésure. The lungs of animals
sacrificed 6 hours postexposure contained an average of 14% more
water than did control lungs. The lung wet weight to dry weight
ratio in rats sacrificed 18 hours postexposure was not different
from control levels.

The measured fluoride concentrations in soft tissues of rats
af@er exposure to 55 mg F/m3 HF are given in Table 7. Total and
ionic fluoride concentrations were significantly hicher than
control levels at all 3 sacrifice times. 1In lung and kidney total
fluoride concentration did not change with time after exposure
while the plasma total fluoride concentration increased

significantly during the postexposure period. Ionic fluoride



TABLE 6

PULMONARY AND RENAL EFFECTS OF EXPOSURE

TO 55 mgF/m3 HF FOR 6 HOURSL

Sacrifice Time Body Wt.
(hours postexposure) (g)
Immediately 269
(<1 hour) 6
(5)
6 hour 263
5
(5)
18 hour 245
9
(5)
Control 250
5

generated by aqueous system
a p<0.05 compared to control

b p<0.01 compared to control

Lung
Wet Wt.
Dry Wt.

4.87b
.04

Values expressed as mean, S.E.M., (number
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Lung Wt. Kidney
Body Wt. Body Wt.
(g/kg) (g/kg)
4.73 7.46b
.27 .20
(5) (5)
5.06 8.14
.23 .31
(4) (5)
5.20 8.49a
.67 .18
(4) (5)
5.18 7.68
.30 .23
(5) (5)

of animals per group).

HF
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TABLE 7

’/

MEASURED FLUORIDE CONCENTRATIONS IN SOFT TISSUES OF
RATS EXPOSED TO 55 mg F/m3 HF FOR 6 HOURS!

Sacrifice time Lun§ Plasma Kidney
(hours post- (ug/g (ng/ml) (ug/g)

exposure) Total Ionic Total Ionic Total Ionic

Immediately 6.9 5.26 3.4 2.41 6.1 5.08

(<1 hour) .7 .61 .8 .53 1.1 77

(5) (5) (5) (5) (5) (5)

6 hour 6.6 3.46 5.7 1.39 6.0 3.10

.5 .27 .6 .20 1.1 .33

(5) (5) (5) (5) (5) (5)

18 hour 7.0 3.05 7.2 1.74 8.0 3.84

.5 .21 1.7 .41 2.0 .70

(5) (5) (5) (5) (5) (5)

Control 1.1 0.10 .15 .028 0.4 0.06

1 .02 .001 .1 .01

(5) (5) (2) (5) (5) (5)

1 Values expressed as mean, S.E.M., (number of animals per
group). HF generated by aqueous system.
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concentrations in all three tissues appeared.to decrease with time
after exposure. 1In controlAand exposed rats ionic fluoride did not
account for all the fluoride present in these three soft tissues.
The AF concentrations (the difference between total F and
ionic F7) in soft tissues after this exposure to HF are given in
Table 8. The total fluoride concentration in each tissue is given
for comparison. In lung, plasma and kidney of all exposed rats
AF concentration was significantly higher than control levels.
In addition the AF concentration in all three tissues increased
with time after the exposure. In animals sacrificed 18 hours
postexposure AF acpounted for 56% of the total fluoride present
in lung, 51% of the total fluoride present in kidney and 78% of the
total fluoride present in plasma.
In the second experiment 12 rats (male Long Evans) were exposed
to 380 mg F/m3 for 2 hours and sacrificed at intervals up to 22
hours postexposure. The purpose of this experiment was to expose
the rats to as high a concentration as feasible with the aqueous
system generation technique. The animals used in this experiment
had been exposed to 8.3 mg F/m3 HF for 75 minutes nine days
previously. That earlier exposure had been terminated because of
problems with the generator. It is recognized that the previous
exposure might have affected their response to HF. To maximize the
airborne HF levels 49% hydrofluoric acid was placed in the aqueous
system bubbler and the water bath temperature was raised to
60°C. The measured airborne fluoride concentrations at various

times during the axposure are ahewn in Figure 5. The exposure was



TABLE 8

AF CONCENTRATIONS IN SOFT TISSUES
EXPOSED TO 55 mg F/m3 HF FOR 6 HOURS!

Sacrifice time Lung PTasma | Kidney
(hours post- (ng/g) (ug/q) (ug/q)
exposure) Total AF Total AF Total AF
Immediately 6.9 1.7 3.4 1.1 6.1 1.6
(<1 hour) .7 .2 .8 4 1.1 4
(5) (5) (5) (5) (5) (5)
6 hour 6.6 3.2 5.7 4,2 6.0 2.9
.5 .3 0.6. 4 1.1 .9
(5) (5) (4) (4 (5) (5)
18 hour 7.0 3.9 7.2 5.5 8.0 4.1
.5 .5 1.7 1.4 2.0 1.3
(5) (5) (5) (5) (5) (5)
Control 1.1 1.0 .15 .12 0.4 0.3
‘ .1 1 : .1 .1
(8) (5) (2  (2) (5) (5)

1 Values expressed as mean, S.E.M., (number of animals per
group). HF generated by aqueous system.



FIGURE 5

Measured airborne fluoride concentration versus exposure time for the

380 mg F/m3 HF exposure.
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terminated after two hours because the HF deétroyed the tygon
tubing connecting the generator to the chamber. 1In addition, the
generator twice had to be shut down for repairs during the
exposure. Again, animals had access to water but not food during
the postexposure period. Control animals were not chamber exposed
and were sacrificed after a 24 hour fast.

Several signs of irritation and toxicity were noticed in
animals during exposure to this concentration of HF. These signs
included watering of the eyes, pawing at the nose, discharge of
fluid from the external nares and abnormal breathing patterns
characterized by large abdominal breaths. All animals were
wheezing upon removal from the chamber. Another common finding was
the presence of numerous small blood clots on the front paws and at
the external nares. WNo mortality occurred during the exposure or
during the 22 hour postexposure period.

The pulmonary effects following exposure to 380 mg F/m3 HF .
are given in Table 9. The lung weight to body weight ratio
increased with time after the exposure. 1In rats sacrificed 22
hours postexposure this ratio was significantly higher than in
control fats. The lung wet weight to dry weight ratio was
significantly elevated in rats sacrificed 6 hours postexposure and
significantly lower than control values in rats sacrificed 22 hours
postexposure.

In no sacrifice group was the kidney weight to body weight
significantly different from control levels (Table 9). However, at

each sacrifice time the blood urea nitrogen (BUN) was signficantly
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TABLE 9

PULMONARY AND RENAL EFFECTS OF EXPOSURE
TO 380 mgF/m3 HF FOR 2 HOURSL

Lung
Lung Wt. Wet Wt.
Sacrifice Time Body Wt. Body Wt. Dry Wt.
(hours post- - - {9) (g/kg)
exposure
Immediately 314 5.09 5.06
(<1 hour) 1 .29 .11
(4) (4) (4)
6 hour 295 5.35 4,992
9 .37 .04
(4) (4) (4)
22 hour 286 5.473 4,594
2 .14 .05
(4) (4) (4)
Control 285 4.81 4.81
10 .20 .05
(4) (4) (4)

Kidney Wt.
Body Wt.  BUN

(g/kg) mg%

7.67 14.43
.32 1.0
(4) (4)

7.70 25.8b
.18 3.5
(4) (4)

8.65 73.6b
.29 18.5
(4) (4)

7.89 9.6
.15 1.1
(4) (4)

1 Values expressed as mean, S.E.M., (number of animals per group)
HF generated by aqueous system

a p<0.05 compared to control

b p<0.01 compared to contro?
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elevated. BUN also increased with time during the postexposure
period.

The measured fluoride concentrations in lung, plasma and Kkidney
of rats sacrificed at each postexposure time are given in Table
10. The total and ionic fluoride concentrations in all three soft
tissues of the control rats are significantly higher than in the
previous control group suggesting that these animals retained some
fluoride from the 8.3 mg F/m3 HF exposure. Total and ionic
fluoride concentrations in lung, plasma and kidney were
significantly elevated at all three sacrifice times after exposure
to 380 mg F/m3 HF. 1In lung, total and ionic fluoride
concentrations decreased with time after exposure. In plasma,
total fluoride concentration increased with each succeeding
sacrifice group while ionic fluoride concentrations remained
unchanged. Total flouride concentration remained constant in
kidney while ionic fluoride concentrations in this organ decreased
with time after exposure. As in the previous experiment, ionic
fluoride did not account for the total fluoride present in-these
three soft tissues. In rats sacrificed 22 hours postexposure the
ionic fluoride concentration in lung, plasma and kidney averaged
72%, 35% and 60% respectively of the total fluoride concentration.

The AF concentrations in soft tissues of rats after exposure
to 380 mg F/m3 HF are given in Table 11. The AF concentrations
in lung, plasma and kidneys of rats sacrificed at all postexposure
times were significantly higher than control levels. The AF

concentrations in all three tissues of rats sacrificsed 22 hours
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TABLE 10

MEASURED FLUORIDE CONCENTRATIONS IN SOFT TISSUES OF
RATS EXPOSED TO 380 mg F/m3 HF FOR 2 HOURSI

Sacrifice time Lung Plasma Kidney
(hours post- (wg/g) | (u?/m1) _ (ug/g)
exposure) Total Ionic Tota Ionic Total Ionic
Immediately 85. 77.5 3.5 . 3.56 27. 25.5
(<1 hour) 13. 14.5 .5 .73 1.9 1.1
(4) (4) (4) (4) (4) (4)
6 hour 86. 79.3 5.7 3.87 24, 22.5
9.3 10.4 .9 .44 4.3 5.9
(4) (4) (3) (4) (4) (4)
22 hour 52. 37.3 11.1 3.84 26 15.7
4. 3.3 2.3 .36 1.8 1.3
(4) (4) (4) (4) (4)  (4)
Control 3.6 1.72 32 .14 0.9 7
.3 .21 07 .03 .3 1
(4) (4) (4) (4) (4)  (4)

1 Values expressed as mean, S.E.M., (number of animals per
group). HF generated by aqueous system.



TABLE 11

AF CONCENTRATIONS IN SOFT TISSUES OF
RATS EXPOSED TO 380 mg F/m3 FOR 2 HOURS!

‘Sacrifice time Lung
(hours post-
exposure) Total
- Immedi ately 85.
(<1 hour) 13,
(4)
6 hour 86.
9.3
(4)
22 hour 52.
3.8
(4)
Control 3.6
. .3
(4)

(ug/g)

AF
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Plasma Kidney
(ng/ml) (ug/g)
Total AF Total AF
3.5 -0.1 27. 1.8

.5 .2 1.9 1.1
(4) (4) (4) (4)
5.7 1.8 24, 1.8

.9 .8 4.3 2.2
(4) (4) (4) (4)
11.1 7.3 26. 10.
2.3 1.9 1.8 0.5
(4) (4 (4) (4)
.32 18 9 0.2
.07 04 3 .3

1 Values expressed as mean, S.E.M., (number of animals per

group).

HF generated by aqueous system.
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postexposure were significantly higher than in rats sacrificed
immediately after the exposure.

Same preliminary studies on the nature of AF in lung and
kidney of rats sacrificed 22 hours postexposure were undertaken.
Homogenates were treated with acid (30% trichloracetic) or base (30
minute digestion in 21% KOH) to determine if such treatment would
convert the fluoride present in the AF fraction to a form which
would respond to the fluoride ion sensitive electrode. Digestion
of lung homogenates in KOH did not result in an increase in the
ionic fluoride concentration (Table 12). Such treatment has been
shown to convert 100% of the fluoride in sodium monofluroacetate to
ionic fluoride, and 94% of the fluoride in sodium
monofluroproprionate to ionic fluoride. However, less than 1% of
thé fluoride in trifluoroacetic acid was released as ionic F~ by
this procedure. The failure of KOH digestion to increase ionic
F~ in lung homogenates suggests that AF is not a simple
aliphatic monoflurocarbon compound.

The ionic fluoride concentration in lung homogenates was
unaffected by treatment with trichloracetic acid. However, the
ionic fluoride concentration of kidney homogenates was
significantly increased by this acid treatment. Sixty-four percent
of the fluoride in the AF fraction of kidney homogenate was
converted to ionic fluoride.

The remaining untreated kidney homogenates were pooled and
subjected to dialysis. Before dialysis the total, ionic and AF

concentrations in the homogenate were 7.1 ug/ml, 5.6 ug/ml and
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TABLE 12

CHARACTERIZATION OF AF IN_SOFT TISSUES OF RATS EXPOSED
TO 380 mg F/m3 FOR 2 HOURS!

Untreated- Acid Treated Base Treated
(ug/q) (ug/q) (ng/9)
Total Ionic AF Ionic Acid Labile Ionic Base Labile

Lung 52. 37.3 14.4 38.2 1.0 34.0 -3.3

3.8 3.3 1.7 4,2 1.0 4.3 1.5

(4) (4) (4) (4) (4) (4) (4)
Kidney 26. 15.7 10.4 22.4 6.7 - -

1.8 1.3 .5 2.2 1.1

(4) (4) (4) (4) (4)

1 Values expressed as mean, S.E.M., (number of animals per group).
HF generated by aqueous system.



65
1.5 yg/ml, respectively. After dialysis these concentrations

were 0.8 ug/ml, 0.4 ug/ml and 0.4 ug/ml, respectively,
indicating that both ionic and AF were dialyzable.

In general, the effects of both preliminary exposures were
similar. Renal injury as measured by kidney weight to body weight
ratio or BUN occurred after both exposures. While the increase in
BUN was not maximal at 6 hours postexposure, nearly a 3 fold
increase in this plasma component had occurred by this time.
Increases in the lung water content occurred following both
exposures. Following either exposure the increase was maximal in
the 6 hour postexposure group. Exposure to HF resulted in marked
increased in the fluoride concentrations in all tissues analyzed:
lung, plasma and kidney. 1In all tissues a fluoride component which
did not respond to the fluoride ion sensitive electrode was
present. The concentration of the fluoride in this fraction was
increased significantly by exposure to HF, Finally, the
difficulties encountered in the generation of HF atmospheres by the
aquéous system pointed out the necessity of developing another
method for generating an HF atmosphere.

B. Dose Response Exper iment

The next series of exposures were performed to investigate dose
response relationships between HF exposure, tissue fluoride
concentration (both total and ionic) and pulmonary or renal
toxicity. Groups of 6 male Long Evans rats were exposed to various
concentrations of HF for 6 hours in the modified pickle jar

chamber. HF atmospheres were generated by the compressed gas
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techﬁique. The time weighted average airborﬁe fluoride
concentrations for these exposures were 11, 27, 72, 116, 148 or 179
mg F/m3. Rats were sacrificed 6 hours after the end of exposure

to allow time for pulmonary and renal damage to develop. Total and
ionic fluoride concentrations were determined in lung, plasma and
kidney of exposed and control rats. In the course of the
experiment two control groups of six rats each were sacrificed 6
hours after a 6 hour exposure to clean room air in a 28 liter glass
battery jar inhalation chamber. Total airflow rates were similar
in control and HF exposures. All animals, control and exposed, had
access to water but not food during the postexposure period. No
food or water was present in either exposure chamber.

The airborne fluoride concentration measured at several times
during each exposure are shown in Figure 6. As can be seen at
lower levels the chamber fluoride concentrations were relatively
steady, however at higher levels the airborne fluoride
concentrations were quite variable.

No observations of animal behavior during these HF exposures
could be made because the modified exposure chamber was opaque. No
gross effects were noted during the postexposure period in either
control rats or rats exposed to 116 mg F/m3 HF or less. No
mortality occurred and no gross pathologic alterations were seen
upon necropsy of these animals.

Exposure to 148 or 179 mg F/m3 HF resulted in 100%
lethality. PFour of the 6 rats exposed to 179 mg F/m3 died during

the exposure; the other two succumbed within the first two hours



FIGURE 6

Measured airborne fluoride concentration versus exposure time for the

11, 27, 72, 116, 148 and 179 mg F/m3 HF dose-response exposures to

Blue Spruce rats.
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postexposure. All rats exposed to 148 mg F/in3 HF died during the
first 3 hours of the postexposure period. These animals were
necropsied within ten minutes of death. All animals dying in the
postexposure period took several deep abdominal breaths just prior
to death. 1In two rats (both exposed to 116 mg F/m3) a yellow.
mucoid fluid was discharged from the nares. Upon necropsy the
lungs of all animals exposed to 148 mg F/m3 or 179 mg F/m3 were
hemorrhagic in appearance.

The pulmonary effects‘of exposure to 11 to 179 mg F/m3 are
given in Table 13. Since the lung weight to body weight ratio and
the lung wet weight to dry weight ratio were similar in both
control groups, the data were pooled to give one control group
value. The lung weight to body weight ratio was not significantly
altered in rats exposed to any concentration of HF. After no
exposure was the lung wet weight to dry weight ratio increased; in
fact this ratio was significantly lower than control levels in rats
exposed to 148 mg F/m3- The mean lung wet weight to dry weight
ratio in rats exposed to 179 mg F/m3 was lower than in rats
exposed to 148 mg F/m3 but because of the large standard error of
this group the value was not significantly lower than control
levels. To in&estigate the effects of death on this pulmonary
parameter male Long Evans rats were sacrificed with pentobarbital
and necropsied 10 minutes after the cessation of heartbeat. The
lung wet weight to dry weight ratio in these post mortem control
animals was similar to the ratio in the normal control rats. These.

data are discussed in greater detail below.
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TABLE 13

PULMONARY EFFECTS OF EXPOSURE TO 11, 27, 72, 116, 148 or
179 mgF/m3 HF FOR 6 HOURS

Lung
Airborne Lung Wt. Wet. Wt.
HF Body Wt. Body Wt. Dry Wt. Mortality
(mg F/m3) (9) (g9/kg) ~ no. dead/no. exposed
Control 283 4.41 4.72 0/12
6 .10 .04
(12) (10) (10)
11 mg F/m3 294 4.21 4.74 0/6
3 .06 .03
(6) (5) (5)
27 mg F/m3 259 4.30 4.57 0/6
3 .08 .06
(6) (5) (5)
72 mg F/m3 266 4.53 4.60 0/6
6 .22 12
(6) (5) (5)
116 mg F/m3 315 4.53 4.89 0/6
6 .08 .13
(6) (5) (5)
148 mg F/m3 353 4.50 4.492 6/6
9 .28 .08
(6) (5) (5)
179 mg F/m3 333 5.00 4.34 6/6
5 .34 .18

(6) (5) (5)

1 Values expressed as mean, S.E.M., (number of animals per group). HF
generated by compressed gas technique

a p<0.05 compared to control



Lung sections from 5 rats per sacrifice éroup were examined by
light microscopy. Chronic inflammatory disease as evidenéed by
peribronchial and perivascular lymphocyte accumulation and septal
wall thickening was present in every lung section examined (Figuré
7). The severity of the disease was ranked in a blind fashion on a
scale of 4. No correlation was evident between HF exposure and the
severity of this disease. The scores for groups of control and
exposed rats were similar. No pulmonary edema as evidenced by
alveolar flooding was observed in any lung section.

The renal effects of exposure to 11-116 mg F/m3 are given in
Table 14. Light microscopic examination of the renal cortices in
kidney sections prepared from 5 rats.per sacrifice group revealed
injury to the proximal tubular epithelium. The principal sign of
injury was nuclear pyknosis (Figure 8). Cells containing pyknotic
nuclei also tended to be more eosinophilic than neighboring cells
with normal appearing nuclei. This injury was scored in a blind
fashion on a scale of 4 with a score of 0 indicating normal
appearance, a score of 1 indicating the presence of a few cells
éxhibiting pyknosis, a scoré of 2 indicating several tubules
contained pynotic cells and a score of 3 indicating most of the
proximal tubules examined contained injured cells. This-renal
injury increased in severity with increasing airborne HF exposure
concentration. If rats exposed to 148 or 179 mg F/m3 had
survived the entire postexposure period there would have beén more
time for the development of this morphologic lesion. Perhaps a

greater degree of injury would have been present were this to occur.
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FIGURE 7
Light micrograph of lung from a control (top) and HF exposed
.(116 mg F/ms, bottom) rat, Note peribronchial accumulation of
lymphocytes (arrows) and septal wall thickening. This disease
process appears to be more severe in the exposed rat lung, but this
does not represent a trend., The severity of the disease was ranked
in a ﬁlind fashion; the scores in groups of control or exposed rats

were similar. (X 441, hematoxylin and eosin)
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TABLE 14

RENAL EFFECTS OF EXPQSURE TO 11, 27, 72, 116, 148 or
179 mgG/m3 HF FOR 6 HOURSL

Airborne Kidney Wt. BUN Kidney Pathology?
HG Body Wt. Body Wt. (mg%) Range of Scores (Median Score)
Control 283 7.61 10.1 0-0 0
6 .10 .5
(12) (12) (12)
11 mg F/m3 294 7.39 10.5 0-0 0
3 .22 .5
(6) (6) (6)
27 mg F/m3 259 7.66 12.1b 0-0 0
3 .22 3
(6) (6) (6)
72 mg F/m3 266 7.96 23.6b 0-2 1
6 .34 2.5
(6) {6) (6)
116 mg F/m3 315 8.04 62.2b 1-2 1
6 .28 4.3
(6) (6) (6)
148 mg F/m3 353 7.71 - 2-3 2
9 .26
(6) (6)
179 mg F/m3 333 7.93 - - 0-3 2

.25

A
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Footnotes to Table 14

Values expressed as mean, S.E.M., (number of animals per
group). HF generated by compressed gas technique.

Kidney sections from 5 animals per group were examined by Tight
microscopy; the only pathologic change attributable to HF,
proximal tubular injury as evidence by nuclear pyknosis was
rated on a scale of 4 with 0 representing normal appearance and
4 representing severe damage.

p<0.01 compared to control.



74

FIGURE 8
Light micrograph of kidney from a control (top) and HF exposed
(116 mg F/ms, bottom) rat, Note condensed darkly stained nuclei
(pyknotic nuclei, a few shown by arrows) in proximal tubular
epithelium of the exposed rat kidney. The severity of the injury
in this kidney was ranked 1 on a scalerf 4, see text for explanation

of ranking. (X 441, hematoxylin and eosin)






In no exposure group was the kidney weight to body weight ratio
significantly different from control levels. BUN was significantly
increased by exposure to 27, 72 or 116 mg F/m3 HF. The BUN
increased consistently with increasing airborne HF concentration
suggesting a dose response relationship. In Figure 9, BUN is
plotted versus the log of the plasma ionic fluoride concentration
in these rats., As is evident, BUN increases with incfeasing plasma
fluoride concentration once fluoride levels of 2 ug/ml are
reached, again suggesting a dose response relationship. A similar
relationship exists between BUN and ionic kidney fluoride
concentration.(data not shown).

The total and ionic fluoride concentrations in soft tissues of
rats after exposure to 11-179 mg F/m3 HF are given in Table 15.
Total and ionic fluoride concentrations in lung, plasma and kidney
were elevated in all HF exposed groups. In these three soft
tissues both total and ionic fluoride concentrations increased with
increasing airborne fluoride concentration indicating a cause and
effect relationship. The mean ionic fluoride concentration in
lungs and kidney of rats exposed to 11, 27, 72 or 116 mg F/m> are
plotted linearly against the mean plasma ionic fluoride
concentration in these rats, in Figure 10. A significant
correlation exists between ionic lung and plasma fluoride (r =
.9999, df = 2, p‘< 0.01). The data from all four exposure dgroups
fit this curve. In these animals the lung ionic fluoride
concentration exceeded the plasma ionic fluoride concentration by a

faoctor of 2.6 - 3.2. When the data for all 4 exposure qroups are
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FIGURE 9

BUN versus log plasma ionic fluoride concentration following exposure

to 11, 27, 72 or 116 mg F/m3 HF (closed circles) or .11l mg F/m3 HF

plus water vapor (X's).
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TABLE 15

MEASURED FLUORIDE CONCENTRATIONS IN SOFT TISSUES OF
 RATS EXPOSED TOQ 11, 27, 72, 116, 148 or
179 mg F/m3 HF FOR 6 HOURS!

Airborne HF Lung Plasma Kidney
(ug F/m3) (ng/g) (ng/m1) (ng/9)
Total Ionic Total Ionic Total Ionic
Contro12 0.1  0.05 0.04  0.032 0.3  0.08
.5 .03 12 .034 .5 .03
11 mg F/m3 1.6 1.49 0.68  0.57 1.8 1.45
.3 .32 .21 .19 .3 .26
(5) (5) (6) (6) (6) (6)
27 mg F/m3 3.2 2.98 1.24  1.03 3.0 2.98
.3 .27 .24 .21 7 .69
(5) (5) (6) (6) (6) (6)
72 mg F/m3 9.1  8.62 3.08  2.72 9.0 7.41
.9 .86 .26 .27 1.3 .95
(5) (5) (6) (6) (6) (6)
116 mg F/m3 19. 18.1 6.21  5.73 14. 10.4
2.2 1.9 .37 .26 1.3 .9
(5) . (5) (6) (6) (6) (6)
148 mg F/m3 23.  22.6 - -~ 21.  20.3
1.5 1.5 2.7 2.7
(5) (5) (5) (5)
179 mg F/m3 27.  23.4 -- -~ 18. 17.2
2.1 2.4 1.4 1.5
(5) (5) (6) (6)

1 Values expressed as mean, S.E.M., (number of animals per group).
HF generated by compressed gas technique.

2 Tissues from control rats were pooled by group (6 rats per group)
prior to analysis. The values shown are the concentrations
measured in the tissue pools of the two control groups sacrificed.



FIGURE 10

Lung and kidney ionic fluoride concentration versus plasma ionic

fluoride poncentration following exposure to 11, 27, 72 or

116 mg F/m3 HF. The lines represent plus or minus one S.E.M. and

intersect at the mean of each group.
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considered, a linear relationship betweeh kidney and plasma ionic
fluoride concentration is not evident. However, the kidney and
plasma fluoride concentrations in the rats exposed to the three
lower concentrations 11, 27 or 72 mg F/m3 are significantly
correlated (r = .999,4df = 1, p<.05). The values in rats exposed
to 116 mg F/m> fall below the straight line defined by the three
lower doses. Similar relationships exist between lung and kidney
total fluoride concentration and plasma total fluoride
concentration but the ionic data are shown because the ionic
fluoride analytical method is more sensitive and precise than the
total fluoride method.

As in rats exposed to HF generated by the aqueous system, total
fluoride concentration exceeded ionic fluoride concentration in the
rats exposed to HF generated by the compressed gas technique. The
difference between total and ionic fluoride concentration was of a
smaller magnitude in these rats (Table 16).

The AF concentration was obtained by calculation on lung
samples from 30 rats exposed to HF in the dose-response
experiment. Of these lung samples, 24 contained positive AF
concentrations, 5 contained negative AF concentrations and one
sample contained a AF concentration of zero. Application of the
sign test indicated that the probability of this many positive
values occurring by chance was less than 1%. On the basis of the
mean and standard error of the AF concentration in lungs of ani-
mals from each exposure group, statistically significant levels of

AF were present only in animals exposed to 27 or 179 mg F/m3 HF.
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TABLE 16

AF CONCENTRATIONS IN SOFT TISSUES QF RATS EXPOSED
TO 11, 27, 72, 116, 148 or 179 mg F/m3 HF FOR 6 HOURS!

Airborne HF Lung Plasma Kidney

(mg F/m3) (ng/g) (ng/ml) (ng/g)
Total AF Total AF  %AF Total AF
Contro12 0.1 0.1 .04 .01 0.3 0.2
0.5 0.5 A2 .09 .5 .5
11 mg F/m3 1.6 0.1 .68 .11 17 1.8 0.3
.3 0.1 210 .03 3 .3 .1
(5) (5) (6) (6) (6 (6) (6)
27 mg F/m3 3.2 0.2 1.24 .21 18 3.0 0.0
30 .1 .24 .05 3 g0
(5) (5) (6) (8) (6) (6) (6)
72 mg F/m3 9.1 0.5 3.08 .36 12 9.0 1.6
.9 2 .26 .10 3 1.3 .8
(5) (5) (6) (6) (6) (6) (6)
116 mg F/m3 19. 0.6 6.21 .48 7 14, 3.3
2.2 .4 37 .16 2 1.3 7
(5) (5) (6) (6) (6) (6) (6)
148 mg F/m3 23. 0.3 - e -- 21. 0.4
1.6 .6 2.7 .2
(5) (5) (5) (5)
179 mg F/m3 27. 3.4 = me - 18. 1.2
2.1 .4 1.4 3
(5) (5) (6) (6)

Values expressed as mean, S.E.M., (number of animals per group).

Tissues from control rats were pooled by group (6 rats per group)
prior to analysis. The values shown are the concentrations
determined in the tissue pools of the two control groups
sacrificed.



Statistically significant levels of AF were present in the
kidneys of rats exposed to 11, 116 or 179 mg F/m3 HF. Of the 35
kidney homogenates analyzed, 28 contained positive AF
concentrations, 2 contained negative AF concentrations and 4

contained a AF concentration of zero. The probability of the
number of positive values occurring by chance again is less than 1%.

Statistically significant levels of AF were present in the
plasma of rats exposed to 11, 27, 72 and 116 mg F/m>. Of the 24
plasma samples analyzed, 1 contained no AF (AF concentration
equal to zero) and 23 contained positive AF concentrations.

Again, the probability of this number of positive values occurring
by chance is léss than 1%. The frequency of occurrence of positive
AF concentrations in all three tissues analyzed indicates that

the detection of AF is not due to random analytical error.

In the preliminary experiments it was shown that AF
concentrations in lung and kidney change with time after exposure.
Since the rats exposed to 148 or 179 mg F/m3 did not survive the
full 6 hour postexposure period the AF concentrations in their
tissues may not be directly comparable to those in rats which did
survive the entire postexposure period. Thus, only the AF levels
in tissues of rats exposed to 116 mg F/m3 HF or less should be
considered when looking for dose-response relationships. No clear
cut dose dependent increase in AF concentration in lung and
kidney of HF exposed rats is evident. However, in plasma AF
concentrations consistently increased with increasing airborne

fluoride concentration. Not only was the plasma AF concentration
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in all groups higher than control levels but the AF concentration
in plasma of rats exposed to 72 or 116 mg F/m3 HF was
significantly (p <0.05 in each case) higher than in plasma of
rats exposed to 1l mg F/m3 HF. Though the significance of the
relationship is unclear the concentration of AF in plasma is
strongly correlated with the logarithm of the total fluoride
concentation in plasma (r = 0.99997, p<0.0l; Figure 11l).

Metabolism cages became available near the end of the Jdose
response experiments and control rats and rats exposed to 1l or 27
mg F/m3 HF were held in these cages (3 animals per cage) for the
6 hour postexposure period. The urines excreted by the rats in
each group were pooled by group and the ionic fluoride content
determined. Rats exposed to 11 or 27 mg F/m3 excreted an average
of 98 or 291 ug fluoride, respectively, during this period
"compared to 5 ug excreted by controls.

During the course of the dose-response experiments several male
Long Evans rats wefe obtained from Charles River Laboratories.
This was due to an administrative error; the author was unaware of
the change of suppliers until several weeks after the completion of
the exposures. The data from rats obtained from Charles River
Laboratory are treated separately in this section.

Both control and HF exposures were performed under exactly the
same conditions as for Blue Spruce supplied rats. The airborne
fluoride concentrations measured at several times during each
exposure are shown in Figure 12. The exposures of time weigﬁted

average 26 or 54 mg F/m3 were generated by the compressed gas



FIGURE 11

Plasma AF concentration versus log plasma total F concentration of
rats exposed to 11, 27, 72 or 116 mg F/m3 HF. The lines represent

plus or minus one S.E.M. and intersect at the mean of each group.
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FIGURE 12

Measured airborne fluoride concentration versus exposure time for
26, 54 and 84 mg F/m3 HF exposures to Charles River rats. The 26
and 54 mg F/m3 HF exposures were generated by the compressed gas

technique; the 84 mg F/m3 HF exposure by the aqueous system.
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system and were performed to £ill out the dose response curve.
After it was learned that these rats were obtained from Charles
River an exposure of Blue Spruce réts to 27 mg F/m3 HF was
performed to compare with the 26 mg F/m3 exposure to Charles
River rats. For the 84 mg F/m3 exposure HF was generated by the
aqueous system. This exposure was performed in an attempt to
repeat the 55 mg F/m3 exposure discussed in the preliminary

exper iments section. As can be seen airborne fluoride concentra-
tions during this exposure were quite variable.

One group of male Long Evans rats obtained from Charles River
Laboratories was exposed to room air and sacrificed 6 hours after
the end of exposure. This group is the postmortem group referred
to earlier. These animals were sacrificed with sodium
pentobarbital and necropsied 10 minutes after the cessation of
heartbeat to investigate if death had any effects on the pulmonary
and renal parameters measured. No blood was withdrawn from these
animals, however, in all other respects, necropsies were performed
by the normal procedure.

The pulmonary and.renal effects in Charles River rats after
exposure to HF are given in Table 17. The effects in\Blue Spruce
rats of exposure to 27 mg F/m3 are iﬁcluded for comparison. The
kidney weight to body weight ratio was similar in all groups,
including the Blue Spruce. The BUN in rats following exposure to
54 mg F/m3 was significantly higher than the BUN following
exposure to 26 mg F/m3 suggesting a dose response relationship in

the Charles River rats. The BUN after 84 mg F/m3 generated by



TABLE 17

PULMONARY AND RENAL EFFECTS IN CHARLES RIVER RATS OF EXPOSURE

Exposure Conditions
(generator system)

Postmortem contro]l

26mg F/m3 HF
(compressed gas)

54mg F/m3 HF
_ (compressed gas)

84mg F /m3HF
(aqueous system)

Blue Spruce Rats
27mg F/m3 HF
(compressed Gas)

T0 26, 54, or 84 mgF/m3 HF FOR 6 HOURS'

Lung Wt. Lung Wet Wt. Kidney Wt.
Body Wt.  Body Wt. Dry Wt. Body Wt. BUN
(g) (g/kg) (g/kg) (mg%)
246 4.84 4.68 7.59 ——
5 | .13 .03 .20
(6) (5) (5) (5)

289 4.30 4.74 7.01 20.9
10 1 .03 .14 1.5
(6) (5) (5) (6) (6)

273 4.22 4.69 8.04 30.6

3 .14 .05 .42 3.3
(6) (5) (5) (6) (6)
334 4.36 4.64 6.99 24.7

7 .08 .03 .22 2.0
(6) (5) (5) (6) (6)
259 4.30 4.57 7.66 12.1
3 .08 .06 .22 .4
(6) (5) (5) (6) (6)

1 Values expressed

as mean, S.E.M., (number of animals per group).
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the aqueous system fell midway between Ehese values. The BUN in
Charles River rats following exposure to 26 mg F/m3 was
significantly higher than the BUN in Blue Spruce rats following
exposure to 27 mg F/m3. Without the appropriate control data it

is impossible to determine if Charles River rats are more sensitive
than Blue Spruce rats to HF induced renal damage as measured by
increased BUN or if the normal BUN in these animals is higher than
in Blue Spruce animals.

No change in the lung wet weight to dry weight ratio was seen
following any exposure. The lung weight to body weight ratio was
similar in the Blue Spruce rats and in the Charles River rats
exposed to 26, 54 or 84 mg F/m3 HF. This ratio was significantly
higher in the postmortem control group than in any exposed group.
This may be due to entrapped blood since no blood was removed for
these animals and the blood contained in the lung constitutes a
significant fraction of the total lung weight (Staub, 1974).

The total and ionic fluoride concentrations in soft tissues of
exposed and control Charles River rats are given in Table 18. The
fluoride concentrations in lung and kidney of the postmortem
control group were similar to concentrations observed in Blue
Spruce control rats (Table 15). 1In all tissues both total and
ionic fluoride concentrations were markedly elevated over control
levels by exposure to HF. However, in only the kidneys of rats

exposed to HF generated by the compressed gas system was there a
significant increase in fluoride concentration with increased airborne

HF exposure concentration (26 vs. 55 mg F/m3). A concentration of
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TABLE 18

MEASURED FLUORIDE CONCENTRATIONS IN SOFT TISSUES OF
CHARLES RIVER RATS EXPOSED TO 26, 54 or 84 mg F/m3 HF FOR 6 HOURS!

Exposure Conditions Lung Plasma Kidney
(generator system) (ug/g) (ng/ml) , (nug/q)
Total Ionic Total Ionic Total Ionic
Postmortem Control2 0.4  0.15 -- -- 0.5 0.25
26 mg F/m3 HF 7.6  7.17 2.09  1.55 4.0  3.42
(compressed gas) : .3 .52 .35 .32 .6 .54
(5) (5) (6) (6) (6) (6)
54 mg F/m3 HF 7.2 8.26 2.11 2.08 7.3 6.96
(compressed gas) .7 .49 .35 .32 .8 1.04
(5) (5) (6) (6) (6) (6)
84 mg F/m3 HF 8.1  5.44 5.63 1.65 6.6, 4.06
(aqueous system) .5 .62 1.14 .27 .8 .57
(5) (5) (6) (6) (6) (6)
Blue Spruce Rats 3.2 2.98 1.24 1.03 3.0 2.98
27 mg F/m3 HF .3 .27 .24 .21 .7 .69
(compressed gas) (5) (5) (6) (6) (6) (6)
1 Values expressed as mean, S.E.M., (number of animals per group).

2 Tissues from control rats were pooled by group (6 rats per group)
prior to analysis. The values shown are the concentrations
measured in the tissue pool of the control group.



84 mg F/m3 generated in the agqueous system did not further
increase the renal fluoride over that produced by 54 mg F/m3 from
the compressed'gas system. This is in contrast to Blue Spruce rats
in which fluoride concentrations in all tissues analyzed increased
with increasing airborne HF exposure concentration.

Total and ionic fluoride concentration in all three soft
tissues analyzed of Charles River rats exposed to 26 myg F/m3 HF
were higher than in Blue Spruce rats exposed to 27 mg F/m3.
However, in plasma and kidney the differences were not
statistically significant.‘ The lungs of Charles River rats
contained 2.4Atimes more fluoride (total or ionic) than the 1ungs
of Blue Spruce rats.exposed .to similar concentrétions of HF. This
difference is significant at the p<0.01 level. The Charles River
rats exposed to 26 mg F/m3 excreted a mean of 314 ug of
fluoride (ionic F~) during the 6 hour postexposure period
compared to 291 ug F in the Blue Spruce rats. The similarity of
the urinary fluoride excretion, the plasma fluoride concentrations
and kidney fluoride concentratio;s between Blue Spruce and Charles
River rats after exposure to similar HF cogcentrations suggests
that the systemic fluoride burden in these two groups of rats were
similar. The dissimilarity of lung fluoride concentration in
exposed Blue Spruce and Charles River rats may be due to
differences in the regional deposition of.inhaled HF. It is clear,
however, that direct comparison of the data from both groups of

rats would be inappropriate.
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Qualitative similarities exist between tissue AF levels in
Charles River and Blue Spruce rats (Tables 8, 16 and 19). In rats
obtained from both suppliers exposure éo HF generated by the
compressed gas system led to low levels of AF while exposure to
HF generated by the aqueous system resulted in appreciable levels
of AF. In lung and kidney of Charles River rats exposed to 26 or
54 mg F/3 HF (compressed gas system) AF concentrations were low
and did not increase with increased HF exposure concentration. 1In
plasma of these rats AF concentration actually decreased
significantly with increased HF exposure concentration. The
significance of this is unclear.

In Charles River rats exposed to 84 mg F/m3 HF generated by
the aqueous system the AF concgntrations in lung, plasma and
kidney averaged 33%, 71% and 39% respectively of the total fluoride
concentations. This response is similar to that of Blue Spruce rats
exposed to 55 ng F/m3 HF generated by the aqueous system in which
these percentages were 56%, 78% and 51%, respectively. In both
groups the percentages of AF in lung and kidney were nearly equal
and lower than the percentage of AF in the plasma.

The nature of AF in the plasma of Charles River rats
following exposure to 84 mg F/m3 generated by the aqueous system
was investigated. Plasma samples were subjected to the calcium
phosphate adsorption technique of Venkateswarlu, et al. (1971).
This technique is based on the observation that ionic fluoride
adsorbs onto crytsalline calcium phosphate and can thus be removed

from solution by centrifugation and removal ot the ¢rystalline
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TABLE 19

AF CONCENTRATIONS IN SOFT TISSUES OF CHARLES RIVER
RATS EXPOSED TO 26, 54 or 84 mg F/m3 HF FOR 6 HOURS!

Exposure Conditions Lung Plasma Kidney
(generator system) (ng/9) (ug/m1) (ug/g)
Total AF Total AF Total AF
Postmortem control 0.4 0.2 -- -- 0.5 0.3
26 mg F/m3 HF 7.6 0.5 2.09 0.54 4.0 0.6
(compressed gas) .3 .3 35 .08 6 0.1
(5) (5) (6) (6) (6) (6)
54 mg F/m3 HF 7.9 -0.4 2.11  0.03 7.3 0.4
(compressed gas) .7 3 35 .08 .8 .4
(5) (6) (6) (6) (6) (6)
84 mg F/m3 HF 8.1 2.7 5.63 3.98 6.6 2.6
(aqueous system) .5 3 1.14 .93 8 .6
(5) (6) (6) (6) (6) (6)
Blue Spruce Rats 3.2 0.2 1.24 0.21 3.0 0.0
27 mg F/m3 HF .3 .1 24 .05 .7 0.1
(compressed gas) (5) (5) (6) (6) (6) (6)

1 Values expressed as mean, S.E.M., (number of animals per group).

2 Tissues from control rats were pooled by group (6 rats per group)
prior to analysis. The values shown are the concentrations
determined on the tissue pool of the control group.
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phosphate. 1In our laboratory 93% of ionic fiuoride standards was
recovered in the calcium phosphate layer by this technique. The
results of éélcium phosphate treatment of plasma are shown in Table
20. Total and ionic fluoride concentrations were determined on
both layers; the AF concentration was calculated as the
difference between the two. After adsorption the upper layer
contained only 4% of the original ionic fluoride present in plasma
and 90% of the recovered AF. The crystalline calcium phosphate
layer contained 87% of the original ionic F~ and 12% of the
original AF. In the adsorption technique the upper layer was
decanted off the crystalline calcium phosphate, leaving behind
approximately 10% of the original volume entrapped in the
crystalline calcium phosphate layer. This entrapped upper layer
may explain the 12% AF found in the calcium phosphate layer. The
total fluoride recovered calculated by adding the total fluoride
content in each layer averaged 107% of the total fluoride
originally present (standard deviation of 10%). This is quite good
agreement considering the precision of the ashing method.
Venketaswarlu, et al. (1971) term all fluoride which does not
adsorb to calcium phosphate non-ionizable fluoride. These results
suggest that most if not all of the fluoride in the AF fraction
of plasma 6 hours after exposure to HF generated by the aqueous
system is non-ionizable fluoride.

The remaining untreated plasma samples from the animals exposed
to 84 mg F/m3 F as HF were pooled and then subjected to Sephadex

G-25 gel chromatography. A total of 26 2.8 ml elution samples were



TABLE 20

CHARACTERIZATION OF AF IN PLASMA OF CHARLES RIVER RATS
EXPOSED TO 84 mg F/m3 FOR 6 HOURS - CALCIUM PHOSPHATE ADSORPTIONI

Fluoride concentration Fluoride concentratidn
before adsorption after adzurption
(ug/m1) {vg/ml)
Non-ionizable F Ionizable F-
Supernatant _ Crystalline calcium
phosphate pellet
. Total F .

Total Ionic F- AF Recovered Tonic F- AF Ionic F AF

6.3 1.0 5.3 6.3 0.03 5.0 0.94 0.4

2.3 1.0 1.3 2.3 .04 1.2 0.86 .2

6.0 2.0 4.0 6.8 .12 4.7 1.67 .3

3.6 1.4 2.2 3.6 .03 2.1 1.26 .2

5.0 1.7 3.3 6.1 .06 3.6 1.54 .9

Mean 4.6 1.4 3.2 5.0 .06 3.3 1.25 N
1 Individual values are reported. A1l values reported in a horizontal row were obtained on the

plasma of a single rat. HF generated by aqueous system.
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analyzed for total and ionic F. The‘elution‘profile is shown in
Figure 13. The 2 ml of plasma applied to the column contained 14.2
Hg total F and 3.72 ug of ionic F ; 92% of the administered
ionic F~ was recovered. All the ionic F~ was eluted in a
single peak with a volume of elution to a void volume (Vé/vo)
ratio of 1.88. One hundred six percent of the total F administered
was recovered, however, the large variability in the total fluoride
values make it difficult to interpret the elution profile. The
variability may in part be due to the large ashing blank which
averaged 1.0 ug per sample. Two samples had measured total
fluoride amounts less than the measured ionic fluoride. 1If it is
assumed that true elution peaks must have width as well as height
(i.e., that any peak which does not cover 2 or more elution samples
is an analytical artifact) it appears that AF is eluted in two
peaks, one with a V_/v_ ratio of 1.62, the other with a ratio
of 1.98. Samples eluting in this portion of the profile have low
molecular weights (Thomas, 1977); however, in this range the
molecular weight cannot be determined accurately. Since Sephadex
G-25 excludes molecules with molecular weights in excess of 5,000
daltons, (these compounds would elute with the void volume,
Determan, 1969) and all of the total fluoride was recovered in
elution samples with Vo/V, ratios greater than 1.0 the results
of this chromatographic procedure suggest that the molecular weight
of AF is less than 5,000 daltons.

In the next experiment male Long Evans rats were exposed to HF

generated by the compressed gas system in combination with
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FIGURE 13

Sephadex G-25 elution profile of plasma of Charles River rats exposed
to 84 mg F/m3 HF generated by the aqueous system. Ionic fluoride

content (closed circles) and total fluoride content (open circles) of
each elution sample was determined. The volume of elution to the void

volume ratios (Ve/Vo) for the major peaks are shown.
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increased relative humidity to investigate if the additional water
vapor present in HF atmospheres generated by the aqueous system
contributed to the presence of the high AF concentrations in
tissues of rats exposed to HF atmosphere generated by the aqueous
system. Increased relative humidity was generated by bubbling 4
liters/min of clean room air through double distilled water in a
Teflon bubbler and feeding that air into the chamber. Chamber
relative humidity was not measured.

In Figure 14 the airborne F concentration measured during the
HF exposure is plotted versus exposure time. The time weighted
average fluoride concentration for the 6 hour exposure was 1ll1l mg
F/m3. Also shown in this figure are the airborne fluoride
concentrations measured during the 116 mg F/m3 exposure described
in the dose-response experiment. In both cases (116 mg F/m3 and
111 mg F/m3) the HF was generated by the compressed gas system;
water vapor was added only in the 111 mg F/m3 exposure. Total
flow rates through the chamber were similar in both experiments.
The similarity of airborne fluoride concentration during both
exposures indicates that any difference in the tissue F levels in
animals following these exposure cannot be attributed to
differences in the level of HF present in the chamber air. Animals
were sacrificed 6 hours following the termination of both exposures
and necropsied in the standard manner. In both cases animals were
obtained from Blue Spruce Farms,

The pulmonary and renal effects of exposure to HF plus water

vapor are shown in Table 21. The animals exposed to 1lll mg F/m3



FIGURE 14

Measured airborne fluoride concentration versus exposure time for
the 111 mg F/m3 HF plus water vapor (closed circles) and the

116 mg F/m3 (X's) HF exposures.
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TABLE 21

PULMONARY AND RENAL EFFECTS OF EXPOSURE TO 111 mg F/m3
PLUS WATER VAPORI

Lung
Lung Wt. Wet Wt. Kidney Wt.
Exposure Conditions Body Wt. Body Wt. Dry Wt. Body Wt. BUN
(3) (g/kg) (9/kg) mg%
111 mg F/m3 HF 402 4.21 4,72 6.34b - 46.72
plus water vapcr 3 .16 .02 .19 3.2
(6) (4) (3) | (4) (4)
116 mg F/m> HF 315 4.53 4.89 8.04 62.2
6 .08 - .13 .28 4.3
(6) (5) (5) (6) (6)
Control 283 4,41 4,72 7.61 10.1
€ .10 .04 .10 .5
(12 (10) (10) (12) (12)

1 Values expressed as mean, S.E.M., (number of animals per group). HF generated by compressed
gas technique.

a p>0.05 compared to 116 mg F/m3 HF group.

b p>0.01 compared to 116 mg F/m3 HF group.
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plus water vapor were older 'as shown by their body weight, than
animals exposed to 116 mg F/m3 alone. The kidney weight to body
weight ratio was significantly lower in the 111 mg F/m3 plus
water vapor exposed rats than in the other group; however, studies
to be described below indicate that the kidney weight to body
weight ratio decreases with age. This ratio in the 111 mg F/m3
plus water vapor group was no different than that in 405 gram
control rats sacrificed in the HF retention experiment to be
described. The BUN was also significantly lower in rats exposed to
HF plus water vapor than in rats exposed to HF alone. However,
when BUN is plotted against the logarithm of plasmic ionic fluoride
concentration (Figure 9) it is seen that ‘water vapor did not affect
the relationship between plasma fluoride and BUN.

Total and ionic fluoride concentrations in soft tissues of rats
exposed to 116 mg F/m3 and 111 mg F/m3 plus water vapor are
given in Table 22. Total and ionic fluoride concentrations in
plasma and kidney were unaffected by addition of water vapor to the
exposure atmosphere, however both total and ionic lung fluoride
concentrationswere significantly lower in rats exposed to 1ll mg
F/m3 HF plus water vapor than rats exposed to 116 mg F/m3 HF.
The similarity in plasma fluoride concentration in these two groups
suggests that the systemic fluoride burden in both gro;.:ps of rats
are similar. One possible explanation for these results,
therefore, is that increased chamber relative humidity alters the
regional deposition of HF in the respiratory tract without changing

the total amount ot HF deposited.



TABLE 22

MEASURED FLUORIDE CONCENTRATIONS IN SOFT TISSUES OF

RATS EXPOSED TO 111 mg F/m3 PLUS WATER VAPORL

Exposure

Conditions (ug/g) .
Ionic

Total
111 mg F/m3 HF 12.4
plus water vapor 1.2

116 mg F/m3 HF 19.

Control2 0.1

12.1a
1.4

Plasma
(ug/ml)
Total Ionic
5.40 5.70
.30 .34
(4) (4)
6.21 5.73
.37 .26
(6) (6)
0.04 0.032
.12 .034

100

Kidney
(ug/q)
Total Ionic
12. 11.6
1.5 2.3
(4) (4)
14. 10.4
1.3 .9
(6) (6)
0.3 0.08
.5 .03

1 Values expressed as mean, S.E.M., (number of animals per

group). HF generated by compressed gas technique.

2 Tissue samples from control rats were pooled by group (6 rats

per group) prior to analysis.

The values shown are the

concentrations measured in the tissue pools of the two control

groups sacrificed.

a . p<0.05 compared to 116 mg F/m3 HF group.
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Sigﬁificant>amounts of AF were not detecied in soft tissues of
rats exposed to 111 mg F/m3 HF plus water vapor (Table 23). 1In
lung and plasma the total fluoride averaged less than the ionic
fluoride concentration, but in both cases the difference was within
the precision of the analytical techniques. The AF concentration
in plasma of rats exposed to 111 mg F/m3 HF plus water
vapor were significantly less than in rats exposed to 116 mg F/m3
alone. 1Instead of increasing the amount of AF present in rats
exposed to HF, the addition of water vapor to HF atmospheres appears
to actually inhibit the formation of AF.

cC. HF Retention Experiment

Sixty male Long Evans rats obtained from Blue Spruce Farms were
exposed to HF generated by the compressed gas system for 6 hours in

a l.8 m3

Rochester chamber and sacrificed serially up to 42 days
postexposure. Groups of rats were housed in metabolic cages during
the postexposure period and 24 hour urine and fecal samples were
collected. The purpose of this experiment was to examine the
retention and excretion of fluoride in HF exposed rats. Another
group of 60 male Long Evans rat were exposed to clean air for 6
hours in a similar chamber three days later and served as a control
group. Rats were assigned to control or exposure groups and to
specific sacrifice times on the basis of a random number table.

The airborne fluoride concentrations'measured at several times
during the HF exposure are given in Figure 15. The time weighted

average fluoride concentration for the exposure was 10.2 mg F/m3.
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TABLE 23

AF CONCENTRATIONS IN SOFT TISSUES OF
RATS EXPOSED TO 111 mg F/m3 PLUS WATER VAPOR!

Exposure Conditions Lung Plasma Kidney
(ng/q) (ug/m1) (ug/q)
Total AF Total AF Total AF
111 mg F/m3 HF 12. -0.3a 5.40 -0.30b 12. 0.5
plus water vapor 1.2 .3 .30 .34 1.5 1.1
‘ (4) (4) (4) (4) (4) (4)
116 mg F/m3 HF 19. 0.6 6.21 0.48 14. 3.3
2.2 .4 .37 .16 1.3 .7
(5) (5) (6) (6) (6) (6)
Contro12 0.1 0.1 0.04 0.01 0.3 0.2
.5 5 .12 .09 - .5 .5

1 Values expressed as mean, S.E.M., (number of animals per
group). HF generated by compressed gas technique.

2 Tissue sam§1es from control rats were pooled by group (6 rats
per group) prior to analysis. The values. shown are the
concentrations measured in the tissue’ pools of the two control
groups sacrificed.

a  p<0.05 compared to 116 mg F/m3 HF group.

b p<0.01 compared to 116 mg F/m3 HF group.



103
FIGURE 15

Measured airborne fluoride coricentration versus exposure time in the

10.2 mg F/m3 HF retention experiment exposure.
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In the subsequent discussion all postexposure times refer to
the start of exposure and are given in days. Thus 1/4 day (6
hours) represent the animals sacrificed immediately after the 6
hour exposure. Similarly the animals sacrificed at 1/2 day were
sacrificed 6 hours after the termination of the 6 hour exposure.
These animals are comparable to those in the dose-response
experiment. Timing for the control animals refers to the start of
the control exposure. Since the HF exposure and the control
exposure were separated by 3 days similar times inen for the two
groups of animals (i.e., 4 days postexposure for exposed versus
4 days postexposure for controls) do not represent the same
calendar day.

The pulmonary effects of exposure to 10.2 mg F/m3 HF are
given in Table 24. All rats were weighed 1 day prior to the HF
exposure and 7 days after the HF exposure. At both times the mean
body weight of control and exposed rat groups were similar. The
body weights at each sacrifice time were similar in control and
e#posed animals also. The lung weight to body weight ratio in rats
sacrificed on day 14 after HF exposure was significantly higher
than in control rats sacrificed 14 days after the control expos-
ure. However, at no other time was the lung weight to body weight
ratio in HF exposed animals significantly altered and in control
rats sacrificed on days 1/2, 8 and 28 the mean lung weight to body
weight was higher than that in exposed rats sacrificed on day 1l4.
In no sacrifice group was the lung wet weight to dry weight ratio

of exposed rats significantly different than control levels.
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TABLE 24

PULMONARY EFFECTS FOLLOWING EXPOSURE TO 10.2 mg F/m3
HF FOR 6 HOURSI

Lung
Lung Wt. Wet Wt.
Sacrifice day Body Weight %oay ?t. Dry Wt.
g g/kg
Control  Exposed Control Exposed Control Exposed
-1 (-4)2 305 303
2 2
(60) (60)
4% 338 311 4.24 4.57 4,71 4.78
9 10 .13 .20 .03 .02
(6) (6) (5) (5) (5) (5)
5 321 290 4,94 4.42 4.60 4.73
7 3 .75 .20 .04 .03
(6) (6) (50 (5) (5) (5)
1 306 293 4,26 4.28 4.70 4,74
7 3 .20 .08 .05 .04
(6) (6) (5) (5) (5) (5)
2 333 317 4,17 4.11 4,71 4.76
7 7 .19 07 04 .05
(6) (6) (5) (5) (5) (5)
4 337 335 4,24 4,17 4,92 4.67
12 6 .21 .19 .14 .05
(6) (6) (5) (5) (5) (5)
7 (3)2 341 340
4 5
(30) (24)
8 343 306 4,51 4,22 4.72 4,72
12 12 .28 .10 .04 .04
(5) (6) (5) (5) (5) (5)
14 353 329 4,03 4,502 4,82 4.71
7 11 .14 .10 .08 .05
(6) (6) (5) (5) (4) (5)
21 390 4,34 4.84

(6) (5) (5)
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TABLE 24 (continued)

PULMONARY EFFECTS FOLLOWING EXPOSURE TO 10.2 mg F/m3
HF FOR 6 HOURSL

Lung
Lung Wt. Wet Wt.
Sacrifice day Body Weight Body Wt. Dry Wt.

g (g/kg)
Control  Exposed Control Exposed Control Exposed

28 405 381 4.84 3.87 4.68 4.73
12 16 .41 .16 .03 .02
(6) (6) (5) (5) (5) (5)

42 467 467 3.53 3.67 4.69  4.60
11 15 .07 .13 .06 .01

(6) (6) (5) () (5) (5)

1 Values expressed as mean, S.E.M., (number of animals per group).
HF generated by compressed gas technique.

2 Sacrifice day is reported with respect to the day of control or
HF exposure. On days -1 and 7 with respect to the HF exposure
all rats were weighed. These two days correspond to days -4 and
3, respectively, with respect to the control exposure.
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The renal effects of exposure to 10.2 mg F/m3 HF are given in
Table 25. It was noticed during the first few days postexposure
that urines collected from nonfasting rats were heavily
contaminated with food and/or feces. It was decided, therefore, to
fast the animals for the 24 hour period prior to sacrifice.
Therefore, the animals were fasted on days 8, 14, 21, 28 and 42.
The experimental protocol already called for fasting on day 1. The
urine samples coilected for fasting animals were much cleaner than
those for animals which had access to food. Tap water was always
available. The kidney weight to body weight ratio in exposed
animals sacrificed on day 8 was significantly higher than day 8
control levels. However, at no other time was this ratio elevated
in exposed animals. In both control énd exposed rats the kidney
weight to body weight ratio decreased significantly on the 42nd day
postexposure period. The BUN was not elevated in exposed rats
sacrificed fromdays 1/2 to 14. BUN was not measured on rats
sacrificed on days 21, 28 or 42 because no effec£ was seen during
the first 14 days after exposure. Also, no effect of HF exposure
on urinary protein excretion was evident. Urinary protein was only
measured on days 1, 2, 4 and 8. The urinary protein excretion was
significantly lower during days in which the rats were fasting.
This may represent decreased food and/or fecal contamination of
urine on those days or may be due to some physiological response of
the rat to food deprivation._ Water consumption and urine volume

were measured throughout the entire 42 day postexposure

pcriod. HF cxposure did not effecct any of these parameters.
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TABLE 25

RENAL EFFECTS FOLLOWING EXPOSURE TO 10.2 mg F/m3 HFl

Kidney Wt.
Sacrifice day Body Wt. BUN Urinary Protein Exc.
(g/kg) (mg%) (mg/day)
Control Exposed Control Exposed Control Exposed
% 7.12 7.47
.15 .14
(6) (6)
} 7.06 7.15 10.12 9.5
.24 .05 .5 .2
(6) (6) (12) (6)
13 7.33 7.01 9.1 10.3 64 72
.13 .17 .6 .9 8 5
(6) (6) (6) (6) (6) (6)
2 7.09 7.37 14,2 13.9 120 116
.14 .25 .7 .6 11 6
(6) (6) (6) (6) (6) (6)
4 7.02 6.89 13.8 14.4 116 121
26 .12 5 1.1 6 3
(6) (6) (6) (6) (6) (6)
g 4 6.72 7.382 13.5 12.5 97 86
20 .14 9 1.4 5 2
(5) (6) (6) (6) (6) (6)
14 4 6.74 7.11 14.7 13.0
15 .30 .8 7
(6) (5) (6) (6)
21 4 6.44
.16
(6)
28 4 6.33 6.60

.19 .19
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TABLE 25 (continued)

RENAL EFFECTS FOLLOWING EXPOSURE TO 10.2 mg F/m3 HFl

. Kidney Wt.
Sacrifice day Body Wt.

(g/kg)
Control Exposed

42 4 6.44 6.20
.20 .15

(6) (6)

BUN Urinary Protein Exc.

(mg%) (mg/ day)
Control Exposed Control Exposed

1 Values reported as mean, S.E.M., (number of animals per group).
HF generated by compressed gas technique.

2 These values are from control rats sacrificed in dose response

experiment

3 Urine collected from 6-24 hours on lst day (18 hour urine). Rats
were fasted during this period.

4  Rats were fasted during this 24 hour period.
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Total and ionic fluoride concentrations'in soft tissues of
control animals are shown in Table 26. The lungs from each animal
in a sacrifice group were pooled and then homogenized as were also
the kidneys. The plasmas were analyzed for ionic fluoride
separately and then pooled for ashing. The mean ionic plasma fluoride
concentration is given, the standard error for each group was less
than 0.005 ug/ml. The ionic fluoride in lungs of control animals
sacrificed at 1/4 day was higher than at any other time. The
reasons for this are not clear, but a similar effect has been seen
previously in control chamber exposed guinea pigs (Smith, 1975).
The data from every sacrifice time were used to calculate the mean
and standard error for the entire control group. These values are
given at the bottom of the table.

Total, ﬁnd ionic concentrations in soft tissues of animals
sacrificed after exposure to HF are given in Table 27. The
fluoride concentrations in all soft tissues of rats sacrificed at
1/2 day in this experiment are quite similar to those in rats
sacrificed 6 hours after 6 hour exposure to 11 mg F/m3 in the
dose-response experiment (Table 15). Total and ionic fluoride
levels in all three tissues were significantly elevated immediately
following exposuré (1/4 day group). Ionic fluoride concentrations
in these rats was elevated by at least an order of magnitude over
control levels. These animals (1/4 day group) were sacrificed from
5 to 65 minutes following exposure to HF. Ionic lung fluoride
concentration did not consistently decrease with succeeding rats

sacrificed within this time period, suggesting that large amounts



TABLE 26

MEASURED FLUORIDE CONCENTRATIONS IN SOFT TISSUES OF RATS
SACRIFICED SERIALLY AFTER CONTROL EXPOSURE!

Sacrifice Day Lung
Totg#g/g%onic
% 0.4 0.17
3 0.5 .05
1 0.2 .02
2 0.6 .02
4 0.4 .03
8 0.5 .02
14 0.8 .04
28 0.2 .02
42 0.7 .00
Mean 0.5. .04
S.E.M, 0.1 .02

(n) (9)

(9)

Plasma
Tota%ug/T;%ic
0.12 0.048
.08 .029
.09 .035
.05 .043
.12 .037
.10 .036
.06 .040
.06 .036
.08 .035
.08 .038
.01 .002

(9)

(9)

Kidney
(ug/q)
Total Ionic
0.1 0.10
0.2 .02
0.2 .04
0.2 .04
0.1 .03
0.1 .02
0.1 .03
0.3 .02
0.0 .04
0.1 .04
.0 .01
(9) (9)

1 Tissue samples from control rats were pooled by group (5-6 rats

per group) prior to analysis.

The values shown are the

concentrations measured in the tissue pool of each group. HF

generated by compressed gas technique.
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TABLE 27

MEASURED FLUORIDE CONCENTRATIONS IN RATS SACRIFICED
SERIALLY AFTER EXPOSURE TO 10.2 mg F/m3 HF FOR 6 HOURS1

Sacrifice Day Lung Plasma Kidney
(ug/g) (ug/ml) (ug/q)

Total Ionic Total lonic Total Ionic

% 3.7 3.27 0.63 0.53 2.1 1.51
0.6 .36 .12 .13 0.3 .21

(5) (5) (5) (5) (5) (5)

L 1.5 1.28 0.52 0.52 1.7 1.21
.2 .26 .10 .07 .2 .06

(5) (6) (6) (6) (6) (6)

1 1.2 0.58 0.27 0.26 0.8 0.62
.1 .12 .08 .05 .1 .08

(5) (5) (6) (6) (6) (6)

2 1.1 0.42 0.11 0.082 0.8 0.25
.2 .10 .01 .008 .2 .02

(5) (5) (6) (6) (6) (6)

4 0.9 0.15 0.09 0.058 0.5 0.11
.2 .02 .02 .002 .1 .01
(5) (5) (6) (6) (6) (6) -

8 0.9 0.22 0.09 0.073 0.6 0.13
.3 03 01 .003 1 .01

(5) (5) (6) (6) (6) (6)

14 0.5 0.11 0.13 0.052 0.5 0.10
0 .00 .03 .002 .l 01

(5) (5) (6) (6) (6) (6)

21 0.7 0.09 0.08 0.050 0.4 0.10
.2 .01 .00 .003 1 .01

(5) (5) (6) (6) (6) (6)

28 0.7 0.04 0.09 0.044 0.3 0.06
.2 01 .03 .003 .1 .00

(5) (5) (6) (6) (6) (6)

42 0.5 0.07 0.00 0.42 0.3 0.09
1 .01 .01 .002 .1 .02
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TABLE 27 (continued)

MEASURED FLUORIDE CONCENTRATIONS IN RATS SACRIFICED
SERIALLY AFTER EXPOSURE TO 10.2 mg F/m3 HF FOR 6 HOURS1

Sacrifice Day Lung Plasma Kidney
(ng/9) (ug/m1) (ug/q)
Total Ionic Total Ionic Total Ionic
Control 0.5 0.04 0.08 0.038 0.1 0.04
.1 .02 .01 .002 .0 .01
(9) (9) (9) (9) (9) (9)
1 Values expressed as mean, S.E.M., (nmber of animals per group).

HF generated by the compressed gas technique.
a p<0.05 compared to control

b p<0.01 compared to control
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of fluoride are not cleared from the lung wi£hin 5~65 minute
postexposure period. The ionic lung fluoride concentration was
significantly higher than control levels in animals sacrificed from
1/4 to 21 days postexposure; the ionic lung fluoride concentration
in animals sacrificed on days 28 and 42 was no different from
control levels. Similarly the ionic plasma fluoride concentration
in exposed animals sacrificed on days 1/4 through 28 were
significantly higher than control. 1In exposed rats the
concentration of ionic fluoride in lung was significantly higher
than in plasma in every sacrifice group except the 28 day group.
The ionic fluoride levels in the kidneys of exposed animals were
significantly higher than control levels at every sacrifice time up
to and including 42 days postexposure.

The mean lung, plasma and kidney ionic fluoride concentrations
are plotted versus postexposure time in Figure 16. A similar plot
is obtained with total F concentrations, but since the ionic
fluoride analytical technique is more precise and has a limit of
sensitivity 10 times lower than the total fluoride method, ionic
fluoride levels are used in this figure and in subsequent calcu-
lations. In all three tissues most of the fluoride is removed
quickly after HF exposure but a small fraction of the fluoride is
retained for a long period of time.

The arithmetic mean lung ionic fluoride data were analyzed for
decay constants and intercepts by curve fitting. The mean control
ionic lung fluoride concentration (0.04 Mg/g) was subtracted from

the mean ionic lung fluoride concentration of each exposed animal
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FIGURE 16

Mean lung, plasma and kidney ionic fluoride concentration following

exposure to 10.2 mg F/m3 HF versus postexposure time. The mean

control value is shown by the horizontal line.
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sacrifice group for analysis. These data are plotted
semilogarithmically against postexposure time in Figure 17. The
data for animals sacrificed on days 28 and 42 were not used because
the lung fluoride levels in these animals were not significantly
higher than control levels. The lines were fit by a least squares
technique linear regression using the logarithm of the ionic
fluoride concentration and postexposure time. The large amount of
scatter in the data is evident in Figure 17. The pulmonary
retention of fluoride following HF exposure appears to be

biphasic. The equation obtained for the ionic lung fluoride

concentration (L) after HF exposure is:

-3. -{. t
L=2.98 (ug/g) e %% 4+ 0.29 (ugsqy e 007

with the fractional transfer constants given in day—l.‘

The plasma and kidney data were analyzed by the same
technique. The fraction of the initial flouride concentration (1/4
day) and the retention half-times calculated for all three soft
tissues are given in Table 28. The 95% confidence limits for each
calculated half-time are also given in this table. The large
scatter in the data is reflected in these 95% confidence limits.

The concenctration of fluoride in the lung immediately after HF
expoSure is dependent on the rate at which it enters this site
during exposure and the rate with which it is removed. If the
expected lung burden at the end of the 6 hour exposure is estimated
assuming a ventilation rate of 0.15 liter/minfor the 300 gram rat

(Guyton, 1947) and the retention kinetics obtained in this
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FIGURE 17

Log of the mean lung ionic fluoride concentration following

exposure to 10.2 mg F/m3 HF versus postexposure time. The linear

regression lines are shown.
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FLUORIDE RETENTION HALF-TIMES IN SOFT TISSUES OF
RATS EXPOSED TO 10.2 mg F/m3 HF FOR 6 HOURS!

% Initial burden
retained with given

half-time

9%
91%
14%

8%
92%
5%

5%
95%
12%

Retention 95% C.L.2
half-time
(days) days

8 6-12
0.2 0.16-.40
9
17 6-co
0.6 0.5-0.65
10
33 12-@
0.5 0.4-0.6
23

1 Retention half-times were calculated using mean tissue ionic or
total fluoride concentration at each sacrifice time. HF

generated by compressed gas technique.

2 95% con

fidence limits.

3 The retention half-time for the Tong term component was
calculated using total fluoride concentration and is given for
comparison with the value obtained using ionic fluoride

concentration for the calculations.
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experiment, an interesting result is obtained. For this rough
estimation the long term phase of pulmonary fluoride retention is
ignored; it is assumed that 1008 of the fluoride is cleared with a
half-time of 0.2 days. It is also assumed that HF enters the lung
at a constant rate equal to the average airborne concentration
(10.2 mg F/m3) times the ventilation rate (0.15 liter/min). With
these assumptions a pulmonary fluoride burden of 369 ug or 260
Hg/g (mean lung weight 1.42 grams) is obtained. If the long term
component of fluoride retention is not ignored an even larger
estimate is obtained. The large discrepancy between this estimate
and the value of 3.27 ug/g measured in rats sacrificed 5-65
minutes postexposure suggests that some important factor has not
been considered. Two possible explanations for this discrepancy
are 1) only a small fraction of the HF inhaled is deposited in the
lung (i.e., it may be removed in the upper respiratory tract) or
2), there is a very rapid clearance of fluoride ion from the lung
that was not detected in this experiment (i.e., the lung fluoride
concentration decreased from 260 ug/g to 3.27 ug/g in the first
5 minutes of the postexposure period). |

The AF concentrations in soft tissues of rats sacrificed
after exposure to 10.2 mg F/m3 are given in Table 29. At no
sacrifice time were the AF concentrations in lung and plasma
significantly elevated over control levels. AF concentration in
the kidneys of exposed animals sacrificed on days 1/4, 1/2, 4 and 8
were significantly higher than control levels, but the differences

between exposed and control kidney AF concentrations were never



120

TABLE 29

AF CONCENTRATION IN SOFT TISSUES OF RATS SACRIFICED
SERIALLY AFTER EXPOSURE TO 10.2 mg F/m3 HF FOR 6 HOURSI

Sacrifice Day Lung Plasma Kidney

(ug/g) (ug/m1) (ug/q)

Total Ionic Total Ionic Total Ionic

% 3.7 0.4 0.63 0.10 2.1 0.6
.6 .3 .12 .08 .3 .2

(5) (5) (6) (6) (6)  (6)

L 1.5 0.2 0.52 -.01 1.7 0.4a
.2 .1 .10 .03 .2 1

(5) (5) (6) (6) (6) (6)
1 1.2 0.6 0.27 0.01 0.8 0.2
.1 1 .08 .03 .1 1

(5) (5) (6) (6) (6)  (6)
2 1.1 .07 0.11 0.03 0.8 0.5
.2 .2 .01 .01 .2 .2

(5) (5) (6) (6) (6) (6)
4 0.9 0.7 0.09 0.03 0.5 0.4
.2 2 .02 .02 .1 .1

(5) (5) (6) (6) (6)  (6)
8 0.9 0.8 0.09 0.02 0.6 0.5
.3 .2 .01 .01 .1 1

(5) (5) (6) (6) (6) (6)
14 0.5 0.4 0.13 0.08 0.5 0.4
.0 .0 .03 .03 .1 .1

(5) (5) (6) (6) (6)  (6)
21 0.7 0.6 0.08 0.03 0.4 0.3
.2 2 .00 .01 .1 .1

(5) (5) (6) (6) (6) (6)
28 0.7 0.6 0.09 0.05 0.3 0.2
.2 .2 .03 .03 .1 .1

(5) (5) (6) (6) (6)  (6)
42 0.5 0.4 0.00 -0.04 0.3 0.2

.1 .1 .01 .01 1 .1
(5) (5) (6) (6) (6)  (6)
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TABLE 29 (continued)

AF CONCENTRATION IN SOFT TISSUES OF RATS SACRIFICED
SERIALLY AFTER EXPOSWRE TO 10.2 mg F/m3 HF FOR 6 HOURS

Sacrifice Day Lung Plasma Kidney
(nug/g) (ng/ml) (ug/q)
Total Ionic Total Ionic Total Ionic
control 0.5 0.4 0.08 0.05 0.1 0.1
.1 .1 .01 .01 .0 .0
(9) (9) (9) (9) (9) (9)

1 Values expressed as mean, S.E.M., (number of animals per
group). HF generated by compressed gas system.

a p<0.05 compared to control

b p<0.01 compared to control.



larger that the analytical error of the total fluoride technique
(total kidney fluoride can be determined *0.3 ug/g). However,
the consistancy of the increased AF concentration in kidneys of
rats exposed to HF suggests that elevated levels of AF were
actually present.

Femurs from control and exposed animals sacrificed on days 2,
8, 28, and 42 were analyzed for total fluoride content. The mean
and standard error for each group are plotted against postexposure
time in Figure 18. The amount of fluoride in the femur increased
with postexposure time in both control and exposed animals. On
days 2, 8, 42 the amount of fluoride in the femurs of exposed
animals was significantly higher than in controls. The arithmetic
mean femoral fluoride content for the exposed and control groups
were subjected to a linear regression. In both cases a significant
correlation existed (exposed: «r = .989, df = 2, p<0.05;
control: r = .999, df = 2, p<0.01l). Exposed animals deposited
an average of 5.43 ug F per femur per day; in control animals
this rate was 3.09 ug per femur per day. These two rates are

significantly different (¥ = 16.2, p<0.05).

1,4
The fluoride excretion in urine and feces during the
postexposure period is shown in Table 30. Total fluoride content
was analyzed in feces and is expressed in ug/g dry weight. The
concentration of fluoride in feces of both control and exposed
animals was fairly éonstant, but the total amount of fluor ide

excreted via this route was extremely variable because the fecal

mass varied considerably. The mean fecal mass per day in fed rats

122
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FIGURE 18

Femoral fluoride content of control and 10.2 mg F/m3 HF exposed
rats versus postexposure time. Each vertical line represents plus
or minus one S.E.M. The linear regression lines for the control

and exposed groups are shown.
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TABLE 30

URINARY IONIC FLUORIDE EXCRETION AND TOTAL FECAL FLUORIDE
CONCENTRATION AFTER EXPOSURE TO 10.2 mg F/m3 FOR 6 HOURSI

Collection period Urinary Ionic F- Fecal Total F
(day) (ug/day) (ug/g)
Control Exposed Control Exposed
y-%2 16 147
5 -12 43 495b
6 51
(6) (6)
1-2 57 242b 66 215b
4 24 9 27
(6) (6) (4) (6)
2 -3 . 163b
5
(6)
3-4 51 125b 106b
5 6 3
(6) (6) (6)
4 -5 124b
- 13
(6)
5-6 94b
5
(6)
6 -7 89b 88a
6 4
(6) (5)
7 -82 53 100b 64
3 12 5
(5) (6) (4)
9 - 10 715 952
3 7
(6) (5)
11 - 12 71b
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TABLE 30 (continued)

URINARY IONIC FLUORIDE EXCRETION AND TOTAL FECAL FLUORIDE
CONCENTRATION AFTER EXPOSURE TO 10.2 mg F/m3 FOR 6 HOURS!

Collection period Urinary Ionic F- Fecal Total F
(day) (ng/day) (nga/q)
Control Exposed Control Exposed
13 - 14 2 51 69b 75 83
3 2 3 5
(6) (6) (4) (6)
20 - 21 2 692 g7a
7 5
(6) (5)
27 - 28 2 48 79b 80 70
7 4 2 3
(6) (6) (5) (5)
41 - 42 2 59 632 82
7 4 6

Entire control group
mean 52 71
S.E.M. 20 4
(n) (7) (4)

1 vValues expressed as mean, S.E.M., (number of animals per
group). HF generated by compressed gas technigue.

2 Rats fasted during collection period
3 Calculated using mean value for each control group.
a p<0.05 compared to entire control group.

b p<0.01 compared to entire control group.



was 3.7 g £ 2.0 (24) Imean * std. dev., (number of samples)j.
These values for fasted animals were 0.7 g £ 0.6 (24). The mean
fecal fluoride concentrations on each control day analyzed were
used to calculate the mean fecal fluoride concentration for the
entire control group. The fluoride concentration in feces
collected from exposed animals on days 2, 4, 7, 10 and 21 was
statistically higher than the control group. However, only on days
2 and 4 were the fecal F concentrations markedly elevated. Using
the mean fecal mass of 3.7 g per day fed control animals excrete a
mean of 263 ug fluoride/day by this route. On day 2 after
inhalation of HF animals excreted a mean of 800 ug fluoride (215
Hg x 3.7 g) hy the fecal route. On day 4 postexposure the fecal
fluoride excretion is calculated to be 390 ig. On days 2 and 4
exposed animals excreted 190 ug and 73 ug, respectively, more
fluoride in their urine than did control animals (using the mean
excretion for the entire control group for reference). Thus it is
evident that shortly following exposure to HF animals excrete more
fluoride via the GI tract than through the kidneys.

The urinary ionic fluoride excretion in control animals
remained constant throughout the 42 day postexposure period. The
mean urinary ionic fluoride excretion for the entire control group
was calculated in the same manner as for control fecal fluoride.
Urinary fluoride excretion increased rapidly following exposure to
HF. Exposed animals excreted almost 10 fold more fluoride during
the first 6 hours and the first 18 hours postexposure than control

animals. Urinary fluoride excretion slowly decreased in exposed
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animals but by éay 28 had not returned to control levels. The
urinary fluoride excretion in exposed animals on day 42 was
significantly higher than the entire control group, but not'higher
than in control rats on day 42.

The logarithm of urinary fluoride excretion corrected for
controls is plotted versus postexposure time in Figure 19. This
curve was analyzed in the same manner as for the soft tissue data.
Urinary fluoride excretion following HF exposure also appears to be
biphasic. Approximately one-half of the cumulative fluoride
excreted via this route was excreted with a half-time of 1.7 days
(95% confidence limits: 1.2 day < T 1/2 < 3.0 day). The
remaining fluoride was excretgd with a half-time of 63 days (95%
confidence limits 31 to ®). The equation obtained for urinary
fluoride excretion (U) after HF exposure was:

U = 389 ug e 0-4L ¢ -0.011 t

+ 22.4 ug e
with the fractional decay constants given in day"l. The
cumulative fluoride excreted during the 42 day postexposure period
obtained by adding the measured fluoride excreted on days 1-8 to
the fluoride excretion célculated by the equation giveq above for
days 9-42 was 1598 ug. Since each point was corrected for
control levels prior to mathematical analysis, this wvalue, 1598
W9, represents the calculated excess fluoride excretion during
the postexposure period.

Urine samples obtained on each sacrifice day were pooled and

then ashed for determination of total fluoride content. The

results of this analysis are given in Table 31. As can be seen
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FIGURE 19

Log of the mean daily urinary ionic fluoride excretion following
exposure to 10.2 mg F/m3 HF versus postexposure time. The linear

regression lines are shown.
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AF CONCENTRATION IN URINE AFTER EXPOSURE TO
10.2 mq F/m3 HF FOR 6 HOURS!

Collection period

(day)

L\ S o
i ' 0

~ w
]

13 -

27 -
a1 -

Ny

14
21
28
42

Total
44,
34.
12.

7.5

5.1

3.8

2.8

4.0

3.2

TABLE 31

Exposed

(ug/m1)
Ionic

44,

40.

13.

-7.6
5.0
4.5
3.3
4.0

3.0

AF
0.
-6.
-1.
-0.1
-0.1
-0.7
-0.5
0.0
0.2

Total

N NN

3
3.
4

Control

(ug/m1)
Ionic

3.

3

2

.0

AF
-0.1
0.2
0.8
-0.1
-0.5
-0.8

0.1
-0.1

129

1 Urines from each rat were pooled by group prior to determination
The value for each pool is reported

of fluoride concentration.
individually.
cage wash water.

Fluoride concentrations not corrected for the
HF generated by compressed gas technique.



significant amounts of AF were not detected in the urine of
control or exposed animals. Since total urine fluoride equalled
ionic urine fluoride, similar results would be obtained if either
of these values were uesd in the calculations described above.
Ionic fluoride concentrations were used because this analytical
technique is more precise and sensitive than the total F technique.
The femoral and urinary fluoride data from exposed animals are
compared in Table 32. Previous investigations on fluoride
distribution and excretion have indicated that approximately 50% of
absorbed fluoride is excreted via the urine (Smith, 1966), the
remainder is deposited in bone. The excess fluoride per femur
(obtained by subtracting the appropriate mean control femoral
fluoride content from the exposed animal femoral fluoride) in HF
exposed animals is divided by 0.0465 (femur ash weight averages
4.65% of the total skeletal ash, Savchuck and Armstrong, 1951) to
estimate the excess fluoride present in the entire skeleton. This
calculation assumes that the femur is a representative sample of
the skeleton. The validity of this assumption has been shown by
Savchuck and Armstrong (1951). Also given in this Table is the
cumulative excess fluoride excretion, which was calculated as
described above. This was added to the excess fluoride per
skeleton to estimate the cumulative absorbed fluoride. This
assumes that all of the fluoride absorbed appears in the urine or
skeleton. These estimates are only valid for very rough
compar isons. The number of significant figqures for each value

reported in the table is not meant in any way to give informatibn
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TABLE 32
COMPARISON OF URINARY F EXCRETION AND FEMORAL FLUORIDE RETENTIONI

Postexposure Excess F Estimated excess F

Cumulative excess Estimated Cumulative
day per femur per skeleton urinary F excretion F absorbed
(ug) (ug) (ng) (mg)
2 27 581 633 1214
8 55 1183 1016 2199
28 ' 72 1548 1384 2932
42 134 2882 1598 4480
1

See text for explanation of calculations.

I€T
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on the accuracy of these estimates. Roughly‘equal amounts of
fluoride are excreted in the urine and deposited in the skeleton of
these rats. These results suggest that the HF exposed animals
absorbed approximately 4500 ug of fluoride as a result of HF
exposure. Using a ventilation rate of 150 cc/min and a mean
airborne fluoride concentration of 10.2 mg/m3 it can be estimated
that these exposed rats inhaled 550 ug of fluoride during the 6
hour exposure. These two estimates of absorbed fluoride are not in
good agreement. Apparently HF exposed rats are absorbing much
greater amounts (nearly 10 fold) of fluoride than could be explained
by the inhalation of HF.

While there is no direct information on the subject the source
of the excess fluoride may be the fur. Rats preen, and if large
amounts of HF were to absorb to the/fur during whole body exposure
it seems likely that large amounts of fluoride would be ingested
orally. In an empty exposure chamber, airborne fluoride levels of
approximately 84 mg F/m3 were obtained with a HF regulator pres-
sure of 15 lb/in® (Table 5), however with 6 rats in the chamber an
airborne fluoride concentration of only 27 mg F/m3 was produced
with the same regulator pressure (Table 5). Thus the chamber opera-
ting characteristics suggest that rats remove large amounts of fluor-
ide fram the air, certainly more than can be accounted for on the
basis of their pulmonary ventilation since the total airflow rate in
the chamber was 28 liters/minute. Because of the magnitude of this
additional source of fluoride the results of these wholeMexposures do

not give any direct information on the metabolism of inhaled HF.



D. NaF Retention Experiment

To obtain data for comparison to HF exposures male Long Evans
rats (Blue Spruce Farms) were exposed to NaF dust for 6 hours in a
28 liter glass battery jar inhalation chamber. Prior to exposure a
two-minute chamber air sample was drawn through a Mercer impactor
(Mercer, et al., 1970) at a flow rate of 0.702 1/min for
determination of particle size. The dust contained on each slide
and the filter was dissolved in double distilled water and analyzed
for fluoride with the fluoride ion sensitive electrode by the known
addition technique. The results of these analyses are shown in
Figure 20. Froam this log probability plot a mass median
aerodynamic diameter of 2.8 um (0 g = 2.2) is calculated for
the NaF dust. During the exposure several 2 minute air samples
'(O.SJ/min) were drawn through a 0.8 um pore size millipore filter
for determination of airborne fluoride levels. The time weighted
average fluoride concentration for the 6 hour exposure was
24 mg F/m3 F as NaF (54 m.g/m3 dust). The mean chamber
temperature during thg exposure was 25°¢.

Animals were sacrificed immediately (8-60 minutes) or 8 days
postexposure. The animals which were to be kept for 8 days were
each submerged in a large beaker of distilled water for a few
seconds immediately following the exposure in an attempt to rinse
any deposited dust off their fur. These animals were housed

individually in metabolism cages and urine and fecal samples were
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FIGURE 20

Log-probability plot of NaF dust collected on each stage of Mercer

Impactor.
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collected throughout the 8 day postexposure'period. The animals
were fasted during the first and eighth day. Control animals were
not chamber exposed and were kept in metabolism cages for 2 days.
These animals were fasted on the second day. Since the data for
both control days were similar all the data was pooled to obtain
the control data given.

The lungs of 2 of the 5 animals sacrificed immediately
following NaF exposure appeared diffusely hemorrhagic. No other
gross pathologic alteration was noticed upon necropsy. The
pulmonary effects of NaF exposure are given in Tablé 33. The body
weights of exposed animals sacrificed on day 8 were statistically
lower than control levels, however, the difference of 9 grams out
of a 320 gram body weight is probably of no biological
significance. No change in the lung to body weight ratio was
seen. The lung of exposed animals had a slightly higher water
content than control animals as is shown by the significantly
higher lung wet weight to dry weight ratios in these animals.

Exposure to NaF resulted in a significant alteration in kidney
function. Data concerning the kidneyifunction of these animals is
given in Table 34 and Figure 21. The kidney weight to body weight
ratio was éignificantly elevated 8 days postexposure. The BUN was
significantly elevated immediately po;texposure butlwas no
different than control levels 8 days following the exposure. No

change in urinary protein excretion was evident. Water consumption
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TABLE 33
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PULMONARY EFFECTS OF EXPOSURE TO 24 mg F/m3 NaF FOR 6 HOURS

Sacrifice Day

1
a

control

Body Wt.
(g)

329
6

(5)

311
2

(5)

320
3

(3)

Lung Wt.

Body Wt.
(9/kg)

4.67
.10

(5)

5.02
.10
(5)

5.20
.35
(3)

Lung
Wet Wt.
Dry Wt.

4,91b
.06
(5)

4,75b
.02
(5)

4.62
.02

(3)

1 Values expressed as mean, S.E.M. (number of animals per group).

b p<0.01 compared to control.



TABLE 34

RENAL EFFECTS OF EXPOSURE TO 24 mg F/m3 NaF FOR 6 HOURS!

Kidney Wt.
Sacrifice Day Body Wt.
(g/kg)
% 6.61
.09
(5)
1 2
2
3
4
5
6

BUN
(mg%)

Water consumption
(m1/day)

Protein excretion
mg/day

LET



TABLE 34 (continued)

RENAL EFFECTS OF EXPOSURE TO 24 mg F/m3 NaF FOR 6 HOURSI

Kidney Wt.
Sacrifice Day Body Wt. BUN Water consumption Protein excretion
(g/kg) (mg%) (m1/day) mg/day
7 38. b 127.
1.9 9.
(5) (5)
g 2 7.61 b 15.1 17 104.
14 .9 3.6 7.
(5) (5) (5) (5)
Control 6.71 14.5 15. 99,
20 .5 4,2 13.

1 Values expressed as mean, S.E.M., (number of animals per group)
2 Rats fasted during these days.
a p<0.05 compared to control

b p<0.01 compared to control

(6)

8E1
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FIGURE 21
Urine volume and specific gravity following exposure to
24 mg F/m3 NaF versus postexposure time, Daily urine samples
were collected, Mean + S,E.M. is shown. The horizontal lines

represent + one S.E.M. of the mean control value,
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was significantly higher than control levelé in exposed animals on
days 2, 3, 4, 6 and 7 following exposure. NoO increase in water con-
sumption was seen on day 5 because the water bottles were emptied.
This may have also affected the water consumption on day 6.

In Figure 21 urine volume and specific gravity are plotted against
postexposure day. Urine volume was significantly elevated on days
2, 3, 4 and 8 postexposure. Peak urine volume occurred on day 3

and was almost 4-fold higher than control levels. Urine specific
gravity was significantly lower than control values on days 2, 3, 4
and 8 postexposure. The maximum depression occurred on day 3.

The total and ionic fluoride concentration in lung, plasma and
kidney of rats exposed to NaF are given in Table 35. The ionic
fluoride oconcentration in soft tissues of control rats were
measured, but the samples were lost prior to determination of total
fluoride content. Total and ionic fluoride concentrations were
elevated over control levels by NaF exposures. In rats sacrificed
8 days after exposure the ionic fluoride canéentration in lung
averaged 2.2 times that in plasma. 1In plasma of rats sacrificed
immediately postexposure (1/4 day group) the measured total plasma
fluoride concentration averaged 81% of the ionic fluoride
concentration (see second paragraph following).

The AF concentrations in lung, plasma and kidney of rats
exposed to NaF are given in Table 36. AF accounted for 23% of
the total fluoride iﬁ lungs of rats sacrificed immediately after

NaF exposure. The mean total fluoride concentration in lung
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TABLE 35

MEASURED FLUORIDE CONCENTRATION IN SOFT TISSUES
OF RATS EXPOSED TO 24 mg F/m3 NaF FOR 6 HOURSL

Sacrifice day Lung Plasma Kidney
(na/g) (ug/ml) (ug/g)

Total Ionic Total Ionic Total Ionic

4 21. 14.9 3.51 4,32 26, 23.4

3.7 2.7 .25 .44 4,2 4.9

(5) (5) | (5) (5) (5) (5)

8 1.0 .60 .28 .27 2.8 1.56

.26 17 .05 .06 .64 .45

(5) (5) (5) (5) (5) (5)

Control 2 0.11 0.045 0.23

1 ~Va1ues expressed as mean, S.E.M., (number of animals per group).

2 Tissues from contol rats were pooled by group (3 rats per group)
The fluoride concentration measured in the tissue pool is
reported.



TABLE 36

AF CONCENTRATIONS IN SOFT TISSUES OF RATS EXPOSED TO
24 mg F/m3 NaF FOR 6 HOURSL

Sacrifice day

g

8 day

Lung
(vg/g)
Total AF
21. 5.6
3.7 1.8

(6) (5)
0.4

.2
(5)

Plasma
(ug/m1)
Total AF
3.51 -.81
.25 .30
(5) (5)
.28 .01
.05 .01
(5) (5)
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Kidney

(ng/qg)
Total AF
26. 2.7
4,2 1.5
(5) (5)
2.8 1.3
.64 .3
(5) (5)

1 Values expressed as mean, S.E.M., (number of animals per group).
Total and AF concentration in lung, plasma and kidney of
control rats sacrificed in the HF retention experiment averaged
0.5 and 0.4 pg/g, 0.08 and 0.05 ug/ml and 0.1 and 0.1 ug/g,

respectively.



homogenates was 5.3 ug/ml. The solubility éf NaF in water is
approximately 42,000 ug/ml suggesting that the AF in these

lungs is not undissolved NaF dust. In animals sacrificed 8 days
postexposure the AF concentration in lungs were at levels
normally present in control rat tissues.

Elevated AF concentrations were detected in the kidneys of
rats sacrified immediately and 8 days after exposure to NaF.

The mean AF concentration obtained in plasma of rats
sacrificed immediately after NaF exposure was -0.81 ug/mi. This
ancmolous result points out the problems involved in the ‘
determination of AF concentration. Both fluoride methods are
imprecise; occasionally negative values for AF would be expected
because of randam analytical error. This result emphasizes that
the detection of AF in a tissue of one group of animals does not
prove that a true non-ionic fluoride compound exists in that tissue.

The fluoride excreted in urine and feces and the femoral
fluoride content of rats after exposure to NaF are given in Table
37. The urinary fluoride excretion was significantly higher than
control levels on every postexposure day, urinary fluoride
excretion on day 8 averaging 6 times the control level. Exéosed
animals excreted an excess of 9290 ug fluoride during the 8 day
postexposure period. Large amounts of fluoride were also excreted
in the feces of exposed animals. Peak fecal fluoride

concentrations appeared on day 2 and were 47 fold higher than
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TABLE 37

FLUORIDE EXCRETION AND FEMORAL FLUQRIDE CONTENT OF RATS
FOLLOWING EXPOSURE TO 24 mg F/m3 NaF FOR 6 HOURS

Sacrifice day Urinary Ionicl Fecal Total?2 Fecal Total3 Femoratll
F- Excretion F concentration F excretion F content
(ug/day) (ug/q) (ug/day) (ug)

1 2800b 1700 1500
410
(5)

2 2280b 2700 8400
170
(5)

3 1410b 2400 7400
200
(5)

4 1150b 1700 5300
140
(5)

5 750b 1000 3100
100
(5)

6 580b 440 ' 1400
74
(5)

470



TABLE 37 (continued)

"FLUORIDE EXCRETION AND FEMORAL FLUQRIDE CONTENT OF RATS
FOLLOWING EXPOSURE TO 24 mg F/m3 NaF FOR 6 HOURS

Sacrifice day Urinary Tenicl Fecal TotalZ Fecal Total3 Femorall
F- Excretion F concentration F excretion F content
(pug/day) (ug/9) (ug/day) (ug)
7 450b 230 700
58
(5)
8 430b 270 200 936b
48 104
(5) (5)
Control 70 58 237
11 14
(6) , (5)
1 Values expressed as mean, S.E.M., (number of animals per group).
2

Feces excreted in each collection period were pooled prior to analysis. The fluoride
concentration of each feces pool is reported. '

3 Calculated assuming a mean fecal mass of 0.9g for days 1 and 8 during which the rats were
fasted and a mass of 3.1 g for days 2-7 during which the rats were fed.

b p<0.01 compared to control.

SpI



control levels. The average daily fecal drf weights for fed and
fasted rats during this'experiment were 3.1 and 0.9 grams,
respectively. These values were then used to estimate the daily
fecal fluoride excretion. By comparing these data to the urinary
fluoride excretion it is evident that more fluoride was excreted
via the GI tract than the kidneys. Femoral fluoride concentrations
in rats sacrificed 8 days after NaF exposure were 4 fold higher
than control levels, the difference being significant at the
p<0.01 level. If the cumulative fluoride absorption is estimated
in the same manner as described in the HF retention experiment a
value of 24 mg fluoride is obtained for these NaF exposed rats. At
a pulmonary ventilation rate of 0.15 liter/min it can be estimated
that these rats inhaled only 1.3 mg of fluoride. As in whole body
HF exposed rats there appears to be a source of fluoride other than
inhalation in these NaF exposed rats. This source again may be due
to fluoride deposition on the fur.

The AF concentration in.urine of rats exposed to NaF are
given in Table 38. Significant amounts of AF were not detected

in urine of these animals.
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TABLE 38

AF CONCENTRATION IN URINE AFTER EXPOSURE TO
24 mg F/m3 NaF FOR 6 HOURS!

Urine Fluoride Concentration

(ug/m1)

Collection period Total - Ionic AF
-1 151 157 6.
1-2 80 84 -4,
2 -3 34 36 -2.
3-14 28 30 -2.
4 -5 25 27 -2.
5-6 25 26 -1.
6 -7 18 19 -1.
7 -8 17 16 1.
Control day 1 4.7 4.0 0.7
Control day 2 3.8 3.2 0.6

1 Urines were pooled prior to analysis. The fluoride
concentrations determined in each pool are reported. Fluoride
concentrations not corrected for cage wash water.
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II. Nose-only and Non-inhalation Exposures

The results of the HF retention experiment pointed out the
necessity of developing another exposure system for investigations
of HF toxicity. To this end a nose-only exposure unit was
constructed. The experiments to be described in this section were
undertaken to determine if a long-term pulmonary retention of
fluoride occurred in rats exposed to HF via the nose-only route and
to determine what fraction, if any, of inhaled HF is deposited in
the upper respiratory tract. A number of supporting experiments
were required, and are described here also. Since several of these
experiments required the use of anaesthetized animals, rats were
anaesthetized prior to HF exposure via the nose-only route.
Nose-only exposures were of 1 hour duration. Rats were sacrificed
at various times up to 4 days after exposure to HF.

A, Intravenous NaF Infusion

The results of the HF and NaF retention experiments indicated
the possiblity that the lung contained binding sites for fluoride.
Thus, the finding of lung fluoride cohcentrations in excess of
plasma fluoride concentrations cannot be taken to indicate a
priori, that HF entered the lung via the airways. To determine if

fluoride binding in the lung could occur in the time course of the



nose-only exposures rats were infused intravénously with 10.8 mg
F/min (as NaF) for 60 minutes and were sacrificed immediately or 6
hours after the termination of the infusion. Control rats were
infused with 154 mm NaCl at the same rate.

The pulmonary effects of intravenous fluoride infusion are-
given in Table 39. Rats sacrificed at 1 hour were sacrificed less
than 1 minute after the end of the 1 hour infusion. Rats
sacrificed at 7 hours were sacrificed 6 hours after the end of the
1 hour infusion. The lung weight to body weight ratio and the lung
wet weight to dry weight ratio were similar in saline and NaF
infused groups. Respiration frequency was determined in all groups
during the infusions. No consistent effect of NaF infusion on
respiration frequency occurred.

The effects of fluoride infusion on several renal parameters
are shown in Table 40. No effect of fluoride infusion was evident
on urine volume (bladder urine was removed in the 1 hour group),
BUN or the kidney weight to body weight ratio in rats sacrificed at
1 hour. The kidney weight to body weight ratio, urine volume and
urine specfic gravity were similar in control and fluoride infused
rats sacrificed at 7 hours. The BUN in rats infused with fluoride
and sacrificed in 7 hours were statistically higher than in control
rats, however, the small increase may not be of physiologic
significance. This is especially evident by comparison to the BUN
in NaCl infused rats sacrificed at 1 hour.

The measured fluoride concentration in soft tissues of rats

infused with NaCl or NaF are given in Table 4l1. Total and icnic
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TABLE 39

PULMONARY EFFECTS OF INTRAVENOUS INFUSION OF
10.8 ug F/min NaF FOR 1 HOURI

Lung
Lung Wt. Wet Wt. Respiration2
Sacrifice time Body Wt. Body Wt. Dry Wt. breaths/min
1 hour
NaF 278 4.42 4.75 74
6 A7 .07 3
(6) (5) (5) (5)
NaC1 283 4.55 4.88 58b
5 .03 .02 1
(4) (4) (4) (4)
7 hour
NaF 296 4.39 4.64 61
7 .08 .06 7
(5) (5) (5) (5)
NaCl 300 5.00 4.80 70
6 .98 .05 3
(4) (4) (4) (4)

1 Values expressed as mean, S.E.M. (numbers of animals per group)
Exposed rats infused with 32 mm NaF in 122 mM NaCl, controls with
154 mM NaC1. Infusion started at time O.

2 Respirations were counted during infusion.

b p<0.01 compared to appropriate NaCl group.
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TABLE 40

RENAL EFFECTS OF INTRAVENOUS INFUSION OF
10.8 ug F/min NaF FOR 1 HOURI

Kidney Wt. Urine Urine
Sacrifice time Body Wt. BUN Volume specific gravity
(g/kg) (mg%) (m1)
1 hour
NaF 7.32 13.4 0.54
.24 .9 .10
(5) (5) (5)
NaCl 7.18 15.8 0.44
.09 1.3 .05
(4) (4) (4)
7 hour
NaF 6.93 14.44a 3.5 1.035
.27 1.1 .6 .004
(5) (5) (5) (5)
NaC1 6.93 11.5 3.6 ' 1.038
.13 2 .6 .004
(4) (3) (4) (4)

1 Values expressed as mean, S.E.M., (number of animals per group).
Exposed rats were 1nfused with 32 mM NaF in 122 mM NaCl, contro]s
with 154 mM NaCl. Infusion started at time O.

a p<0.05 compared to appropriate NaCl group.



TABLE 41

MEASURED FLUORIDE CONCENTRATIONS IN SOFT TISSUES
OF RATS INFUSED WITH 10.8 ug F/min NaF FOR 1 HOUR1

Sacrifice time Lung Plasma Kidney Trachea?
(ug/9) (ug/ml) (ug/q) (ug/q)
Total Ionic Total Ionic Total Ionic Total
1 hour
NaF 1.1 1.05b 2.69  2.67b 4.1 4.15b 15.
.0 .06 11 .07 .3 .56
(4) - (8) (5) (5) (5) (5)
NaC12 0.0 0.06 0.10  0.044 0.0 0.10 15.
.01 .002 .01
(4) (4) (4)
7 hour
NaF 0.7 0.06 0.42 0.1674 0.7 0.13 19.
.1 .01 .03 .005 .2 .02
(5) (5) (5) (5) (5) (5)
NaCl 0.9 0.07 0.32 0.138 0.8 0.11 23.
.1 .01 .06 .011 .2 .02
(4) (4) (3) (4) - (4) (4)

1 Values expressed as mean, S.E.M. (number of animals per group). Exposed rats were infused
with 32 mM NaF in 122mM NaCl, controls with 154 mM NaCl. Infusion started at time O.

2 Tissues were pooled by group prior to determination of total fluoride concentration. The
fluoride concentration determined in each tissue pool is given.

a p<0.05 compared to appropriate NaCl group.

b p<0.01 compared to appropriate NaCl group.

¢Sl



fluoride concentrations in lung, plasma and kidney of rats
sacrificed immediately after the infusion (1 hour group) were

mar kedly elevated over control levels. In these fluoride infused
rats the lung ionic fluoride concentration averaged 39% of the
plasma ionic fluoride concentration. Total and ionic fluoride
concentrations in the lungs and kidneys of rats sacrificed at 7
hours were similar to control levels. Plasma ionic fluoride
concentrations in fluoride infused rats sacrificed at this time
were significantly higher than control levels. The plasma ionic
fluoride concentration in the NaCl infused control group sacrificed
at 7 hours was 3 fold higher than in NaCl control rats sacrificed
at 1 hour. The reasons for this are unclear. The tracheas of
control and fluoride infused rats were pooled by group and ashed
for determination of total fluoride concentration. No increase in
tracheal fluoride content in fluoride infused rats was evident.
The tracheas weighed an average of 0.1 gram each.

The AF concentrations in soft tissues of rats infused with
NaF are given in Table 42. At neither sacrifice time were the AF
concentrations of soft tissues of rats infused with fluoride higher
than in control rats.

The urinary fluoride excretion, fecal fluoride concentration
and femoral fluoride content of NaCl and NaF infused rats are given
in Table 43. The ionic fluoride present in the bladder urine of
rats sacrificed at 1 hour and excreted during the 7 hour
experimental period by rats sacrificed at that time were both

significantly higher than control levels. A mean of 5.6% of the
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Sacrifice time

1 hour
NaF

NaC12

7 hour
NaF

NaCl

TABLE 42

AF CONCENTRATIONS IN SOFT TISSUES OF RATS
INFUSED INTRAVENOUSLY WITH 10.8 ug F/min NaFl

Lung
(ug/q)
Total AF
1.1 0.0
.0 .04
(4) (4)
0.0 -0.1
0.7 0.6
1 .1
(5) (5)
0.9 .8
.1 .1
(4) (4)

Plasma
(ug/q)
Total AF
2.69 .01
A1 .07
(5) (5)
0.10 0.06
0.42 .25
.03 .06
(5) (5)
.32 .19
.06 .05

(3) (3

154

Kidney
(ug/g)
Total AF
4,1 -0.1
.3 A4
(5) (5)
0.0 -0.1
0.7 0.6
W2 .02
(5) (5)
.8 0.7
.2 .2
(4) (4)

1 Values expressed as mean, S.E.M., (number of animals per group).
Exposed rats infused with 32 mM NaF in 122 mM NaCl; controls with

154 mM NaCl.

Infusion started at time 0.

2 Tissues from this control group of 4 rats were pooled prior to
determination of total fluoride concentration.
concentration determined in each tissue pool is given.

The fluoride
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TABLE 43

URINARY IONIC FLUORIDE EXCRETION, FECAL TOTAL FLUORIDE
CONCENTRATION AND FEMORAL FLUORIDE CONTENT IN RATS
INTRAVENOUSLY INFUSED WITH 10.8 ug F/min NaF FOR 1 HOUR

Sacrifice time Urine Ionic F- Fecal Total F2 Femoral F
' (ug/period) (ug/q) (ng/q)
1 hour .
“NaF 39.2b 126 195
5.8 17
(5). (5)
NaCl 3.0 117 183
.3 , 4
(4). (5)
7 hour
NaF 145.b 115 222 °
19 15
(5) (4)
NaCl 19.9 122 238
1.6 59

1 Values expressed as mean, S.E.M. (number of animals per group).
Exposed rats infused with 32 mM NaF in 122 mM NaCl; controls with
154 mM NaCl. Infusion started at time 0. Urine collected from
time 0 until time of sacrifice

2 The last few fecal pellets in the intestinal tract of each rat
were removed and pooled. The total fluoride concentration in
each fecal pool is given.

b p<0.01 compared to appropriate NaCl group
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infused fluoride dose was present in the urine of rats sacrificed
immediately after the infusion (1 hour group). A mean of 19% of
the infused fluoride dose was excreted in the urine during the
.entire 7 hour experimental period. The urines excreted during the
7 hour experimental period by control and fluoride infused rats
were pooled by group ashed for determination of total fluoride
concentration. AF was not detected in either of these urine
pools.

B. HF Retention - Normal F Diet

Anaesthetized male Long Evans rats were exposed to 75 mg F/m3
HF for 1 hour in thg nose-only exposure unit. Anaesthetized male
~Long Evans rats exposed to room air for ‘1 hour in a similar chamber
served as controls. Rats were housed individually in metabolism
cages for the 96 hour postexposure period. All rats were
sacrificed 96 hours after the start of exposure.

The pulmonary effects of nose-only exposure to 75 mg F/m3 HF
in one hour are given in Table' 44. Body weight, lung weight to
body weight ratio and lung wet weight to dry weight ratio were
measured in rats at sacrifice and were similar in both control and
exposed groups. Respirations were counted during exposure and were
also similar in control and exposed groups.

The effects of nose-only exposure to 75 mg F/m3 on several
renal parameters are given in Table 45. The BUN and kidney weight
to body weight ratio of rats sacrificed 4 days after exposure were
unaffected by HF. Urines were collected from each animal from

times 0-7, 7-24, 24-48, 48-72 and 72-96 hours. 1In no collection
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TABLE 44

PULMONARY EFFECTS OF NOSE-ONLY EXPOSURE
TO 75 mg F/um3 HF FOR 1 HOUR1

Lung
Lung Wt. Wet Wt.
Body Wt. Body Wt. Dry Wt. Respirations?
(g) (g/kg) (breaths/min)
Exposed 253 4.59 4,76 72
9 .41 .02 4
(5) (5) (5) (4)
Control 257 4.54 4.69 69
5 .18 .03 4
(5) (5) (5) (a)

1 Values expressed as mean, S.E.M,, (number of animals per group). HF
generated by compressed gas technique. Rats were sacrificed 96 hours
after the start of exposure.

2 Respirations were counted during exposure.



TABLE 45
RENAL EFFECTS OF NOSE-ONLY EXPOSURE TO 75 mg F/m3 HF FOR 1 HOURL

Collection Urine Volume Urine sp. gr. Urine Protein BUN Kidney Wt.

Period : Body Wt.
(m1) (mg/period) (mg%) (g9/kg)
Exp. Cont, Exp. Cont. Exp. Cont. Exp. Cont. Exp. Cont.
0 -7 hr. 1.3 1.0 1.086 1.167 22 19
.2 .3 .016 .052 3 3
(5) (5) (5) (5) (5) (5)
7 - 24 hr. 7.0 5.6 1.085 1.048 52 40
3.1 1.2 .017 .009 7 5
(5) (5) (5) (5) (5) (5)
24 - 48 hr. 8.2 6.4 1.060 1.070 70 66
1.5 1.2 .016 .009 13 6
(5) (5) (5) (5) (5) (5)
48 - 72 hr. 8.2 7.4 1.072 1.073 71 83
2.4 1.4 .016 .013 12 10
(5) (5) (5) (5) (5) (5)
72 - 96 hr. 12. - 14 1.031 1.028 59 82 16 16 7.33 6.98
1.9 2.4 .009 .006 6 9 1 1 .39 .22
(5) (5) (5) (5) (5) (5) (4) (4) (5) (5)

1 Values expressed as mean, S.E.M., (number of animals per group). HF generated by
compressed gas system. Exposure started at time zero; rats sacrificed at 96 hours.

891
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period was the urine specific gravity or protein content
significantly altered from control levels by HF inhalation. The
volume of urine excreted by the HF exposed rats tended to be higher
than control rats, but at no time were the two groups signifiéantly
different. Water and food consumptions during the 4 day
postexposure period were also similar in control and exposed
animals.

The measured fluoride concentrations in soft tissues of rats
sacrificed 4 days after nose-only exposure to 75 mg F/m3'HF are
given in Table 46. Total and ionic fluoride concentrations in
lung, plasma and kidney were all similar to control levels. These
results are in marked contrast to rats sacrificed 4 days after
whole-body exposure to HF in which the fluoride concentrations in
lung, plasma and kidney were significantly elevated over control
levels at this time.

The AF conéentrations in soft tissues of rats sacrificed 4
days after nose-only exposure to 75 mg F/m3 HF are given in Table
47. AF appeared to be present in lugg.plasma and kidney of
control and exposed rats, The AF oconcentrations in the tissues
of exposed rats, however, were no higher than in control rats.

Urinary fluoride excretion was significantly elevated 0-7 hours
and 7-24 hours after the start of HF exposure (Table 48). The
urinary fluoride excretion during the 24-48 hour period after
exposure to HF averaged 131% of control levels but the two groups

were not significantly different.
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TABLE 46

MEASURED FLUORIDE CONCENTRATIONS IN SOFT TISSUES OF RATS
SACRIFICED 96 HOURS AFTER THE START OF NOSE-ONLY
EXPOSURE TO 75 mg F/m3 HF FOR 1 HOURI

Lung Plasma Kidney Trachea
(ug/g) (ng/m1) (ug/g) (ug/g)
Total Ionic Total Ionic Total Ionic Total
Exposed 0.3 0.10 0.11 0.037 0.3 0.12 19
.1 .01 .06 .006 .1 .01 2
(5) (5) (3) (5) (5) (5) (5)
Control 0.3 0.09 0.07 0.049 0.3 0.12 19
A1 .01 .01 .004 1 .01 2
(5) (5) (4) (5) (5) (5) (5)
1 Values expressed as mean, S.E.M., (number of animals per group.)

HF generated by compressed gas technique.

A
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Control

AF CONCENTRATIONS IN SOFT TISSUES OF RATS SACRIFICED

TABLE 47

96 HOURS AFTER THE START OF NOSE-ONLY EXPOSURE

Lung

TO 75 mg F/m3 HF FOR 1 HOURL

(ug/g)

Total

~—r =3 ()

0.

.
~— D

(5

AF

o

~~
Ties
-~ = N

0.2
.1
(5)

Plasma

(ug/ml)
Total AF
0.11 0.07
.06 .07
(3) (3)
0.07 0.02
.01 .01
(4) (4)

Kidney
(ng/q)
Total AF
0.3 0.2
1 1
(5) (5)
0.3 0.2
.1 .l
(5) (5)
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1 Values expressed as mean, S.E.M., (number of animals per group).

HF generated by compressed gas system.
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TABLE 48

URINARY IONIC FLUORIDE EXCRETION, FECAL TOTAL FLUORIDE
CONCENTRATION AND FEMORAL FLUORIDE CONTENT AFTER NOSE-ONLY
EXPOSURE TO 75 mg F/m3 FOR 1 HOURL

Collection Urine lonic F- Fecal Total F2 Femoral F
period (ng/period) (ug/qg) (ng)
Cont. Exp. Cont. Exp. Cont. Exp.
0-7 hrs. 18 64b
2 10
(5) (5)
7-24 hrs. 33 78b 81 121
3 14
(5) (5)
24-48 hrs. 59 77 97 107
5 17
(5) (5)
48-72 hrs. 71 66 102
' 9 9
(5) (5)
72-96 hrs. 62 48 138 72 162 192a
7 8 10 8
(5) (5) (5) (5)
1 Values expressed as mean, S.E.M., (number of animals per group).

HF generated by compressed gas technique. Exposure started at
time 0; rats sacrificed at 96 hours.

2 Feces pooled by group. The fluoride concentration determined in
each pool is given,

a p<0.05 compared to control.

b p<0.01 compared to control.
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The urinary fluoride excretion in control animals averaged 51
Hg from 0-24 hours (18 ug from 0-7 hours, 33 pg 7-24 hours)

59 ug from 24-~48 hours, 71 ug from 48-72 hours and 62 ug from
72-96 hours after the control exposure. During the entire 96 hour
postexposure period control animals excreted 244 + 24 (5) ug

[mean + S.E.(number of animals)]. HF exposed rats excreted 334 +
32 (5) ug during the 96 hour postexposure period. These two
values are not significantly different. Thus, while Ehis exposure
regimen resulted in an increase in urinary fluoride excretion, the
increase was not very large compared to the amount of fluoride
excreted by control rats.

The fecal concentration and femoral fluoride content of rats
.exposed to 75 mg F/m3 HF for 1 hour are also given in Table 48.
The fluoride concentration in feces of exposed animals did not
appear to be higher than in control rat feces. The femoral
fluoride content in rats sacrificed 4 days after exposure to HF was
significantly higher than control levels.

Urine samples were pooled by group and ashed for determination
of total fluoridc concentration. As is shown iLn Table 49,
significant amounts of AF were not detected in the urine.of
control or HF exposed rats.

The excess urinary fluoride excretion can be used to estimate
the amount of fluoride absorbed. 1In an experiment to be described
below, 22% of an administered fluoride dose was excreted in the
urine. Thus, division of the excess urinary fluoride excretion due

to HF by 22% gives an estimate of the absorbed dose of fluoride in
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TABLE 49

AF CONCENTRATION IN URINE AFTER NOSE-ONLY EXPOSURE TO
75 mg Fm/m3 HF FOR 1 HOURL

Collection period Urine fluoride concentration
(ug/mi)

Total Ionic AF

Exposed
0-7 hr 6.4 6.6 -0.2
7-24 hr 5.5 5.4 .1
24-48 hr 4.4 4.8 - .4
48-72 hr 4.1 4.2 - .1
72-96 hr 2.3 2.6 - .3

Control
0-7 hr 2.0 2.0 0.0
7-24 hr 2.8 2.6 .2
24-48 hr 4.0 4.2 - .2
48-72 hr 4.1 4.6 - .5
72-96 hr 2.8 2.9 - .1

1 Urines were pooled prior to analysis. The fluoride concentra-
tion determined in each pool is given. Fluoride concentration
is not corrected for cage wash water. HF generated by com-
compressed gas technique. Exposure started at time O.
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these rats. Since the excess urinary fluoride excretion in exposed
animals 24-48 hours after exposure may have been due to HF
exposure, the excess urinary fluoride excretion from time 0-48
hours was used for this estimation. During this time period, HF
exposed rats excreted an excess of 108 + 20 pg of fluoride. The
standard error for the excess fluoride excretion was calculated as
the square root of the sum of the squares of the standard errors
for the control and exposed group. From this value it is estimated
that HF exposed rats absorbed an excess of 491 + 91 ug of

fluoride. At a pulmonary ventilation of 100 cc/min it can be
estimated that HF exposed rats inhale 450 ug of fluoride. These
estimates are in good agreement suggesting that the excess source
of fluoride found previously in whole body exposed rats is not
present in nose-only exposed rats. If the excess skeletal fluoride
deposition is estimated assuming the femur comprises 4.65% of the
skeleton and 78% of an acute dose of fluoride is deposited in this
site (100% - 22% urinary excretion = 78%) a value of 877 + 330
(mean + S.E.M., S.E.M. estimated as for excess urinary fluoride
excretion) ic obtained. This value is not statistic¢ally different
for the value obtained using the urinary fluoride excretion. The
large standard error of the mean for this estimate based on femoral
fluoride deposition when only small amounts of fluoride are
deposited due to HF exposure compared to the amount that is already
present suggests that measurement of the urinary fluoride excretion

would give a more reliable estimate of the absorbed fluoride dose.
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c. Fluoride Depletion Experiment

In the previous experiment it was evident that the fluoride
excretion in urine and feces of control rats was sufficiently high
to make interpretation of data for HF exposed rats difficult. It
was, therefore, decided to maintain rats on low fluoride diet and
distilled water. In this experiment the rate at which the urinary
fluoride excretion, fecal fluoride excretion, and soft tissue
fluoride concentration decreased was investigated when rats were
placed on low fluoride diet and later given NaF by intratracheal
injection.

Sixteen male Long Evans rats, housed individually in metabolism
cages, were fed normal diet (32 ug/g F content) and tap water (1
Hg/ml F). After 3 days, 4 rats were sacrificed and the remaining
12 rats were given low fluoride diet (0.7 ug/g F content) and
distilled water (< 0.0l pug/ml F). Timing for the experiment
began on the beginning of this day (time 0). On day 6, a group of
4 rats was sacrificed. On the morning of day 12, 5 rats were in-
stilled intratracheally with 200 pyg F as NaF and 3 rats were sham
operated and served as controls. Two rats died during NaF instal-
lation, presumably due to drowning. These instilled and control
rats were sacrificed 4 days later, at the end of the 15th day on
low fluoride diet. Rats were assigned to sacrifice group (day O,
day 6, day 15 control, day 15 instilled) on a random basis. Urine
and feces were collected every day. Fecal samples collected on
days -2 through to + 11 were pooled by group prior to analysis,

Feces excreted on days 12, 13, 14, and 15 were not pooled.
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The body weight and organ to body weight'ratios in rats
sacrificed at various times during the fluoride depletion
experiment are given in Table 50. All rats were weighed on days
-3, 0 and 12. All rats gained weight during the experiment. Water
and food consumption were similar in rats consuming normal F diet
and tap water and rats consuming low F diet and distilled water.
Consumption of low F diet averaged 18 g/day. The kidney to body
weight ratio tended to be lower in rats fed low F diet than in rats
fed normal F diet. This difference was significang in rats
instilled with NaF and sacrificed on day 15. The lung weight to
body weighit ratio in rats fed low F diet was also lower than in
rats fed normal F diet. This ratio was significantly lower than on
day 0 in rats sacrificed on the 6th and 15th day of low F diet
feeding.

The volume of urine excreted per day and the urine specific
gravity were unaffected by low F diet. The BUN was similar in rats
fed low F diet and normal diet. Urinary protein excretion was not
measured.

The measured [luuride concentrations in soft tissues of rats
fed low F diet for varying periods of time are shown in Table 51.
The total fluoride concentratiéns in lung, plasma and kidney of
animals fed normal diet (day O group) are at the limit of
sensitivity of the total fluoride analytical method, therefore, no
decrease in these concentrations would be detected analytically.
The ionic fluoride concentration in the lungs of animals sacrificed

on day 0 (normal diet) are also at the limit of sensitivity. The
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. TABLE 50
PULMONARY AND RENAL EFFECTS OF FLUORIDE DEPLETIONI

Lung Wt. Kidney Wt.
day Body Wt. Body WEt. Body Wt.
-3 219
3
(16)
0 238 4.66 7.97
3 .17 .25
(16) (4) (4)
+6 285 3.92b 7.37
4 .14 .23
(4) (4) (4)
+12 304
8
(8)
+15 307 , 3.654 7.16
13 .13 .50
(3) (3) (3)
+152 331 3.84 7.00b
instilled 6 .29 : .24
(3) (3) (3)
1 Values expressed as mean, S.E.M., (number of animals per group).
Fluoride depletion regimen was started at the beginning of day 0.
2 These rats were instilled intratracheally with 200 ug F as NaF
at start of day 12.
a p<0.05 compared to day O.
b

p<0.01 compared to day O.
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TABLE 51

MEASURED FLUORIDE CONCENTRATIONS IN SOFT TISSUES
OF RATS DURING FLUORIDE DEPLETIONI

Sacrifice _ Lung Plasma Kidney Trachea
time (ng/g) (ug/ml) (ng/g) (ng/g)
Total Ionic Total Ionic Total Ionic Total
Day O 0.6 0.03 0.01 0.053 0.2 0.13 4,
.1 .01 .01  .001 .1 .02 1.
(4) (4) (4) (4) (4) (4) (4)
Day 6 0.5 0.03 0.02 0.052 0.2 0.08 7.
.3 .02 01 .007 .1 .02 1.
(4) (4) (4) (4) (4) (4) (4)
Day 15 0.3 0.02 0.03 0.008 0.1 0.04 9
.0 .01 .01 .001 .1 .02 2.
(3) (3) (3) (3) (3) (3) (3)
Day 152 0.4 0.02 0.06 0.007 0.0 0.03 10.
Instilled .1 .01 .01  .000 .0 .00 3.
(3) (3) (3) (3) (3) (3) (3)
1 Values expressed as mean, S.E.M., (number of animals per group).

Fluoride depletion regimen was started at the beginning of day O.

2 These rats were instilled intratracheally with 200 ug F as NaF
at the start of day 12.



ionic fluoride concentration in the kidneys.of rats decreased with
increasing time on low F diet. Plasma ionic fluoride concentration
was significantly lower in rats sacrificed after 15 days on low F
diet than in rats fed normal diet, but no decrease in plasma ionic
F concentration was evident in rats sacrificed after only 6 days on
low F diet. Tracheal fluoride concentration increased with time,
even though rats were fed low F diet. By comparing the fluoride
concentrations in soft tissues of rats sacrificed 4 days after
intratracheal instillation of 200 ug F (as NaF) to the day 15
sham-operated rats it is apparent that detectable amounts of
fluoride are not retained in the lung, plasma or kidney of rats so
treated with fluoride.

The AF concentrations in soft tissues of rats fed low F diet
for varying periods of time are shown in Table 52. The AF
concentrations in all tissues were so low that no real comparisons
can be made.

The daily urinary ionic fluoride excretion in rats fed low
fluoride diet is shown in Eigure 22. As can be seen the mean
urinary fluoride excretion decreased throughout the entire 15 day
experimental period. On the 15th day of low F diet feeding rats
excreted an average of 10. + 2. (3) ﬂg F [ mean + S.E. (n)]. The
fluoride intake during this day averaged 12 ug indicating these
rats were in zero or positive fluoride balance. The logarithm of
the daily fluoride excretion is plotted against experimental day in
Figure 23. The fluoride excretion from day 2-15 appeared to fit a

single line the slope of which indicated that under these
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TABLE 52

AF CONCENTRATIONS IN SOFT TISSUES OF RATS DURING
FLUORIDE DEPLETIONI

Sacrifice Lung Plasma Kidney
time (ug/q) (ug/m1) (ug/qg)
Total AF Total AF Total AF
Day O 0.6 0.6 0.01 -0.04 0.2 0.0
1 1 .01 .01 .1 .1
(4) (4) (4) (4) (4) (4)
Day 6 0.5 0.4 0.02 -0.04 0.2 0.1
.0 .0 .01 .00 .1 1
_ (4) (4) (4) (4) (4) (4)
Day 15 0.3 0.3 0.03 0.02 0.1 0.0
.0 .0 .01 .01 .1 .0
(3)  (3) (3) (3) (3)  (3)
Day 152 0.4 0.3 0.06 0.05 0.0 0.0
Instilled , 1 1 .01 .01 .0 .0
(3)  (3) (3) (3) (3)  (3)

171

1 Values expressed as mean, S.E.M., (number of animals per group).

Fluoride depletion regimen was started at beginning of day O.

2 These rats were instilled intratracheally with 200 pg F as
NaF at the start of day 12.
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FIGURE 22

Daily urinary ionic fluoride excretion of fluoride depleted rats
versus time on low fluoride diet. Mean + S.E.M. is shown. Rats

were placed on low F dietary regimen at the start of day 0.
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FIGURE 23

Log of the mean daily urinary ionic fluoride excretion of fluoride
depleted rats wversus time on low fluoride diet. The linear regimen

line for days 2-15 is shown (r = .99 , 4f = 14, p<.0l).
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experimental conditions F taken in previously under normal dietary
conditions was being cleared from the rat with a half-time 8.3 days.

The urine samples collected on experimental days 6-15 were
. pooled by day and then ashed for determination of total fluoride
content. Total F concentration exceeded ionic fluoride
concentration in 8 of the 10 samples analyzed (Table 53). The mean
AF concentration for the 10 urine pools was 0.2 + .06 mg/ml (mean
+ S.E.M.). AF concentrations similar to those in sham operated
rats were obtained in urine pools from rats instilled
intratrachaelly with 200 pg F (as NaFr).

The total fluoride concentration in feces collected each day
during the fluoride depletion experiment are shown in Figure 24.
Feces were pooled prior to analysis with the exception of days
12-15. The mean fecal fluoride concentration on days 12-15 are
plotted in this graph. As is evident, within 3 days after the
start of low F diet the fecal fluoride concentration decreased from
approximately 100 ug/g to approximately 2 ug/g.

The urinary and fecal fluoride excretion in rats instilled
intratracheally with 200 ug F (as NaF) are given in Table 54.

Only in urine collected from 0-24 hours after instillation was the
fluoride excretion elevated over control levels. The instilled
rats excreted a mean of 19 + 3% (mean + S.E.M.) of the instilled
fluoride dose in their urine. Fecal fluoride concentrations were
not significantly elevated in rats instilled intratracheally with

fluoride.
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TABLE 53
AF CONCENTRATION IN URINE OF RATS DURING FLUORIDE DEPLETION!

Collection period Urine fluoride
(ug/ml)
(day) Total Ionic AF
0 4.6 5.0 -0.4
6 1.2 1.20 0.0
7 1.3 1.23 0.1
8 1.5 .92 0.6
9 1.3 .93 0.4
10 1.1 .96 0.1
11 1.1 .81 0.3
12 1.1 .84 0.3
13 1.1 .91 0.2
14 0.9 .74 0.2
15 0.7 .68 0.0
Instilled?
12 3.3 3.52 -0.2
13 1.0 .93 0.1
14 1.1 .75 0.4
15 0.9 .57 0.3

Urines were pooled prior to analysis. Fluoride concentrations
determined on each urine pool are given. Fluoride concentration
not corrected for cage wash water. Fluoride depletion regimen
was started at beginning of day O.

These rats were instilled intratracheally with 200 ug F as NaF
at the start of day 12.
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FIGURE 24

Mean fecal total fluoride concentration of fluoride depleted rats
versus time on low fluoride diet. Rats were placed on low fluoride

diet at the start of day O.
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" TABLE 54

URINARY IONIC FLUORIDE EXCRETION AND FECAL TOTAL
FLUORIDE CONCENTRATION IN PARTIALLY FLUORIDE
DEPLETED RATS AFTER INTRATRACHEAL INSTILLATION

OF 200 ug F AS NaFl

Days on F-depletion regimen 11 12 13 14 15
Hours after NaF instillation 0-24 24-48 48-72 72-96

Urine Ionic F- (ug/day)

Control 15 15 13 12 10
3 3 2 2 2

(3) (3) (3) (3) (3)

Instilled 13 53b 14 15 12
1 5 1 1 1

Fecal Total F (ug/q)

Control 0.8 1.3 1.8 0.7 3.6

.4 0.3 0.4 1.4

(3) (3) (3) (3)

Instilled ’ 1.7 1.3 0.5 2.5

.3 0.6 0.3 1.1

(3) (3) (3) (3)
1 Values expressed as mean, S.E.M., (number of animals per group).

Fluoride depletion regimen was started at the beginning of day O.

b p<0.01 compared to control.



D. Fluoride Injection

After 1 control day in metabolism cages 13 partially fluoride
depleted (11 full days on low F regimen) and 6 normal F intake male
Long Evans rats were injected intraperitoneally with 200 ug F
(0.2 ml, 1000 ug F/ml as NaF) and returned to their respective
cages. Excreted urine_and feces were then collected for timed
periods throughout the succeeding 96 hours. This experiment was
performed to 1) obtain a larger sample size for the determination
of the percent of an acute fluoride dose which is excreted in the
urine, 2) determine if differing routes of administration would
affect the urinary fluoride excretion (i.p. vs i.t.), and 3)
determine if fluoride depletion altered this response (normal vs
low F diet). Urine samples were collected individually, feces were
pooled by group. The fluoride depleted rats were injected in two
groups, one group of 9, and the other group of 4 rats. No soft
tissues were collected from these rats because previous experiments
had shown that fluoride was not retained for 96 hours after
treatment.

Injection (i.p. or i.t.) of 200 ug F was without effect on
kidney function as measured by urine volume or séecific gravity
(Table 55). The data following both routes of administration were
similar and wera, therefore, combined for this table. Food and
water consumption were measured daily and were unchanged by
injection. The mean body weight of rats used in this experiment
was approximately 300g. The urinary fluoride excretion in fluoride

depleted rats was elevated only during the 0-24 period after
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TABLE 55

RENAL EFFECTS IN FLUORIDE DEPLETED RATS OF
INTRATRACHEAL OR INTRAPERITONEAL INJECTION OF
200 pg F AS NaFl

Collection period Urine Volume - Urine sp. gr.

(hours) (m1)

=24 - 02 8.9 1.064

.9 .005

(16) (16)

0 - 24 ) 8.5 1.059

.6 .005

(16) (16)

24 - 48 8.4 1.063

.6 .004

(16) (16)

48 - 72 7.6 | 1.077

.8 .007

(16) (16)

72 - 9% 9.3 1.063

.6 .004

(16) : (16)

Values expressed as mean, S.E.M., (number of animals per group).

Control period, fluoride injected at time O.



injection (Table 56). The response was similar after either
interperitoneal or intratracheal injection. The excess fluoride
excretion, calculated by subtracting the fluoride excreted on the
control day from that excreted during the 24 hour period after
injection averaged 44.9 ug + 9.1 (mean + std. dev.). This
corresponds to 22 + 5% (mean + std. dev.) of the administered dose.

Dietary fluoride status did not affect the percent of an acute
fluoride dose excreted in the urine within 24 hours (Table 57).
Urine excreted by these rats was collected during the 24 hours
previous to injection, from 0-7 hours post-injection, and from 7-24
hours post-injection. The fluoride excreéion from 0~24 hours
post-injection is the sum of that excreted in the 0-7 and 7-24 hour
periods.

Excess fluoride excretion due to injection was calculated by
subtracting the appropriate control value for each rat. As can be
seen, in fluoride depleted rats the major portion (83%) of the
excess fluoride excretion due to injection of F was excreted in the
first 7 hours post injection. Fluoride excretion in these rats was
not elevated 24-48, 48-72, or 72-96 hours post-injection (Table 54,
group of 4). 'The response to fluoride injection in normal F rats
was no different than in F depleted rats (Table 57). Normal F rats
excreted a mean of 47 ug excess F or 24% of the injected dose
during the first 24 houre post-injection. The major portion (79%)
of the excess fluoride to be excreted by these rats was also

excreted 0-7 hours post-injection.
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TABLE 56

URINARY IONIC FLUORIDE EXCRETION IN FLUORIDE.DEPLETED
RATS INJECTED INTRATRACHEALLY OR INTRAPERITONEALLY
WITH 200 ug F AS NaFl

Route of -24-0 hr.2 0-24 hr. 24-48 hr. 48-72 hr. 72-96 hr.
administration (ug/day) (wg/day) (ug/day) (ug/day) (ug/day)
Intratracheal 13 49 14 16 13

11 47 15 10 11
14 64 13 10 11
Intraperitoneal 13 64 13 10 11
12 55 15 10 11
13 60 14 12 13
12 49 13 9 11
12 58 14 11 12
14 51 11 9 10
13 63 12 14 13
15 56 11 12 13
10 43 12 - 9
Intraperitoneal 15 56 14 7 8
12 55 15 11 10
11 75 17 15 13
14 77 15 11 12

1 The urinary fluoride excretion of each rat is reported
individually.

2 Control period, fluoride injected at time O.
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TABLE 57

URINARY IONIC FLUORIDE EXCRETION IN NORMAL F RATS
AND FLUORIDE DEPLETED RATS INJECTED
INTRAPERITONEALLY WITH 200 ug F AS NaFl

-24-0 hr.2 0-7 hr. 7-24 hr. 0-24 hr.3
(ug/period)  (ug/period) (ug/period) (ng/period)
Fluoride-
depleted 15 43 13 56
12 34 21 55
11 51 24 75
14 61 16 77
Excess fluoride4
excretion-mean 44 9 53
+ S.E.M. +6 +3 +6
Normal fluoride 58 26 51 77
48 27 60 87
49 24 55 79
63 73 45 118
60 105 40 145
28 57 27 84
Excess fluoride?
excretion-mean ‘ 37 10 47
+ S.E.M. +13 +5 +10

The urinary ijonic fluoride excretion of each rat is reported
individually.

Control period, fluoride injected at time 0,

Urine was collected from each rat from 0-7 hours and from
7-24 hours. The fluoride excretion from 0-24 hours is calculated
as the sum of that excreted during these two periods.

Excess fluoride excretion for each rat was calculated by
subtracting the appropriate control value for that rat. The
control value for the 0-7 hour and 7-24 hour period was calcu-
lated as 7/24 or 17/24, respectively, of the 24 hour urinary
fluoride excretion during the control day.



The mean fecal fluoride concentrationsin F depleted rats after
injection of fluoride are shown in Table 58. Feces were pooled by
group in rats injected intraperitoneally. The feces excreted by
each control and intratracheally injected rat were analyzed
separately and the mean value given. The S.E.M. for these latter
two groups is given in Table 54. The fecal fluoride concentration
was not altered by intratracheal injection of 200 ug F. However,
intraperitoneal injection of 200 ug I appeared to result in a
slight elevation in fecal fluoride concentrations in the first 24
hours. If these elevations are real, approximately 2% of the
intraperitoneal dose of fluoride was excreted via the feces.

The results of this and the preceding experiment indicated the
desirability of using fluoride depleted rats for an HF retention
experiment. The fluoride depletion regimen resulted in a 50-fold
decrease in fecal fluoride concentration and a 6-fold decrease in
urinary fluoride excretion without altering the manner in which
the rat metabolized an acute fluoride dose. However, the use of
fluoride depleted rats is complicated by the fact that both the
urinary fluoride excretion and soft tissue Fluoride concentration
appear to be a function of the length of time on the low fluoride
dietary regimen.

E. Upper Respiratory Tract Exposure

The results of several of the previous experiments pointed out
the possibility that a significant fraction of inhaled HF is
deposited in the upper respiratory tract. Comparison of the

pulmonary retention kinetics of fluoride in the whole body HF
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TABLE 58

TOTAL FECAL FLUORIDE EXCRETION IN FLUORIDE DEPLETED RATS
INJECTED WITH 200 pg F As NaFl

Mean fecal
Route of -24-0 hr.?2 0-24 hr. 24-48 hr, 48-72 hr, 72-96 hr. dry weight
administration  (ug/g) (ng/g) (na/g) (ug/g) (ng/qg) (9)
Control 0.8 1.3 1.8 0.7 3.6 0.9
Intraperitoneal 0.6 5.6 1.4 0.6 0.0 1.1
(group of 9)
Intraperitoneal : 4.6 2.4 0.0 0.0 1.0
(group of 4)
Intratrachael 1.7 1.3 0.5 2.5 | 1.1

1 Mean fecal fluoride concentration for each group is reported.

2 Control period. Rats injected at time O.
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retention experiment with the estimated inhalation rate of HF
suggested that as much as 99% of inspired HF may be removed from
.the air by the upper respiratory tract. The pulmonary fluoride
burden in rats exposed to HF plus water vapor was markediy lower
than in rats exposed to similar concentrations of HF alone, yet the
body burdens of fluoride, as measured by plasma fluoride
concentration, in both groups of rats were quite similar. One
possible explanation for these results was that water vapor alters
the regional deposition pattern of inhaled HF without affecting the
total amount deposited. This same phenomenon would also explain
the differences in pulmonary fluoride burdens in Blue Spruce and
Charles River rats after exposure to similar HF levels. It should
be stated, however, that there are several other possible
explanations for each of these results. It was not the
conclusiveness of the observations but the frequency with which they
occurred which led to the performance of the experiment to be
described in this section.

The basic design of this experiment was to measure the
concentraton of HF in air enteriny the external nares and in air
entering the trachea, (in air which had passed through the upper
respiratory tract). The term upper respiratory tract as used here
refers to all regions of the respiratory tract cephalad to the
trachea. Any difference in airborne fluoride concentrations at
these two locations would be attributed to deposition of HF in the
upper respiratory tract. Measurement of airborne fluoride

concentration entails drawing air at a known flow rate through a
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collecting agent, measuring the amount of fluoride collected, and
expressing it per hnit volume of air sampled. Chamber air samples
were drawn at 0.77 1/min for one minute. Measurement of airborne
fluoride levels in the trachea of the intact rat by this technique
would not only interfere with the animals' respiration, but the
respiratory process would interfere with sample collection.
Therefore, it was decided to sever the trachea completely and allow
the rat to respire room air spontaneously through an endotracheal
tube which lead caudally towards the lung. A second endotracheal
tube was inserted in the trachea towards the mouth. PE 190 tubing
was used to oconnect the latter endotracheal tube to an air sampler.
This air sampler drew chamber air through the upper respiratory
~ tract into the upper trachea and then through 2 midget impingers
each containing a HF collection fluid (TISAB). Division of the
amount of fluoride collected in the‘impingers by the volume of air
sampled gave the fluoride concentration in tracheal air, i.e., in
air tﬁ;t had passed through the upper respiratory tract. These
tracheal air samples were drawn for 5 minute periods at a
phyosiological flow rate of 0.14 liter/min. Since some of the air
drawn into the trachea may pass through the oral cavity instead of
the nasal cavity the head of each experimental rat was inserted in
the HF chamber to such an extent that the entire mouth was exposed
to the HF atmosphere, thus, eliminating the possibility that any
non-HF containing air might be drawn into the trachea.

The exact experimental protocol was also influenced by other

considerations. Any vasocongestion or lnralized ecdema in the hasal
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cavity induced by HF might be expected to alter the collection
efficiency of this region by reducing the airway diameter. That
such a process might occur was demonstrated in the dose-response
experiment in which rats were observed to emit fluid from their
external nares. Consequently, it was decided to draw several air
samples through the upper respiratory tract to determine if the
collection efficiency was altered by exposure to HF. A S5 minute
period separated each 5 minute tracheal air sample collection
period. This protocol not only provided some time fér toxic
effects to develop but allowed equal time periods when the nasal
cavity was exposed to HF (mimicking the inspiratory phase of
respiration in the intact rat) and when it was not exposed to HF
(mimicking the expiratory phase of reséiration in the intact rat).
In this experiment it was also hoped to determine if exposure of
only upper respiratory tract alone resulted ip increaéed systemic
burdens of fluoride as measured by increased plasma fluoride
concentration. To this end it was necessary that rats be exposed
to significant amounts of HF and that there be sufficient time for
some absorption of fluoride to occur. The experimental protocol
used (Figure 25) fits all these criteria.

Immediately after the end of the last tracheal air sample the
thoracic cavity was opened and blood withdrawn by cardiac
puncture. The upper respiratory tract was rinsed once with 4 ml
doubled distilled water. By this rinsing procedure it was hoped to
determine qualitatively if this exposure regimen resulted in

increased fluoride concentrations in the upper respiratory tract.
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FIGURE 25

Experimental protocol for upper respiratory tract exposure.
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'Prior to the experiment both air samplers wefe calibrated with
a dry gas meter and then against each other by drawing concurrent
air samples from HF chamber atmospheres. The measured airborne F
concentration measured with the slow flow rate sampler (0.14 1/min
X 5 min) averaged 98 + 14% (mean + std. dev.) of the concentration
determined by the high flow rate sampler (0.77 1/min x 1 min).
Since the upper respiratory tract provides some resistance to flow
there will be a slight pressure drop in air passing through this
site. However, the expected pressure drop is not large enough to
significantly alter the calibration of the rotameter used to
measure air flow rate (Mercer, 1973). The rate at which bubbles
formed in the HF collection medium provided an independent, albiet
crude, way to monitor the air flow through the sampler system. Né
difference in the rate of bubble formation could be discerned when
a rat was placed into or removed from the system.

Rats were subjected to this exposure regimen individually, thus
each rat was exposed to slightly different airborne fluoride
concentrations. The first group of 4 male Long Evans rats was

3 HF (mpAan + S.E.M.). Another group of

exposed to 96 + 6 mg I'/m
rats was exposed to a higher cﬁncentration (176 + 4 mg F/m3) and

a third group to a lower concentration (36 + 4 mg F/m3). One

group of control rats were exposed to room air by the same protocol
as for HF, Another group was surgically prepared and placed in the
HF chamber (concentration 74 mg F/m3) but no air was drawn

through the upper respiratory tract. This exposure was performed

to dctermine if any HF was absorbed due to a proccess other than



flow through the upper respiratory tract. The chamber air
temperature averaged 25°C, the relative humidity ranged between

17 and 25%. Animals were kept warm with a 250 watt heat lamp. The
heat lamp also warmed the tracheal air sampling tube and thereby
helped to minimize condensation.

The limit of detection of airborne fluoride under the sampling
conditions used in this experiment was 0.1 mg F/m3. Detectable
amounts of HF were not present in the tracheal air of rats exposed
to any chamber HF concentration (Table 59). Detectable amounts of
fluoride were not collected in either the first or the second
midget impinger. Under these conditions the HF collection
efficiency of .the upper respiratory tract was greater than 99.7% or
99.9% depending on the chamber airborne fluoride concentration. It
is interesting to note that airborne HF drawn through 10 ml of
TISAB at a much greater flow rate of 0.77 1/min is collected with
similar or greater efficiency. Since detectable amounts of HF never
penetrated the upper respiratory tract it was not possible to
determine if HF exposure altered the collection efficiency of this
region.

Significant amounts of fluoride oould be rinsed out of the
upper respiratory tract of exposed rats indicating that HF had
depusited in that site. This is not a quantitative measure of the
fluoride prescnt in the upper respiratory tract, it merely
indicates, as in the case of rats exposed to 36 mg F/m3 that at
least 22 g of fluoride was present in this site. The rinse

contained no blond as long as no blood was present in the trachea
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TABLE 59

CONCENTRATION OF HF IN CHAMBER AIR AND TRACHEAL
RIR OF UPPER RESPIRATORY TRACT (U.R.T.) EXPOSED RATS

group Chamber air Tracheal air % removed Fluoride present
HF concentrationl HF concentration? by U.R.T. in U.R.T. rinsel,

(mg F/m3) (mg F/m3) (ug)
Control -- -- -- 0.02 + .00 (4)
Control 74 - -- 5.6 + 1.3 (3)

no air drawn
through U.R.T.

Exposed 36 + 4 (4) <0.1 >99.7 22 + 3.1 (4)
96 + 6 (4) <0.1 >99.9
176 + 4 (4) <0.1 >99.9 67, 673

1 Values expressed as mean + S.E.M. (number of animals per group). HF generated by compressed
gas technique.

2 Limit of detection of airborne fluoride method is 0.1 mgF/m3, detectable concentrations of
fluoride were not detected in the tracheal air of any rat.

3 U.R.T. of only two reported, each value given.
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when the endotracheal tube was inserted. In the course of the
experiment very small amounts of fluid are sucked into the upper
respiratory tract sampling tube, but this usually did not interfere
with the collection process. Large amounts of fluid were sucked
into the endotracheal sampling tube of rats exposed to 176 mg
F/m3. In two rats the sampling tube became plugged with this
fluid during collection of the third air sample. This high
airborne HF concentration may be inducing edema formation and/or
excess mucous secretion in the nasal cavity. A similar effect,
discharge of fluid from the external nares, was observed in rats
exposed to high concentrations of HF in the dose-response
experiment. The upper respiratory tract rinsing procedure removed
35 ug of fluoride from these rats through which only two tracheal
air samples were drawn, as opposed to 67 ug in the two rats which
had four tracheal air samples drawn. The sﬁall amount of fluoride
rinsed from the upper respiratory tract of the 74 mg F/m3 control
group may have been due to diffusion of HF into the nasal cavity
and deposition in that site or to deposition of HF on the external
nares.

The plasma ionic fluoride concentrations in upper respiratory
tract exposed rats are shown in Figure 26. As can be seen a
dose-dependent increase in plasma fluoride concentration occurred
indicating a cause and effect relationship. The plasma ionic
fluoride concentration in rats exposed to room air (group C) was
0.11 + .002 (4) pg/ml Imean + SEM (n)]. In rats whose heads were

placed in the HF chamber but through which no air was drawn
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FIGURE 26

Plasma ionic fluoride concentration of upper respiratory tract
exposed rats versus airborne HF exposure concentration. Each
point represents a single rat. Mean plasma ionic fluoride
concentrations of rats exposed to room air (C) and rats placed in
HF atmosphere but which had no air drawn through the upper

respiratory tract (N) are shown.
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(group N) the plasma ionic fluoride concentration was 0.1l + 0.062

A(3) ug/ml [mean + SEM (n)]. Comparison of these fluoride levels
indicates that the elevated fluoride concentration in upper
respiratory tract exposed rats can only be due to HF which was
drawn through the upper respiratory tract. Total fluoride
concentration was not determined on plasma samples from upper
respiratory tréct exposed rats.

In Table 60, the airborne fluoride drawn through the upper
respiratory tract and the estimated systemic body burden of
fluoride are compared. Since both the flow rate of air drawn into
the trachea and the airborne HF concentration are known, the
fluoride dose can be reasonably estimated. To estimate the
systemic body burden of fluoride it was assumed that the body
contained 60% water and that the average ionic fluoride
concentration in body water was one-half that in plasma. It has
been estimated that intracellular fluoride concentrations average
approximately 50% of that in plasma (Wallace-Durbin, 1954; Carlson
et al., 1960c). Deposition in bone was ignored even though
siynificant amounte of skeletal fluoride deposition could have
occurred during the time course of this experiment (Wallace-Durbin,
1954). Even with these conservative assumptions it is estimated
that approximately 20% of the fluoride drawn through the upper
respiratory tract is absorbed into the body in the 36 minutes of
the experiment. Thus absorption of HF from the upper respiratory

tract appears to be fairly rapid.
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TABLE 60

COMPARISON OF FLUGCRIDE DRAWN THROUGH UPPER RESPIRATORY
TRACT (U.R.T.) AND ESTIMATED ABSORBED FLUORIDE BURDEN AT END OF EXPOSUREL

Chamber air Fluoride drawn . Plasma ionic Body wt. Absorbed Absorbed
HF concentration through U.R.T.2 F- concentration fluoride3 fluorided
(mg F/m3) (u3) (ug/m1) (g) (ug) (%)

ConZrol -- 0.11
36 101 0.31 289 18 18
96 269 0.70 268 48 18
177 496 1.46 290 117 24

1 Mean value for each group is given. HF generated by compressed gas technique.

2 Four 5 min. 0.14 1/min air samples drawn through U.R.T.

3 Absorbed fluoride calculated assuming body water comprises 60% of the body weight and the
mean body water fluoride concentration equals one-half that in plasma. (Plasma values of
exposed rats corrected for control level prior to calculation).

4 Expressed as % of fluoride drawn through U.R.T.
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F. HF Retention in Fluoride Depleted Rats

In this final experiment anaesthetized fluoride depleted male
Long Evans rats obtained from Blue Spruce Farms were exposed to HF
in the nose-only exposure unit for 1 hour and were sacrificed 1, 7,
12, 24 or 96 hours after the start of exposure. All rats were
sacrificed 15 days after the placement on the low F dietary
regimen. Thus, rats were exposed at various times from 11 to 15
days after initiation of this dietary regimen. Tﬁis sacrifice
protocol was used because the dietary fluoride status had no effect
on the metabolism of fluoride after an acute dose, while the soft
tissue fluoride ooncentrations were dependent on the length of time
on the low F diet regimen.

Rats were exposed to HF in groups of 3 ér 4. The airborne
fluoride concentrations for each exposure group are given in Table
61. Both time weighted average fluoride concentration and the
mean + standard deviation of the 7 airborne fluoride measurements
made during each exposure are given. Exposure concentrations
ranged from 57-68 mg F/m3. No mean exposure concentration was
statistically different frcm‘any other. The chamber relative
humidity was measured prior to each exposure and ranged between 13
and 26%. Exposure chamber temperature averaged 25°C. The mean
urinary fluoride excretion during the 0-7 hour experimental period
was determined in all groups of rats sacrificed at 7 hour or longer
times and is given in this table as a measure of the biologic

response to HF. As can be seen, the slight deviations in HF
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TABLE 61

EXPOSURE CONDITIONS FOR FLUORIDE DEPLETED RAT
HF RETENTION EXPERIMENT

Sacrifice time Airborne Fluoride concentration Relative
(T.W.A.) (Mean + Std. Dev.) humidity
mg F/m3 mg F/m3 %

Control

1 hour 2 63 64 + 9 13%

" 61 59 +9 13%
" 62 62 + 3 13%
" 68 57 + 10 13%
7 hour 57 57 + 7 13%

12 hour 68 68 + 8 21%

24 hour 68 71 i 15 26%

96 hour 68 68 + 8 13%

1

Urinary lonic F-1

excretion durin?
0-7 hour period

(ng)

6.6+ 0.6

101 + 11
78 + 13
118 + 15
120 + 24

Values expressed as mean, S.E.M. HF generated by compressed gas techniques.

Rats sacrificed at 1 hour were exposed individually.
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exposure concentration were of no significance biologically as
measured by this parameter.

The pulmonary effects of nose-only exposure to 57-68 mg F/m3
HF for 1 hour are given in Table 62. The lung weight to body
weight ratio was not significantly different from control levels in
exposed rats sacrificed at any time. Two control exposures were
performed in this experiment. Both groups of rats were
anesthetized and exposed to room air in a similar nose-only
exposure unit; one group of rats was sacrificed at 7 hours, the
other at 48 hours. One control rat was sacrificed after 1 hour of
anaesthesia. Blood was the only tissue sampled from this rat. The
data on pulmonary effects were similar in all control animals and
were, therefore, pooled tO give one control group. The lung wet
weight to dry weight ratios in HF exposed rats sacrificed at 1 hour
and at 24 hours were statisticaliy higher than in the control
group. However, the increase was at best minimal, and the lung wet
weight to dry weight ratio in these rats was no higher than
observed in other control groups, viz. control rats sacrificed on
days 4 or 14 in the whole body HF retention experiment and control
rats sacrificed at 1 and 7 hours in the infusion experiment. The
respiratory frequency was determined during exposure in all groups
of rats. This frequency was significantly lower than control
levels in 4 of the 5 exposed groups. When the data from every
exposed animal are treated as one group a respiratory frequency of

58.4 + 2.4 (18) [mean + SEM (n)] is obtained. This mean frequency
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TABLE 62

PULMONARY EFFECTS OF 1 HOUR NOSE-ONLY EXPOSURE TO
APPROXIMATELY 63 mg F/m3 HFl

Lung
Wet Wt. Respirations
Sacrifice time Body Wt. Body Wt. Dry Wt. (breaths/min.)
(g) (g/kg)
1 hour 303 4.51 4,808 67
11 .13 .06 4
(4) (4) (4) (4)
7 hour 313 4,17 4,66 61a
4 11 .04 3
(4) (4) (4) (4)
12 hour 318 4.56 4.67 53b
4 .47 .02 3
(3) (3) (3) (3)
24 hour 313 4.13 4,75b 55
4 11 .03 6
(3) (3) (3) (3)
96 hour 298 3.87 4.75 54
13 .16 .06 7
(4) (4) (4) (4)
Control 315 4.06 4.65 79
7 .17 .02 6
(7) (7) (7) (7)

1 values expressed as mean, S.E.M. (number of animals per group). HF
generated by compressed gas technique. Exposure started at time 0.
A1l rats sacrificed on 15th day of fluoride depletion.

a p<0.05 compared to control.

b p<0.01 compared to control.
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is significantly less than the control frequency of 79 + 6
(p<0.0l) suggesting that HF is a sensory irritant (Alarie, 1973).
The renal effects of nose-only exposure to approximately 63 mg
F/m3 HF for 1 hour are given in Table 63. The kidney weight to
body weight ratio was similar in all control and exposed groups.
The BUN in contfols sacrificed at 7 hours, and 48 hours were
significantly different suggesting some effect of pentobarbital
anaesthesia or control exposure on this parameter. At no sacrifice
time following HF exposure was BUN elevated over control levels.
Similarly, urine specific gravity was unaffected by HF exposure.
HF exposure may have induced some changes in urine volume. Control
rats excreted a mean of 10.4 ml urine during the 0-24 hour period
and 14 ml during the 24-48 hour period. The mean volumes of urine
excreted by exposed rats during 24-48, 48-22, or 72-97 hours were
10.5, 9.3 and 10.4 ml, respectively. While these mean volumes were
significantly less than 14 ml excreted by control rats from 24-48
hours they were not different from the mean volume of 10.4 ml
excreted by the control rats during the 0-24 hour period. The
urine volumes were also no different from the mean levels excreted
by rats in the fluoride depletion experiment. Thus, the volumes of
urine excreted 24-48, 48-72 and 72-96 hours after the start of HF
exposure are in the normal range for control rats. The volume of
urine excreted by exposed rats during the 0-7 hour period averaged
174% of the 1.9 ml excreted by control rats during the period, but
groups were not statistically different. One exposed rat excreted

12 ml of urine during this period. It is not clear whether this



201

TABLE 63

RENAL EFFECTS OF 1 HOUR NOSE-ONLY EXPOSURE TO APPROXIMATELY
63 mg F/m3 HFl

Grou Kidney Wt. Urine Urine
ColTection Body Wt. BUN Volume Sp. gr.
period (g/kg) (mg%) (m1)
Control
0-7 hour? 7.67 12.7 1.9 1.077
.23 .6 .2 .011
(3) (3) (7) (7)
7-24 hour 8.5 1.061
.9 .005
(4) (4)
24-48 hour 7.60 18.0 14, 1.050
.23 .8 1.3 .004
(4) (4) (4) (4)
HF Exposed
0-1 hour 7.55 : .51 1.063
. .18 .13 .001
(4) (4) (4)
0-7 hour 7.43 14.3 3.3 1.062 -
.31 .7 .7 .005
(4) (4) (14) (14)
7-12 hour 7.84 17.8 1.6 1,090
.09 1.0 .6 .0400
(3) (3) (3) (3)
7-24 hour 7.25 13.7 8.3 1.061
.34 2.1 .6 .003
(3) (3) (7) (7)
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TABLE 63 (continued)

RENAL EFFECTS OF 1 HOUR NOSE-ONLY EXPOSURE TO APPROXIMATELY
63 mg F/m3 HFl

Group Kidney Wt. Urine Urine
Collection Body Wt. BUN Volume Sp. gr.
period (g/kg) (mg¥%) (ml)

24-48 hour 10.5 1.063
' .3 .003

(4) (4)

48-72 hour 9.3 1.066
.5 .003

(4) (4)

72-96 hour 6.88 18.3 10.4 1.064
.16 .6 4 .002

(4) (4) (4) (4)

Values expressed as mean, S.E.M., (number of animals per group).
HF generated by compressed gas technique. Exposure started at
time 0. A1l rats sacrificed on 15th day of fluoride depletion.

Period of urine collection. Urines were collected from each rat
during every period until time of sacrifice. When rats were
sacrificed at the end of a collection period the kidney weight to
body weight ratio and BUN are given.



abnormally high value is due to fluoride toxicity or not. If this
value is ignored the mean urine volume of exposed rats during this
period was 2.6 + 0.2 (13) Imean + SEM (n)]; a value significantly
higher than control levels (p<0.05). This HF exposure regimen,
therefore, may have induced slight renal damage.

The measured fluoride concentrations in soft tissues of
fluoride depleted rats after nose-only exposure to HF are given in
Table 64. The ionic fluoride concentration in plasma of these
control rats was higher than in control rats sacrificed on day 15
in the fluoride depletion experiment. This variation in fluoride
concentrations suggests that unknown factors, perhaps fluoride
intake prior to low F feeding, may affect the plasma fluoride
concentration after 15 days on the low F regimen. The consistency
of the results within this experiment, however, suggest that within
experiments the control or baseline fluoride concentrations are
constant.

Total and ionic fluoride concentration in lung, plasma and
kidney were significantly higher than control levels in rats
sacrificed immediately after HF exposure (1 hour group). The ionic
fluoride concentration in lung corrected for control levelé
averaged 55% of that in plasma . This ratio after continuous
intravenous infusion of 10.8 mg F/min was 38%. Thus, most, if not
all of the ionic fluoride present in the lungs of rats exposed to
HF via the nose-only route can be explained on the basis of

transport of ionic fluoride in the plasma. There is little
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TABLE 64

204

MEASURED FLUORIDE CONCENTRATIONS IN SOFT TISSUES OF RATS
AFTER NOSE-ONLY_EXPOSURE TO APEROXIMATELY

63 mg F/m3 HF FOR 1 HOUR

Lung
Sacrifice (ng/q)
time Total Ionic
HF Exposed

1 hour 1.3b 0.19b
.l .02

(4) (4)

7 hour 0.6 0.08
.1 .00

(4) (4)
12 hour 0.4 0.034a
.1 .01

(3) (3)
24 hour 0.4 0.042
.1 .00

(3) (3)

96 hour 0.2 0.06
.0 .00

(4) (4)

Control 0.7 0.07
.1 .01

(7) (7)

1 Values expressed as mean, S.E.M., (number of animals per
HF generated by compressed gas technique.

group).
started at time O.

depletion.

a p<0.05 compared to control.

b p<0.01 compared to control.

PTasma
(ng/mi)
Total Ionic
0.59b  0.26b
.10 .03
(4) (4)
0.14  0.089b
.01 .010
(4) (4)
0.092  0.066b
.01 .006
(3) (3)
.082  0.0582
.01 .006
(3) (3)
0.06b 0.038
.01 .004
(4) (4)
0.15  0.037
.02 .003
(8) (8)

Tota

Kidney Trachea
(ug/q) (ng/g)
1 Ionic Total
b 0.44 3.
.08 1.
(4) (4)
0.13b 8.
.01 2.
(4) (4)
0.06 10.
.01 0.
(3) (3)
0.06 17,
.00 1.
(3) (3)
0.08 15.
01 2.
(4) (4)
0.05 10.
01 1.
(7) (7)
Exposure -

A1l rats sacrificed on 15th day of fluoride
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evidence that any excess fluoiide reached the lungs of these rats
via the airways, i.e. that airborne HF penetrated to the lung.

The total and ionic lung fluoride concentrations in the lungs
of rats sacrificed at 7 hours or later were not higher than control
levels. Thus, no long term retention of fluoride in the lungs of
nose-only exposed rats was detected. Similarly, no long term
retention of fluoride in the kidneys of these rats was detected,
kidney fluoride concentrations having returned to control levels by
12 hours. Plasma ionic fluoride concentrations decreased with
succeeding sacrifice times. Plasma ionic fluoride concentrations
were significantly higher than control levels in rats sacrificed at
24 hours, but not in rats sacrificed at 96 hours.

The total fluoride concentration in trachea increased with time
after HF exposure. Mean tracheal fluoride concentration was
actually less than control levels in rats sﬁczificed immediately
after HF exposure indicating that the increased fluoride
concentrations in this tissue following exposure were not due to
airborne HF which deposited at this site. The mechanism(s)
influencing tracheal fluoride concentrations are unclear.

AF concentrations in soft tissues of rats following nose-only
HF exposure were variable and in some cases less than control
levels (Table 65). The concentration of AF in lung, plasma and
kidney of exposed rats was significantly higher than control levels
immediately following exposure, but was not elevated at any other

sacrifice time.
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TABLE 65

AF CONCENTRATIONS IN SOFT TISSUES OF RATS AFTER NOSE-ONLY
EXPOSURE TO APPROXIMATELY 63 mg F/m3 HF FOR 1 HOURI

Lung Plasma Kidney
Sacrifice (ug/g) (ug/ml) (ng/g)
time Total AF Total AF Total AF
HF Exposed
1 hour 1.3 1.1b 0.59 0.32b 1.9 1.sb
.1 .1 .10 .08 .2 .3
(4) (4) (4) (4) (4) (4)
7 hour 0.6 0.5 0.14 0.06a 0.8 0.72
1 1 .01 .01 1 .1
(4) (4) (4) (4) (4) (4)
12 hour 0.4 0.4 0.09 0,03b 0.3 0.2
.1 .1 .01 .00 .0 .0
(3) (3) (3) (3) (3)  (3)
24 hour 0.4 0.4 0.08 0.03b 0.3 0.2
.1 .1 .01 .00 .0 .0
(3) (3) (3) (3) (3) (3)
96 hour 0.4 0.4 0.08 0.03b 0.3 0.2
.1 1 .01 .00 .0 .0
(3) (3) (3) (3) (3)  (3)
Control 0.7 0.6 0.15 0.11 0.5 0.3
.1 1 .02 .02 1 .1
(7) (7) (8) (8) (7)  (7)

1 Values expressed as mean, S.E.M., (number of animals per group).
HF generated by compressed gas technique. Exposure started at
time 0. A1l rats sacrificed on 15th day of fluoride depletion.

a p<0.05 compared to control.

b p<0.01 compared to control.



Exposure to HF resulted in a prompt increase and then decrease
in urinary fluoride excretion (Table 66). Since all rats were
sacrificed during the 15th day on the low F regimen, the urinary
fluoride excretion in exposed rats from 48-72 hours should be
compared with the control value from 0-24 hours, both groups having
been on the low F regimen for 14 days. Similarly, the control
values for 24-~-48 hours and the exposed values for 72-96 hours are
from rats which had been maintained or the low F regimen for 15
days. This confusing situation is due to an error. The wrong
group of fluoride depleted rats was subjected to the control
exposure and had go be sacrificed at 48 hours instead of at 96
hours as originally intended. The urinary fluoride excretion 48-72
and 72-96 hours after the start of the .1 hour nose-only HF exposure
was not higher than control levels. The bladder urine in rats
sacrificed immediately following HF exposure contained an average
of 7.3 ug of fluoride. A control amount of approximately 1 ug
can be estimated (1/7th of the 0-~7 hour control value, 1/24th of
the 0-24 or 24-48 hour value), suggesting an excess of 6.3 ug
fluoride in HF exposed rats. This value is approximately 2% of the
estimated inhaled fluoride dose of 378 ug fluoride. The inhaled
fluoride dose was estimated assuming a ventilation rate of 0.1
1/min for the anaesthesized rat and an airborne concentration of 63
mg F/m3. Fluoride excretion Dby exposed rats was 16-fold higher
during the 0-7 hour period than in control rats. The rats
sacrificed at 12 hours excreted a mean of 78 ug during the 0-7

hour period (Table 6l1). An addiltiuvnal 20 yy fluoride was
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Collection
pariod

0-1 hour

0-7 hour

0-12 hour

0-24 hour

24-£8 hcur

48-72 hcur

72-56 hour

TABLE 66

URINARY IONIC FLUORIDE EXCRETION, FECAL TOTAL FLUORIDE CONCENTRATION
ANC FEMORAL FLUORIDE CONTENT FOLLOWING NOSE-ONLY EXPOSURE TO
63 mg F/m3 HF FOR 1 HOURL

Urinary Ionic F- Fecal Total F Femoral Total F3
(ug/period) (ug/g) (ug)
Exposed Control Exposed Control Exposed Control
7.3 112
2.2 7
(4) (4)
105b 6.6 126 108
9 .5 10 7
(4) (7) (4) (3)
o8P 0.1 153
11 . 14
(3) (3)
186b 22 7.9 1.62 139
13 2 1.1 4 2
(7) (4) (6) (8) (3)
34b 17 6.9 136
1 1 1.8 9
(4) (4) (4) (4)
21 5.9
2 1.1
(4) (4)
19 3.7 121
1 g 8
(4) (4) (4)

80¢



TABLE 66 (Footnotes)

URINARY IONIC FLUORIDE EXCRETION, FECAL TOTAL FLUORIDE CONCENTRATION
AN FEMORAL FLUORIDE CONTENT FOLLOWING NOSE-ONLY EXPOSURE TO
63 mg F/m3 HF FOR 1 HOUR!

Values expressed as mean, S.E.M., (number of animals per group). HF
atmospheres generated by compressed gas technique. Exposure started at

time 0. A1l rats were sacrificed on the 15th day of fluoride depletion.

This is the valuz for the entire group. Feces were collected from 0-24
and 24-48 hours in control rats.

Fluoride content was determined on the femurs of rats sacrificed at the
end of the collection periods.

p<0.01 compared ito control.

60¢
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excreted during the 7-12 hour period. Urinary fluoride excretion
during fhe 0-24 hour and 24-48 hour period was significantly
elevated by HF exposure. Exposed rats excreted a mean of 12 ug
more fluoride during the 24-48 hour period than control rats during
the 0-24 hour period. Same of this difference may have been due to
the fact that this time period occurred on the 13th day of fluoride
depletion in exposed rats compared to the 14th day for control
rats. Thus, the 12 ug represents a maximal value for the excess
fluoride excretion during the 24-48 hour period.

The excess urinary fluoride excretion in HF exposed rats
averaged 176 ug. Division of this value by 22% results in an
estimated absorbed fluoride dose of 800 ug. As previously
discussed the estimated amount of fluoride inhaled during the
exposure was 378 ug. Thus, even nose-only exposed rats appear to
have a source of fluoride other than inhalation. The magnitude of
this source appears, however, to be much less than in whole body
exposed rats. As will be shown below nose-only exposure to HF
resulted in the deposition of large amounts of fluoride on the fur
surrounding the nose.

The fecal total fluoride concentration Qas significantly
elevated by exposure to HF (Table 66). The mean fluoride
concentration in feces of exposed rats excreted during the 72-96
hour period was higher than control levels but not significantly so.

The femoral fluoride content in the 7 control rats averaged 124
+ 8 ug (mean + SEM) (Table 66). The fluoride content of femurs

from exposed rats tended to be higher than this control amount but
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not significantly so. The femoral fluoride in exposed rats
sacrificed at 12 hours or later averaged 136 + 6 ug (mean + SEM).
Urine samples for each collection period were pooled by

exposure group and ashed for determination of total fluoride
concentration. AF appeared to be present in the urine of control
rats (Table 67). AF also appeared to be present in urine of
exposed rats, but not in higher concentrations than in control
urine.

The upper respiratory tract of nose-only exposed rats was
rinsed three times with 4 ml of double distilled water.
Approximately 1000-fold more fluoride was removed from the upper
respiratory tract of rats immediately éfter exposure to HF than
from control rats (Table 68). The only procedures performed on the
rats exposed to 73-79 mg F/m3 and sacrificed at 1 and 7 hours
were the upper respiratory tract rinse procedure, gnd wiping and
removal of the pelt around the nose. All other data repérted for
these sacrifice times were obtained from rats exposed to 57-68 mg
F/m3 HF. The slight difference in exposure concentrations
between these groups of rats is assumed to be of no significance.
Successive rinses of the upper respiratory tract did not remove
lesser amounts of fluoride indicating that rinsing is not a
quantitative extraction procedure. Fluoride in excess of control
levels were removed fram the upper respiratory tract of HF exposed
animals sacrificed as late as 24 hours suggesting that clearance of

fluoride from this site was not complete by this time.



TABLE 67

AF CONCENTRATION IN URINE OF RATS AFTER
NOSE-ONLY EXPOSURE TO APPROXIMATELY
63 mg F/m3 HF FOR 1 HOUR!

Collection
period

HF Exposed
0-7

7-12
7-24

24-48
48-72
72-96
Control

0-7

7-24
24-48

Urines were pooled by exposure group.

in each. pool is given.

fluoride depletion.

- Urinary fluoride concentration

(ug/m1)
Total Ionic AF
10.5 9.38 0.9
10.7 9.63 0.4
11.2 11.3 -0.1
7.1 6.36 0.7
4.1 4.01 -0.1
4.0 4.25 -0.3
2.2 2.12 0.1
2.1 1.76 0.3
1.4 1.26 0.1
1.4 1.11 0.3
1.4 0.61 0.8
1.1 .76 0.3
1.3 .92 0.4
1.0 .76 0.2

The concentration measured
Concentration not corrected for cage wash
water. HF generated by compressed gased technique.

Exposure
started at time 0. A1l rats sacrificed on the 15th day of
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TABLE 68

FLUORIDE CONCENTRATIONS IN UPPER RESPIRATORY TRACT
RINSES OF RATS_EXPOSED TO APPROXIMATELY
63 mg F/m3 HF FOR 1 HOUR1

Airborne HF Ionic F- removed per rinse? Cumulative Cumulative3
Sacrifice
time 1st ond 3rd Ionic F- Total F
mg F/m3 (ug) (ug) (ug) (ug) (ug)
73 1 hr. 14 28 8 46 45
77 1 hr. 28 6 11 45 53
79 1 hr. 13 12 10 35 41
73 7 hr. 0.26 0.21 0.20 .67 0.7
73 7 hr. .33 .32 .30 .95 2.1
77 7 hr, .94 .38 .19 1.51 0.8
68 12 hr.. 0.22 0.30 0.39 .91 0.2
68 12 hr. .34 .19 .21 .74 0.7
68 12 hr. .60 .76 A4 1.80 0.9
68 24 hr, 0.05 0.20 0.15 0.40
68 24 hr. . .06 .05 12 .23 0.24
68 24 hr, .05 .04 .07 .16
68 96 hr. 2.02 0.01 0.01 0.04
68 96 hr. .02 .01 .01 .04 0.04
68 96 hr. .01 .01 .01 .03
Control 0.03 0.01 0.01 0.05
Control .02 .02 .01 .05 0.04
Control .01 .01 .01 .03
Control .02 .01 .02 .05

€1¢



TABLE 68 (Footnotes)

FLUORIDE COMCENTRATIONS IN UPPER RESPIRATORY TRACT
RINSES OF RATS_EXPOSED TO APPROXIMATELY
63 mg F/m3 HF FOR 1 HOUR!

Individual values are reported. HF generated by compressed gas
technique. Exposure started at time 0. All rats sacrificed on 15th
day of fluoride depletion.

Upper respiratory tract subjected to 3 consecutive rinses.

The three rinses from each rat were pooled prior to ashing for
determination of the cumulative total fluoride removed. '

The three rinses from every rat per group were pooled prior to ashing
for determination of cumulative total fluoride removed.

vic
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BEqual volumes of each of the three rinses from each rat
sacrificed at 1, 7 and 12 hours were pooled by rat and ashed for
determination of total fluoride content. The rinses of control
rats and exposed rats sacrificed at 24 and 96 hours were pooled by
group. Significant levels of AF were not detected in the upper
respiratory tract rinses.

The fur covering the nose of control and HF exposed rats
sacrificed at 1, 7 and 12 hours was wiped twice with two moist
gauzes, to determine how much fluoride could be easily removed from
this site. Significantly more fluoride could be removed from the
fur of exposed rats than from that of controls (Table 69). After
wiping, the pelt around the nose was removed and ashed for
determination of fluoride content. Large amounts of fluoride were
left behind on the fur after the wiping procedure. At 1 hour
approximately 50% of the fluoride in the pelt could be removed by
this procedure. Only 14% could be removed at 7 hours. If 14% of
the fluoride present on the fur at 12 hours could be removed by
this wiping procedure it can be estimated that 30 ug of fluoride
was present on the pelt at 12 hours. Immediately after exposure an
average of 370 ug of fluoride was present in the pelt. Only 80
Ug was present in the pelt at 7 hours suggesting that significant
amounts of fluoride had been removed during the 1l-7 hour
postexposure period. It is interesting to note that the sum of the
fluoride on the fur immediately after exposure (370 ug) and the

estimated amount of fluoride inhaled during the exposure (378 ug)



Airborne Sacrifice
HF time
(mg/m3)
73 1 hr.
77 1 hr.
79 1 hr.
73 7 hr,
73 7 hr.
77 ‘ 7 hr.
68 12 hr.
68 12 hr.
68 12 hr.
Control
Control
Control

TABLE 69

FLUORIDE ON FUR OF RATS AFTER NOSE-ONLY
EXPOSURE TO APPROXIMATELY
63 mg F/m3 HF FOR 1 HOURL

Fluoride removed by nose wipe?

1st ond
Ionic Tonic
(ng) (ng)
113 60
88 63
101 69
8.2 7.2
6.2 4.3
4,5 4.5
1.7 2.9
1.1 0.9
4,2 1.9
11 .06
.04 .08
.09 .04

Cumulative
Ionic Total
(ug)  (ug)
176 172
151 186
170 156
15.4 11.
10.5 6.
9.0 8.
4,6 3.
2.0 2.
6.1 4,
17
12 0.4
.13

Fluoride remaining

on fur

Total
(ng)

169
318
105

79
67
66

oo
(e Ve e

F deposited
on fur3
Total

(ng)

341
504
261

%0
73
74

91¢
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TABLE 69 (Footnotes)

FLUORIDE ON FUR OF RATS AFTER NOSE-ONLY
EXPOSURE TO APPROXIMATELY
63 mg F/m3 HF FOR 1 HOURI

Individual values are reported. HF generated by compressed gas technique.
Zxposures started at time 0. A1l rats were sacrificed on the 15th day
of fluoride depletion.

The fur covering the nose was wiped twice with a wet gauze. The

cumulative is the sum of that removed by the two wipes. The two wipes were
pooled prior to ashing for determination of cumulative total fluoride
removed.

Calculated as sum of cumulative total fluoride removed by wipe procedure
and total fluoride remaining.

Wipes from all control animals were pooled prior to ashing for
determination of cumulative total fluoride removed.

L1¢
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is close to the absorbed fluoride dose estimated from the urinary
fluoride excretion to be 800 ug.

G. Confrol Data -

In the course of all the experiments described in this thesis
94 control rats on normal F diet and 11 fluoride depleted control
rats were sacrificed. In this section the data from these control
animals are compiled to determine if any trends are evident.

The fluoride concentrations in soft tissues and the frequency
of occurrence of positive, negative and zero AF concentrations in
these control rats are given in Table 70. There are more ionic
fluoride values than total or AF values because many tissues were
pooled for detemination of total fluoride after ionic fluoride
concentration had been determined. The control group for 380 mg
F/m3 preliminary experiment exposure are not included in this
section because of their prior exposure to 8.3 mg F/m3 HF for 75
minutes. In all of these tissues, lung, plasma and kidney, total
fluoride concentration was significantly higher than ionic fluoride

concentration suggesting that AF was present in control tissues.
In all tissues, the levels of AF were at the limit of sensitivity
of the analytical methods employed. The concentration of AF was
apparently unaffected by fluoride depletion, however, in all cases
the levels of AF are so low that no real comparisons can be

made. With the exception of the kidney in fluoride depleted rats,
the frequency of occurrence of positive AF concentrations in the
soft tissues of both normal F diet and fluoride depleted rats was

much higher than would be expected on the basis of random



TABLE 70

FLUORIDE CONCENTRATION IN SOFT TISSUES OF CONTROL RATS!

Lung
(ug/q)
Total Tonic
Normal F diet
2.5 0.06
.1 .01
(25) (30)
number of samples with AF>0 23
AF=0 1
AF<0 1
p value (sign test) <0.01
F depleted
0.6 0.05
0.1 .01
(10) (10)
number of samples with AF>0 10
AF=0" 0
AF<0 0
p value (sign test) <0.01

AF

0.5
(10)

Plasma

(ug/m1)
Total Ionic

0.10 0.045
.02 .003
(23) (92)

17
1
5
<0.01

0.12  0.029
.02 .004
(11) (11)

11

0

0
<0.01

AF

0.04
.02
(23)

0.09
.02
(11)

1 Values expressed as mean, S.E.M., (number of animals per group).

Total

Kidne

(ug/qg
Ionic

0.09
.01
(31)

20

0

3
<0.01

0.05
.01
(10)

<0.10

AF

nNO O
~— =N

0.3
(10)

61¢



analytical error. No trend toward increasiné or decreasing total
ionic, or AF concentrations was noticed with increasing body
weight suggesting that fluoride does not accumulate in these
‘tissues with age.

When total femoral fluoride content is plotted against body
weight (Figure 27) a strong correlation is evident (r =
0.87, df = 39, p<0.0l) suggesting that fluoride accumulates in
the skeleton with age.

AF was not detecfed in pooled urine samples from normal F
diet control rats (Table 71). Not only was the mean AF
concentration equal to 0.0 but equal numbers of positive and
negative AF concentrations were obtained. Significant levels of
AF were detected in the urine excreted by fluoride depleted rats
during the 1lth through 15th day of fluoride depletion. The mean
AF concentration in urine of fluoride depleted rats was
statistically higher (p <0.05) than that in urine of normal F
diet rats. This may represent a real difference, or the lowered
ionic fluoride concentrations in the urine of fluoride depleted
rats may have merely unmasked the presence of a AF fraction which

was always present.

220



221

FIGURE 27

Total femoral fluoride content of control rats vs body weight. The

linear regression line is shown (r = .87, df = 39, p<.0l).
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TABLE 71
AF CONCENTRATIONS IN URINE OF CONTROL RATS1

Fluoride concentrationZ Number of samples with

(ug/mg) AF>0 AF=0 AF<0

Total Ionic AF

Normal 3.3 3.2 0.0 8 1 8
F diet W2 .2 .1
(17) (17) (17)

F 1.1 0.78 0.3 9 1 0
depleted .1 .03 .1
(10) (10)  (10)

1 Values expressed as mean, S.E.M., (number of animals per group).

2 Concentration not corrected for cage wash water.



DISCUSSION

Fluoride is ubiquitous in our environment. This halogen is
the thirteenth most abundant element on earth. Fluoride has also
been detected in metorites (Reed, 1964) and.in lunar samples (Reed,
et al., 1970). Hydrogen fluoride is present in the atmosphere of
Venus (Mueller, 1968). On earth fluoride is present in sea water
and in small amounts in most fresh water. The average fluoride
concentration in the tap water consumed by the rats used in these
investigations was 1.0 ug/ml. The fluoride concentration in
Purina rat chow ranged between 25 and 35 ug/g. That significant
amounts of this dietary fluoride is absorbed by these rats is shown
by the presence of fluoride in soft tissues, skeleton and urine.
All fluoride concentrations in this study were determined with the
fluoride ion sensitive electrode (Frant and Ross, 1966).

The voluminous literature concerning the metabolism of thé
fluoride ion has been reviewed by Smith (1966). In general this
ion is thought to be rapidly absorbed and distributed throughout
all the tissues in the body after ingestion. Absorbed fluoride
deposits in the skeleton and is excreted rapidly in the urine.
Fluoride is not thought to accumulate in any soft tissue, except in
sites of ectopic calcification (Ericsson and Ullberg, 1958).

In the rat absorption of fluoride through the
gastrointestinal tract is quite rapid. Absorption of a small dose
of fluoride (200 ug F) from this site has been reported to be 50%

complete in 30 minutes and 86% complete by 90 minutes (Zipkin and
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Lipkins, 1957). Large doses of fluoride are absorbed efficiently as
well, 95% absorption of a 1.0 - 2.0 mg dose occurring within 24
hours after intubation (de Lopez, et al., 1976).

Fluoride is readily permeable to biologic membranes. In an in
vitro experiment, fluoride ion added to whole blood equilibrated
within the red blood cells within two minutes, the time point of the
first sample collection (Carlson, et al., 1960a). Within 15
minutes, again the first time point, after intravenous injection of

NalaF solution 18

F activity was detected in every soft tissue
analyzed (Wallace-Durbin, 1954).

Once absorbed the fluoride ion rapidly deposi;s in the
skeleton. Using autoradiographic techniques Ericsson and Ullberg
(1958) demonstrated marked skeletal fluoride deposition in the mouse

2 minutes after intravenous Na18

18

F injection. 1In the rat 33% of an
intravenous Na“"F injection was present in the skeleton 15 minutes
after injection (Wallace-Durbin, 1954). In this same study 48.5 -
56% of the fluoride dose was present in the skeleton 1-9 hours after
injection. 1In the rabbit approximately 65% of an intravenous dose

of Na18

F was deposited in the skeleton within 75 minutes (Hall, et
al., 1977). Several studies have shown that the fraction of an
acute fluoride dose deposited in the skeleton is independent of the
dose. In the rat similar percentages of an intravenous 18F dose
were deposited in the skeleton after injection of 0.15 ug F or

1.85 mg F (Wallace-Durbin, 1954). In the studies of the kinetics of
fluoride metabolism in the rabbit Hall et al. (1977) the levels of

18p present in the skeleton and urine after injection of carrier
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18F agreed well with the levels predicted from data obtained

free
after injection of 0.5 mg/kg F. Ericsson (1966) has shown that the
fraction of administered fluoride deposited in the skeleton of rats

l8F was not affected by the

after a single acute dose of Na
previous dietary fluoride intake.

Once deposited in skeletal tissue fluoride is removed slowly.
The skeletons of rats sacrificed 150 days after the end of a 60 day
feeding study contained 85% of the amount of fluoride present in
this site immediately after the feeding period (Savchuck and
Armstrong, 1951). Ophaug and Singer (1977) found only 15% of the
fluoride accumulated in the skeleton of rats during a feeding
experiment to be removed during a 28 day post-exposure period.
These studies indicate that a small portion of the fluoride
deposited in the skeleton may be removed relatively quickly after a
reduction in fluoride intake but the major fraction of fluoride
sequestered in the skeleton remains in that site for long periods of
time. Since fluoride deposits rapidly in skeletal tissue and is
removed slowly, the halogen should accumulate in that site. The
strong correlation.of femoral fluoride contentAand body weight in
control rats sacrificed in these studies suggests such an
accumulation is occurring. A similar relationship between bone
fluoride content and age in humans has been reported by Smith
(1966). 1In the present studies instead of determining the fluoride
content in the entire skeleton, the femur was used as a
representative sample. Savchuck and Armstrong (1954) reported the

femora to account for 9.3% of the rat skeletal ash weight and



contain 8.8 - 10.2% of the total skeletal fluoride content,
indicating the appropriateness of the femur as a representative
sample of the skeleton.

In addition to depositing in bone the fluoride ion is
excreted in the urine. In the dog fluoride appears to filtered in
the glomerulus and then partially reabsorbed (Carlson, et al.,
1960b). Fluoride reabsorption ranged between 23-79% of that
filtered. Fluoride clearance was always less than creatine
clearance but many fold greater, in one case 230 fold greater, than
chloride clearance. The large different between fluoride and
chloride clearance may suggest that the kidney can discriminate
between these two halogens.

Renal excretion of fluoride is quite rabid. In the present
studies 6% of the fluoride infused intravenously was present in the
urine at the end of the 1 hour infusion. In a 6 hour period after
the end of infusion 19% of the infused dose was excreted in the
urine. After intraperitonieal or intratracheal injection 22 + 5%
(mean + std. dev.) of the administered dose was excreted in the
urine of rats within 24 hours. Elevations in urinary fluoride
excretion were not detected 24-48 hours after injection. If 5% of
the injected dose were to be excreted during this period, in all
probability it would have been detected. In human subjects 54% and
48% of an ingested fluoride dose was excreted in the urine in 24
hours (Zipkin and Leone, 1957; Hennon, et al., 1969). Hall, et al.
(1977) found 20% of an intravenous dose of fluoride to be excreted

in the urine by the rabbit within 9 hours. In the rat 10% and 31% of
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intravenously injected fluoride was excreted in the urine 15
minutes and 9 hours respectively, after injection (Wallace-Durbin,
1954) . Nine hours after the injection 85-87% of the dose was
accounted for in the urine and skeleton. 1In the present
investigations the fraction of the administered dose excreted in
the ‘urine was unaffected by route of administration (i.p. vs. i.t.)
or the fluoride dietary status (normal F vs. fluoride depleted
rats). Bell, et al. (1961) found similar urinary excretion

18F in cattle fed diets

patterns after acute dosing with Na
containing 7, 47, or 57 ppm fluoride for 8 years prior to
injection. These results are in good agreement with those of
Ericsson (1966) in which the fluoride content of the diet was found
to have no effect on the deposition of fluoride in bone after a
single injection of NaF. Wallace-Durbin (1954) found a similar
percentage of a 0.15 Ug or 1.85 mg dose of fluoride to be

deposited in the skeleton and excreted in the urine in rats by 9
hours after injection.

The consistency of the urinary fluoride excretion, and the
independence on dose, previous dietary fluoride exposure or route
of administration suggest monitoring of urinary fluoride excretion
may provide a good way of estimating the dose of fluoride. 1In
fact, N.I.O.S.H. recommends measurement of urinary fluoride levels
in people occupationally exposed to airborne fluorides as a
biologic measure of fluoride exposure (NISCH, 1976). 1In all the
studies discussed previously non-nephrotoxic levels of fluoride

were used to investigate the distribution and excretion of

fluoride. It appears, however, that a certain degree of renal



injury can occur without impairing fluoride excretion by this
organ. Administration of 0.3 mg/kg uranium (as‘uranyl nitrate), a
dose whiﬁh resulted in marked renal toxicity as measured by
proteinuria and renal histology, was without affect on the fluoride
balance in rabbits maintained on 15 ppm F in their drinking water
(Smith, et al., 1955). The present investigations also provide
some indirect information on this subject. In the NaF retention
experiment rats continued to excrete fluoride at a time when marked
nephrotoxicity as measured by diuresis had occurred. In that
experiment 39% of the estimated fluoride dose was excreted in the
urine. This percentage is similar to that reported after
administration of non-toxic fluoride d6Ses. These results must be
interpreted carefully, however, because the actual urinary fluoride
excretion and skeletal fluoride deposition in these rats was used
to estimate the absorbed fluoride dose. Certainly animals with
severe renal insufficiency characterized by anuria would not be
capable of excreting fluoride by this route.

After a marked reduction in dietary fluoride content urinary
fluoride slowly decreases. Long periods of time are required
before positive fluoride balance is achieved. Presumably the
increased fluoride excretion during this period is due to
mobilization of skeletal fluoride. 1In the present study rats
consumed approximately 550 ug F/day when maintained on the normal
fluoride regimen and approximately 13 ug F/day when on the low
fluoride dietary regimen. Urinary fluoride excretion decreased

from an average of 65 ug F /day to 10 ug F /day during the
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15 day period on the low fluoride dietary regimen. The rats were
still in negative fluoride balance, i.e. more fluoride was excreted
than consumed, as late as 12 days after initiaton of this low
fluoride dietary regimen. If urinary excretion was the only route
of removal of fluoride in these rats, then from 2 through 15 days
.after the marked reduction in dietary fluoride intake, fluoride
clearance from the body of these rats could be described by a
single exponential decay with a half-time of 8.3 days. The excess
fluoride excretion during this period is presumably derived from
skeletal deposits. During the 15 day period approximately 0.1 mg
more fluoride was excreted in the urine of these rats than was
consumed. This is only a small fraction of the 2.6 mg fluoride
estimated to have been deposited in the skeleton on the basis of
the femoral fluoride content. Plasma fluoride concentrations were
not decreased 6 days after the marked reduction in dietary fluoride
intake. Ophaug and Singer (1977) have reported a similar
phenomena. In their rat studies plasma ionic fluoride
concentrations were significantly elevated over pre-exposure levels
as late as 28 days after cessation of a 28 day dietary exposure to
25 ug F/ml iq the drinking water. These authors suggest that the
elevated fluoride concentrations are due to mobilization of
skeletal fluoride as skeletal fluoride decreased during this time.
Ericsson (1975) has reported elevated plasma fluoride levels in a
patient many weeks after cessation of sodium fluoride therapy.

All HF exposureAregimens used in this study resulted in

significant elevations in lung, plasma and kidney fluoride



concentrations. Because of the large amounts of fluoride present
in the skeletons of these rats it is possible that the increased
soft tissue fluoride concentrations after HF exposure are due to
increased mobilization of skeletal fluoride rather than absorption
of inhaled HF. That this is not occurring is shown by the fact
that skeletal fluoride content (as estimated from femoral fluoride
content) was significantly increased over control levels by HF
exposure in the whole body HF retention experiment and the 75 mg
F/m3 nose-only exposure. Skeletal fluoride content was also
significantly increased by NaF dust exposure. This possibility
cannot be totally eliminated in experiments in which increased
fémoral fluoride was not demonstrated, but it seems extremely
unlikely.

As discussed previously, measurement of urinary fluoride
excretion and/or skeletal fluoride deposition in rats exposed to HF
should provide a reasonable estimate of the absorbed fluoride dose
due to exposure. After whole body exposure to 10.2 mg F/m3 HF
for 6 hours these estimates gave a value of 4500 ug F as the
absorbed dose. At a pulmonary ventilation rate of 0.150 1/min
(Guyton, 1947) these 300 gram rats would have inhaled approximately
500 1g fluoride during exposure. The large difference between
these estimates strongly suggests that whole body HF exposed rats
absorb fluoride from a source other than inhalation. In fact these
rats may have absorbed 9 times more fluoride from this unknown
source than they inhaled. A similar problem occurred after

nose-only exposure but its magnitude was much smaller (765 ug F
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estimated absorbed vs. 378 ug estimated inhaled). The results of
this study provide a great deal of evidence that indicates this
additional source of fluoride is due to deposition of airborne HF
on fur and subsequent ingestion of that fluoride as a result of
preening activity.

The elevated fecal fluoride concentrations in airborne HF and
NaF exposed rats suggests that considerable amounts of fluoride are
being ingested. Intravenous injection of fluoride has been shown
to result in elevated fecal fluoride concentrations, but less than
5% of the administered dose was sequestered in this site
(Wallace-Durbin, 1954). Less than 2% of the intraperitoneally
injected fluoride was found in the feces in the present studies.
Shortly after whole body exposure to HF or NaF dust fecal fluoride
excretion exceeded that in the urine. Thus, the large amounts of
fluoride in the feces after whole body exposure are much larger
than can be explained by fecal sequestration of absorbed fluoride.

The chamber operating characteristics during the
dose-response experiment were consistent with the hypbthesis that
considerable amounts of airborne HF deposited on the fur. Rats
removed much more HF from the air, as estimated by the chamber
operating characteristics, than could be explained on the basis of
inhalation. The smaller magnitude of the unknown fluoride soufce
in nose-only exposed rats compared to rats whose entire bodies were
exposed to HF is also consistent with the hypothesis that the
unknown fluoride source is due to HF deposited on the fur. Large

amounts of fluoride were present on the fur in direct contact with
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HF atmospheres after nose-only exposure. In fact the sum of the
amount of fluoride present on this fur covering the nose and the
estimated amount of fluoride inhaled during nose-only exposure
agree well with the estimation of the amount of absorbed fluoride.

In nose-only exposed rats the amount of fluoride on the fur
covering the nose decreased during the post-exposure period.
Several processes may be involved in the removal of HF from the
fur. Among these are preening, volatilization and absorption
through the skin. The relative magnitude of these processes is
unknown. Rats undertook a considerable amount of preening of the
nose during the post-exposure period. In fact this behavior was
evident before the rat entirely recovered fram the anaesthetic.
Wiping of the fur around the nose with a wet gauze, a process which
may mimic preening, removed a considerable amount of fluoride,
suggesting that the fluoride on the fur is "preenable." As has
been previously discussed ingested fluoride is readily and
efficiently absorbed. The 7 cm2 area of nose fur analyzed
contained approximately 300 Mg fluoride. If the deposition of HF
on fur covering other areas of the body are similar, then enormous
amounts of fluoride must have been present on the fur after whole
body exposure, certainly enough fluoride to account for the excess
of 4000 ug fluoride estimated to be absorbed by these rats.

It is possible to speculate a mechanism for the high
desposition of HF on fur. 1In addition to being a small molecule,
HF has a high dipole moment and thus forms strong hydrogen bonds

(Masterton and Slowinski, 1969). Thus, airborne HF may diffuse
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into the protein structure ofvhair and be held there by hydrogen
bonding. Preening activity may provide enough water that HF
dissolves forming H' and F~ which can then be easily removed.

It is unclear how much of an effect the additicnal source of
fluoride has on the systemic fluoride burden of rats sacrificed
shortly after exposure. The urinary fluoride excretion of rats
during the first 18 hours after whole body exposure to 10.2 ug
F/m3 HF for 6 hours accounted for more fluoride than was
estimated to be inhaled, suggesting that considerable amounts of
-preening had taken place by this time. It certainly cannot be
assumed that the speculated preening problem had no effect on the
systemic fluoride burden of rats sacrificed 6 hours after a 6-hour
whole body exposure. All rats used in the dose response experiment
were sacrificed at this time, indicating that the fluoride
concentrations in soft tissues of these rats must be interpreted
very carefully.

In certain experiments, because rats were anaesthetized
throughout the entire experimental period, the possibility of
preening was totally eliminated. These include the rats sacrificed
immediately after nose-only or upper respiratory tract exposure.

In each of these experimental animals soft tissue fluoride
concentrations were elevated over control levels suggesting that
inhaled HF was absorbed. The possibility of increased skeletal
fluoride mobilization cannot be eliminated in these animals. That
significant absorption of HF through the skin did not occur during

upper respiratory tract exposure was shown by the control group
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whose heads were exposed to HF atmospheres but had no air drawn
through their upper respiratory tract. Plasma fluoride
concentrations in these rats were not elevated over control
levels. The dose-dependent increase of plasma fluoride
concentration with increasing airborne HF concentration indicates a
cause and effect relationship and strongly suggests that inhaled HF
is in fact absorbed systemically. If the possibility of increased
skeletal fluoride mobilization is discounted, then from the results
of these experiments information on the site of absorption, the
rate of absorption and the efficiency of absorption can be inferred.
Under the conditions of the upper respiratory tract exposure
the removal of HF from the airstream was nearly complete
(<99.9%) . This removal of airborne HF is, presumably, due to
deposition of HF within this anatomical site. In this thesis the
term "upper respiratory tract" is used to describe all portions of
the respiratory tract cephalad to the larynx, and to the extent
that air passes through the oral cavity this anatomical site is
included as well. However, as discussed previously, it seems
unlikely that under the experimental conditions used air actually
flows through the oral cavity. The results of these exposures are
consistent with this hypothesis. Patten, et al. (1978) have shown
that fluoride absorption through the oral cavity is very slow, only
7% of the fluoride applied in this site being absorbed in 2.5
hours. If significant amounts oflthe HF were being drawn through
the oral cavity and depositing there during upper respiratory tract

exposure, then the elevated plasma fluoride concentrations observed
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could not have occurred. That HF actually deposited in the upper
respiratory tract is indicated by the large amount of this ion that
could be removed from this site by rinsing after exposure. Similar
amounts of fluoride were removed fram the upper respiratory tract
of intact nose-only exposed rats suggesting that the deposition of
airborne HF in this site was similar under both sets of
experimental conditions.

The deposition of several other gases in the upper
respiratory tract using techniques similar to the one described
here has been reported. Perhaps the most widely studied compound
in this respect is SO,, At physiologic flow rates deposition
efficiencies as high as 99.99% for 802 in the nasal cavity of the
dog havebeen reported (Frank, et al., 1969). The fraction of 802
which penetrates the upper respiratory tract appears to depend on
the initial airborne concentration; the fractional penetration
decreases with increasing airborne concentration (Strandberg,
1964). Deposition efficiencies of 95% for ammonia have been
reported (Dalhamn and Sjoholm, 1963). Formaldehyde is nearly
completely removed from the air by passage through the upper
respirétory tract of the dog (Egle, 1972), whereas only 80% of
proprionaldehyde and 60% of acrolein drawn through this site were
removed. In general the deposition efficiency correlates with
water solubility, the more soluble compounds being removed with
greater efficiency. At low concentrations (less than 2 mg/m3) it

has been reported that 90% of inspired NO2 is removed from the

alrstream by passage through the upper respiratory tract of the dog



(Vaughan, et al., 1969). At high concentrations (50-760 Qg/m3)
only 50% of the NO, drawn through this site was removed from the
air by the rabbit (Dalhamn and Sjoholm, 1963). The penetration of
ozone throqgh the upper respiratory tract has also been shown to be
concentration dependent. At physiologic flow rates 28% of the
ozone at an initial airborne concentration of 0.3 ppm penetrated
through the nasal passages of the dog, at 0.8 ppm the fractional
penetration was 41% (Yokohama and Frank, 1972). Vaughan, et al.
(1969) also reported a similar relationship with ozone
concentrations in the 1-12 ppm range. No effect of the initial
airborne concentration on the fractional penetration of HF through
the upper respiratory tract ocould be discerned in this experiment
because detectable amounts of HF never penetrated through the site
at the airborne concentrations used here.

Of the wide range of gases studied HF appears to rank among
those most efficiently collected in the upper respiratory tract.
Presumably gas molecules drawn through the upper respiratory tract
diffuse to the mucosal surface and dissolve if sufficiently
soluble. In his discussion on the deposition of gases in the nasal
cavity Davies (1946) points out the importance of high
solubility. If the mucosal surface were to became saturated with
gas then net deposition would stop. The deposition of gases with
low solubility may be governed by the rate at which molecules are
removed from the mucosal surface. If such a process were to occur
the penetration through the upper respiratory tract might be

expected to be time dependent. At the start of exposure small
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amounts of gas would penetrate because little or no gas is
dissolved in the mucosal surface. However, as the mucosal surface
became saturated more and more gas would penetrate through the
upper respiratory tract because less and less is becoming
dissolved. The penetration of ozone through the upper respiratory
tract has been shown to decrease with increasing length of exposure
(Yokohama and Frank, 1972). 1In light of its low molecular weight
(HF does not polymerize at the partial pressures and temperatures
encountered in this work, Leech, 1956), and its high water
solubility, the high collection efficiency of HF by the upper
respiratory tract is, perhaps, not unexpected.

The deposition of HF in the upper respiratory tract of rats
was investigated at one flow rate - 0.14 1/min. It would be
interesting to study this process at a higher flow rate, especially
since maximal flow rates in the rat may reach 0.30 1/min (Palecek,
1969) during respiration. Increased flow rates, by decreasing the
residence time in the upper respiratory tract, would be expected to
result in decreased diffusional deposition. However, increased
flow rates will increase turbulence which may lead to increased
mixing and perhaps increased penefration of air into the nasal
turbinates. Since these processes might be expected to enhance
diffusional deposition on the mucosal surface it is not possible to
predict accurately the effects of increased flow on nasal
penetration of gases. A few investigators have studied nasal
penetration at two flow rates. The penetration of 0.3 ppm ozone

through the upper respiratory tract of the dog was increased fram
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28% to 63% by a ten fold increase in flow (Yokoyama and Frank,
1972). A 10-fold increase in flow rate resulted in a 32-fold
increase in the penetration of 802 through the upper respiratory
tract of the same species (Frank, et al., 1969). At similar
initial concentrations a 10-fold increase in flow resulted in a
160-fold increase in the penetration of 502 through the mouth of
the dog. These results show that increased penetration through the
upper respiratory tract occurs as a result of increased flow rates;
however, camparison of the results in the nose and the mouth
suggests that the magnitude of the increased penetration through
the upper respiratory tract dué to increased flow rates may be
moderated by increased turbulence or increased flow into the nasal
turbinates.

In their study on the absofption of war gases in the nose of
the rabbit, Cameron, et al. (1946) found a good correlation between
nasal deposition and nasal injury.~ These authors reported 80-90%
deposition of mustard and nitrogen-mustard gas in the nasal
cavity. After exposure to these gases marked inflammation and
hemorrhage of the nasal epithelium was found. Only 25% of the
phosgene drawn through the nasal cavity deposited in that site and
little pathologic alteration was noted. The authors noted that the
concentrations of phosgene used invariably result in the formation
of pulmonary edema, while pulmonary edema was not a c¢cummon finding
after exposure to the mustard gases. The tracheal sampling tube

became plugged with mucous fram rabbits exposed to high

concentrations of the mustard gases. A gimilar effect was noted in
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rats exposed to high concentrations of HF. The injury caused to
the upéer respiratory tract of rats exposed to HF is similar to
that reported for the mustard gases. Rosenholtz, et al. (1963)
reported extensive mucosal and submucosal necrosis and accompanying
acute inflammation to be present in the nasal cavities of rats
exposed to near lethal concentrations of HF. The nasal cavities of
rats exposed to HF in the present investigations were not examined
histologically. This type of pathologic change might be expected
to alter the collection efficiency of the upper respiratory tract.
The collection efficiency of the upper respiratory tract has been
reported to increase with increasing initial 802 concentrations
(Strandberg, 1964). This author suggested that s'o2 induces a
dose-independent increase in mucous secretion, and the increased
mucous layer in the nasal cavities of rabbits exposed to higher

SO, concentrations, being capable of dissolving more SO,,

results in an increased collection efficiency of this gas. 1In the
present studies, since detectable amounts of fluoride did not
penetrate through the upper respiratory tract, it was not possible
to determine if such a process was occurring during HF exposure.

Under the artificial conditions of the upper respiratory
tract exposure, virtually no HF penetrated to the trachea. The
results of HF exposures in intact rats are consistent with this
finding, indicating that the conditions of the upper respiratory
tract exposure are similar enough to the true in vivo conditions
that the technique is an adequate model system to use for

investigations of nasal deposition of inhaled gases.
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In both intact nose-only exposed rats and upper respiratory
tract exposed rats large amounts of fluoride could be rinsed fram
the upper respiratory tract after exposure, indicating that large
amounts of HF deposit in this region under both sets of
conditions. The ionic fluoride concentration in lungs of rats
sacrificed immediately after nose-only exposure to 63 mg F/m3 HF
for 1 hour was less than the ionic plasma fluoride concentration.
Thus there is no evidence that fluoride reached the lungs by any
other route than transport through the plasma. Tracheal fluoride
concentrations in rats sacrificed immediately after HF exposure
were not elevated over control levels again, suggesting that little
HF penetrated through the upper respiratory tract of these rats
during exposure. The ionic fluoride concentrations-in lungs of rats
after whole body exposure to HF for 6 hours were slightly higher
than plasma ionic fluoride concentrations suggesting that under
these experimental conditions some HF reached the lungs by a route
other than plasma transport. However, as discussed below the lung
may contain binding sites for the fluoride ion. Thus it is
possible that the entire pulmonary fluoride burden in whole body HF
exposed rats may be due to plasma transport of fluoride that was
absorbed at another site. Even if no binding were to occur the
penetration of only a small fraction of the inhaled HF would account
for the pulmonary fluoride burdens in these whole body exposed rats.
Estimation of the expected pulmonary fluoride burden in the whole
body exposed rats using the pulmonary retention kinetics found

after whole body exposure, ignoring the long term retention



component which may be due to preening, assuming a pulmonary
ventilation rate of 0.15 1/min for a 300 gram rat (Guyton, 1947)
and assuming continuous inspiration at that rate, reveals that the
pulmonary fluoride burdens in rats exposed to all concentrations
used in the dose response experiment could be explained on the
basis of 1% penetration of HF through the upper respiratory tract.
Thus under all experimental conditions used, whole body exposure
for 6 hours, 1 hour nose only exposure or intermittent 5 minute
upper respiratory tract exposure, little HF penetrates through the
upper respiratory tract to the lower airways.

Addition of water vapor to chamber HF atmospheres may have
altered the regional deposition of inhaled HF. The pulmonary
fluoride burden in rats exposed to 1lll mg F/m3 HF plus water
vapor was significantly less than in rats exposed to ;16 mg F/m3
suggesting that water vapor increased the nasal deposition of
"inhaled HF. However, the rats exposed to HF plus water vapor were
considerably older than those exposed to HF alone so the differing
pulmonary fluoride burdens may be due to age dependent alterations
in the binding of fluoride in pulmonary tissue. Similarly the
differences of the pulmonary fluoride burdens in Blue Spruce or
Charles River rats after exposure to similar airborne HF
concentrations may be due to differences in the binding of fluoride
in the lung or to differences in regional deposition of inhaled
HF. The high collection efficiency of the upper respiratory tract
for HF suggests that binding or scme other unknown phencmenon may
be the more important factor determining lung fluoride

concentrations in these rats.

241



242

In light of its high collection efficiency, the upper
respiratory tract appears to protect the lower airways fram the
effects of HF. The absence of pulmonary edema in HF exposed rats
suggests such protection is occurring. It would be extremely
interesting to expose rats to HF through an endotracheal tube
leading directly to the lung, thus eliminating the protection of
the upper respiratory tract. It would be expected that not only
would high lung fluoride concentrations occur, but that pulmonary
edema might ensue. As early as 1913 it was noted that the
tracheotomized dog was more susceptible to ozone as measured by
pulmonary edema, than the intact dog (Jordan and Carlson, 1913).
From their results these authors speculated that as much as 75% of
inhaled ozone may be removed by the upper respiratory tract, a
prediction remarkably similar to the collection efficiencies of
50-75% measured in the dog over 50 years later (Vaughan, et al.,
1969). Using increased pulmonary flow resistance as the response
to SO2 Amdur (1966) has reported that the tracheotomized guinea
pig is more sensitive to this pollutant than the intact guinea
pig. A large fraction of inhaled SO2 is deposited in the upper
respiratory tract (Strandberg, 1964).

The rich vasculature of the nasal cavity suggests that once
deposited, campounds may be rapidly absorbed from this site.
Certainly cocaine can be absorbed through'the nasal epithelium. 1In
few of these studies in which the nasal deposition of inhaled gases
were investigated was there any attempt to determine if the gases

were absorbed systemically. Yokoyama, et al. (1971) did show
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SO

S activity in the blood of dogs exposed to s

increased
via the upper respiratory tract. Recently Dahl, et al. (1979) have

shown increased blood 358 levels after instillation of H23SSO4 in

the nasal cavity of the dog. Dahl, et al. (1979) also instilled

H23SSO4 inthe lung of the dog and concluded that the absorption into

blood from this site, based on the rate of increase of 355

activity in the blood, was much faster than absorption through the
nasal epithelium. From the plasma iocnic fluoride concentrations
after upper respiratory tract exposure it was estimated that ét
least 20% of the HF drawn into the upper respiratory tract. of the
rats was absorbed systemically during the 36 minute experiment.
Thus absorption of HF through the nasal cavity appears to be fairly
rapid. Complete absorption of HF through the nasal epithelium may
not be rapid. Significantly more fluoride could be removed from
the upper respiratory tract of the rat 7, 12 and 24 hours after the
start of the 1 hour nose-only exposure than could be rinsed from
controls. It should be stated that the rinsing procedure did not
appear to quantitatively remove fluoride from this site. However,
the removal of more fluoride from this site in exposed rats than
from controls suggests that more fluoride was actually present.

The amounts of fluoride which were rinsed out of the respiratory
tract at this times were small, in general, less than 1 ug,
compared to the 35-45 ug fluoride removed immediately after
exposure, but they provide evidence that a small fraction of the
fluoride in the upper respiratory tract after HF exposure is

retained for several hours..



In rats exposed to 36 mg F/m3 HF in the upper respiratory
tract experiment the plasma ionic fluoride averaged 0.31 ug/ml
compared to a control value of 0.11 ug/ml. Immediately after
nose-only exposure to 63 mg F/m3 for 1 hour the plasma ionic
fluoride concentration in intact rats averaged 0.26 ug/ml (control
0.04 ug/ml). While direct comparison of these plasma fluoride
concentrations in rats exposed to HF via these two regimens cannot
be hade because of the different time course in each experiment, the
results do suggest that deposition and absorption of HF in the nasal
cavity is of sufficient magnitude to account for the fluoride
concentrations present in tissues of intact rats after nose-only
exposure,

It can be assumed a priori that absorption of fluoride into
the blood stream through the nasal epithelium during exposure to HF
is not instantaneous. The large amounts of fluoride which can be
rinsed from the upper respiratory tract immediately after exposure
indicate a time lag between deposition and absorption. Absorptibﬁ
of fluoride into the blood stream during intravenous fluoride ion
infusion is immediate. Approximately 6% of the infused dose of
fluoride was present in the urine immediately after the 1 hour
infusion. If a pulmonary ventilation rate of 0.10 1l/min for the
anaesthetized rat is assumed, approximately 2% of the inhaled dose
of fluoride was present in the urine at the end of the 1 hour period
nose-only exposure, again suggesting that absorption of inhaled HF
is fairly rapid. 1In the model of fluoride metabolism in the rabbit

by Hall, et al. (1977), the fractional transfer rate of the
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fluoride ion from intracellular to extracelluiar fluid was
estimated to be 0.0911 min~l. This corresponds to a half-time of
7.6 minutes. Absorption of HF through the nasal epithelium would
not be expected to be faster than this.,

It was hoped to use the urinary fluoride excretion in rats
after HF exposure to estimate the inhaled dose of fluoride, but as
discussed this was not possible due to the problem speculated to be
a result of preening. Other experiments however, suggest that
nearly 100% of inhaled HF is absorbed. Deposition of HF drawn
through the upper respiratory tract was greater than 99.9%.
Camplete deposition of inhaled gases is not unheard of. 1Inhaled
502 is nearly completely removed from the air by the upper
airways of the human subject (Speizer and Frank, 1966).

Camparison of inspired and expired air concentrations of
formaldehyde indicated that the dog completely removes this solvent
from the air during respiration. However, complete removal of
substances fram the air does not indicate that complete systemic
absorption occurs. In HF exposed rats the slow return of the
fluoride content in nasal washes to control levels suggests that
removal of deposited HF from the upper respiratory tract is
complete. The increased plasma fluoride concentrations in
nose-only HF exposed and especially upper respiratory tract HF
exposed rats suggested that a significant fraction of the deposited
HF is removed from the upper respiratory tract by absorption into

the blood stream.
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Absorption of inhaled HF has been shown to occur in the human by
elevations in urinary fluoride excretion after exposure (Largent,
1961) . Both whole-body and nose-only HF exposure resulted in a
prampt increase in urinary fluoride excretion in the rat. 1In rats
exposed to HF via either exposure regimen maximal daily urinary
fluoride excretion occurred on the day of exposure. The excess
urinary fluoride excretion resulting from nose-only HF exposure was
not complete within 24 hours after the start of exposure.
Approximately 10% of the total amount of excess fluoride excreted
by the nose-only exposed rats was excreted during the 24-48 hour
period. This delayed excretion may be due to preening. However, a
similar phenomenon has been reported in man, ‘The urinary
fluoride excretion was elevated over baseline levels in two subjects
24-48 hours after the start of an 8 hour exposure to gaseous
fluoride at an airborne concentration of approximately 3 mg F/m3
(Collings, et al., 1951). The exact nature of the gaseous fluoride
compounds was notl specified, however the author stated that the
gaseous fluorides were principally HF and SiF4, Tﬁe excess
fluoride excretion during this 24-48 hour period averaged 10% of
the total excess fluoride excretion in these individuals. Rye
(1961) reported elevated urinary fluoride excretion in subjects
during the 24-48 and 48-72 hour periods after the start of an 8
hour exposure to approximately 2.0 mg F/m3 gaseous fluoride. The
nature of the gaseous fluoride campounds was not determined.
Largent (1961) measured urinary fluoride excretion in humans after

exposure to various low HF airborne concentrations for 6 hours per
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day, 5 days per week for several weeks. In his figure showing the
urinary fluoride excretion of one individual it appears that the
fluoride excretion may have been elevated during days on which no
exposure occurred, but Largent makes no mention of it. The results
of human exposures may indicate that excess urinary fluoride
excretion during the 24-48 hour period in the rats might be due to
inhaled HF rather than preened fluoride. The excess fluoride
excretion during this time priod would be expected to be due to
delayed absorption of fluoride as excess fluoride excretion was not
evident 24~-48 hours after fluoride injection. Excess fluoride was
rinsed from the upper respiratory tract of rats at 7, 12 and 24
hours, so this may be the site of delayed absorption. However, at
12 hours only 1 pg fluoride was rinsed from this site and
approximately 55 ug fluoride would be necessary to account for

the 12 ug of excess fluoride excretion during the 24-48 hour

period (55 pug x 22% = 12 ug). From the 4 ug fluoride wiped

off the fur at 12 hours it was estimated that 30 ug fluoride was
present on the fur at this time. Thus, it seems that the fur is
the more likely source of delayed absorption rather than the upper
respiratory tract. 1t is unfortunate that the animal models used
are not capable of determining if excess fluoride excretion occurs
many hours after HF exposure. Fluoride would accumulate in soft
tissues of workers exposed to HF in the workplace if excretion were
not complete during their off hours. Accumulation of this ion in

any tissue would increase the chances of toxicity.



Soft tissue fluoride concentrations were elevated by every HF
exposure regimen used. As late as 21 days after whole body HF
exposure ionic fluoride oconcentrations in lung, plasma and Kidney
were significantly higher than control levels. However, as
discussed this long term retention was probably due to preening
activity. Long term retention of fluoride in soft tissues was not
detected after nose-only exposure where preening would be minimal.
The fluoride ion is thought to distribute throughout the soft
tissues of the body by diffusion (Smith, 1966). Thus fluoride
concentrations in soft tissues would not be expected to be higher
than in plasma. After whole~body exposure fluoride ion
concentrations in both soft tissues analyzed, lung and kidney,
exceed that in plasma. Fluoride is excreted in the urine; high
kidney fluoride concentrations may be due to entrapped urine in
that organ. The fluoride ion is not volatile and, thus, would not
be expected to be excreted through the lung. Lung fluoride
concentrations in excess of that in plasma in rats sacrificed
immediately after HF exposure could be due to inhaled HF reaching
the lung via the airways, but shortly after exposure lung fluoride
ion concentrations would be expected to decrease to the level in
the plasma by diffusion of the ion down a concentration gradient.
Lung fluoride ion concentrations were determined on lung
homogenates. In this process the pulmonary tissue is diluted with
5 to 6 parts water and mixed 1l:1 with TISAB. If lung ionic fluoride
were in equilibrium with a ioosely bound fluoride species then this

hamogenization procedure might be expected to cause dissociation of
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this species, furnishing additional ionic fluoride. Thus, the
fluoride measured as ionic in nature by this.procedure may not
exist as a free ion solution in the tissue in vivo. As late as 21
days after whole body HF exposure or 8 days after NaF dust exposure
the measured ionic fluoride concentration in the lung significantly
exceeded that in plasma indicating that same binding or active
transport of fluoride ion in pulmonary tissue is occurring. These
experiments cannot distinguish between these possibilities.

Knaus, et al. (1976) reported that 18F concentrations in
the lungs of rats after 3 hours continuous intravenous infusion of

18

0.9 to 6.0 mg F/kg-hr as Na F exceeded plasma concentrations by

3 fold. In addition lung 18

18

F levels decreased more slowly than
plasma ~ F after termination of the infusion. This experiment of
Knaus, et al. led to the performance of the intravenous fluoride
infusion experiment described in this thesis. After a 1 hour
infusion both total and ionic lung fluoride concentrations were
elevated, but not to levels higher than present in plasma. Perhaps
longer infusion periods are necessary before fluoride accumulates
in the lungs. Bell, et al. (1961) measured the fluoride
concentration in tissues of cattle maintained for 8 years on diets
containing fluoride concentrations of .7, 47 or 57 ug/g. In these
animals lung {luuride vuncentrations exceeded blood fluoride
concentration by approximately 7-fold. Bell, et al. also measured
18p concentrations in several tissues of these cattle 4 hours

18

after intravenous injection of Na~°F. The 18F content in

blood,; tissues and urine after injection was unaffected by



185 concentration in only two soft

previous ditary intake. The
tissues exceeded that in blood. These tissues were the lung and
the kidney. As mentioned, kidney fluoride concentration in excess
of that in plasma is not unexpected since the urine is the major
route of excretion of fluoride. Lung 18p concentration in these
cattle averaged 4.3 times that in blood. Fluoride does not
distribute equally between red blood cells and plasma. Two
investigations (Carlson, et al., 11960a; Wallace-Durbin, 1954) have
shown the fluoride concentration in red blood cells at equilibrium
to average approximately one-half of that in plasma. Thus, at a
hemocrit of 50% plasma fluoride concentration will equal 133% of
the whole blood fluoride concentration. Bell measured this ratio
in these cattle and found it to be similar. The higher fluoride
concentration in plasma than in whole blood, therefore, does not
account for the high fluoride concentrations in the lung.

Bell, et al. (196l) also reported that the 18p

18F was

concentration in nasal mucous of cattle injected with Na
quite high. This suggests an interesting possibility. Perhaps the
high fluoride concentrations in lungs of rats after HF inhalation
are due to accumulation of fluoride in mucous. Such speculation
can explain several of the results of this study. Tracheal
fluoride concentrations were quite high campared to plasma and were
quite variable. Wallace (1953) reported high tracheal 18F
concentrations in the rat after intravenous NalsF injection and

suggested binding of fluoride to sites of ectopic calcification as

a cause of this effect. Flioridé ion has been shown to accumulate
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at sites of ectopic calcification in the placenta (Ericsson and
Ullberg, 1958). If sites of ectopic calcification were present in
the trachea and major airways of the lung the increased lung and
tracheal fluoride concentrations could be explained. However, such
a process does not explain the dynamic nature of tracheal fluoride
concentration. The tracheal fluoride concentration was
significantly less than control values imm'ediately after nose-only
HF exposure, but returned to and surpassed control levels during
the postexposure period. If the major fraction of the fluoride
measured in the trachea was actually present in the mucous layer
then an inhibition of mucous secretion in the lung and/or transport
up to the tracheobronchial tree could explain these results. A
high affinity of fluoride for mucous might also help to explain the
apparent retention of fluoride in the upper respiratory tract after
nose-only exposure.

Nasal mucous in the human has been shown to contain Ca++r

po4 = and albumin (Lorin, et al., 1972). The efficiency of

the calcium phosphate adsorption technique (Venkateswarlu, et al.,
1971) points out the high affinity of the fluoride ion for calcium
phosphate, however, the calcium and phosphate in mucous probably do
not exist as a crystalline salt. Carlson, et al. (1960a) has shown
that while neither albumin or Ca'* alone effects the
ultrafilterability of the fluoride ion, when present together as
much as 30% of the fluoride ion becomes ultrafilterable. Such a
binding phenamenon might explain a high affinity of fluoride for

mucous. The possibility of an active transport system cannot be
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totally eliminated. Olver and Strang (1974) have shown that Cl1l™,
Br and I~ are actively transported across the fetal lamb lung
epithelium. In addition Olver, et al. (1975) have reported
evidence suggesting that chloride is actively transported across
the tracheal epithelium of the dog. Perhaps such transport systems
are present in the respiratory tract of the rat and they have an
affinity for fluoride as well as the othér halogens. However,
fluoride does not accumulate in the thyroid (Wallace-Durbin, 1954;
Bell, et al., 1961) and the kidney appears able to discriminate
between fluoride and chloride (Carlson, et al., 1960b). The
preceding discussion is certainly speculative, but it might provide
some interesting areas for future research.

No long term retention of fluoride was evident in the lungs
of nose-only HF exposed or NaF infused rats. 1In the case 'of the
nose-only exposed rats the initial lung fluoride burden was so low
that a long term retention of 10% of the initial burden would go
undetected. The initial lung fluoride levels in rats infused with
NaF were, however, high enough that a long term retention of
fluoride in that organ, if it followed the same kinetics as after
whole body exposure, would have been detected. Long term pulmonary
retention of fluoride was only evident in whole body exposed rats,
rats in which a large unknown source of fluoride speculated to be
due to contamination of the fur was detected. Perhaps the long
term elevations in plasma fluoride due to preening, lead to even
larger increases in lung fluoride due to same undefined binding or

active transport process.
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The retention characteristics of fluoride in the rat
following exposure to HF generated by the compressed gas system or
by the aqueous system wére not similar. After exposure to HF
generated by the agueous system soft tissues of rats contained
large amounts of fluoride which did not respond to the fluoride ion
sensitive electrode. This fluoride component in soft tissues is
termed the AF fraction. 1Its concentration was obtained by
subtracting the measured ionic fluoride concentration in each
tissue from the measured total concentration.

Taves (1968a) reported that human plasma total fluoride
concentration, measured in ashed samples, exceeded the ionic
fluoride concentrations determined in unashed samples. He termed
the difference "non-exchangeable fluoride" and found that it
migrated with albumin when subjected to electrophoresis (Taves,
1968b). In subsequent purification 37% of this fraction was
recovered and was found to have an NMR spectra similar to a C6—8
perfluoro fatty acid derivative (Guy, et al., 1976).

Perfluorofatty acids are used industrially in the treatment of
fabrics and leathers. 1In this same study Guy, et al. measured
total and ionic fluoride concentrations in plasma obtained from
people living in communities with differing levels of fluoride in
the drinking water. No correlation between drinking water fluoride
concentration and levels of plasma "organic fluoride" were found,
leading the authors to suggest that organic fluorocompounds derived

from commercial products were present in human plasma.
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Patterson, et al. (1977) reported that total fluoride
concentration in the serum of the sheep, rabbit and rat exceeded
iohic fluoride concentration. Ophaug and Singer (1977) reported
similar findings. These authors attribute the difference to
"bound fluoride". In the present studies total fluoride
concentration in plasma, lung and kidney of control rats
consistently exceeded ionic fluoride concentration. However, in
control rats the levels of total and ionic fluoride were so low
compared to the limit of sensitivity of the analytical methods that
no true quantitative value for the level of AF could be
obtained. In all other studies (Taves, 1968a; Guy, et al., 1976;
Patterson, et al., 1977; Ophaug and Singer, 1977) the
concentrations of total and ionic fluoride were also quite low,
close to the limits of sensitivity of the analytical methods
employed. In every case AF, bound fluoride or organic fluoride
levels were determined indirectly as the difference between two
independent analytical methods. This difference is termed AF in
the present report because the analytical techniques employed
provide no direct information on the nature of this fluoride
fraction.

Ophaug and Singer (1977) have reported evidence that AF (or
in their terminology "bound F") is actually derived from ionic
fluoride. Unfortunately there are uncertainties about the
analytical methods employed by these authors (Venkateswarlu, 1975).
These authors maintained weanling rats on a low fluoride diet and
distilled water for 14 days, transferred them to low F diet and

drinking water containing 25 pug F/ml (as NaF) for 28 days and
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then returned them to distilled water for another 28 days. Bound
fluoride was detected initially; its concentration increased while
the rats were maintained on 25 ug F/ml drinking water and then
decreased to pre-exposure levels when the fluoridated water was
removed. The rat may respond to ionic fluoride in a manner unlike
the human. It seems unlikely that these rats formed perfluoro
fatty acid derivatives from ionic fluoride, however, only 37% of
the organic fluoride found in human plasma was so characterized.
Perhaps the remaining 63% of the "organic fluoride" in human plasma
is formed in a manner similar to the process in the rat. In the
present studies AF levels did not appear to decrease during
fluoride depletion, as might be expected from the results of Ophaug
and Singer (1977). No quantitative comparison of AF levels in
control and fluoride depleted rats could be made because the levels
of AF under these conditions were so low.

AF concentrations in soft tissues of rats were increased
over control levels by exposure to HF generated by either the
aqueous or the compressed gas technique. High concentrations of
AF were present after aqueous system generated exposures; low
levels, levels within the precision of the analytical methods
employed, were detected in soft tissues of rats after compressed
gas generated exposures. In Blue Spruce rats exposed to HF
generated by the compressed gas technique in the dose-response
experiment a dose-dependent increase in plasma AF concentration
with airborne HF exposure concentration occurred, indicating a

cause and effect relationship. Increased AF concentrations were



present in rats sacrificed immediately after nose-only compressed
gas technique generated HF exposure, but after no other exposure
generated by this technique were AF concentrations elevated over
control levels. On the basis of the dose~response curve obtained
in the dose-response experiment elevated AF concentrations would
not be expected in any of these other exposures. A minimal, if
any, increase in plasma AF concentration occurred in rats exposed
to 11 mg F/m3 for 6 hours in the dose-response experiment. If
the airborne HF concentration times time (C x T) is taken as a
measure of the dose of HF, in no other experiment was the dose
higher than after the 11 mg F/m3 exposure. For example, the C x
T for the whole body HF retention experiment was 61.2 mg F-hr/m3
compared to 66 mg F-hr/m3 for the 11 mg F/m3 dose-response
exposure. This value for the nose-only HF retention experiment

using fluoride depleted rats was approximately 63 mg F-hr/m3- In

addition it is also expected that the dose after nose-only exposure

is much less than after whole body exposure because of the

additional source of fluoride speculated to be due to contamination

of the fur. Negative AF concentrations were obtained in plasma
of NaF dust exposed rats. This anomolous result points out the
problems associated with quantifying the concentration of a
compound by taking the difference of two independent analytical
techniques.

Consistent increases in plasma AF concentration were not

detected in Chales River rats exposed to HF generated by the

compressed gas technique. Any dose-response relationships in these
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rats may have been masked by random analytical error. AF

averages about 15% of the total fluoride concentration in plasma of
Blue Spruce or Charles River rats exposed to HF generated by the -
compressed gas technique and the coefficient of wvariation of the
measurement of AF was estimated to be 12.5%.

Very high concentrations of AF were present in the plasma,
lung and kidney of Blue Spruce and Charles River rats after
exposure to HF generated by the aqueous system. In these rats AF
accounted for as much asA80% of the total fluoride present in each
soft tissue. In all three tissues, lung, plasma and kidney AF
concentrations increased significantly during the post-exposure
period. Because of the high concentrations present in these soft
tissues it was possible to partially characterize AF.

The AF fractions in lung and kidney following aqueous
system generated HF exposure have different chemical properties as
evidenced by the effects of acid treatment. 1In kidney homogenates,
treatment with trichloracetic acid resulted in the conversion of
67% of the fluoride in the AF fraction to a form which responds
to the fluoride ion sensitive electrode. Such treatment was
without detectable effect on the AF fraction in lung homogenates.
Potassium hydroxide digestion, a procedure which converts the
covalently bound fluoride in monofluoracetate and
monofluoroproprionate to the fluoride ion, was without effect on
lung AF suggesting that in this tissue AF is not a simple
monofluoro aliphatic carbon compound. As discussed previously

fluoride ion would bind to sites of ectopic calcification. If such
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sites were present in pulmonary and renal tissue, binding of
fluoride would be expected to be strong enough that the bound
fluoride would not be detected until after ashing and dissolution
in acid. Such a process might be occurring in these tissues, but
it would not explaiﬁ the presence of AF in plasma.

Because AF was only determined as the difference between
two independent analytical methods, it was thought to be important
to at least once separate AF and ionic fluoride to show that at
least two chemically distinct forms of fluoride actually exist in
plasma. To this end plasma samples obtained from 5 rats exposed to
HF generated by the aqueous system were subjected to the calcium
phosphate adsorption technique of Venkateswarlu, et al. (1971).
This technique separated fluorides on the basis of adsorbability
onto crystalline calcium phosphate. Ionic fluoride has a high
affinity for this crystal and can be quantitatively removed from
solution by this technique. Non-ionizable fluoride remains in
solution. The plasma samples subjected to this technique contained
on the average 33% ionic fluoride and 67% AF, fluoride which did
not respond to the fluoride ion sensitive eiectrode until after
ashing. Treatment of plasma samples with calcium phosphate left
behind a solution in which 97% of the fluoride did not respond to
the fluoride ion sensitive electrode until after ashing. This
solution was essentially pure AF and contained 90% of the
recovered AF. The remaining 10% of the recovered AF was
present in the calcium phosphate phase and may have been trappea

there during the centrifugation procedure. An average of 89% of
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the ionic fluoride originally present was recovered in the calcium
phosphate layer. The total fluoride recovered averaged 107% of the
amount determined to be present originally, a value well within the
precision of the total fluoride method. Thus, this procedure
separated plasma fluoride into two components on the basis of
adsorbability onto calcium phosphate, and AF was near
quantitatively recovered in the non-ioniéable fluoride component.
Plasma from rats exposed to HF generated by the aqueous
system were also subjected to Sephadex G-25 gel chromatography.
This chromatographic procedure separates molecules on the basis of
molecular radius, a property which is a function of the molecular
weight. According to Determan (1969) molecules with a molecular
weight in excess of 5000 daltons are excluded by G-25 gel and thus
migrate with the void volume. The total fluoride concentration in
each elution sample was low compared to the analytical blank,
making quantitative determinations of the total fluoride content of
each sample difficult. Thé fluoride present in the plasma sample
subjected to this procedure however, was all recovered in samples
eluting after the void volume suggesting the molecular weight of
AF is less than 5000 daltons. 1In fact 84% of the administered
AF eluted with the bed volume suggesting a very low molecular
weight, perhaps less than 500 daltons (Thomas, 1977). This low
molecular weight agrees well with the dialyzable nature of AF in
kidney homogenates. Ionic fluoride migrated with the bed volume.
Taves (1968b) reported that the "non-exchangeable fluoride" present

in human plasma was associated to albumin (molecular weight 65,000
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daltons). The AF in rat plasma or kidney does not appear to have
this characteristic. In summary, in plasma and tissue of rats
exposed to HF generated by the aqueous system at least two forms of
fluoride are present: one ionic in nature, the other (s) consists of
low molecular weight chemically distincf non-ionizable fluorine
containing component(s) which do not r_espond to the fluoride ion
sensitive electrode unless ashed. It is not known whether the AF
fraction in control rat tissues or in tissues of rats exposed to HF
generated by the compressed gas technique have similar properties.
The source of the AF fraction is unclear. Since AF was
determined indirectly the possibility that its detection is due to
analytical error or artifact must be considered. This does not
appear to be the case. Standard fluoride analytical methods
(Venkateswarlu, 1977) were used for all determinations. Fluoride
was quantitatively recovered in the calcium phosphate adsorption
and gel chromatographic procedures. In the adsorption technique
each plasma was separated into two samples, the sum of the measured
total or ionic fluoride content in each sample equalled within
analytical error the amount originally determined to be present.
Similarily, quantitative recovery of total and ionic fluoride from
the 26 separate samples derived from a single plasma sample by gel
chromatography was obtained. The detection of AF does not appear
to be due to random analytical error as the frequency of occurrence
of positive AF concentrations was many fold greater than would be
expected on a random basis. That plasma AF was not occurring in

a random fashion was shown by the strong correlation of plasma AF



concentration on plasma total fluoride concentration. This result
suggests that the AF in plasma is due to somé orderly process.

Though the possibility cannot be totally eliminated the
presence of AF does not appear to be due to a non-ionic fluoride
airborne contaminant in HF chambers. Chamber air samples fram
atmospheres generated by both systems were ashed and no non-ionic
fluoride component was detected, however the sampling system
employed may not have collected such a non-ionic contaminant. No
non-ionic fluoride component was detected in the aqueous
hydrofluoric acid used in the aqueous system generator. It is
possible that AF_was present in these samples but at
concentrations below the limit of sensitivity of the analytical
methods. Increased AF concentrations were detected in tissues of
rats exposed to HF generated by the two systems. If AF was due
to an airborne contaminant it would have to have been present in
both systems. The nature of AF in Fhe lung and kidney is not
similar suggesting that if its presence were due to an airborne
contaminant that contaminant was modified in vivo.

If AF were an airborne contaminant it certainly was'not
absorbed through the lung. In rats exposed to HF generated by the
aqueous system the increases in plasma AF during the
post-exposure period could not be explained by the levels of AF
in the lung. 1In fact AF concentrations in the lung increased
during the post-exposure period as well. The source of AF may be
the fur or the upper respiratory tract. Ashing of the upper

respiratory tract rinses did not reveal the present of AF in this
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site, but this procedure was performed on rats exposed to HF
generated by the compressed gas system so only minimal levels of
AF would be expected to be present. Finally, not only have
non-ionic fluoride fractions been detected in the tissue of several
species by other investigators (Taves, 1968a; Guy, et al., 1977;
Patterson, et al., 1977), but in one investigation increased
dietary ionic fluoride intake resulted in increased plasma
non-ionic fluoride concentrations (Ophaug and Singer, 1977).

The differing response with respect to AF in rats exposed
to HF generated by the aqueous or the compressed >gas techniques
suggests that AF is formed at some site in direct physical
contact with HF. Airborne HF may be in differing physical forms in
these two atmospheres. NIOSH (1976) states that HF forms a fume in
moist air. Certainly the air over the hydrofluoric acid in the HF
aqueous system is moist. In addition the process of bubbling air
through the aqueous hydrofluoric acid certainly results in the
formation of a few aqueous hydrofluoric acid droplets. The HF in
the compressed gas tank is anhydrous and the chamber relative
humidities were generally less than 25%, so little fuming might be
expected in these chamber atmospheres. If AF were due to the
chemical reaction of fluoride with sacme component. of biologic
tissues then more might be formed in areas of high fluoride
concentration, i.e. areas where droplets of hydrofluoric acid
deposit. A similar process has been postulated to be of some
importance in the potentiation of 502 toxicity by particulate

NaCl (Amdur, 1957). Certainly the dose dependence of plasma AF
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concentration on airborne HF concentration suggests that AF is
derived from HF.

The effects of HF exposures in Charles River rats provide
some slight evidence that the physiologic response(s) to ionic
fluoride and AF is different. 1In the dose-response experiment
dose~-response relationships were evident in Blue Spruce rats
between BUN and airborne HF concentration, BUN and plasma ionic
fluoride concentration and BUN and plasma total fluoride
concentration. These HF atmospheres were generated by the
compressed gas technique. Charles River rats were exposed to HF
generated by either the éompressed gas technique or the aqueous
system. In these rats a consistent relationship was evident only
between BUN and plasma ionic fluoride concentration. The BUN in
Charles River rats exposed to 26 mg F/m3 HF or 54 mg F/m3 HF
generated by the compressed gas technique averaged 20.9 and 30.6
mg% respectively, the two values being statistically different at
the p<0.05 level. The BUN in Charles River rats exposed to 84 mg
F/m3 by the aqueous system averaged 24.7 mg%, a value between the
levels present in the two lower HF exposure groups. The ionic
fluoride concentration in the plasma of these 84 mg F/m3 agqueous
system generated HF exposed rats averaged between that in rats
exposed to 26 or 54 mg F/m3 while the total fluoride
concentration, due to large amounts of AF, averaged 2.5 fold
higher than that in rats exposed to 26 or 54 mg F/m3., Thus, as
measured by increased BUN, the rat kidney does not appear to

regspond to AF in the same manner as ionic F~.



The blood urea nitrogen (BUN) concentration is used as an
indirect measure of renal toxicity. Urea is a major end product of
protein metabolism and is excreted almost entirely via the kidney
(Vvaltin, 1973). Thus, if kidney function were to be impaired and
urea synthesis to remain unaltered, increased levels of BUN would
ensue. Because elevated BUN levels may reflect increased hepatic
urea synthesis, this finding cannot be interpreted a priori to
indicate renal insufficiency. In the present studies the increased
BUN in plasma of rats exposed to high concentrations of HF for 6
hours correlated well with the presence of pathologic lesions in
the proximal tubules of the kidney. Together, these two findings
provide strong evident that renal toxicity results from HF exposure.

Whole body exposure to HF resulted in proximal tubular damage
as indicated by the presence of cells containing pyknotic nuclei.
In addition, the cytoplasm of pyknotic cells appeared eosinophilic
compared to that of adjacent cells which were without visible
nuclear damage. This renal lesion tended to increase in severity
with increasing airborne HF exposure concentration. Tubular
degeneration of the kidney, consisting of foci of pyknotic and
karyolytic cells has been shown to occur in the rat after injection
of 30 mg/kg fluoride as NaF (Taylor, et al., 1961). Proximal
tubular necrosis of the rat kidney has been reported after two
daily injecfions of 6 mg F/kg as NaF (Mazze, et al., 1972).

Damaged cells exhibited nuclear pyknosis and karyorrhexis and
eosinophilic cytoplasm. These ;uthors also reported that little

damage was evident in other tubular cells. An increase in urine
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volume was reported following both these expoéure regimens.
Proximal tubular pyknosis and karyorrhexis has been reported in the
rat kidney 4 hours after a 15 minute exposure to high levels of HF
(greater than 480 mg F/m3, actual airborne concentration unclear)
< Y ’

for 15 minutes (Rosenholtz, et al., 1963). The éimilarity of
effects reported in these fluoride treated rats and in HF exposed
rats indicates the high probability that this renal damage is due
to fluoride intoxication. The present study is the only one which
gives tissue fluoride concentrations to correlate with this
effect., Correlation of renal effects with airborne HF
concentration may not be totally appropriate because of the effects of
preening.

In whole body exposed rats sacrificed 6 hours after the end
of a 6 hour exposure to HF, marked increases in BUN or in renal
pathology were not apparent unless the plasma fluoride
concentration was higher than 2 ug/ml at the time of sacrifice.
This is considered to be a toxic fluoride level. Plasma fluoride
concentrations in rats intubated with an LD50 dose of fluoride (25
mg F/kg as NaF) averaged 9.8 ug/ml 15 minutes after dosing and
1.5 yg/ml 8-12 hours after dosing. (de Lopez, et al., 1976).
Blood fluoride concentrations were 3 and 4 ug/ml in two human subjects
who died 4 and 10 hours after accidental exposure to HF (Greendyke
and Hodge, 1964). Death was attributed to pulmonary edema.

Alterations in glucose metabolism aé measured by 14C0

2

expiration during infusion of 14C—glucose, have been shown to

occur in rats with plasma fluoride concentrations in this range



(Knaus, 1970). Continuous intravenous infusibn with 1.0 mg F/hour

14co

(as NaF) for 2 hours resulted in a 20% reduction in 2

expiration. Plasma fluoride concentrations at this time were
approximately 4 ug/ml. Infusion of fluoride at the same rate for
longer periods or at h;gher rates for the same period result in a
greater reduction in 14032 production. Data on the ventilation
rates during these exposures was not given, but fluoride inhibits
several enzymes in the glycolytic pathway (Wiseman, 1966).
Polyuric renal damage in the rat has been associaéed with
much lower plasma fluoride concentrations. Whitford and Taves
(1973) observed a dose-dependent increase in urine flow rate in
200g female Sprague-Dawley rats intravenously infused with various
concentrations of NaF for 3 hours. At the lowest infusion rate,

0.06 mg F/hour, urine flow rates were increased by an average of

65% (p<0.001). Increased urine flow rates were evident after
only 1 hour of infusion. Plasma fluoride concentrations averaged
0.6 Hg/ml in these rats after 3 hours infusion. Plasma fluoride
concentrations averaged 0.5 ug/ml in rats sacrificed immediately
after whole body exposure to 10.2 mg F/m3 for 6 hours. Plasma
fluoride concentrations also averaged 0.5 ug/ml in rats |
sacrificed 6 hours after the exposure, however no diuretic effect
was noticéd during this 6 hour period or during any other
post-exposure period. This may be due to sex or strain
differences. Mazze, et al. (1973) showed that a dose regimen (6.3
mg F/kg/day as NaF i.p. for 5 days) which resulted in a 4-fold

increase in urine volume in Fisher 344 rats was without effect in
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Buffalo strain rats. The human is sensitive to fluoride induced
diuresis. Diuretic effects of methoxyflurane anaesthesia have
been shown in man with peak plasma ionic fluoride concentrations
of 1.0 ug/ml (Cousins and Mazze, 1973). During metabolism the
fluoride ion is released from methoxyflurane. A diuretic
response may have oécurred in rats exposed to HF in the
dose~response experiment. The urine excreted from the 6 hour
exposure period from each group of rats was pooled so only one
urine volume for each dose was obtained. These volumes in control,
11 mg F/m> and 27 mg F/m° exposed rats were 0.5, 1.2 and 2.8
ml/rat respectively. The interpretation of these results is not
clear cut because during a similar period in the HF whole body
retention experiment control rats excreted a mean volume of 2.3
ml/rat. Increased urine volumes were not detected in rats infused
intravenously with 10.8 ug F/min for 1 hour even though this
infusion rate was 10 times the lowest effective dose of Whitford
and Taves (1973). Species or sex differences might explain this
discrepancy. Fluoride depleted rats nose-only exposed to 63 mg
F/m3 for 1 hour may have excreted more urine than the control
group during the 0-7 hour experimental period, however, the mean
urine volumes in these two groups were not statistically different
if data from every rat in each group was included in the analysis.
Excreted urine volume during this period was no different from
control levels in normal fluoride diet rats nose-only exposed to 75
mg F/m3 for 1 hour. In summary, a clear cut diuretic response

did not occur in rats exposed to HF by either the nose-only or

whole body route.
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A considerable diuresis resulted from 6 hour whole body
exposure to 24 mg E‘/m3 NaF. Maximal 24 hour urine volume
occurred on the third day after the start of exposure. During this
time exposed rats excreted nearly 4 times more urine than
controls. Urine specific gravity was decreased by exposure. The
mean specific gravity was lowest in urine collected on the third
experimental day. No change in protein excretion was evident at
any time during the 8 day post-exposure period indicating that in
the rat this is a very insensitive indicator of fluoride-induced
renal toxicity. From the femoral fluoride content and urinary
fluoride excretion of these NaF exposed rats it was estimated that
24 mg fluoride was absorbed as a result of exposure compared to an
estimate of only 4.5 mg fluoride in the whole-body exposed HF
retention experiment and 0.8 mg in the nose-only fluoride depleted
rat nose-only experiment. The large dose received by the NaF
exposed animals may explain the greater diuretic response.

Urine volume ana specific gravity were sensitive measures of
fluoride-induced renal toxicity in NaF dust exposed rats. Whitford
and Taves (1973) reported a dose-dependent decrease in urine
osmolarity accompanied the diuresis. Perhaps fufure studies of
effects of occupatinal exposure to fluoride should include these
parameters as measures of possible nephrotoxic effects. Previous
investigations using medical history and physical examination (Rye,
1961; Kaltreider, et al., 1972) and/or urinary protein excretion
(Derryberry, et al., 1963; Dinman, et al, 1976) did not detect any

effect of occupational fluoride exposure on renal function. There
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are three isolated reports of increased urine‘ volume in humans
exposed to airborne fluorides, however, in each case fluoride
exposure is not the only explanation of the results. Rye (1961),
in following the urinary fluoride excretion in a one individual
exposed to airborne fluorides in a rock phosphate plant noticed
that the individual experienced periodic episodes of diuresis.
These diuretic periods did not occur on weekends and were not
related to increased fluid intake. One of two individuals exposed
to 3.3 mg F/m3 gaseous fluorides for 8 hours in an investigation

1., 1951) experienced a

of fluoride metabolism (Collings, et
diuresis on the day following exposure, but the author explains the
phenamenon an the basis of the slightly increased fluid intake
necessary to maintain urine flow rates high enough for 2 hour urine
collections. Zober, et al. (1977) collected 24-hour urine samples
from 18 individuals exposed to HF in the glass industry and from 9
clerical personnel from the same plant who were not exposed to HF.
The author reports each individual urine volume, but does not
discuss them. The volume of urine excreted in 24 hours by the HF
exposed group was 1639 + 136 ml (mean + S.E.M.) compared to 1203 +
111 for the control group. These two groups are significantly
different at the p<0.05 levels. The exposed group, if their job
entailed physical labor in the hot enviromment of a glass
manufacturing plant may well have consuméd more water than the
control group. Data on water consumption was not given. Only one
airborne fluoride determination was made at each of the 5 plant

locations where these individuals worked and the air sampler
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placement at each location may not have been appropriate but the
airborne HF concentrations ranged from 0.6 - 14.4 mg F/m3. The
N.I.O.S.H. recommended standard is 2.5 mg F/m3 (NIOSH, 1976).

The results of thse three investigations cergainly do not indicate
that nephrotoxicity results from exposure to low levels of
atmospheric fluoride, however', they do point out the need for -
further investigations on the affects of occupational fluoride
exposure on renal function.

Pulmonary function, as measured by forced expirations, was
unaffected in 231 employees exposed to HF and other atmo;pheric
fluorides in the aluminium industry (Kaltreider, et al., 1972). A
slight increase in pulmonary disease detected by chest radiographs,
physical examination and medical history was reported in employees
exposed to airborne fluorides in a phosphate fertilizer plant by
Derryberry, et al. (1963). However, several other investigations
on occupational exposure to fluorides using similar diagnostic
techniques detecte§ no inc;éasg_in pulmonary disease in fluoride
exposed individuals (Machle and Evans, 1940; Rye, 1961; Kaltreider,
et al., 1972). Accidental exposure to high concentrations of HF
can lead to massive fatal pulmonary edema (Greendyke and Hodge,
1964) . Pulmonary edema and hemorrhage of the lungs has been shown
to occur in several species after exposure to high concentrations
of HF (Machle, et al., 1934; Wohlslagel, et al., 1976; Di Pasquale
and Davis, 1971). Several species also developed pulmonary edema
during exposure to 25 mg F/m3 HF, 6 hours per day, 6 days per

week for 5 weeks (Stokinger, 1949). Pulmonary edema was not a



common finding in rats exposed by the regimens used in the present
studies.

Rats exposed to HF generated by the compressed gas technigque
did not develop pulmonary edema. 'Light microscopy and lung wet
weight to dry weight ratios were used to assess edema. As
discussed by Staub (1974), measurement of lung wet weight to dry
weight ratio is the most sensitive measure of lung water content.
A 10% increase in lung water content would have been detected by
this technique. An increase in water content of this magnitude
would in all probability be reflected histologically as
interstitial swelling (Staub, 1974). It was not possible to assess
any increases in the peribronchial or perivascular interstitial
space histologically because of the underlying pulmonary disease in
the rats used in this study. No alveolar flood was seen in any
lung section.

Exposure to HF generated by the aqueous system resulted in a
slight increase in pulmonary water content in Blue Spruce rats but
not in rats obtained from Charles River Laboratories. The
pulmonary fluoride burden at sacrifice was similar in both groups
of rats suggesting that the Blue Spruce rats were more susceptible
to HF-induced pulmonary edema than the Charles River rats. The
differing response of Blue Spruce rats exposed to HF generated by
the compressed gas or aqueous system may be due to differences in
the regional deposition of this gas in the respiratory tract. A
fraction of the atmospheric HF may exist as a fume or a mist in

aqueous system generated atmospheres. This fume, if it exists, may
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penétrate té the lower airways more efficiently than gaseous HF
and, therefore, result in increased pulmonary damage. Comparison
of pulmonary fluoride burdens in rats after exposure to HF
generated by the aqueous or compressed gas system might be expected
to provide some information on the process, however, the marked
difference between the relative proportions of ionic F~ and AF

in the lungs of rats exposed to HF generated by these two
techniques makes direct comparisons impossible. Slight increases
in lung water content occurred after whole body NaF exposure.
Perhaps the fluoride ion plays some role in edema development in
animals exposed to high concentrations of HF. One would suspect,
however, that the acidity of HF would be of primary importance for
the development of pulmonary edema.

Rosenholtz, et al. (1963) reported mucosal and submucosal
necrosis accompanied by an acute inflammatory response of the
anterior nasal cavity of rats after exposure to lethal
concentrations of HF yet no pulmonary damage was noted. It was
stated that lung sections were examined so the lack of comment on
pulmonary damage implies that ﬁone was noted. The pulmonary
effects observed in the present studies are quite similar to those
of Rosenholtz, et al., (1963). No pulmonary‘effects were Observed
following whole body HF exposure, even in rats succumbing to the
HF. Injury to the nasal cavity, as evidenced by discﬁarge of fluid
from the nares, did occur following exposure to high
concentrations. These toxic effects correlate well wifh the

regional deposition pattern of inhaled HF. Greater than 99% of
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inhaled HF deposits in the upper respiratory tract and this is the
site that appears to be injured.

Rats dying after exposure to the HF were experiencing
respiratory distréss. The final acts of these rats was gasping for
air. It was after these large abdominal breaths that fluid was
discharged fram the nares. The lung wet weight to dry weight ratio
in these rats was significantly less than in controls. 1In the
isolated cat lung, hypoxia resulted in a significant decrease in
the pulmonary extravascular water content (Dawson, et al., 1978).
It appears that these rats, being unable to breath through the
mouth, (rats are not mouth breathers) are dying of anoxia because
the nasal passages are blocked with fluid.

Machle, et al. (1934) noted that as HF exposure concentration
increased the period between exposure and death shortened. A
similar effect was noted in the present investigations. While
exposure to 148 or 179 mg F/m3 for 6 hours resulted in 100%
mortality, all féts exposed to the lower concentration survived the
exposure and succumbed during the post-exposure period and 4 of the
6 rats exposed to the higher concentration succumbed during the
e:;posure. The dose-mortality curve for HF exposure under these
conditions appears to be fairly steep. During the 12 hour
experimental period no mortality was evident in rats exposed to 116
mg F/m3 while 100% mortality resulted from exposure to 148 mg
F/m3. In two investigations (Di Pasquale and Davis, 1971;
Wohlslagel, et al., 1976) marked differences in the LC50 of HF in

the mouse and rat were reported. 1In both reports the LCS50 in the



mouse was approximately one-third of that for the rat. Deaths were
attributed to pulmonary edema. Perhaps the upper respiratory tract
of the mouse collects HF less efficiently than that of the rat.
Machle, et al. (1934) also noted that exposure to HF slowed
the respiratory rate, particularly in the rabbit. A similar effect
was seen in the anaesthetized rat during nose-only exposure to HF.
Campounds which react with the ending of the trigeminal nerve in'
the nasal respiratory epithelium and produce a reflex depression in
the respiratory rate are termed sensory irritants (Alarie, 1973).
These compounds evoke a burning sensation in the nasal passages and
induce tearing. Humans exposed to 48 mg F/m3 HF experienced
marked nasal irritation. In the present studies and in those of
Rosenholtz, et al. (1963) rats exposed to high concentrations of HF
exhibited mérked lacrimation. These results in toto provide strong
evidence that HF is a sensory irritant. The high deposition of HF
in the nasal cavity is certainly consistent with this hypothesis.
In addition to experiencing nasal irritation, humans exposed
to 26 mg F/m3 HF experienced tickling and discomfort of the
larger airways (Machle, et al., 1934) suggesting that the human
nose is not as efficient at collecting HF as the rat nose. Largent
(1961) reported that humans exposed to 1l.2-4 mg F/m3 exper ienced
nasal irritation, buﬁ no mention of irritation to the lower airways
was made. Perhaps at airborne HF concentrations below the
recommended airborne occupational standard of 2.5 mg F/m3 (NIOSH,
1976) deposition of HF in the upper respiratory tract of humans is

complete.
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If the deposition, distribution and excretion of inhaled HF
is somewhat similar in the man and the rat these studies suggest a
novel approach toward determining the extent of exposure to HF.
Currently, N.I.O.S.H. (1976) recommends monitoring of urinary
fluoride excretion as this measure and the results of this study
corroborate the usefulness of this as a tool. Fluoride which has
been excreted in the urine represents HF which has been inhaled
scme time previously. In the rat following 1 hour nose-only
exposure to HF the urine contained only 2% of the estimated inhaled
dose. At this time large amounts of fluoride could be easily
removed from the upper respiratory tract. Perhaps measurement of
the fluoride concentration in nasal mucous might be a good tool to
assess the extent of exposure occurring just prior to sample
collection. Such a procedure might be particularly useful in
trying to determine the extent of an acute exposure after an
accident involving HF.

If a large fraction of inhaled HF deposits in the upper
respiratory tract of the human as suggested by the deposition
pattern in the rat then addition of particulate matter might
increase the toxicity of HF if the gas were to adsorb to the
particles and be carried into the lung. A similér mechanism has
been postulated to be of importance in the potentiation of the
response to 502 and formaldehyde by sodium chloride aerosol
(Amdur, 1959). The addition of alumina dust has been shown to be
without effect on mortality caused by high airborne concentrations

of HF (Wohlslagel, 1976). 1In light of the high atfinity of
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fluoride for calcium phosphate it would be ini:eresting to
investigate the effects of phosphate dusts on HF toxicity. Humans
are exposed to both HF and phosphate dusts in the manufacture of

phosphoric acid and phosphate fertilizers.
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SUMMARY

The experiments described in this thesis provide quantitative
information on the absorption, distribution and excretion of
inhaled hydrogen fluoride. Total (ashed samples) and/or ionic
(unashed samples) fluoride concentration in lung, plasma, kidney,
trachea, femur, urine and feces of male Long Evans rats after 6
hour whole body HF exposure or 1 hour nose-only HF exposure were
determined. The difference between total and ionic fluoride
concentration in lung, plasma and kidney after-HF.exposure is
referred to as the AF fraction and is attributed to the presence
of a fluoride specie(s) which does not respond to the fluoride ion
sensitive electrode.

After whole body exposure urinary fluoride excretion was many
times greater than could be explained by the amount of HF inhaled.
The experiments performed indicate that airborne HF deposits on the
fur during exposure and is then ingested in tﬁe course of preening
activity. In rats sacrificed 6 hours after 6 hour whole body
exposure to different concentrations of HF generated by diluting
the output of a compressed gas cylinder containing 1% HF in
nitrogen dose-dependent increases in total and ionic lung, plasma
and kidney fluoride concentrations occurred. Plasma ionic fluoride
concentration averaged from 0.6 ug/ml or 5.7 ug/ml after
exposure to 11 or 116 mg F/m3, respectively (control value 0.03
ug/ml). Renal toxicity, indicated by increased plasma urea
levels and pyknosis of the proximal tubular epithelium was

associated with plasma ionic fluoride concentrations in excess of
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2.0 yg/ml. A dose-dependent increase in plasma AF with

airborne HF concentration was also evident. Plasma AF was
strongly correlated with the log of the plasma total fluoride
concentration. Plasma AF concentrations after exposures
generated by this technique averaged 7-18% of the total fluoride
concentration.

High AF concentrations were present in lung, plasma and
kidney of rats whole body exposed to HF generated by bubbling clean
room air through aqueous hydrofluoric acid. In some cases AF
accounted for 80% of the total fluoride present. Sephadex G-25 gel
chromatography of plasma suggested that the molecular weight of
AF was less than 5000 daltons. Plasma AF could be separated
from plasma ionic F by the calcium phosphate adsorption
technique of Venkateswarlu, et al. (1971) indicating that the
fluoride in this fraction was non-ionizable.

Urinary fluoride excretion was elevated immediately after 1
hour nose-only exposure to 63 mg F/m3 (generated by the
compressed gas technique). Approximately 90% of the exess fluoride
excreted as a result of exposure was eliminated within 24 hours of
the start of exposure, the remaining 10% being excreted between 24
and 48 hours. A mean of 22% (std. dev. 5%) of intraperitoneally or
intratracheally injected fluoride (as NaF) was excreted by the rat
within 24 hours. Excess urinary fluoride excretion was not
detected after that gime. After nose-only exposure urinary
fluoride excretion accounted for approximately twice the fluoride
estimated to be inhaled. The amount of fluoride on the fur
covering the nose was of sufficient magnitude to account for the

difference.
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Tissue fluoride concentrations were elevated by nose-only
exposure and quickly returned to control levels. Plasma fluoride
concentration was slightly elevated 24 hours after the start of
exposure but was at control levels at 96 hours. In rats sacrificed
at 7 hours lung fluoride concentration was no different from
control. Kidney fluoride concentration was at control levels at 12
hours.

Immediately after nose-only exposure lung ionic fluoride
concentration was less than plasma ionic fluoride concentration
suggesting that the fluoride present in the lung had reached that
site via plasma transport rather than by inhalation. In a separate
experiment the upper respiratory tract of the rat was surgically
isolated and HF laden air was drawn through the upper respiratory
tract while the rat respired room air through an endotracheal
tube. A dose-dependent increase in plasma ionic fluoride
concentration in these upper respiratory tract exposed rats was
evident, providing strong evidence that the fluoride ion is
absorbed systemically from that site. The plasma ionic fluoride
concentration in these rats was of sufficient magnitude to account
for the plasma fluoride concentrations observed in intact nose-only
exposed rats. Analysis of the airborne fluoride levels in air
enéering and leaving this site indicated that at airborne HF
concentrations as high as 180 mg F/m3 greater than 99.9% of
airborne HF is removed during passage through the upper respiratory

tract.
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In summary greater than 99,9% of inhaled HF appears to be
deposited in the upper respiratory tract. HF.deposited in this
site can be absorbed systemicallfl Two forms of fluoride are
present in the plasma of HF exposed rats, one ionic in nature, the

other consisting of a low molecular weight non-ionizable fluoride

specie (s) .
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