NUREG/CR-2268

Metabolic Fate and Evaluation of
Injury in Rats and Dogs Following

Exposure to the Hydrolysis Products
of Uranium Hexafluoride

Implications for a Bioassay Program Related to
Potential Releases of Uranium Hexafluoride
Report Period: July 1979 - October 1981

Prepared by P. E. Morrow, L. J. Leach, F. A. Smith, R. M. Gelein,
=  J. B. Scott, H. D. Beiter, F. J. Amato, J. J. Picano,
C. L. Yuile, T. G. Consler

Department of Radiation Biology and Biophysics
University of Rochester

Prepared for
U.S. Nuclear Regulatory
Commission



NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
sponsibility for any third party’s use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.

Availability of Reference Materials Cited in NRC Publications
Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room, 1717 H Street, N.W.
Washington, DC 20555

2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu-
ment Room include NRC correspondence and iriternal NRC memoranda; NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission Issuances.

Documents available from the National Technical Information Service include NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open literature items,
such as books, journal and periodical articles, and transactions. Federa/ Register notices, federal and
state legislation, and congressional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non-NRC conference
proceedings are available for purchase from the organization sponsoring the publication cited.

Single copies of NRC draft reports are available free upon written request to the Division of Tech-
nical Information and Document Control, U.S. Nuclear Regulatory Commission, Washington, DC
20555.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased from the originating organization or, if they are American National Standards, from the
American National Standards Institute, 1430 Broadway, New York, NY 10018.

GPO Printed copy price: ﬁ__M___




NUREG/CR-2268
RH

Metabolic Fate and Evaluation of
Injury in Rats and Dogs Following
Exposure to the Hydrolysis Products
of Uranium Hexafluoride

Implications for a Bioassay Program Related to
Potential Releases of Uranium Hexafluoride
Report Period: July 1979 - October 1981

Manuscript Completed: September 1982
Date Published: December 1982

Prepared by

P. E. Morrow, L. J. Leach, F. A. Smith, R. M. Gelein,
J. B. Scott, H. D. Beiter, F. J. Amato, J. J. Picano,
C. L. Yuile, T. G. Consler

Department of Radiation Biology and Biophysics
School of Medicine and Dentistry

University of Rochester

Rochester, NY 14642

Prepared for

Division of Health, Siting and Waste Management
Office of Nuclear Regulatory Research

U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

NRC FIN A4083






ABSTRACT

This final report summarizes the experimental studies undertaken
in rats and dogs in order to help provide adequate biological bases
for quantifying and evaluating uranium hexafluoride (UFg)
exposures. Animals were administered the hydrolysis products of
UFg by inhalation exposures, intratracheal instillations and
intravenous injections. Attention was given to dose-effect
relationships appropriate to the kidney, the unique site of subacute
toxicity; to the rates of uranium excretion; and to uranium
retention in renal tissue. These criteria were examined in both
naive and multiply-exposed animals. The findings of these studies
partly substantiate the ICRP excretion model for hexavalent uranium;
generally provide a lower renal injury threshold concentration than
implicit in the MPC for natural uranium; indicate distinctions in
response (for example, uranium excretion) are based on exposure
history; compare and evaluate various biochemical indices of renal
injury; raise uncertainties about prevailing views of "reversible"
renal injury, renal "tolerance" and possible hydrogen fluoride
synergism with uranium effects; and reveal species differences in
several areas, for example, renal retention of uranium. While these
studies present some complicating features to extant bioassay
practice, they nevertheless supply data supportive of the bioassay
concept.
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PREFACE

This final report describes the animal studies undertaken from 1978 to
1981 at the University of Rochester on the hydrolysis products of

UFg, namely UOoFp aerosol and HF gas. An interim report,
NUREG/CR-1045, (Morrow et al., 1980) entitled "Acute Effects of
Inhalation Exposure to Uranium Hexafluoride ard Patterns of Deposition,
UFg/UD2F2 Studies in Experimental Animals, June 1978 - July 1979"

was published in August 1980 after the first year of the study. Some
peer-reviewed publications on several aspects of these studies are in
various stages of preparation. However, this final report summarizes
the experimental results found in both rats and dogs for the entire
study period and provides a summary and conclusions of special
relevance to the NRC bioassay program for UFg.
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I.  SUMMARY AND CONCLUSIONS

The summary and conclusions described in the interim report
(NUREG/CR-1045, Morrow et al., August 1980) and those derived from
the more recent studies are in general agreement. Most of the
original statements were extended or amplified by the newer data,
and in a few instances, new summarizing statements and their
interpretations were prepared. Collectively, these are presented in
the following section together with special remarks regarding NRC
bioassay and action level concepts appropriate to UFg exposures.

(1) Renal Excretion of Uranium: The principal route of excretion
of absorbed UO2F2 is renal. Uranium excretion by

UO2F2-exposed rats differed from dogs in that the total urinary

U elimination rarely exceeded 60 percent of the absorbed dose (mean
53 percent) and the daily excretion rate did not follow the ICRP
power function as well. The urinary U excretion rate in the dog can
be correlated closely with the total urinary uranium excretion and
this follows nearly exactly the current ICRP excretion model viz.,
0.80 urinary uranium excretion in the first 24 hours, compared to
0.82 in the dog, ?ng the remaining fraction, 0.20, excreted as a
power gugction t=%+9 where t is expressed in days, compared to
0.18t"*+2 in the dog. Also in the dog, these expressions can be
changed to fractions of th? Eota] absor?eg dose by reducing 0.82 to
0.63 and decreasing 0.18t-1-9 to 0.14t-1-9, jnasmuch as the

total urinary elimination of uranium bears a predictable relation to
to;g] absorbed dose in naive (not previously exposed) dogs, i.e.
0.78.

(2) Fecal Elimination of Uranium: Neither the retention nor the
excretion of uranium can be related easily to total exposure or
total uranium deposition since these are particle size and species
dependent. The present study indicates this problem quite well when
nose-exposed rats are compared with dogs exposed through
endotracheal tubes and when rats are exposed to UO,F, aerosols

of different size. A similar problem exists when comparing
nose-exposed animals to intratracheally-instilled or
intravenously-injected animals. The problem is partly
specie-dependent (see 1) but is mainly due to the initial deposition
pattern, which in the nose-exposed animal, always infers significant
nasal airway deposition. This nasal deposit, plus a lesser amount
translocated from the tracheobronchial airways (and any uranium
ingested from grooming) is transported to the gastrointestinal tract
well before significant absorption occurs, and in the
gastrointestinal tract, uranyl fluoride experiences very limited
absorption. Nearly two-thirds of the inhaled UOoF2 was, on the
average, translocated to the rat gut and nearly all of this appeared
in the feces (~64 percent of inhaled UOoF2). For the exposure
conditions used, this was quite consistently found in these rats.

Evidence is also presented that a small amount of the absorbed (or
injected) UOoF, dose appears in the canine bowel, so detectable
fecal uranium levels (3-5 percent of the absorbed dose) probably
arise from biliary secretion of uranium. This contribution to fecal



U is expected to be obscured, in the case of inhalation exposure, by
the greater amount associated with upper airway deposition (and
ingestion). In the intratracheally-dosed rats, by comparison, 1.5
percent of their instilled uranium was recovered in the feces (0-4
days). It is not clear if this was translocated material from the
bronchial airways or possibly biliary secretion, but the similarity
to the intravenous dog data is obvious.

The new ICRP model for particle deposition (ICRP 1979) should not
overestimate the probable nasal deposition of UO2F2 for a given
particle size, but may underestimate it due to the hygroscopic
character of UOgF2. The fecal uranium output derived therefrom,
might be useful as an index of UOoFp exposure, but it will offer
little predictive information about the effective (systemic) dose or
urinary levels unless appropriate particle size data are obtained
conjointly.

(3) Uranium Retention in the Lungs: If the exposure of UOoF2

is Timited to the lungs, as it was with the intubated dogs and the
rats receiving intratracheal instillations, then the intake is
tantamount to uptake since lung absorption is very rapid and nearly
complete. These efficient, quantitative exposure techniques totally
by-passing the nasal airways were designed to optimize dosing. In
any case, pulmonary retention of UO2F2 in the dog was mainly

(~90 percent) described by a 0.3 hr half-time. This is much more
rapid than for uranium trioxide (dominant half-time 4.7 days)
another U*6 compound previously studied in _the dog; hence, uranyl
fluoride may not be prototypic of other U*6 compounds in the lungs.

In rats exposed to UOoF2 by inhalation, it was impractical to
detail the early lung retention by external counting. At
necropsies, there was, nevertheless, evidence for a small persistent
fraction (0.05) of the initial Tung burden having a half-time of
days. This was also seen in the rodent intratracheal studies. A
similar persistence of uranium was not noted in other soft tissues
of the rat exclusive of the kidneys. These findings compare with a
0.04 fraction of the initial lung burden in the dog associated with
a 2 day retention half-time, based on 0-6 day external counting
data. The dog kidneys were the only other measurable soft tissue
retention site for uranium.

Intratracheally-dosed rats support the inhalation data in both
species with the finding that pulmonary absorption of UOoF, is
prompt and nearly complete. The less than 0.02 fraction retained by
the lungs from the intratracheal study rats was measurable for
several weeks. Thus a small but relatively long-term retention
component for uranium in the lungs is established, although its
half-time is uncertain. Other investigations on this point indicate
small but prolonged soft tissue retention of uranium (op cit).

These findings may have important implications in chronic exposure
circumstances.

(4) Uranium Retention in Kidneys and Bone: Renal retention of
uranium following either UO2F, injection or inhalation in the
dog was basically the same i.e., peaking before 6 hours and then



declining with an apparent 9.3 day half-time. The limitation of a
19-day study following UOoF2 administration doubtlessly causes

the canine renal retention to be underestimated. The new dog data
of Stevens et al. with intravenous uranyl citrate and the new

UOoF2 data Trom our dog studies are essentially identical from

1-19 days, but the Tong-term data from Stevens et al. reveal a
correspondingly longer biological half-time of 79.5 days for ~2/3 of
the initial renal burden. After single administration of soluble
uranium in the present dog study and in the dog study of Stevens et
al., peak uranium levels in the kidneys suggest an f2' value of

~ 0.25*. The Stevens et al., data indicate 0.15 as the renal
fraction associated with the 79.5 day half-time.

The rat studies of renal retention were of longer duration,
consequently, the 17.3 day half-time determined for uranium
retention in the kidneys of rats followed up to 38 days after
UOoF» inhalation was the longest retention time measured in
naive animals. In the rat study of intratracheally-administered
UOoF5, a similar renal retention half-time of 16.7 days was
obtained over a 60 day period.

The retention half-times for uranium in the rat kidneys support
generally the 15 day value used in the MPC (sol U) computation.
However, evidence for a more complex and protracted renal retention
of U6 was found in multiply-exposed rats (See 5) and has been
reported by others.

On the basis of the first week's pattern of uranium distribution
following UOoF2 administration, the rat kidney and bone

contained 74 and 20 percent of the body burden, respectively,
whereas in the dog it was 71 and 26 percent, respectively, a very
similar finding. These results indicate an fp value of ~0.25*.

The Timitations of our study for renal retention data also apply to
the measured retention of uranium in the skeleton, only more so,
because of its protracted nature. At early postexposure times, the
bone exchanges cations, including U0§+, consequently during the
several-day, dynamic phase, the longer term retention of uranium is
obscured. Notwithstanding, a skeletal retention function was
measured in rats indicating a half-time of 63 days. Because of the
limitations cited, the recently estimated 917 day half-time is
believed to be the best experimentally determined retention value
available for uranium.

*fo' is defined as fraction of radionuclide passing from blood to
critical body organ; whereas fp is defined as the fraction of
radionuclide in the critical organ of that in the body. From ICRP
Publication 2, 1960.



(5) Singly Versus Multiply-exposed Animals: Urinary uranium
excretion in naive dogs was cited (See 1) as supporting the present
ICRP excretion equations. Although the rat and dog differed
quantitatively in this particular regard, both species were found to
be consistent in the findings of increased renal uranium
concentration and decreased urinary uranium excretion after multiple
UO2F exposures. This was found in all of the rat and dog

studies following inhalation or intravenous administration.
Intratracheal studies in the rat also demonstrated an increased
renal retention half-time for uranium of 32 days, or nearly twice
that found in naive rats. Also the fact that uranium excretion
appeared to be reduced by single high dose levels was reported in
the Rochester and Boston studies in humans and this, too, was also
seen in the rat studies. Paradoxically, this finding (decreased U
excretion) was not seen after intratracheal administration of

UOgF2 in rats, but increased renal retention of U was

confirmed. Collectively, these findings indicate that worker
exposure history is probably very important in determining urinary U
excretion rates and renal U retention times.

(6) Renal Injury Threshold: Intravenous doses of 0.01 mg U kg-l
as UOgF2 were nephrotoxic to the dog when judged by urinary
biochemical changes, vIz., glucosuria. Inhalation and intravenous
doses of ~0.1 mg U kg~ produced many abnormal urinary biochemical
changes in the dog, e.g., glucosuria, proteinuria, GFR depression,
etc., and provided histopathologic findings of generalized renal
tubular damage. In the rat, an intravenous dose of 0.1 mg U kg~
produced transient elevations in several urinary biochemical indices
of renal injury. These results and the earlier reports of findings
of doses 0.07 mg U kg~* (i.v. uranyl nitrate) being nephrotoxic in
man, suggest species distinctions in susceptibility to
uranium-induced renal injury with the dog being most susceptible,
the rat least, and man intermediate. The specie distinctions are
essentially quantitative, not qualitative.

On the basis of available human data and the renal levels associated
with these minimally-injurious UOoF5 doses in dogs and rats, the

3 ug U g-1 kidney level is much greater (factor 5 to 10) than the
peak renal concentration achieved_in these multispecies experimental
studies. Moreover, the 3 ug U g'1 renal concentration represents

a sustained renal level (prolonged retention phase) as would be
required by MPC calculations. The transient peak levels, therefore,
belie the discrepancy between the previously-accepted and
experimentally-determined threshold concentrations for renal injury
in naive subjects from this study. The conclusion has implications
to the 30 ug U 1-1 urine action level. See Summary and

Conclusions (10), following.

(7) Reversibility of Renal Injury: The "reversible" or "transient"
nature of the urinary biochemical changes does not parallel the
injury or repair processes in histopatho]ogic specimens. Moreover,
while many biochemical criteria return to "normal" during the first
14 days post-uranium administration, some do not, e.g., GFR. and
other evidence of renal dysfunction may persist, e.g., loss of or



diminished urine concentrating function, for many weeks. This is a
dose-related phenomenon. Even when the repair process is described
histologically as well advanced, areas of recognizable injury
persist, and the regenerated tubular epithelium appears basophilic
and flattened. Consequently, we believe the past and present
evaluations of renal function and renal toxicity of uranyl uranium,
e.g. UOoF2, are reasonably consistent, but both have failed to
quantify and characterize the pathophysiology of the injury and
repair phases adequately. We conclude that descriptions of
“reversible and transient" effects of uranium are euphemistic.

(8) Indices of Renal Injury: Indications of renal injury, viz.,
urinary protein, urinary glucose, urinary N-acetyl-glucosaminidase,
urinary a-NH2 nitrogen, urinary phosphate, urinary citrate,
creatinine and inulin clearance (glomerular filtration rate), and
plasma urea nitrogen, were found to have different response
patterns, both quantitatively and temporally. Furthermore, the
apparent sensitivity and persistence of these indicators differed in
naive and previously-exposed animals. In general, responses to
uranyl fluoride were qualitatively similar in rats and dogs, the
major distinction being the fact that glucosuria was_induced at
lower in{ected doses in the dog, viz., 0.01 mg U kg‘1 versus 0.1

mg U kg=! in the rat. In both species an equivocal proteinuria
accompanied these respective dose levels. With multiple 0.1 mg U
kg‘1 doses (every 6th day) a-NHy nitrogen, creatinine clearance

and plasma urea nitrogen also began to change significantly in rats,
where?s the other indicators tested were unaffected. At the 0.1 mg
U kg~ dose level in dogs, all indicators changed significantly
after single intravenous doses or inhalation exposures, with some
important variations. Such a pattern of response was seen at higher
doses in rats (>1 mg U kg-1).

Both species, also showed that some indicators, e.g., urinary
a-NHp nitrogen (dogs and rats), creatine clearance (rats),
returned to normal values within 7 days of single dosing, but
others, e.g., N-acetyl-glucosaminidase (rats) and glomerular
filtration rate (dogs) persisted for several weeks. Water
consumption, and urinary volumes were also increased after UO,F,
administration and with the higher doses, these were elevated
persistently in both species.

Collectively, these studies of renal function indicate multiple
sites of uranium-induced dysfunction, i.e., involving both glomeruli
and tubules; in the latter regard, responses are indicative of
effects on the proximal, distal and collecting tubules and loops of
Henle, and are in concert with histopathologic findings involving
these structures which seem to be dose-related. While additional
studies are needed, the use of urinary glucose for judging worker
exposure, along with, or instead of, urinary protein, would appear
advantageous.

(9) Synergism of HF and UOoFp: The possible synergism of
UOZFZ and HF was investigated in both rats and dogs and the
findings were similar. Both species appear to show slightly greater



urinary indicator responses, e.g., urinary volumes, glucosuria,
following a combined inhalation exposure than when the same amount
of UOoF2 was inhaled alone. This renal effect may be due to a
weak potentiation of UOoF2 toxicity by HF in the combined
exposure. The inadequate but available information on the
nephrotoxicity of F- suggest a simple combined action is a}so
plausible, especially at the higher doses (>1 mg UOoF2 kg-1)

of both toxicants.

(10) . The 30 ug 1-1 Action Level: The NRC action level of 30 ug
U1~ of urine is derived from the steady state conditions
predicted for the human kidney that were utilized in the "soluble"
uranium MPC calculation. The NRC has utilized this action level
only in uranium mills and certain U conversion facilities. No
specific action 1evgl or guidance has been directed at UOoF2 or

UFg per se or to u* ‘generically. On the other hand, all

systemic transport and urinary forms of uranium are believed to be
identical i.e. exist only as UO2** and reversible UQp*+

complexes, hence renal-urinary uranium relationships are not
dependent on the form of uranium exposure. Additionally, the action
level would not seem to be applicable to single uranium intakes and
this was confirmed by our UO2F2 studies in both species.

A single intake of 25 ug U kg'1 should result in a peak renal U
concentration in man (~0.6 ug g'l) which is believed to be below
the injury threshold; nevertheless, this intake should also yield
~800 ug U 1-1 urinary output during the first 24 hours post-
exposure (0.64 x 1750 ug U). This output prediction is verifiable
by the earlier intrivenous studies in man at below nephrotoxic
doses, <70 ug U kg=*. A similar calculation based wh011{ upon
these new UOoF, studies in dogs would yield ~210 ug U 1-

urinary output during the first day for a comparable intake.

Using the new renal retention function of Stevens et al. (0.693 =
79 day

0.009 day-1l) and a 0.6 ug g‘1 iteady state renal concentration

as acceptable, only ~1 ug U 1-* would be excreted by man. This

estimated urinary uranium output neglects any contribution from

other deposits, e.g., skeletal uranium, which might double this

value.

There are also minor problems in the action level concept associated
with normal variations in body size and urinary output, but, clearly
the major defect is in the unreliability of the 15 day renal
retention half time and the 3 ug U g-1 renal concentration

values. Consequently, we recommend both a 1 ug U 1-1 Monday

morning urinary excre}ion rate and a exposure-associated urinary
output of 100 ug U 1-+ during the first 24 hours post-exposure, as
action levels. Less conservative output values (factor 5 greater)
might be justified depending on the decision regarding the
comparison of human susceptibility to uranium with that of the dog
and rat: a mid-point decision provides such a factor.



II. INTRODUCTION

These studies of UFg toxicology, initiated in rats and dogs in
1978, were directed primarily at providing biological information
for bioassay procedures of the U.S. Nuclear Regulatory Commission.
It is well established that human exposures result from accidental
releases of UFg vapor which spontaneously converts to

UOoF2 and HF according to the reaction: UFg + 2Hp0 > UOoF, + 4HF.

The extent to which this reaction proceeds depends mainly upon
release rates, time, and the ambient relative humidity. Most UFg
releases are promptly and completely converted to UOoF, fume and

HF gas. In major releases of UFg, other airborne species of
uranium possibly occur, but their conversion to UOoF2 is still
highly probable within the nearly water-saturated air of human
airways. While these statements about high release rates are
somewhat conjectural, the simplification of all UFg exposures from
a toxicological perspective to that of a UOoF2 aerosol-HF gas
mixture seems justified. The major effect of high UFg release
rates would be on the particle size of the UOoF, aerosol and the
concentration of the highly reactive HF gas and their respective
hydration states. Because of the extreme water solubility of both
UOgF2 and HF, their prompt and complete dissolution is assumed

at all sites of respiratory deposition. The particle size of the
aerosol and concentration of the gas (and possible association of HF
with particles) will affect their respective respiratory deposition
patterns qualitatively and quantitatively but probably will not
affect retention rates or extent at any given deposition site.

While the foregoing viewpoints are not completely established, they
were expected to prevail, and our subsequent studies have generally
supported them. This circumstance is fortuitous, for we can see the
possibility of comparing biological and toxicological responses
among species by utilizing absorbed dose. If the chemical toxicity
of U6 in the kidney is limiting, as it seems to be, then the

sites of uranium absorption become less significant, except to the
extent that they affect the degree of absorption. In this latter
respect, differences in absorption between uranium deposited in the
nasal airways, translocated uranium in the gastrointestinal tract,
and uranium deposited in the Tungs were expected to be manifest and
they were found. Thus, species comparisons were destined to be
affected by quantitative differences due to the initial pattern of
UOoF2 intake as well as by intrinsic differences in the species
themselves.

A major question to be answered was: Can the absorbed dose of
uranyl fluoride be correlated with renal injury or urinary uranium
excretion rate This correlation is implied indirectly by the ICRP
excretion equation for uranyl uranium. Inasmuch as uranium-induced
renal injury in uranium workers is presently assessed by action
levels and urinary indicators, e.g., proteinuria, the possibility of
correlating urinary excretion of uranium, absorbed dose, etc., with
renal injury, depends critically on the reliability and sensitivity



of the indicator methods, so these too became a major part of the
experimental studies.

These dog and rat studies with the hydrolysis products of UFg were
accomplished in two phases. The first of these was reported in
NUREG/CR-1045 (Morrow et al., 1980) for the experimental period June
1978 - July 1979, whereas, this report pertains principally to the
second phase studies: July 1979 - Oct. 1981. However, in all
important respects the new data are amalgamated with and compared to
those of the first phase and presented in a final, summary form.
This integration of results was adopted since the later studies were
intended to extend both the dose and time bases of the distribution
and excretion data while repeating some of the former exposure
conditions. Additionally, new studies were included to clarify
specific issues, e.g., does exposure to UOoF2 in the presence of

a stoichiometric amount of HF differ toxicologically from the same
concentration of UOgF, Does a repeated administration of

UOoF2 lead to different excretion rates or modify the

biochemical indices of renal injury To assist in obtaining
information on such questions, we again utilized intravenously-
administered UOgF7 since we found that this provided similar
excretion data to those from inhalation exposures, but with more
precisely contro11gd dose administrations. There were some
distinctions in U*® distribution found between the two routes of
administration, however, and these will be cited. Also both
intravenous and intratracheal studies were undertaken in rats to
facilitate the acquisition of dose-response data in that specie.

In a1l major regards the completed study was successful in achieving
the primary experimental objectives (See Section 1IV).

One peer-reviewed report has been prepared covering the exposure,
distribution and excretion of uranium in dogs following aerosol
exposures and intravenous injections of UOoF, (Morrow et al.,

1982) ; these topics were also the basis of the 1981 meeting
presentation by the same authors (Morrow et al., 1981). Biochemical
indicators in the rat of uranyl fluoride toxicity following
intratracheal administration have also been reported (Scott et al.,
1980). Additional reports are contemplated.



IIT. SELECTED HISTORICAL REVIEW

The types of animal studies performed at Rochester in the 1940's and
1950's have been detailed in the four volume monograph of Voegtlin
and Hodge (1949-1953) and summarized more recently by Yuile (1973).
Also Durbin and Wrenn (1975) prepared an extensive review of the
animal data on uranium. The human data on uranium metabolism and
toxicity have been summarized by Hursh and Spoor (1973), Adams and
Spoor (1974) and by Boback (1975).

In relation to the study being reported, the cogent literature is
restricted to U*6 compounds administered parenterally or inhaled

and includes a few new studies of specific relevance, e.g., Neton et
al. (1979) and Stevens et al. (1980).

Perhaps the most appropriate findings from the animal studies are:

(1) The dog is more susceptible to U*6 effects than the rat
(Yuile, 1973).

(2) UOoFp is the most toxic of uranyl compounds in acute

studies in rats e.g. 2X more toxic than uranyl nitrate, and in the
Tong-term feeding studies, it was 4X to 6X more toxic than uranyl
nitrate (Yuile, 1973).

(3) Urinary catalase was probably the most sensitive indicator
fo%nd for U-induced renal injury with as little as 0.01 mg kg-1 of
u* producing catalasuria in 2 to 4 days in rabbits. In the early
literature, catalase excretion was not believed to increase in man,
however (Yuile, 1973).

(4% Tolerance to uranium toxicity, induced by prior exposure to
U*®, was judged by changed mortality at dose levels usually
prgducing lethal renal damage. Rats required a dose >0.1 mg kg‘1

U™ to affect tolerance and, depending upon the inducing dose, the
tolerance persisted for between 1.5 and 6 months. Tolerance was
reported to be associated with tubular regeneration and elevated
renal citric acid elimination (Yuile, 1973; Haven and Randall, 1947).

The human data are especially pertinent to the following points:

(1% The older studies underscore the controversial question: is
u*o 3 specific poison for the distal third of the proximal

tubule There are data indicating it has a glomerular action of
importance, but its comparative timing, sensitivity or consequence
with regard .to tubular necrosis, remains unclear (Hodge, 1973).

(2) . Intravenous doses of uranyl nitrate between 70.9 and 100 ug U
kg‘1 produced transient renal injury in the Rochester and Boston
studies, whereas 6-70 ug kg'1 doses did not (Hursh and Spoor,
1973). Doses within this non-toxic range nevertheless resulted in
urinary uranium outputs between 102 and 103 ug U 1-1 for one



or more days (Bassett et al., 1948), clearly exceeding the NRC
action level of 30 ug U 1=T (NRC, 1978).

(3) Intravenously administered uranyl nitrate (<165 ug kg-1)
resulted in 57-83 percent uranium elimination in the 1st 24 hours,
and 70-90 percent in 5 days, exclusively by the urine. Subjects
receiving doses >283 ug kg~+ or manifesging pre-existing renal
dysfunction generally showed reduced U*0 excretion over the same
period (3?sset et al.; 1948; Struxness et al., 1956 and Terepka et
al., 1964).

(4) Tissue data from subjects receiving <165 ug kg'1 j.v. (Boston
study), yielded bone levels at 2.5, 18 and 74 days of 10, 4.9 and
1.4 percent of the administered dose, respectively, whereas the
kidney contained 16.6, 7.2 and 0.7 percent at the same times (Hursh
and Spoor, 1973). Retention functions for uranium in the human
kidneys and skeleton have taken several forms. Using two-term
exponental functions (t = days), they are: Rg(t) = 0.16 exp
(-0.693 t/12) + 0.01 exp (-0.693 t/1100) and Rg(t) = 0.10 exp
(-0.693 t/15) + 0.01 exp. (-0.693 t/3200), respectively, indicating
that both organs have a small, but protracted uranium retention
(Adams and Spoor, 1974).

(5) The maximum permissible renal concentration of 3 ug U g'1 is
based largely on the animal studies at Rochester. The 5 x 10~
uCi MPBB and a fp value for kidney of 6.5 percent, also indicated
that ~3 ug U g'1 was an acceptable radiation level for natural
uranium in that organ. Assumptions included a 15 day effective
half-life for U in the kidney and a 300 gram kidney mass for man
(Spoor and Hursh, 1973).

(6) The International Commission on Radiological Protection (ICRP,
1968) uses a modified form of the Lippman et al. (1962) equation for
the daily rate of uranium excretion (Yy) in the urine:
Y, = 0.8 (1st 24 hours)
Yy () = 0.2t-1.5 (at t > 1 day)

The ICRP equation considers the fraction excreted per day in terms
of total urinary U excretion.

(7) Accidently-exposed uranium workers SUF5) with intakes

estimated to be around 0.1 to 0.2 mg kg-! (5 to 12 mg U) showed no
evidence of renal injury on the basis of protein, sugar, pH, specific
gravity and microscopic analysis of their urines (Boback, 1975).
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IV. RESEARCH OBJECTIVES

The experimental plan was designed to examine primarily the
relationships of inhaled UOoFp and HF (hydrolysis products of

UFg) and (a) the resulting uranium burden in the lung, kidneys,
and whole-body, and (b) the subsequent uranium elimination
patterns. Two species, the rat and dog, were selected to reveal or
verify any species distinctions. A range of uranium doses was
planned to establish the appropriate level for renal injury using
the most sensitive indicators of injury at our disposal. Studies
using doses above and below this injury threshold were of interest
in order to determine if changes in uranium retention or excretion
would occur in relation to dose. To facilitate specific
quantitative exposures of animals to UOoF, for the dose-effect
experiments, intravenous and intratracheally-administered uranium
were used as parallel approaches to the inhalation exposure.

Experiments were also planned on closely related problems:
specifically, to examine the possibility of finding and applying a
more sensitive renal injury indicator; to determine if
stoichiometric amounts of HF and UOsF, act synergistically or
cause U*6 to behave differently in vivo than when administered as
UO2F2 alone; to investigate possible distinctions between naive
and repeatedly-exposed subjects; and to examine the related
“tolerance" effect.

In all of the foregoing areas, the experimental design provided a
basis for comparing two laboratory species and each with man, and
for characterizing, metabolically, UOoF2 in relation to other
important U* compounds. Through these studies and comparisons,
the usefulness of extant NRC bioassay procedures are to be Jjudged.
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V. MATERIALS AND METHODS

1. Uranium Compounds

Both UO2F2 and UFg were procured in two forms: the first form

was prepared from natural uranium and was used for pilot studies;
the second form was synthesized from enriched uranium having the
following isotopic composition: U-234: 0.74 percent;*U-235: 93.14
percent; U-236: 0.08 percent and U-238: 6.04 percent™. The
enrgched uranium had an alpha-emitter specific activity of 4.9 x

102 Ci g'1 and this was largely attributable to the U-234

content. The enriched uranium, by virtue of its U-235 content was
also amenable to gamma counting of the 95, 143, 165, 185 and 200 keV
photons, especially the latter two which constitute 66 percent of
the gamma photons.

When UFg is discharged into water or a relatively large volume of
ambient air, the UOyF, formed, either by drying the solution
(e.g., vacuum distillation) or spontaneously as a fume, exists as
the dihydrate (Pickrell, 1980). No appreciable amounts of other
oxyfluorides or free UFg are detectable under these conditions.
A1l references in this report to particulate UOoF2, therefore,
should be understood to mean UO,F2.2H20.

2. Analytical Methods for Uranium

Three analytical methods for uranium were employed: (1) liquid alpha
scintillation counting, using a dual detector pulse shape
discrimination system (Sperr et al., 1974 and Horrocks, 1974), (2)
gamma counting using a 3" x 3" NaI(T1) scintillation counter for dog
tissues and excreta, a pair of 2" x 4" NaI(T1) scintillation
counters (within a steel chamber) as a thoracic or whole-body
counter for dogs, and for counting rodents (rats) a 2" x 6" sodium
iodide well counter coupled to a Canberra 1431 single channel
analyzer (Figure 1) and finally (3) a colorimetric method of
Baumann, 1977, was used to measure uranium content of filter paper
dust samples, particle-size stages of a cascade impactor and of
other non-biologic samples. The colorimetric method was calibrated
by a itandardized uranium solution (Anderson Laboratories I.C.
81610).

For alpha counting, bjological materials were dried under heat lamps
and then ashed at 550 C in platinum dishes before dissolution in 1IN
nitric acid. If a clear solution did not result, the acidic
solution was heated to NO, fumes, treated with 30 percent hydrogen

peroxide, redissolved in IN nitric acid, and adjusted to a constant

* Provided by Goodyear Atomic Laboratories, Dayton, Ohio, as Lots
952346 and 972275. Isotopic composition determination by mass
spectrography using an electron bombardment source with accuracy of
approximately * 0.01 percent (Personal communication, Mr.
Trivisanno, Goodyear Atomic Labs).
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Figure 1. Radioactivity Counting Systems

(A) U-235 Gamma Counting System: Dog Study.
The sample counter (right) utilizes an Ortec Model 446 High
Voltage Supply. The detector output is directly coupled to the
Pre-Amplifier Input of the Tracor-Northern, Econ II Multichannel
Analyzer (MCA). The dog counter (left) uses paired Tennelec
Mode1l 155A Pre-Amplifiers and Ortec Model 435A Amplifiers with a
single Tracor-Northern Model NS-459 Mixer-Router coupled to the
amplifier input of the Model 710 MCA. The data output is
recorded on a Hewlett Packard Model 2 FRA X-Y Recorder and Model
3320-3JC Teletype.

(B) U-235 Gamma Counting System: Rodent Study.
A 3" diameter by 5" deep well in a 5" x 6" sodium iodide crystal
detector (Harshaw 20 MBW 24/5A) was used for gamma counting a
variety of biological specimens. The system consists of a
Canberra Model 805 Pre-Amplifier, a Model 816 Amplifier, a Model
1431 Single Channel Analyzer and Model 1491 Counter Scaler.
High voltage was supplied by a Hewlett-Packard Model 6515A Power
Supply.

(C) Alpha Counting.
The system utilizes RC4500/V4 photomultipliers whose outputs are
directed to paired Canberra Model 2160 Pulse Shape
Discriminators and Model 1428 Constant Fraction Discriminators.
The Time Analyzers are Canberra Model 1443A. The remainder of
the system consists of a Canberra Model 1776 Dual Counter-Timer,
Model 1446 Universal Coincidence, 2 Model 2000 BIN Supplies and
a Series 30 Multi-Channel Analyzer. The Delay Amplifier is a
Tennelec Model TC-215 and the output recorder, a Newport Model
810 Printer.
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A U-235 COUNTING SYSTEM FOR DOG STUDIES

THORACIC (WHOLE BODY) COUNTER: SAMPLE COUNTER

X-TAL'S
TUBE BASE o o TUBE BASE
- YN .

l HIGH VOLTAGE I

SUPPLY

PRE—-AMP

AMPLIFIER AMPLIFIER

X-TAL
3 x3"

<~ TUBE BASE

HIGH VOLTAGE
SUPPLY

MIXER/ROUTER

PRE-AMP
INPUT
[Mucm channed
AMP ANALIZER
INPUT
B U-235 COUNTING SYSTEM FOR RODENT STUDIES

WELL X-TAL
I T
1 I

L———’ PRE-AMP IAMPLIFIEN }—. SINGLE CHANNEL I COUNTER/SCALER I
ANALYZER

HIGH VOLTAGE
SUPPLY

c ALPHA COUNTING — LIQUID SCINTILLATION SYSTEM

SAMPLE HOLDER

PHOTOMULTIPUER /

TUBES

PULSE SHAPE
DISCRIMINATOR

I PULSE SHAPE DISCRIMINATOR

f STROBE

STROBE

CONSTANT FRACTION

DISCRIMINATOR CONSTANT FRACTION
DISCRIMINATOR
START
l TIME ANALYZER ' Stan
STOP Iﬂus ANAvaznlq—J
STOP
TAC

3

! GATE mvuq
COUNTER/TIMER [MuLTicHANNEL ANALYZER l*D—cJ
1 ADC INPUT

15



volume. Dog fecal sample digests contained insoluble silica and
silicates: these entrained negligible uranium, and so were
filtered. Aliquots (0.3 ml) of the acid digests were added to 6 ml
of a commercially-available scintillation cocktail (Beckman Ready
Solv-HP) to which 0.3 ml of a stabilizer (Beckman Biosolv BBS-3) had
been added. A1l samples were prepared in duplicate and one sample
of each pair was spiked with a 10 u1 aliquot of a standardized
uranium solution in order to correct for quenching and other
effects. A1l samples, standards and blanks were counted with .
approximately 95 percent efficiency in a dark, refrigerated (5 C)
liquid scintillation counter (Figure 1-C) for a minimum of 10
minutes, using 7 ml foil-lined, screw-capped borosilicate vials.
With the usual counting protocol, the practical detection 1imit was
0.1 ug U. Although substantially improved counting conditions were
possible by eliminating nitrate, degassing with argon, etc., these
additional steps were not time and cost efficient in relation to the
simpler internal standard method and the analytical sensitivity
achieved.

Gamma counting of tissue and excreta samples utilized calibration
curves and standardized counting configurations so that absorption
and geometric factors were compensable. Dog counting entailed
placing the anesthetized animal in a special holder which could then
be rolled into a 1ead-fi115g steel chamber. An Alderson dog phantom
containing 16 standarized 235U sources in ghe lung fields was used
to help quantify the in vivo counting of 235y, Gamma counting

times varied from 600 to 2000 seconds. Backgrounds of all dogs were
taken prior to exposure and were used to correct the body counts.
The counting effigiency of the various gamma counters for the 186 kV
gamma photon of 235 were as follows: rodent well counter ~62
percent; dog sample counter ~15 percent and the dog whole-body
counter ~2 percent, respectively.

3. Animals

Purebred beagle dogs were procured from Marshall Farms (North Rose,
NY) or Buckshire Corporation (Perkasie, PA). The young adult female
dogs of 7.2 kg mean body weight (range 6-10 kg) were housed in
individual metabolic units (Hazelton Model RD 40) after a quarantine
period of at least 30 days during which a full clinical evaluation
was made for each animal by the University's Laboratory of Animal
Medicine and control data were acquired on blood and urinary
parameters.

The rodents used in these studies were male rats (initially weighing
between 200 and 300 g) of the Long-Evans, LE, (Charles River
Breeding Laboratory Incorporated, 251 Balardvale Street, Wilmington,
MA) or Sprague-Dawley, SD, (Blue Spruce Farms, Altamount, NY)
strain. These animals were maintained on a diet of tap water and
Purina Rat Chow and were housed in special metabolism units serviced
only by research personnel. Prior to treatment, the urinary and
fecal pattern of excretion was established for selected animals and
24 hour urine collections were reserved for control purposes. Also,
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a sample of the blood (0.1 ml) was taken for control plasma urea
nitrogen (PUN) determination.

4. Exposure Methods

A. Dogs (Morrow et al.)

For the intravenous administration of UOoF2, an appropriate
aliquot (< 1 ml) of 1 percent (w/v) UOoF solution in water was
diluted to 10 ml with isotonic saline and slowly injected (~3 ml
min~) into an antecubital vein of the anesthetized animal
(secobarbital sodium, ~22 mg kg-l, intravenously (I.V.)).

For inhalation exposures, dogs were anesthetized with I.V. sodium
pentobarbital (~26 mg kg'l) and placed into individual body
plethysmographs with their heads exteriorized through a neck seal.
Volume meters were connected to the plethysmograph and the dogs were
intubated with a cuffed endotracheal tube (American Hi-Lo 9 mm
I.D.). The endotracheal tube in turn was connected to a Rudol1ph
valve so that inspiratory and expiratory volumes could be separated
and analyzed. Two such dog units were connected to a chamber (30
liter) into which the aerosol was delivered (Morrow et al., 1980).
The exposures were varied from 30 minutes to about 2.5 hours. The
UO2F2 aerosols were dispersed from a DeVilbis 645 Nebulizer
modified so that a Braun 1830 Infusion pump delivered ~0.3 ml

min~- to the nebulizer via an air-driven reservoir of UOoF 2
solution which kept the nebulizer output reasonably constant. For
inhalation exposures involving HF, enriched UFg was dispersed into
a chamber used for rodent studies (Sandia Nose-only Unit). Refer to
Section 4.B. Rats. In place of a rat holder being connected to the
chamber, the dog's endotracheal tube was connected using a stopper.
Dogs were exposed to UOoF2 in the pregence of HF at UOoF,
concentrations of about 250-720 mg m-3 for 30 minutes to 1 hr

using the same plethysmographic arrangement.

B. Rats (Leach and Gelein)

For the inhalation experiments with rodents, vaporized UF¢ was
metered from a heated (about 57°C) gas cylinder into the inlet air
system of a "nose-only" exposure unit that was described in detail
in our earlier report (NUREG/CR-1045, Morrow et al., 1980). Before
introduction into the exposure chamber, the concentrated vapor was
diluted with clean, compressed air maintained at a relative humidity
of approximately 50 percent, thus insuring complete hydrolysis of
the UF6.

Groups of six to 37 rats were exposed simultaneously, while each rat
was maintained unanesthetized in a special restraining tube
connected to the exposure chamber. This arrangement minimized
deposition of the UOgF, aerosol on the fur of the animals since

only a small portion of the nose contacted the test atmosphere.
Immediately after exposure, the rats were removed from the
restraining tubes and their heads were washed with aqueous detergent
to remove any deposited UO,F,.
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In the intraveqous injection studies with rats 0.1, 1.0 or 5 mg U
(as UOgF2) kg~* body weight was slowly injected into each

animal by way of a tail vein. The aqueous U solutions were
administered in volumes of approximately 0.2 m1/100 g of body
weight, and saline solutions of the same volume were given for
control purposes.

C. Rats: Intratracheal (Smith, et al.)

This study was undertaken to investigate how well animals with a
pre-existing renal burden of 3ug U g~* of renal tissue would be
able to cope with a subsequent uranium exposure. The figure of 3 ug
was chosen inasmuch as the Nuclear Regulatory Commission considers
that individuals with less than this level of uranium in the kidney
may be safely employed in the uranium industry. The problem was
approached in terms of episodic exposure followed by a decline in
renal burden, rather than from gradual buildup of uranium in the
kidney. The experimental model was as follows: Rats were given
UOoF2 by intratracheal instillation at a dosage such that a

renal burden of about 3 ug U g'1 tissue was present approximately
30 days later; 60 days after the initial instillation, the same
dosage of UOgF was administered again. Throughout the entire
study period the response of the animals was assessed in biochemical
and histopathological terms.

Details of the intratracheal instillation of UO2F2 have been
described earlier (Morrow et al., 1980). The procedure is a
modification of that described by Brain et al. (1975). Male
Sprague-Dawley rats were anesthetized with 0.6-0.7 m1 of sodium
pentobarbital solution (65 mg m1-1) given intraperitoneally, and
then fastened on a slanted board. A small area of the trachea
around the larynx was exposed surgically. UOoF, solutions were
delivered to the lungs with an 18 gauge needle attached to a 1 ml
syringe. The needle was inserted into the trachea between the
cartilagenous rings and then inserted a further 1/2 inch distally
into the trachea. Each animal received 0.10 ml of UO,F,

solution per 100 g of body weight, the solution being instilled
during an inspiration. The animal was kept upright on the board
until regular breathing resumed; the chest was gently massaged if
difficulty in breathing was encountered. The rat was removed from
the board, the incision closed with autoclips and the animal placed
face down, head up on an inclined surface to recover from the
anesthetic. Upon recovery, he was then removed to an individual
metabolism cage.

5. Air Sampling

During all of the exposures involving hydrolyzed UFg, the

UOpF 5 aerosol concentration and aerodynamic particle size was
determined by periodically sampling the chamber atmosphere with a
filter paper dust sampler, containing a membrane filter (Type AA
Millipore) and an eight-stage cascade impactor (Mercer et al.,
1970). The aerosol samples were analyzed for U by either alpha
counting or by a colorimetric method (Baumann, 1977). Hydrogen
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fluoride levels in the chamber were measured using two in-line
bubblers (installed behind the filter paper dust sampler) each
containing 5 ml of an aqueous buffer (TISAB Orion No. 94-09-09A);
the absorbed fluoride was determined with a fluoride ion specific
electrode (Orion 96-09 Combination Electrode) in conjunction with a
Orion Ionanalyzer Digital pH Meter (Model 801) with a practical
detection limit of 10 ng F/ml.

6. Excreta Collections

Using the metabolic units, daily or more frequent collections of dog
urine and feces were made by technical personnel. The cage floor
and drain were cleaned at each collection and the cage wipes were
also analyzed for U. During the first phase of these studies, most
of the dogs were catheterized and urine collections were made hourly
after UOoF2 administration. Special tests in dogs, e.g., inulin
clearance, were also undertaken with catheterized urine collections
and concomitant venous blood samples. For more protracted studies,
excretion samples were obtained mainly from the metabolism cages.

In all of the experiments with rats (inhalation, intratracheal and
intravenous) the urine and feces from each animal were collected
daily and subsequently measured for U content by alpha or gamma
counting. Selected samples of urine and blood were used to evaluate
the usefulness of indicators of renal injury.

7. Indicators of Renal Injury

A considerable emphasis was placed on this investigative area since
it was of special significance to the establishment of a renal
injury dose threshold, and because we wished to identify the most
sensitive and useful indicator(s) for both naive and pre-exposed
animals. The latter objective did not ignore the original studies
and their findings (Berke, et al., 1953), but we assumed
technological advancements might produce new findings in these
regards. Also some of the indicator methods we planned to employ
were not studied adequately, or at all, in the previous work.

For the dog studies, inulin clearance measurements (glomerular
filtration rate, GFR) were perfgrmed while the dogs were
catheterized by using Methoxy-1 C- Inulin (New England Nuclear

692). Each dog served as his own control. Samples of blood and
urine were mixed with a tissue solubilizer (Amersham NCS-190610) and
allowed to stand overnight. A scintillation mixture (Research
Products International) was added and the samples were counted in
the dark and cold using a Beckman LS-50 Liquid Scintillation
Counting System.

In both rats and dogs, plasma urea nitrogen was determined (Chaney
and Marbach, 1962) as well as urinary citrate (Lowry and Passanneau,
1972), urinary protein (Lowry et al., 1951), plasma and urine
creatinine (Heinegard and Tiderstrom, 1973), urinary glucose (Lowry
and Passanneau, 1972), urinary alpha-amino acid nitrogen (Lorentz
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and Flatter, 1974), urinary phosphate (Chen et al., 1956) and
urinary N-acetyl-beta-glucosaminidase (Lockwood and Bosmann, 1979).
Most of the foregoing tests were applied routinely to 24-hour urine
collections or periodic blood samples, as appropriate. Additional
information on daily urine output, food and water intake, and body
weight was recorded.

In the initial phase of the study, a special fibrin antibody assay
developed by Spar_et al. (1959) was applied to animals prior to
sacrifice. The 1 Tabelled antibody was expected to concentrate
at sites of injury, but significant localization of radio-iodine did
not occur in the kidneys at times when other criteria indicated
renal injury existed, so this effort was not continued.

8. Necropsy Procedures

Dogs were given an overdose of intravenous pentobarbital at
different times, from a few hours to 19 days postexposure, and
tissues were immediately taken for analyses. For U determinations,
bone and most soft tissues were sampled initially, but this was
later reduced to bone, 1iver, spleen, lungs and kidney on a routine
basis because insignificant U levels prevailed in all other
tissues. The entire organs were analyzed except for liver and bone
(rib and leg) where samples were limited to about 30 grams each.
Specimens of lung and kidney tissues were routinely prepared for
histopathology (hematoxolin-eosin staining of ~10 um thick paraffin
embedded sections) and to a lesser extent for autoradiography.

Each rat was necropsied upon death or at sacrifice, and major organs
including bone and skin were assayed for radioactivity. Selected
tissues were also prepared for histopathology. The sum of the U
contents of the dissected parts of the rat* plus that found in the
urine and feces was generally used as the value for the initial body
burden or inhaled dose. During dissection, the skin of the head of
each rat was removed and counted for radioactivity. These values,
although usually Tow because of previous washing, were not included
in the figures for inhaled dose and were recorded as external
contamination. The reconstituted body burden proved to be a more
reliable figure than that obtained from whole-body counting of the
live animal because of counting geometry problems associated with
the well counter and the possibility of aerosol deposition on the
fur of the head and external nose of the test animal.

*Lungs, Tiver, spleen, carcass, gastrointestinal tract, testes,
blood, urinary bladder, heart, trachea and esophagus were generally
assayed for U.
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VI. RESULTS

1. Dog Studies (Morrow, Beiter, Gelein and Yuile)

A. Exposures

For the dog studies the UOoF, aerosol mass concentrations were
varied between 100 and 500 mg m-3 and the exposure times between

0.5 and 2.5 hours. In Table 1, a summary of the nineteen studies is
given which indicates that the inhalation doses ranged from 0.11 to
1.46 mg U kg'1 and the postexposure period for follow-up
measurements ranged from 6 hrs to 19 days. Of the 16 dogs studied,
3 were not sacrificed at the end of their postexposure period, but
re-exposed at a later date. These animals were used for their
excretion data: their urinary biochemistry had reverted to normal
before re-exposure. Their second exposure was consequently designed
to contribute to our study of naive versus previously-exposed
animals.

In two of the nineteen studies, HF1 and HF2, dogs were exposed in a
chamber wherein UFg decomposed spontaneously to stochiometric

levels of UOoF2 and HF gas. For example, if the UOoF2

exposure concentration was 310 mg m-3, then in theory 80 mg m-3

of HF gas should exist. However, in four determinations of the HF
levels in the rodent exposure unit, the levels were typically about
one-half of theoretical. Presumably, this loss was due partly to HF
reactivity with chamber surfaces, though some HF may have become
incorporated into the UO,F, particles (See VII. Discussion).
Although the UOoF,-HF dogs were exposed to a slightly different
aerosol (See Table 1), the distribution and excretion data were
indistinguishable from the UO,F, (alone) data in that the

cumulative urinary uranium excretion results were within * 1 percent
of the 24, 72 and 144 hour means in Table 2 and the tissue levels
were within 0.5 percent of the absorbed dose values from dogs
sacrificed after comparable post exposure times; consequently, all
of the inhalation study data were pooled.

Because of assorted technical problems, deposition measurements were
made reliably in only 12 of the 19 UOoF, aerosol studies. The

mean total lung deposition was 42 percent (30-58 percent range) of
that inhaled. Thus, for uniformity, the total recovered dose is
used as the absorbed dose in all dog studies. Where comparisons
were possible, all of the deposited and absorbed doses agreed to
within * 10 percent.

Five dogs were investigated in nine studies using intravenous
UOoF5 administration. Two of these were used for a single
re-exposure after their urinary biochemistries were within the
normal range. Thus, intravenous uranium doses varied from 0.01 to
1.95 mg kg"1 and are expressed as injected doses. These
corresponded to 100 + 3 percent of the recovered doses and were
studied over postexposure periods ranging from 26 hours to 14 days.
Studies V-1/V-2 uniquely involved the same dog which was exposed
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Table 1: Exposure protocols

Inhalation Studies

UOoF2 aerosol (mean) MMAD 1.04 um og 1.59

Postexposure
Study No. Dose (mg U kg-1) (days)¥
I-1 0.11 6
I-2 0.14 7
I-3* (7) 0.15 6
I-4 0.22 6
I-5 0.25 7
I-6 0.50 8
I-7* (75) 0.58 14
I-8 0.62 8
I-9 0.67 1
I-10 0.68 19
I-11 0.68 0.25
I-12 0.70 19
I-13 0.73 3
I-14 0.75 1.2
I-15 0.78 14
1-16 0.92 3
I-17 1.46 1.1
HF and UO,F, aerosol (mean) MMAD 1.07 o% 1.73

HF-1 0.30 6
HF-2* (270) 0.55 16
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Table 1: Exposure protocols (cont.)

Intravenous Studies

UO2F2 solution ~0.01 % (w/v) in isotonic saline

Post Adm.¥

Study No. Dose (mg U kg-1) (days)
V-1 0.01" 6
V-2* (6) 0.01** 5X6
V-3 0.12 6
V-4 0.43 6
V-5 0.44 14
V-6* (14) 0.44 14
V-7* (6) 0.45 6
V-8 0.88 2.1
V-9 1.95 1.1

* Dog from prior exposure. Number in parentheses indicates days
separating end of first postexposure period and re-exposure.

T First of 5 identical I.V. doses.
** Mean of 5 identical I.V. doses 6 days apart.

f Time to sacrifice, except for re-exposed dogs (*).
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mori frequently than twice. This dog received 5 identical 0.01 mg U
kg~* intravenous doses during 24 days; after an additiona] 6 days,
the dog was given a single higher dose (0.56 mg U Kg-*) and

followed another 6 days as study V-7.

B. Uranium Excretion

A weak correlation between dose (mg U kg'1 injected) and 24 hour
urinary uranium excretion, was noted in some of the human studies
(Hursh and Spoor, 1973). Our final canine data revealed no such
trend. The mean urinary uranium excretion from all dog studies was
63 (0.96 x 66) percent (S.D. 10.2 percent) in the first 24 hour
urine, whereas approximately 2.6 (0.04 x 66) percent of the absorbed
dose was found in the feces (Table 2).

The subsequent removal of the uranium in the yrine, i.e., the
fraction of the-absorbid or injected dose hr-* followed the power
function: Yu = .006t-1-5 very closely (Figure 2). Yu is
equivalent to 0.14t- -5 when t is expressed in days. If the total
urinary uranium excretion is taken as the cumulative 19 day (456
hours) value in Table 2 (mean of 2 studies) then the first 24
hour-excretion, expressed as a fraction of the total urinary

excretion, equals .96 X .66 _ 0.82; the subsequent daily excretion

rate becomes Yu(t) = 0.18.t-1-5. Thus, both expressions closely
agree with those of the ICRP for U*6 compounds (ICRP, 1968).

In Table 2 and Figure 3, the excretion and distribution data from
all 19 inhalation studies are summarized. The 24, 72 and 144 hour,
mean cumulative excretion values are based on 10 or more animals;
consequently standard errors were computed. For the remaining
times, only from 2 to 5 values were averaged, due to attrition of
dogs by serial sacrifice. Some dogs showed insignificant uranium
levels in the excreta at 168, 336 and 456 hours post exposure.

C. Uranium Retention

The Table 2 results indicate that the whole body retention function
Riug) = 0.67e-3-4t + 0.18e70-49t + 0.15¢70-0%3% 3ppiies

satisfactorily to the 19 day data where t is expressed in days.
These three retention rates are represented by 0.2, 1.4 and 16 day
half-times, respectively.

The kidney data show a build-up before 6 hours (Figure 3) and then a
steady decline with*the 24 hr to 456 hr data giving a 9.3 day
half-time (R%=0.97)*. These early measurements appear to fit
the initial values in the two year data of Stevens et al. for

*R2 is the coefficient of determination for the regression
analysis performed on the clearance data (exponential fit).
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Table 2: Uranium disposition following inhalation exposure (19 studies)

Percent of Absorbed Dose

Time after Exposure (Hours) 6 24 72 144 168 336 456

Mean Cumulative Excretion 28 66 82 87 89 92 93.5
(Standard Error) - (3.6) (1.5) (1.8) - - -
% in urine 100 96 90 86 86 84 82
% in feces 0 4 10 14 14 16 18

Mean Body Burden 72 34 28 13 11 8 6.5
Kidneys 44 16 13 9 8 5. 4.0
Skeleton* 5 7 7 3.5 3 2. 2.5
Lungs 8 4 2 - - - -
Liver - 1 1 - - - -
Other 15 6 5 0.5 - - -

* wt assumed equal to 0.15 body wt.
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Figure 2. U¥6 Excretion Rate.
Both inhalation (o) and intravenous (e) studies were utilized to
obtain these average excretion rate values. These rates closely
follow the power function described.

26



*pa321dap os|e aue s3uajuod ( O ) bun| pue ‘( w ) auoq pajewtyss
Poda! .w nvw Adupiy 8yl °8A4Nd sALje|nund e se pajjold os|e S|
( o) uotjeurwt|? g+N Adeutan *u3xa Z - 1 “*a°L ‘() uoLjualau

»uma 9Loym 303 8Indwod 03 pasn SeM ( & ) UOLIBUIXD g+N UL

"UO0L3340X3 PUR UOLINQLAISLQ :SBLPNIS uoLleLeyuy” °g a4nbig

34NSOdX3 NOILYIVHNI Y314V SAva

8l 9l vl el oL 8 9 v 4 0
1 | | | A | 1

3500 g3950S8gY IN3OH3Id

27



jntravenous uranyl citrate in dogs which, when treated as a single
exponential, yielded a 79.5 day half-time for uranium in the kidneys.

The skeletal data for UOoF, dogs were estimated because it was
necessary to factor a measured concentration of uranium in bone by
the body weight, assuming the skeletal weight was 15 percent
thereof. Also, there are insufficient UOoF, data to obtain a
useful retention function for uranium in bone.

In earlier reports (Morrow et al., 1972, 1980), we described the
difficulties in interpreting the chest or thoracic gamma activity
from inhaled uranium. Immediately after each aerosol exposure,
gamma counting was started and it was determined that the average
jnitial thoracic measurement was only 69 percent of the administered
(recovered) dose (range 44-82 percent). When each dog was
necropsied, the thoracic area was recounted with the lungs removed
and even as sggg as 12 hours postexposure, a significant fraction of
the thoracic U activity was found attributable to

extrapulmonary uranium retention; hence, a second correction was
required. A typical, reconstructed lung retention curve showing the
magnitude of these corrections is given in Figure 4.

The uranium retention equation for the lungs (0-6 days) was computed
to be:

RLUNG = 0.89e-1.95t + o.07e-0.800t + g, 04-0.015t

where t is expressed in hours. This expression indicates half-times
for the respective retention coefficients of ~20 min, 0.8 hr and 47
hours. This equation is not, of course, a unique description of the
data; however, it takes into account the emphasis in the first study
(Morrow et al., 1980) on the earliest postexposure times for
estimating the most rapid retention coefficient.

D. Intravenous Studies

The nine intravenous studies provide comparable tabular and graphic
summaries, viz., Table 3 and Figure 5, respectively, to those
prepared for the inhalation studies.

The main similarities in findings from the two types of studies
include: (a) comparable cumulative excretion pattern (24-336 hrs):
56-89 percent for the average I.V. and 66-92 percent for the average
jnhalation study; and (b) similar renal retention of uranium: 16 to
6.5 percent of the injected dose for 24 to 336 hour values in the
intravenous studies and 16 to 5.5 percent of the absorbed dose over
the same period of the inhalation studies.

The major distinctions found between the two routes of

administration were: (a) the much greater fecal elimination after
inhalation, viz., 16 percent vs 2 percent by 336 hours and (b) the
slightly higher mean body burden 24 to 336 hours after intravenous
administration viz., 44 percent to 11 percent, compared to 34 to 8
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Figure 4. UO2F2 Retention in the Lungs.
The curve commencing with "initial measurement” and marked
"measured" depicts the lung retention information acquired.
After an adjustment is made for UO2Fp clearance during the
exposure, which established the "recovered level", and for the
extrapulmonary U*6 included in the thoracic counts, the
“corrected" retention curve was constructed.
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Table 3: Uranium disposition following intravenous injection
(9 studies)

Percent of Injected Dose

Time after Injection (Hours)_24 48 72 144 336

Mean Cumulative Excretion 56 69 78 83 89

(Standard Error) (4.4) (4.3) (8.6) - -

% in urine 100 100 99 95 99

% in feces 0 0 1 5 2

Mean Body Burden a4 31 22 17 11
Kidneys 16 22 14 9.5 6.5
Skeleton* 4 5 6 6 4.5

Lungs 0.5 0.1 - - -

Other 23.5 3.9 2 1.5 -

* wt assumed equal to 0.15 body wt.
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Figure 5. Intravenous Studies: Distribution and Excretion.
The cumulative total excretion ( ® ) and urinary excretion of
U6 ( o ) are depicted as being virtually identical. The
symbols for kidney content ( © ) and estimated bone levels ( & )
are the same as in Figure 3. The body burden curve determined
from the cumulative excretion data is denoted by ( @ ).
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percent after the inhalation. The urinary/fecal excretion ratio is
clearly the more striking distinction; the intravenous studies
suggest that approximately 3/4 of the fecal content following the
inhalation exposures (~13 percent of the administered dose) was due
to translocation of unabsorbed uranium from the respiratory tract,
whereas, the remaining 1/4 (~5 percent) was due to the
redistribution of absorbed uranium: this was the fecal level which
occurred in the intravenous subjects probably derived from biliary
excretion.

In addition to the similarities seen between the inhalation and
intravenous studies in dogs, there is general agreement with the 24
hour and 5 day human data wherein 57-83 percent and 70-90 percent
urinary elimination resgectively, occurred in those subjects
receiving 0.16 mg U kg=* or less intravenously. Additionally, the
human tissue data gave 16.6, 7.2 and 0.7 percent renal retention of
uranium at 2.5, 18 and 74 days post administration, respectively
(Hursh and Spoor, 1973). There is excellent agreement over the
early time period with the renal data in Table 3.

In one animal (Table 1: Studies V1/V2) a dose of 0.01 mg U kg-1

was injected intravenously five times at ~6 day intervals. A final
dose of 0.45 mg kg~ was given on day 31. Each of these

injections caused a marked, but transient glucosuria which returned
(4 out of 5 times) to control levels before the next injection was
given (Figure 6). A less cyclic proteinuria of questionable
significance was noted. Also, each dose of uranium led to slightly
less U excretion (incremental) in the urine over the 6 days
following. The final, large intravenous dose showed that the kidney
was further injured by uranium (glucose and GFR ) but the
proteinuria was again somewhat equivocal. The most significant
result of this study was clearly the evidence of repal tubular
dysfunction (glucosuria) in response to a 10 ug kg'1 absorbed
(injected) dose. From the Figure 5 data, one can deduce that in a
8 kg dog having 40 g kidneys, a transient peak renal concentration
<1 ug U g7* might result from such an absorbed dose.

E. Urinary Biochemistry

An overall evaluation of each urinary indicator of renal injury used
in the dog studies was made and is summarized as follows:

(a) Proteini Elevated protein levels in the urine (mg day-1 or
ug m1 ~*) were a good index of renal injury, often increasing
as early as 1 day but usually 2 to 3 days after UOoFo
administration. With the highest level inhalation exposures or
intravenous injections, transient proteinuria was often seen
within a few hours of the time of UOoF, administration. The
overall course of proteinuria following UOoFo exposure was
dose-dependent: the larger the dose the higher and more
persistent the proteinuria. Major limitations found with
protein determinations in the dog were two-fold: the relatively
high and variable levels of protein in the control urines,
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Figure 6.
Top:

Responses to Multiple Intravenous Doses of UO2F2.
The cumulative urinary recoveries for uté after five

jdentical intravenous injections show some degradation with time.
The terminating large single dose resulted in a diminished urinary

excretion rate for Ut6

same dose range.
Bottom:

compared to single-injection dogs in the

These data from the same animal depicted above show that

the more sensitive biochemical indicators respond to 0.01 mg

kg'1 doses.
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(b)

(c)

(d)

(e)

(f)

(e.g., 1903 ug albumin m1-1 urine, Standard Deviation (S.D.)

953 ug; N = 10); and the comparatively low ratios between
exposed and control animal urinary protein levels: -these rarely
exceeded a factor of 10, even at the highest dose levels.

Plasma Urea Nitrogen (PUN): This plasma indicator was somewhat
less sensitive than protein in the urine giving exposed/control
ratios of less than 5 for the most part. It was not elevated in
some low uranium dose animals which manifest other biochemical
changes to a significant degree. When seen, PUN elevation was
often more persistent than proteinuria. Control levels were 88
ug urea N mi -1 plasma, but not nearly so variable (S.D. ~20
percent).

Alpha Amino Nitrogen: This renal injury index expressed in uM
da,y'1 was found to track urinary protein elimination quite
closely. Its principal advantage over protein was that the
exposed/control ratios were somewhat higher. The control mean
was 12,400 uM glycine equivalents day'l; S.D. 6,200 uM.

Glucose: Of all the urinary changes assessed, the increase in
glucose elimination was the most impressive. Contr?l levels
were consistently very low (control mean 53 uM day-*; S.D. 81
uM), and the exposed/control rai1os usually exceeded 104 at

the higher doses (>0.5 mg U kg-%). The appearance of
glucosuria was always as prompt after U exposure as proteinuria
or any other indicator change. The persistence of significant
glucosuria usually exceeded that for protein or «-amino acid N
elimination, although the peak levels for all three might occur
about the same time, i.e., 2-4 days postexposure.

Inulin Clearance (glomerular filtration rate): With
methoxy-C-14-inulin, this was not a particularly tedious method
although it did require anesthetized, catheterized dogi

Control values were consistent, viz., 3.9 ml min~

S.D. 0.78, so that reductions to 50 percent of contro] va]ues
were highly significant; often exposed dogs showed GFRs which
were 10 percent or less of normal. The subsequent recovery of
the GFR to normal levels was consistently more prolonged than
for a return of protein and most other indicators. The recovery
of the GFR commonly required 2 weeks; in some cases it did not
recover completely but remained at 70 to 80 percent of control
values, implying that some persistent glomerular deficit
occurred.

Phosphate: This indicator of uranium-induced renal injury was
not part1cu1ar1¥ useful in the dog since excretory levels (ug

m -1 or mg day~ ) were highly variable among controls (e.g.,
100-500 mg day‘ ) and exposed animals, with the latter rare]y
increasing more than 2-4 times the average control level. Large
numbers of samples would be required to use this index with
suitable reliability.
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(g) N-acetyl-g-glucosaminidase (NAG): This urinary indicator of
renal injury has been advocated for human and rodent use, but
prior to our studies had not been examined in the context of
uranium toxicity in any specie. Its use seems promising
although the daily units excreted are relatively high and
variable (mean 5051) among control dogs. However, the exposed
animals e§ceeded these units/day values often by factors of
101 to 103 and also the NAG levels tended to remain elevated
for longer times than many other urinary indicators.

(h) Citrate: This index was examined more thoroughly in the rodent
experiments than in the dog. In 12 _canine determinations, the
control values averaged 174 yM day-l and after UooF o
exposure or I.V. injection, the citrate levels fell below 100,
often to near zero, after a transient rise (2-3 fold). The
higher the dose, the sooner and more persistent the fall in
citrate elimination. At the lower doses of UOoFp, the
maximum depression in citrate level occurred 5-8 days post
administration. We found no consistent evidence of increased
citrate excretion during or after tubular regeneration in
contrast to Haven (1947).

(i) Creatinine: Plasma creatinine (mean 9.6 ug mi-1 plasma) was
followed in our initial dog experiments but with the institution
of plasma inulin clearance, was discontinued. In the earlier
Rochester studies reported by Berke et al. (1953), amino acid
nitrogen and creatinine excretion in the urine were set as a
ratio to reduce their variabilities since both include a urinary
flow dependence; otherwise, the variabilities found in animal
data were very large and difficult to interpret. Our limited
experience concurs with that appraisal although we did not
attempt to employ the ratio.

If the various plasma and urinary indices are compared in relation
to absorbed dose, there are trends which are more or less
proportionate, but there are many exceptions as well. One of the
confounding features relates to the variable time to a maximal
response among different indices, doses and subjects. If, on the
other hand, indiies from the absorbed or injected dose range, 0.22
to 0.78 mg U kg=*, are pooled on the basis of maxima occurring
within the first 3 to 5 days post administration, the mean maximal
responses in exposed dogs can be compared in terms of their mean
control values using a student's t test (Table 4). This analysis of
selected indices indicates that in spite of considerable
variability, and often unclear dose-response relationships, some
indices, e.g. a-NHz nitrogen, manifest sufficient change as to be
highly significant from controls, while others e.g. PUN and glucose,
are both less variable and more responsive.

Summarizing the results of the canine urinary biochemistries is

difficult in view of the various dose and time protocols. The
problem is illustrated by the time course of two typical studies
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Table 4: Exposed vs control mean indices in dogs

Control Exposed t test
Urine volume mean S.D. mean S.D.
(ml day'l) 286 76 558 394 <0.02
Protein 1 165 716 3 430 1 457 <0.001
(mg BSA day-1) -
Glucose 53 81 8 800 6 830 <0.001
(um day-1)
d-NHz 12 400 6 200 39 150 42 000 <0.001
(uM glycine eq. day-1)
Citrate 174 250 99 209 <0.10
(uM day-1)
NAG 5 900 4 100 177 000 359 000 <0.10
(units day-1)
PUN* 89 20 620 382 <0.001

(ug urea N ml plasma)

* based on maxima in 5-7 day interval

36



depicted in Figure 7. One is based on the most interesting of the
renal injury indicators from a dog (study I-15 of Table 1) which
received by inhalation a recovered dose of 0.78 ug U kg'1 (Figure
7, Top). Most of the indices rose to significant (abnormal) levels
by day 2, except plasma creatinine and urinary NAG, and, of course,
the GFR which decreased significantly. A1l indices manifest
abnormal levels by day 3. The 0.78 ug U kg‘1 dose was definitely
toxic to the kidneys and most of the indicators remained
significantly abnormal for 5 to 6 days. By 14 days, all indicator
values had returned to normal with the exception of urinary NAG,
urinary glucose (although it has dropped 100 fold from peak levels)
and the GFR which was 70 percent of control level and probably
depressed significantly (p < 0.10).

In Figure 7 (Bottom) the biochemical indicators from a second
inhalation animal (HF 2) are depicted. This dog received a combined
UOoF2 and HF exposure which resulted in a total recovered dose

of 0.55 mg U kg'1 (Table 1). Here several differences from study
I-15 are noteworthy: the urinary NAG level was more variable and
returned to the normal range in 8 days; the GFR never recovered
fully in the 16 day period (50 percent of control value); urinary
glucose increased even more in this animal and it remained
significantly elevated for at least 16 days post-exposure; and
proteinuria was marked and sustained over the entire period. These
quantitative distinctions occurred at a lower UOoF, dose

suggesting that the nephrotoxicity of UOoF2 with HF may be

greater than with UOoF2 alone. Unfortunately, too few dogs were
studied to establish this observation as a firm conclusion. The
rodent studies also examined the combined exposures for evidence of
synergism (See Section VI.2.F.).

F. Multiple Dose Studies: Tolerance to Uranium-induced Renal Injury

In Figure 8 (Top) excretion data are summarized from an intravenous
study (V5) wherein a dog received a 0.44 mg U kg‘1 dose and then
after 14 days was reinjected at the same dose level (See study VI-6,
Table 1). The Figure 8 (Top) data show the cumulative uranium
excretion characteristics following both injections. In studies
V5/V6 the total injected dose was 3.58 mg U X 2 and the initial 24
hour elimination was 1.47 mg U (~42 percent of the injected dose),
whereas, only 1.19 mg U (33 percent of the injected dose) appeared
in the urinary excretion over the same time period after the second
injection. No change in the fecal excretion of uranium was noted.

Figure 8 (Bottom) summarizes some of the renal injury indices in
this same dog. It is readily seen that urinary protein and glucose
levels increased significantly after both injections and returned to
normal in 14 days. The second injection occurred after a dose and
time interval which should have produced "tolerance". Whether the
slightly reduced peak levels of glucosuria and proteinuria are
significant or not is dubious. The GFR, interestingly, provides a
contrasting picture despite the less frequent determinations. At 7
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Figure 7. Biochemical Indices: Representative Inhalation Studies.
The upper figure is based on plasma and urinary data from
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dog which received a combined HF-UO2F2 exposure resulting in
about 70 percent as much UO2F, deposition as in the I-15 dog.
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Figure 8. Responses to Two Intravenous 0.44 mgékg'l Doses.

Top: The cumulative urinary recovery of U™® following two
identical intravenous doses is shown. The recovery after the
second injection was only 81 percent of the first over comparable
time periods.

Bottom: These biochemical data were obtained in the same dog
following two i.v. doses of aqueous UOgFp separated by 14 days
during which all indicators of renal tubular function returned to
normal. The zero time values are average control values.
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or 8 days post administration, the maximal reduction in GFR is
normally encountered. After the first injection the GFR fell 75
percent at 7 days, and did not fully return to normal in 14 days
remaining 39 percent below control values. After the second
injection, the GFR manifested no further change (posssibly a slight
reduct1on) at the +7 days post injection as though further
glomerular injury was not effected. Renal histology in this dog
revealed evidence of extensive tubular damage with extensions to the
capsule in many areas: necrotic debris was absent and tubular
regeneration was advanced, generally.

The other multiple-injection study (V1/V2) which was discussed in

the context of renal injury threshold (Figure 6) can also be

assessed in terms of naive versus previously-exposed subjects. This
same subject showed an increased urinary output which seemed to be
associated with each injection (Figure 9). The association seen in
biochemical parameters, uranium excretion, urinary volumes and dose,
seemed clear initially, but became less evident with successive
doses. The general picture which emerges is also consistent with

the data in Figure 7, in that both subjects' responses are variable
temporally and quantitatively depending upon the assessment criteria.

G. Special Studies

(1) A pilot study to examine the possible induction of a
uranium-protein complex in the kidneys of multiply-dosed dogs was
undertaken. In this case, one dog (9.3 Kg, female) was given five
weekly doses of uranyl f]u$r1de synthesized from natural uranium:
each dose was 0.1 mg U kg~* administered 1ntravenogs1y.
comparison dog (8.7 kg) was given five 1 mg Cd kg~! doses of

cadmium sulfate intravenously using a similar protocol. This
cadmium dose regimen would be expected to induce renal
metallothionine (Onosake and Cherian, 1981). Six days following the
fifth weekly dose, both dogs were given 0.5 mg U kg-! of U-235 (93
percent) uranyl fluoride intravenously and sacrificed at identical
post-injection times (*+6 days) in order to determine if the U-235
retention by the kidneys was comparable. Halves of each dog kidney
were combined as a specimen and frozen in liquid nitrogen. They
were later homogenized in TRIS buffer, ultracentrifuged and
fractionated on a 80 cm G-75 Sephadex column at 72 ml hr-1." In
Figure 10, the cumulative urinary uranium excretion is plotted for
the two dogs and their terminal renal uranium concentrations are
depicted. Greater urinary uranium excretion and lower renal uranium
concentrations are manifest by the uranium-pretreated dog.
Conversely, the cadmium-pretreated dog's greater rena] retention of
uranium is striking, but the cytoso1 from this dog's kidney was not
appreciably different from the uranium-pretreated dog, exhibiting
neither a concentration of uranium nor any evidence of
metallothionine association with uranium, nor a different pattern of
protein induction (Figure 11).
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Figure 9. Urinary volumes after Intravenous UO2F2.
After multiple doses of 10ug U kg'l, each subsequent day's urine
volume was measured. As with other urinary parameters, each
injection resulted in an increased urinary output, but the effect
became less discrete after several UOpF2 administrations.
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H. Histopathology

The renal injury observed in the dogs from the inhalation and
intravenous studies was comparable: all dosage protocols used were
injurious to the kidneys. At between 1 and 3 days, their kidneys
showed widely scattered necrosis of segments of the deep convoluted
tubules and the straight portions of the corticomedullary junctions
extending toward the mid-cortex and involving most tubuli renales
recti. The tubules contained hyaline material and proteinaceous
casts and some collecting tubules contained calcified debris. The
tubular epithelial cells were generally pale, often without nuclei
and denuded. The glomerular capillaries were generally congested.
The extent and severity of these changes were related to absorbed
dose only at similar times after exposure.

Up to three days, evidence of tubular regeneration was rarely seen,
but after 6 days it was seen in all dogs, especjally those at the
lower recovered or injected doses (<0.44 mg kg'l), typified by
increased mitotic figures and development of a flattened tubglar
epithelium._ At the lowest single doses studied, 0.11 mg kg~* and
0.12 mg kg'1 (studies I-1 and V-3), kidneys from both dogs

revealed uranium-induced injury, but both were undergoing extensive
regeneration at sacrifice 6 days after exposure while having renal
concentrations of 1.5 and 1.6 ug U g‘1 kidney, respectively, at
that time. This was equivalent to an average renal burden of 9.2
percent of the dose (Tables 2 and 3).

In the dogs receiving the higher absorbed and injected UOgF2

doses, residual manifestations of tubular dilation and atrophy were
present in dogs sacrificed 14 and 19 days after exposure.
Collectively, the higher dose animals provide evidence for
persistent tubular damage in the presence of largely regenerated
renal tissue which itself differed from normal kidney by the
emergence of flattened, basophilic, tubular epithelium.

2. Rodent Studies (Leach and Gelein)

A. Exposures

In our earlier report, NUREG/CR-1045 (Morrow et al., 1980), we
examined the toxicologic properties of one of the hydrolysis
products of UFg, namely particulate UOoFp. Several findings

from this work warrant review since they form the basis on which the
toxic action of UOgF, can be compared with or without the

presence of HF, the other component of hydrolyzed UFg. For

example, summarized in Table 5 is selected information obtained from
experiments with rats given UOoFp by various routes of
administration. In the inhalation studies (Experiments No. 3
through 6), rats showed high fecal excretion of U, that is, 59 to 72
percent of the inhaled dose, upon nose-only exposures to UOFa
aeroiols ranging in particle size from about 1 to 2 um MMAD (ag
~1.9).
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with rats given U02F2 by various route of adm

Table 5. A summary of selected information obtained from experiments
(see NUREG/CR-1045).



From the large amounts of U found in the feces we deduced that the
rat, an obligatory nose breather, trapped UOgF2 aerosols in the
nasopharyngeal region quite efficiently and thege are promptly
swallowed and passed through the GIT. Since U*6 compounds are
poorly absorbed from this tract, the UOoF2 is almost
quantitatively excreted in the feces (see Table 5, Experiment No.
10); in the case of these earlier experiments this accounted for
more than 50 percent of the inhaled dose. We believe that the
remaining 28 to 41 percent of the inhaled dose of U was absorbed
through the respiratory tract and promptly translocated to bone and
kidney, 15 to 27 percent of the inhaled dose eventually being
excreted as urinary U.

In the new work reported here five inhalation studies were conducted
to establish the excretion, distribution and organ retention
patterns of U in rats upon exposure to hydrolyzed UFg (UO2F2

aerosol + HF gas). Exposure levels were chosen high enough Smean
UOoF2 aerosol concentrations ranging from 284 to 816 mg U m-

for 1 to 1.5 hours duration) to follow U in urine, feces and organs
of the body for at least several days, by gamma counting, and to
produce kidney injury demonstrable by biochemical assays. These
studies are identified in Table 6 as Experiments No. 11 through 15,
respectively.

Both natural and enriched (93.15 percent 235U) UFg were used in
these studies depending on the type of information desired. For
example, the inhalation study designated as Experiment No. 15 (see
Table 6) was conducted to roughly mimic Experiment No. 11, except
that natural UFg was used instead of enriched. At these Tower
radiation levels (1/70 alpha activity), the effects of U on the
kidneys were traced by various renal injury indicators.

The last three experiments (Nos. 16, 17 and 18) listed in Table 6
were multiple-dose intravenous studies designed primarily to
demonstrate tge behavior of the rat kidney which was previously
exposed to U0 in the form of UOoFa.

In the graphs that follow, each plotted point represents a mean
value obtained from the number of animals noted; error bars, where
shown, are standard deviations.

B. Uranium Distribution and Excretion

The results of Inhalation Experiments No. 11-14 are summarized in
Tables 7, 8, 9 and 10. These data include calculated values for
inhaled dose, absorbed dose and percent of absorbed dose of U found
in the urine, carcass (bone), lungs and kidneys of rats exposed once
for 1 or 1-1/2 hours to the hydrolysis products of UFg.

It is interesting to see the similarity in the distribution patterns
of U (expressed as a mean percent of the absorbed dose) in animals
from Experiments No. 11, 12 and 13 even though the duration of
exposure, mean air concentration of U or aerodynamic particle size
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of the UOoF2 aerosol varied by as much as a factor of two. For
example, the range of mean values for urine was 52 to 56 percent,
for bone 36 to 39 percent, for lungs 4 to 5 percent and for kidneys
3 to 5 percent at two weeks post-exposure (see Tables 7, 8 and 9).

Cumulative U excretion curves obtained from each of the first four
inhalation experiments are plotted in Figures 12-15. A reasonably
good correlation can be seen between total U excreted and the
inhaled dose; as the inhaled dose of U increases so does the total
amount of U excreted in the urine and feces. At six days
post-exposure, fecal and urinary U in Experiment No. 14 (Fjgure 15)
accounted for 82 percent of the inhaled dose (8.6 mg U k?‘l)
compared to 75 percent of the inhaled dose (7.6 mg U kg=*) in
Experimept No. 11 (Figure 12), 73 percent of the inhaled dose (6.8
mg U kg-1) in Experiment N?. 13 (Figure 14) and 66 percent of the
inhaled dose (6.2 mg U kg~!) in Experiment No. 12 (Figure 13).

C. Uranium Retention

Organ retention graphs for U, obtained in Experiment No. 14, are
presented in Figures 16, 17, 18 and 19. Retention values were
calculated and plotted in two different ways. Figures 16, 17 and 18
present graphs of U content as a mean percent of the inhaled dose*
vs. post-exposure days. In Figure 19, the mean percent of the
absorbed dose** is plotted against post-exposure time.

From the data obtained in Experiment No. 14, the U retention
equations for kidneys and bone covering the 3 to 38 day
post-exposure period were computed to be:

R = 38.84¢70-01t

bone
- ‘0 . O4t
Rkidneys = 18.22e

R2
R2

0.91
0.87

thus giving biologic half times of 69.3 days for bone and 17.3 days
for kidneys.

The relation between absorbed dose and inhaled dose of U found in
Experiment No. 14 is presented graphically in Figure 20. According
to this figure, the ratio of absorbed dose to inhaled dose averaged

*The inhaled dose can be defined as that amount of U that enters
the body through the respiratory system and is ultimately absorbed
into the body or excreted. The inhaled dose is the sum of the U
contents of the urine, feces, bone, kidneys, lungs and
gastrointestinal tract (GIT).

**The absorbed dose can be defined as that part of the inhaled

dose of U which comes into direct contact with the blood, is
promptly translocated to bone and kidneys and ultimately excreted in
the urine. Thus, in these rodent studies the absorbed dose is the
sum of the U contents of the urine, bone, kidneys and lungs.
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CUMULATIVE URANIUM EXCRETION IN % OF INHALED DOSE

80 -

70

60

50

40

30 1

20

10 4

. o—®
9 /0/ Urine + Feces

/-
10 Feces

Test Compounds: hydrolysis products of UFg (UOp Fo + HF)
Route: inhalation (nose only)
o 1 Duration: 90 min exposure plus 15 days postexposure
Air Concentration: 357 + 89 mg U/m3
[ Particle Size: MMAD, = 1.59 um og = 1.92
-1 Animal Species: rat
Strain and Sex: le males
o Initial Body Weight: 218 + 10g
Inhaled Dose: 7.6 = 1.4 mg U/kg

Mortality Figures: 2/11, 1 death during exposure and 1 on the eighth
postexposure day

Serial Sacrifice Schedule: none

2 4 6 8 10

POSTEXPOSURE DAYS

Figure 12. Inhalation Experiment No. 11
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CUMULATIVE URANIUM EXCRETION IN % OF INHALED DOSE

Test Compound: hydrolysis products of UFg (UO, F, - HF)
Route: inhalation (nose only)
Duration: 1 hr exposure plus 21 days postexposure
Air Concentration: 710 = 82 mg U/m3
Particle Size: 0.88 um MMAD, og =162
Animal Species: rat
Strain and Sex: le males
80 - Initial Body Weight: 228 + 7 g
Inhaled Dose: 6.2 + 1.1 mg U/kg
Mortality Figures: 4/7, 1 death on postexposure days 2, 8, 14 and 19, respectively
Serial Sacrifice Schedule: none
70 —
ob
6 /
@ Urine + Feces
60 6/”///’
o
6 /
50 o
z,/’///’
o _
40
Feces
o
30 ,
’ 5 %3
20 T § Urine
T
10 — ?E
0 T T T T T T 1
0 1 2 3 4 5 6 7

POSTEXPOSURE DAYS

Figure 13. Inhalation Experiment No. 12
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CUMULATIVE URANIUM EXCRETION IN % OF INHALED DOSE

100 Test Compounds: hydrolysis products of UFg (UO, F, + HF)
Route: inhalation (nose only)
Duration: 1 hr exposure plus 15 days postexposure
Air Concentration: 726 + 289mg U/m3
90 — Particle Size: MMAD = 1.07um,og = 1.73
Animal Species: rat
Strain and Sex: le males
Initial Body Weight: 231 = 17g
Inhaled Dose: 6.8 + 3.2 mg U/kg .
80 Mortality Figures: 1/6, 1 death on the seventh postexposure day Urine + Fece:
Serial Sacrifice Schedule: none 6 o
° /
70
6 —
°_/ T T
60 6 -r/
o
Feces
9
50 - it (]
ol ?
o
L]
1
30 J
6 - Urine
L) i
20 - T } }
o] ¢ J
0 -1 ! | | T T T
0 1 2 3 4 5 6 7

POSTEXPOSURE DAYS

Figure 14. Inhalation Experiment No. 13
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URANIUM EXCRETION IN % OF INHALED DOSE

Test Compound: hydroiysis products of UFg (UO, Fj + HF)
Route: inhalation (nose only)
Duration: 1 hr exposure plus 38 days postexposure
Air Concentration: 816 = 98 mg U/m? and 130 = 67 mg HF/m®
100 - Particle Size: 1.80 um MMAD, o = 1.61
Animal Species: rat
Strain and Sex: le male’s
Initial Body Weight: 262 + 32g
90 . Inhaled Dose: 8.6 + 2.2 mg U/kg
Mortality Figures: 3/37,2 deaths during exposure and 1 on the ninth day postexposure
Serial Sacrifice Schedule: 1/10, 1, 2,3, 4, 5, 6, 7, and 38 days postexposure
80 - 2
4 —_
70 - ®*
3
60 - Feces (- ]
? 4
50 T 5 .l
4
40
? ‘
30 4
20 - o
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10+ T 5 ? }
/
0 T T l T T | 7
0 1 2 3 4 5 6 7 9 38
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Figure 15. Inhalation Experiment No. 14
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Figure 16. Inhalation Experiment No. 14
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Figure 17. Inhalation Experiment No. 14
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