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SUMMARY The freshwater mussel (Velesunio angasi) concentrates radium in its tissues as a
phosphate compound. The uptake and tissue incorporation of the mussel radium salt was assessed in
rats using jejunal transport studies (in situ, in vivo, ligated segment of anaesthetised animals) and feed
trials. The results were compared to similar experiments with radium chloride. In addition, the
influences of age and duration of dosage (hours in the case of the jejunal transport and weeks in the feed
trial studies) were investigated.

Mussel radium transport across the jejunum of adults and juveniles (< 0.3% injected dose) was very
small when compared to radium chloride (> 50% injected dose). The amount of mussel radium
available for intestinal uptake in the feed trials was also low (< 0.5%) when compared to the uptake of
radium chloride (< 1.5%). Incorporation of mussel radium into bone was less than that of radium
chloride (p = 0.0001) for both adults and juveniles.

Extrapolation of the data from the animal model to humans suggests that eating these mussels, carries
with it only a low risk of exceeding the Annual Limit of Intake (ALI) set for members of the public,
even in juveniles.

INTRODUCTION

The Northern Territory's Uranium Province is
named for the sizeable uranium ore deposits
found in the area. Natural leaching of these ore
deposits has resulted in elevated levels of
uranium decay chain products such as 226Ra in
some surrounding waterways and mining has
the potential to accelerate the movement of
these pollutants into waterways. The freshwater
mussel, Velesimio angasi, accumulates high
concentrations of the non-essential, alpha-
emitting radionuclide, 226Ra, in its tissues.
Together with other ions (Ca, Ba, Mg, Fe, Al),
the radium is present mainly in mineral granules
(of approx. 1 um in diameter) as a phosphate
compound (1, 2). These mussels are a
traditional dietary item for Aboriginals who
harvest them from billabongs downstream of
the Ranger ore body. The 22 Ra concentrations
in mussel tissue and thus human 226Ra intake
from mussel consumption could be increased by
release of mine effluent. The magnitude of the
radium dose that members of the public (adults
and children) might receive from the 226Ra in the
mussels is uncertain.

Based on human uptake and metabolism of
radium, both from natural sources (3) and from
accidental or iatrogenic sources (4) and on
animal studies where human data was not

available (5), the International Commission on
Radiological Protection (ICRP) (6) recommends
that occupational exposures be limited to an
effective dose to 0.1 Sv in a five year period (=
average annual value of 0.02 Sv). For internal
exposure, the annual limit of intake (ALI) is
based on a committed effective dose of 0.02 Sv
which, for workers, corresponds to an ingested
ALI of 90,000 Bq of 226Ra. For members of the
public, the ICRP recommends a principal limit
of exposure of 1 mSv in a year excluding
natural radiation and patient exposure in
medical use of radiation but permits a
subsidiary dose limit of 5 mSv in a year for a
number of years with the provision that the
average annual effective dose equivalent over a
lifetime does not exceed 1 mSv (7). However,
these ALIs are based on a standard 70 kg man
and are not appropriate for persons of smaller
stature nor for the young (8).

The ICRP (9) recommends a gut transfer (/j- a
fractional value relating to a total of 1) for
adults of 0.2 for all compounds of radium.
Derived values for the absorption of radium in
the adult gastrointestinal tract are in the range
of 0.15-0.21 (10). However, uptake of radium
chloride from the gastrointestinal tract of rats is
higher in 14-18 day-old animals if\ = 0.79) than
in 60-70 week-old adult animals (fi = 0.032)
(11) Also, the presence of calcium may depress



radium uptake, possibly due to competition for
gut transport sites (12). Thus, current ICRP
recommendations are of limited application
having been derived from a data base for the
retention and excretion of radium in adults only.
Additional data are needed on the metabolism,
retention and excretion of radium during both
short and long exposures in young and
adolescent populations, where the expected
increase in calcium requirement for skeletal
growth could lead to increased absorption of
radium.

The following experiments were done using a
standard laboratory animal model (rat) and
were designed to determine radium uptake and
retention by bone of both juvenile and adult
animals over different lengths of exposure. Two
species of radium were used; radium chloride
and radium apatite from freshwater mussels
obtained on the Magela flood plain of the
Northern Territory. Three comparisons were
made: i) Radium chloride uptake with mussel
radium uptake for short-term exposure (up to 3
hours); ii) Radium chloride uptake with mussel
radium for longer-term exposure (up to 8
weeks); iii) Uptake during short-term exposure
with uptake during long-term exposure to
radium chloride or to the mussel radium salt.

METHODS

Materials
The rats: The experimental animals were
specific pathogen-free female rats of the
Australian Albino Wistar strain. Two age
groups were used; juveniles (4-6 weeks of age)
and adults (over 12 weeks) Within each age
group, the animals had similar body weights.
The rats were kept under a 12/12 lighting
regime and at an environmental temperature of
24°C. Before experimentation (acclimation) the
animals were fed standard laboratory rodent
pellets with distilled water being available ad
libitum.

The cages: Standard polycarbonate rodent
cages each with a filter top and raised metal
grid bottom (to prevent coprophagy and
external contamination) were modified to accept
the feeder trays commonly used with metabolic
cages. This allowed refilling of the daily food
and radium dose with minimum disturbance to
the animals. The bottom of the cage was lined
with blotting paper, changed weekly, to absorb
the urine. The cages were cleaned and sterilised
after each experiment or weekly during the
longer experiments. To minimise contamination
the control animals were kept in cages towards
the top of the cage rack.

Radium preparation 1. The freshwater mussels
were collected from billabongs downstream of

the Ranger mine and shipped live to ANSTO,
Sydney. The mussels were kept in tanks of
simulated Magela Creek water, fed cultured
algae and dosed with 226RaCl2 daily so that the
radium content of the mussels was elevated
sufficiently to give meaningful biodistribution
results. After two weeks, the mussels .were
removed from the tanks, opened, the tissue dried
in an oven at 30 °C and then powdered in a
blender. Weighed samples of the mussel tissue
batches were treated the same as the rat tissue
samples (see 226Ra, analytical procedures) and
counted to allow dose calculation.

Radium preparation 2. The 223Ra species was
chosen for its short half-life (11.43 days) and
abundant gamma emissions which allowed
measurement without the processing necessary
for the liquid scintillation counting (for 226Ra
samples). This radium species was obtained
when needed by organic extraction, in acidified
isotonic saline, from an 227Ac generator. Its
purity was maintained by counting the gamma
emissions of a sample, at known energy peaks,
on a pure germanium detector, and comparing
the energy peaks obtained, to those of possible
contaminants.

The food.. Standard rodent pellets were
powdered in a blender and sieved through a fine
mesh cloth to obtain even particle size with no
lumps. The calcium content was 1.15%.
Distilled drinking water was used for the
animals to minimise contaminants that may
alter intestinal transport of radium.

Experimental Procedures
Feed Trials; Exposures of 1, 2, 4 or 8 weeks:
Five experimental animals and three control
animals were used for each period of exposure.
Each animal was kept in a separate cage and
dosed daily; faeces were collected daily or
weekly and weighed; urine was collected
weekly. The dose (0.5-1 gram dried, powdered
mussel tissue or 0.1 ml of radium chloride
solution) and the powdered rodent food (10-20
grams) were dispensed daily into feeder trays;
the radium dose was mixed evenly with the
rodent food and the animals fed directly from
the feeder tray with minimum contamination of
the cage bottom. The liquid radium chloride
was mixed dropwise with the powdered food to
avoid large lumps. Distilled water was available
ad libitum.
At the end of the specified period of dosage, the
animals were fasted for 24 hours with distilled
water being available ad libitum, killed by ether
overdose and dissected for the biodistribution
studies. Tissues and organs were sampled into
glass vials and weighed, dried, ashed and acid
digested for 226Ra analysis by liquid scintillation
counting, or into plastic tubes for 233Ra analysis
by gamma counting The data was used to



calculate the tissue biodistributions for radium
and the total fed dose or total injected dose for
each individual animal was used as the
reference standard for that animal against which
the biodistribution for each tissue type was
calculated.

Jejunal Transport Experiments: Exposures of
I. 2 or 3 hours: Experiments were done in a
biohazard cabinet (Class II Gelman) maintained
at 30°C with large 250W globes. Anaesthesia
was induced (in a fume cupboard) with ether
and maintained by an intravenous injection of 5-
eth\i-5(r-methyl-propyl)-2-thio-barbituric acid
(Inactin. Promonta, Hamburg) into the tail vein
at 100 mg/kg body weight. While under
anaesthesia, the body temperature of the
animals was maintained at 37±1°C.
Temperature was monitored with a rectal probe
attached to a digital thermistor (Accurex
9001c). Through a midline abdominal incision,
the intestine was ligated 10-12 cm below the
pyloric sphincter and double ligated a further
10-12 cm posterior to the first ligature thereby
isolating a segment of upper jejunum. Isotonic
saline containing radium (osmolality 250-300
mosmols/kg) or the mussel radium slurry was
injected into the jejunal segment at its anterior
end by inserting hypodermic needle through the
intestinal wall just below the single anterior
ligature. A second ligature was applied around
the needle and, after completion of the injection,
tightened to seal the jejunal segment.

In adult rats, lmL of 223Ra chloride solution
(having l-2xl05 counts/min; specific activity of
7.4kBq/mL) was injected into the segment,
whereas in juvenile rats, 0.5mL of radium
solution having the same range of counts/min
was injected, thus avoiding excessive distension
of the intestine. For the mussel radium slurry,
the quantities injected were the same as above.
The intestine was returned to the abdomen, and
the abdominal incision was closed with surgical
staples. If a blood vessel belonging to the
experimental segment was ruptured during
preparation, the animal was rejected because
such damage might compromise transport by
the segment. The procedure caused minimal
disturbance to the small intestine and other
viscera. Circadian variations in drug absorption
have been documented (13). Consequently,
these studies were all done in the late
afternoon/evening period to maximise
absorption at a time when the rats would have
been most active and feeding.

Analytical procedures
223Ra. gamma counting: The tissue samples
were counted for 10 minutes in the gamma
counter (Packard model 5650) using a 2" Nal
crystal. The tissue sample counts were obtained
as close to the injection time as possible and

corrected for decay time between injection and
tissue counting.

226Ra, liquid scintillation counting: After
dissection, the tissue samples in pre-weighed
Packard liquid scintillation vials were weighed,
dried and reweighed and then ashed at 450-470°
C for 3 to 5 days (to obtain a white ash). The
ashed samples were reweighed when cool and
acid digested in the vial with concentrated HCI.
Hydrogen peroxide was used to bleach colour
from the samples where necessary. The digested
samples wore evaporated close to dryness,
lOmL of 0.1 molar HCI added to each vial,
sealed with a screw cap (with a viton disk
inserted) and shaken. The following day 10 mL
of toluene containing 5g/L 2,5 Di
Phenyloxazole (PPO - Ajax Chemicals,
Australia) was added to each sample vial and
shaken. This 2 phase cocktail was adopted for
all 226Ra tissue counting (14). The samples were
left for one month to allow the radon daughters
to grow into equilibrium with the radium parent
and then each vial counted for 30 minutes with
counts per minute recorded on a Liquid
Scintillation Analyser (United Technologies
Packard 2000CA Tri Carb) in the region of 150
to 1500 thousand electron volts (keV). Sample
counts were the average of three counting
cycles with the background subtracted. A
predetermined quenching coefficient was
recorded for each sample.

Biodistribution calculations-. The sample
masses and counts, after correction for
background and decay (in the case of 223Ra),
were used to determine the distribution of the
fed (FD) or injected dose (ID) in each animal,
in relation to its whole body weight and the
radioactivity of the total dose. All major tissues
and organs as well as faeces and urine were
analysed for the full biodistribution study (15).
For bone, the major target organ for absorbed
radium, factors based on the whole body weight
of the animal determined the organ mass. The
activity in the bone of each animal is presented
as a percentage of the total activity either fed to
that animal or injected into the jejunal segment.

Statistical procedures
The mean and standard error for the tissues
were calculated for each set of animals.
Analysis of variance (anovar) was used for
comparing variation between the groups.



RESULTS

i) Comparison of radium chloride uptake with
mussel radium uptake during short-term
exposure

When the radium was given as the chloride salt
(Fig. 1), radium uptake onto bone after 3 hours
exposure in juveniles (41.1±3.21%ID) was
greater than that in adults (31.8±1.12%ID,
P<0.05). Juvenile bone uptake was also higher,
P<0.05, than that of the adults at both the 2 and
1 hour time intervals. Conversely, when the
radium was derived from mussels (Fig. 2),

ii) Comparison of radium chloride uptake with
mussel radium uptake during longer exposure

Rats were exposed to radium chloride in the diet
for one week and to the mussel radium salt for
up to 8 weeks (Fig. 3). In adults, bone uptake
after 1 week of mussel radium treatment was
0.30±0.015%FD, which was less (P O.OOOl)
than uptake after 1 week of radium chloride
treatment (0.59±0.022 %FD). Similarly, bone
uptake in juvenile rats after 1 week of mussel
radium treatment was 0.28±0.007% which was
less (P <0.01) than uptake after 1 week of
radium chloride treatment (1.19±0.067%FD).
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Fig. 1 Radium uptake in bone for adult and
juvenile rats during short-term exposure to
radium chloride.

Fig. 2 Radium uptake in bone for adult and
juvenile rats during short-term exposure to

mussel radium.

radium uptake onto bone after 3 hours exposure
in juveniles (0.045±0.009%ID) was lower
(P<0.01) than that in the adults
(0.091±0.029%ID). Overall, bone uptake of
radium supplied as radium chloride was more
than three orders of magnitude greater than
when the radium was supplied as the mussel
radium salt (Fig. 1 & 2). The data for the
mussel radium uptake was also more variable
possibly because the values were very low and
thus close to the detection level of the counter.

In adults, mussel radium uptake by bone as a %
of the amount fed peaked at 2 weeks
(0.35±0.008%FD) and by 8 weeks had fallen
(P<0.01) to 0.25±0.018%. In contrast, uptake
of mussel radium onto bone in juveniles
increased progressively from week 1 to
0.48±0.018%FD at 8 weeks. In juveniles, the
accumulation of radium in bone as a proportion
of the dietary intake was linearly related with
the duration of exposure (R = 0.983; PO.01)
whereas in adults, bone uptake/retention was
negatively correlated (R = 0.781; P<0.0I) with
time over the 8 weeks of dietary exposure to the
radium salt from mussels.
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Fig. 3 Radium uptake in bone for adult and juvenile
rats with mussel radium and radium chloride.

in) Uptake during short-term exposure with
uptake during long-term exposure to radium
chloride or to the mussel radium salt.

Bone accumulation of radium during short-term
exposure to radium chloride in both adults
((31.8±1.12%ID) and juveniles
(41. 1±3.21%ID) was greater (P<0.01) than that
after 1 week's exposure to radium chloride in
the diet (adults: 0.59±0.022%FD; juveniles:

1.19±0.067%FD) (Fig. 4). Bone uptake at 3
hours in the jejunal transport experiment
exceeded uptake from feeding by more than two
orders of magnitude. In contrast, radium
accumulation in bone, from feeding the mussel
radium salt to both adults and juveniles for 1
week, was higher (PO.01) than that after 3
hours exposure during assessment of jejunal
transport and remained so for the 8 week period
in which mussel radium was fed (Fig. 5).
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Fig. 4 Radium uptake in bone for adult
and juvenile rats from radium chloride.

Fig. 5 Radium uptake in bone for adult
and juvenile rats from mussel radium.
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DISCUSSION AND CONCLUSIONS

In biological systems, divalent ions tend to be
membrane-impermeant. Thus the high rate of
absorption of radium, as the chloride salt, from
the isolated jejunal segment indicates the
presence of a transport mechanism in the jejunal
wall. The calcium transport system has been
postulated as a mechanism for radium
absorption from the intestine (12). If so, dietary
calcium in the feeding trials would compete
with radium for this transport mechanism
causing a proportionate reduction in radium
absorption from the gut which would be related
to the concentrations and the affinities of the
transport mechanism for the two ions. Results
from additional studies have shown this to be
the case (15). Such competition would, in part,
also explain the substantially lower % of the fed
radium chloride dose found in bone relative to
that for the jejuna! transport studies where the
radium solution contained no calcium. In
addition, absorbed calcium would compete with
radium at the bone deposition sites thereby
reducing bone uptake and retention.

In the jejunal transport experiment, radium
absorption from the mussel radium salt, as
indicated by bone uptake, was minimal, being
about 1 % of that for radium chloride after 3 h
exposure in both age groups. In contrast, the
difference in bone retention after 1 week of
feeding of the two radium salts was much
smaller; radium chloride retention being twice
that of mussel radium in adults and four times
in juveniles. These differences in bone
uptake/retention of the two radium salts are
explained by several factors which impact
differentially on the bioavailability and
intestinal transport under the two experimental
regimes, i) The radium granules from mussels
contain calcium and possibly other cations
which compete with radium for gut absorption
and bone deposition. The impact of this would
be most obvious in the jejunal transport
experiments, ii) Mussel radium incorporated
into the diet will be made more available by its
passage through the stomach where the very
low pH increases solubility by encouraging
ionization of the radium. In addition, proteolytic
enzymes in the gastric secretion would break
down the protein matrix which is typical of
such molluscan granules (16,17) and on which

the radium was precipitated, iii) In the jejunal
transport experiments, the radium chloride was
presented as a simple solution and thus was
readily available for transport. Also, osmotic
absorption of water following the absorbed
radium would tend to maintain a high radium
gradient between the jejunal lumen and the
blood, iv) In the radium chloride feed trials, the
radium concentration in the ingested food was
reduced by intestinal secretion and the presence
of food provided an opportunity for radium to
bind to non-digestible components in the diet,
both of which would lower the radium gradient
between gut and blood.

Using in vitro techniques, Karbach and
Feldmeier (18) found that caecal calcium
absorption was six times that reported for other
intestinal segmezits. How the level of jejunal
absorption of radium compares with other
intestinal regions has not been established.
Likewise, the effect of calcium concentration on
radium absorption from various intestinal
segments and on radium deposition at the bone
needs further investigation.

In both adult and juvenile rats, the/I for radium
chloride had surpassed the ICRP limit (0.2) for
intestinal absorption of radium after only 2 h
exposure. However, the conditions necessary
for this rate of absorption would rarely if ever
occur naturally. From the results for mussel
radium, we conclude that individuals (adults
and children) who use freshwater mussels from
the Magela flood plain (radium content up to 4
Bq each) as a staple dietary item, would be in a
category of very low risk of exceeding the ALI
recommended for members of the public.
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