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In the past, thallium had been thought to produce mainly
acute intoxications. However, there is a growing
concern about the possibility of chronic intoxications
as a result of environmental contamination produced
during industrial processes that involve thallium-
contaminated materials (Zitko et al., 1975, Brockhaus et
al., 1981; Gorbauch et al.,1984). To determine the
severity of both acute and chronic intoxications the
total body load is more significant than blood or plasma
concentrations due to the thallium uptake kinetics
(Talas and Wellhner,1983; Morales-Aguilera and Careaga-
Olivares, 1990). In this context, numerous authors have
quantified the in vivo accumulatlon of T1% in skeletal
muscles (Rauws,1974;Talas and Wellhoner,1983). All of
them have implied that skeletal muscle in other species
accumulate T1* in a manner similar to that described by
Rauws (1974) in the rat. It is also a general practice
to take samples from only one muscle, i.e. quadriceps,
and to generalize the concentration data to the whole
skeletal musculature. However, in the course of a
series of studies on the pharmacokinetics of T1t in the
rabbit 0-90 minutes after injection (Morales-Agullera
and Careaga-Olivares,1990) we detected differences in
the percent of the dose of T1% taken up by some rabbit
muscles as compared with the data of Rauws (1974) We
have therefore studied the accumulation of T1t in
several skeletal muscles of rats and rabbits at
different times after the oral and intravenous
administration of thallium sulphate. We found some
differences between the two species, as well as a
different temporal pattern of accumulation by diverse
muscles. The accumulation by the diaphragm resembled
that of cardiac muscle in both species.

Send reprint requests to Careaga-Olivares J. at the
above address.
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MATERIALS AND METHODS.

Twelve New Zeland male rabbits ( 3.2 b 0.2 kg; mean Db
S.D.) and 12 Sprague Dawley male rats (373 b 35 g; mean
p S.D.) were given 10 mg/kg of T1t (12.35 mg/kg of
T1,S04). The rabbits received their dose in agqueous
solutlon through the marginal ear vein, the rats by
means of an esophageal cannula. The oral route in the

rat was selected for convenience and on the basis of the
similar blood levels of thallium in the rat 2 h after
oral administration and 1.5 h in the rabbit after i.v.
injection of a similar dose( See Table 1 ). Six of the
rabbits were sacrificed 1.5 h and 6 at 24 h after
administration. Six rats were sacrificed 2 h and six 24 h
after administration. Blood samples were taken from all the
animals within 5 minutes before sacrifice. All animals were
anesthetized by means of a sodium pentobarbital i.v.
(rabbits) or i.p. (rats) injection (35mg/kg) and were
exsanguinated through the left ventricle. The following
muscles were obtained from the rabbits : rectus
abdominis, adductor magnus, posterior trapezius,
diaphragm and left ventricle; from the rats rectus
abdominis, extensor digitorum longus, gquadriceps,

soleus, diaphragm, and left ventricle. These muscles

were chosen in an effort to obtain a wide sample of
muscles with diverse functions and metabolic types in
both species ( for references see the review by Pette

and Vrbov ,1985 ) since to reduce the choice to a few
muscles had the limitation that none is really as
homogeneous in metabolic and morphological fiber
characteristics as formerly believed (Rosser et al.,
1992).

Thallium concentrations in blood and muscles were
measured with an atomic absorption spectrophotometer
(Perkin Elmer, 5000) after acid digestion. The detection
limit of our procedure is 0.1 ug/ml.

The concentration data were analyzed by two-factor
analysis of variance [two way ANOV (Zar,1974) ].

RESULTS AND DISCUSSION.

All the control muscles and other tissues tested had 0
thallium concentration confirming that none of our
animals were prev1ously exposed to the metal.Table 1
presents the T1% concentrations found in all experiments
as well as the F and p values found by two way ANOV.
Figure 1 depicts the comparison of two skeletal muscles
with similar functions (rectus abdominis and diaphragm)
and the left ventricle in both species.
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Table 1. T1' concentration in rabbit and rat muscles ( ug / g wet weight )
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** Calculated by two way ANOV.

* g / ml blood.
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Figure 1. T1% concentration (ng/g wet weight) in rectus
abdominis, diaphragm, and left ventricle of rabbit (a)
and rat (B) at different tlmes ( 1.5 or 2 h ,light bars,
and 24 h, dark bars ) after T1%' admlnlstratlon. Values
are means with S.E.Ms. (n = 6).

Table 1 illustrates that not all muscles follow the same
pattern of accumulation. In the rats quadriceps,
extensor dlgltorum longus, and rectus abdominis reached
higher T1" concentrations 24 h after administration than
at the end of the 2 h period. 1In the rabbits posterior
trapezius accumulated more thallous ion 1.5 h after
injection than 24 h after it, whereas adductor magnus
and rectus abdominis T1% concentrations 1.5 h and 24 h
after administration were not significantly different.
The rat soleus also did not show any significant
difference. However, the diaphragm and the left
ventricle in both species showed very 51gn1f1cant
differences with a higher concentration of T1% in the
first hours than 24 h after administration.
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Flgure 1 depicts the patterns of T1* accumulation found
in muscles with similar functions in both spe01es.
Toxicologists have 1mp11c1tly accepted that T1t uptake
by skeletal musculature is homogeneous, based on
concentration data from a few muscles. It is also
customary to calculate the contribution of skeletal
muscle T1' to the total muscular mass, estimated as
30%-40% of body weight ( Rauws,1974;Talas and
Wellhner,1983). The results reported here 1ndlcate

that thls procedure could be correct when T1" muscle
concentrations are determined 24 h after administration
(at least in the rat and rabbit) but it is not reliable
when T1% muscle concentrations are determined closer
to the time of administration. Besides the different
temporal pattern of T1% accumulation by different
muscles our data are also suggestive of a species
difference between rats and rabbits. It could be argued
that we use different routes of administration in the
two species, but our results with oral administration
to the rat are similar to the results of Rauws (1974)
with the quadriceps and with intravenous administration
of radioactive T1t. Furthermore, preliminary results
in our laboratory with oral admlnlstratlon to rabbits
have shown that the temporal pattern of T1% accumulation
in skeletal muscles is similar to the pattern after
intravenous injection.

The purpose of this study was not to determine the
kinetics of the uptake but to compare the relative
accumulation of thallium at different times after its
administration. It is also pertinent to note that the
accumulation in the diverse muscles included in this
study does not seem to be dependent on the blood or
plasma concentration of T1* since that concentration was
very low both at 1.5 h and 2 h after the intravenous
and oral administration respectively (Table 1). Our
acute pharmacoklnetlcs studles have also shown that
the fall in blood or plasma T1* concentration could
be explained by a mammilary open tricompartamental model
and that 30 minutes after injection the concentratlon
in blood is very low, i.e. muscles must take up T1% in
the first minutes with a high influx constant and lose
it along many hours with a 1low efflux constant
(Morales-Agquilera and Careaga-Olivares, 1990). These
data confirm previous studies on the fast
disappearance of the thallous ion from the blood. As
to the plasma concentrations, Careaga-Olivares and
Morales-Aguilera (1990) have found that in the range of
blood concentrations herewith reported the ratio of
cell packet/plasma is approximately 2:1. Thus, plasma
concentrations (and implicitly extracellular fluid
concentration) are too low to significantly influence
the values found by us in the different muscles. The

768



very low plasma concentration reached in approximately
30 minutes after administration (Careaga Olivares and
Morales-~Aguilera, 1990; Rauws, 1974) rules out any
passive equilibrium between muscles and extracellular
fluid at the times tested by us. Asanoi et al. (1992)
have reported that T1-201 activity in human legs is
increased during mild to moderate exercise mainly by a
decrease in vascular tone and Caluser et al. (1992)
found blood flow is an important factor for T1l+ uptake
by bone and soft tissues tumors but that it is not the
only factor. In our experiments the rabbits were
immobilized during the first 1.5 h after Tl+ injection
and there was not evidence of increased blood flow in
the muscles. On the other hand,the amount of thallium-
contaminated blood remaining in the muscles after
excision could not be great since the animals were
exsanguinated before the maneuver. Furthermore, the
pentobarbital anesthesia greatly diminishes the
sympathetic efflux to the capacitance vessels

(Chien, 1971).

An interesting aspect of our results is the very high
T1? concentration in the diaphragm in the first hours
after administration. In the case of the rat, the
diaphragm T1% concentration 2 h after administration
was two times higher than the concentration 24 h
afterwards (p < 0.01). This pattern is similar to the
pattern of the left ventricle. 1In the rabbit not only
did the diaphragm follow that pattern but in all the
other muscles tested the concentration of T17 was
higher 1.5 h after injection that the concentration
found at 24 h, although the diaphragm showed a larger
difference (8-9 fold; p < 0.001) and was again
comparable to the left ventricle. The pattern of the
left ventricle is already known since the fast uptake
by cardiac tissues has been extensively studied by
different authors (Okada et al,1982;McCall et al ,1985).

On the basis of our results alone, it is difficult to
explain the case of the diaphragm in both species.
Possibilities we favor include : Thallous ion is taken
up differently by skeletal muscles depending on the
metabolic activity of their fibers with the diaphragm of
both species having a very high content of fibres with a
high ATPase activity ( so-called "red" fibres ).In fact,
Close (1972) reported that the rat diaphragm has at
least 60% "red" fibres, 20% "white" fibres and 20%

intermediate ones. "Red" fibres are richer in ATPase
and mitochondria and have wider Z-lines than "white"
fibres (Close,1972). These intracelllular components

would have a high affinity for T1%, since normally
they bind K* , and T1% substitutes for K' in structures
rich in this ion, even stoichiometrically (Ling,1977).
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A similar explanation could also partially apply to
other rabbit muscles since the high affinity for T1t of
the afore mentioned intracellular structures in
mammalian muscle was confirmed by Edelmann (1984) who
visualized them by means of electron microscopy and
cryosectioning. Other possible explanations for our
results are: It is possible that after the initial high
uptake the activity per se causes an increase in
thallium efflux, as described by Mullins and Moore
(1960) in frog sartorius in vitro ,or similar to the
potassium efflux in human fibres in vivo during exercise
described by Sjgaard (1990). It is also possible that
differences in capillary densities in the diverse
muscles influentiate the thalliun uptake.

The possibilities suggested here are testable, and
further studies are being conducted in order to
elucidate the points raised by the present study. These
results and related ones might be of some value to
toxicologists interested in T1l+ and other heavy metals.

REFERENCES

Asanol H, Wada O, Miyagi K, Ishizaka S, Kameyama T, Seto
H, Sasayama S. (1992) New redistribution index of
nutritive blood flow to skeletal muscle during dynamic
exercise. Circulation 85:1457-1463.

Careaga-Olivares J, Morales-Aguilera A (1990) The
distribution of thallous ion between blood cells
and plasma at equilibrium. Arch Invest Med (Mx)
21:23-27

Caluser C, Macapinlac H, Healey J, Ghavimi F, Meyers P,
Wollner N, Kalaigian J. Kostakoglu L, Abdel-Dayem H M,
Yeh S D J, Larson S M. (1992) The relationship between
thallium uptake, blood flow, and blood pool activity in
bone and soft tissue tumors. Clin Nucl Med 17:565-572

Close R E (1972) Dynamic properties of mammalian
skeletal muscles. Physiol Rev 52:129-197

Chien S (1971) Hemodynamics in hemorrage: Influences of
sympathetic nerves and pentobarbital anesthesia (35244)
Proc Soc Exptl Biol Med 136:271-275

Edelmann I. (1984) Frozen hydrated cryosections of
thallium loaded muscle reveal subcellular potassium
binding sites. Physiol Chem Phys Med NMR 16:499-501

Gorbauch H, Rump H H, Alter G, Schmitt-Henco C H (1984)
Untersuchung von thallium in rohstoff-und umweltproben.
Fresenius Z Anal Chem 317:236-240

Ling G N (1972) Thallium and cesium in muscle cells
compete for the adsorption sites normally occupied by
K. Physiol Chem Physics 9:217-225

McCall D, Zimmer L J, Katz A M (1985) Kinetics of
thallium exchange in cultured rat myocardial cells.
Circ Res 56:370-376

770



Morales-Aguilera A, Careaga-Olivares J (1990)
Farmacocintica aguda del ion T1% en el conejo.
Modelo tricompartamental. Arch Invest Med (Mx) 21
263-267 (Abstract in English)

Mullins L J, Moore R D (1960) The movement of thallium
ions in muscle. J Gen Physiol 43:759-773

Okada R D, Jacobs M L, Dagget W M, Leppo J, Strauss W,
Newell J B, Moore R, Boucher C A, O’Keefe D, Phost G M
(1982) Thallium-201 Kinetics in nonischemic canine
myocardium. Circulation 65:70-76

Pette D, Vrbov G (1985) Invited review:Neural control
of phenotypic expression in mammalian muscle fibres.
Muscle Nerve 8:676-689

Rauws A G (1974) Thallium pharmacokinetics and its
modification by Prussian blue. Arch Pharmacol 284:295-
306

Rosser B W C, Norris B J, Nemeth P M (1992) Metabolic
capacity of individual muscles fibres from different
anatomic locations. J Histochem Cytochem 40:819-825

Sjogaard G (1990) Exercise-induced muscle fatigue. The
significance of potassium. Acta Physiol Scand 140 (S
593) :1~63

Talas A, Wellhéner H H (1983) Dose dependency of T1%
kinetics as studied in rabbits. Arch Toxicol 53:9-16

Zar J H (1974) Biostatistical Analysis.Prentice-
Hall,Inc. Englewood Cliffs,N.J.

Zitco V, Carson W V, Carson W G (1975) Thallium:
Ocurrence in the environment and toxicity of fish. Bull
Environ Contam Toxicol 13:23-30

Received April 18, 1992; accepted April 25, 1993.

771



