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Abstract. [Purpose] We aimed to evaluate the muscle blood perfusion by the uptake of the radioisotope
thallium-201 (*°'T1) in 5 hindlimb muscles, the soleus (Sol), plantaris (Pla), gastrocnemius (Gas), extensor
digitorum longus (EDL), and tibialis anterior (TA). [Subjects] The subjects were 36 male Wistar rats.
[Methods] 2°' T] uptake rates were calculated by spectrometry and visualized by autoradiography (ARG) in
hindlimb unloading (U) and reloading (R) rats. [Results] The Sol 2°'T1 uptake rates were significantly lower
in U groups (p<0.01) than in the control group. Meanwhile the reloading day-4 group had higher values in
Sol than the control (p<0.01). In U groups, the EDL and TA uptake rates were higher than in the other 3
muscles (Sol, Pla, and Gas). [Conclusion] We concluded that during 21 days of hindlimb unloading and
subsequent recovery by reloading, blood capillary perfusion assessed by 2°! T1 in hindlimb muscles changes
in rats. The results confirm the utility of 2°!TI in quantitative and qualitative evaluation of skeletal muscle

activity and blood perfusion, which has applications in rehabilitation and sports science.
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INTRODUCTION

Thallium-201 (*°'TI) is a radioisotope available
commercially as thallous chloride (*°'TICI). In its
monovalent form, thallium behaves like an alkali
metal ion, similar to potassium; therefore it enters
the cells by similar transport mechanisms after
injection. The 2°!T1 fast uptake velocity initially
provides visualization of organ and tissues
according to blood flow. The delay images after
represent the redistribution of the tracer and can
reveal viable areas of damaged tissue®. The thallium
have wide clinical application, including

myocardial visualization and monitoring of leg
perfusion, tumor uptake, and thyroid uptake' . The
most common use of 2°! Tl is in cardiac imaging. It
can be used to assess not only myocardial perfusion,
but also myocyte cell membrane integrity.

Disuse atrophy is a reduction in muscle volume
generally accompanied by muscle weakness that is
frequently seen in clinical situations. To date, no
effective method has been established for the
prevention of disuse muscle atrophy®. Although the
mechanism is unclear, disuse atrophy affects slow-
twitch fibers (Type 1) to a greater extent than fast-
twitch fibers (Type 11)”). The soleus (Sol) and
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extensor digitorum longus (EDL) are frequently
studied because they are considered representative
of slow-twitch and fast-twitch muscles,
respectively, due to their main fiber composition.

We examined the 2°!TI uptake behavior in 5
hindlimb muscles of rats, including the soleus and
EDL, to examine the blood flow distribution among
the muscles in hindlimb unloading (HU) and
reloading (R) in model rats. Our previous study
revealed different patterns in the blood flow on
these muscles which were dependent on the time
from 2% Tl injection, state of consciousness and the
muscular trophicity”). Mizuno!® concluded that
muscle blood flow and metabolism remain matched
during rest. The 2°'T1 blood flow evaluation method
of the present study may lead to the development of
a noninvasive assessment of muscle metabolism,
which would be useful in the evaluation of the
effectiveness of rehabilitation treatment for muscle
pathologies.

SUBJECTS AND METHODS

Subjects

All animal experiments were carried out in
compliance with the guidelines for the care and use
of laboratory animals and were approved by the
Committee on Animal Experimentation of
Kanazawa University.

Thirty six male Wistar rats, initially aged 8 weeks
old (body weight = 240~260 g), were purchased
from Charles River Japan Inc and housed one per
cage in a temperature-controlled (20~24 °C) room
with a 12-h light-dark cycle. Water and standard
laboratory chow were provided ad libitum.

The rats were subjected to hindlimb unweighting
(HU) for 3 weeks, as described by Yamazaki et al. ®.
They were able to move with their forelimbs and had
access to food and water ad libitum.

The experimental animals were randomly assigned
to reloading groups (R) which were reloaded after 3
weeks of unloading. The unloaded groups (U)
consisted of 3-week-unloaded group (U3w) and the
group at the start of hindlimb unloading (UQ). The
reloaded groups were subjected to 10 minutes
(R10m), 6 hours (R6h), 24 hours (R24h), 4 days
(R4d), and 12 days (R12d) of reloading following
HU. Control groups consisted of normal caged rats
assigned to age-matched Control 1 (C1, age-matched
to UQ, U3w, R10m, R6h, R24h and R4d groups) and
age-matched Control 2 (C2, age-matched to R12d)

groups. All animals were sacrificed 30 min after
20ITICI injection.

Methods

Commercial 2°!' TIC] was diluted in physiological
saline solution to prepare the radioactive stock
solution. Under diethyl ether anesthesia 0.1 ml of
the solution (SMBq) was injected intraperitoneally.
A preliminary experiment was performed to
investigate 2°! Tl kinetics in rat muscles and
determine the appropriate timing of tissue
removal®). Thirty minutes after 2! TICl injection the
animals were sacrificed by excessive inhalation of
diethyl ether for immediate tissue harvesting.

Samples of blood and the five hindlimb
muscles—i.e., the soleus (Sol), plantaris (Pla),
medial head of the gastrocnemius (Gas), extensor
digitorum longus (EDL), and tibialis anterior
(TA)—were removed in sequence. The tissues were
weighed immediately and divided in two for
spectrometry and autoradiography measurements.

The radioactivity was measured with
spectrometry using an Auto Well Gamma System
(ARC-500, Aloka, Tokyo, Japan). The results were
compared with an 1% injected dose standard to
obtain the tissue uptake rate in terms of the
radioactivity percentage of the injected dose per
gram of wet tissue (%dose/g). The uptake
corrections were performed based on the blood
201T] retention rate.

The muscles were embedded in Tissue Tec OCT
Compound and frozen in Isopentane pre-cooled in
liquid nitrogen. The frozen muscles were cross-
sectioned at 50 um and dried at —25 °C. Imaging
plates were exposed to the sections inside cassettes
within a lead depository to avoid high background
radiation. After 2~3 days of exposure, the imaging
plates were read by a bio-imaging analyzer (Fuji,
BAS 5000, MultiGauge).

Data are expressed as means + S.D. (standard
deviation) of the number of rats used in each
experiment (n=4). One-way ANOVA was used to
determine whether the variations among the groups
were significant. The muscle uptakes were analyzed
by Dunnett’s test by comparing experimental
groups (UG, U3w, R10m, R6h, R24h, and R4d) to
the control group (C1). R12d and C2 data were
compared by a two-tailed, paired t-test. Tukey’s test
was performed to determine specific differences
among muscles in the same group. A value of
p<0.05 was accepted as statistically significant.
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Table 1. Mean relative weight: muscle wet weight (mg)/body weight (g) (n=4)

muscle(mg)/  Cl 8[%] U3w R10m R6h R24h R4d C2 R12d
body(g)

Sol 0.50 = 0.03 047 £0.02 0.32 = 0.06** 0.38 £ 0.05** 0.28 + 0.03** 0.31 + 0.03** 0.43 + 0.07 0.44 + 0.04 0.46 = 0.02
Pla 094 + 0.05 1.04 £0.05 1.07 = 0.11 1.09 + 0.05 1.20 + 0.54 0.88 + 0.08 0.98 £ 0.10 1.00 = 0.06 1.08 + 0.07
Gas 507 £ 0.13 485+ 027 525+ 042 496+ 0.19 5.73 + 2.60 447 £ 0.29 458+ 022 510 +0.14 530 £ 0.13
EDL 048 + 0.01 0.50 £ 0.04 0.56 = 0.03 0.59 £ 0.07  0.65 + 0.32 0.48 £ 0.02 0.50 £ 0.05 0.49 £ 0.02 0.52 + 0.02
TA 1.85 £ 0.04 192 +£0.14 2.10 £ 0.13 2.18 £ 0.10 1.66 + 0.22 1.77 £ 0.10 1.87+£0.14 191 £0.05 191 + 0.06

The means + S.D. are shown. Sol: Soleus; Pla: Plantaris; Gas:

Gastrocnemius; EDL: Extensor Digitorum Longus; TA:

Tibialis

Anterior. m: minutes; h: hours; d: days; w: weeks. ** vs. C1 (p<0.01).

Table 2. Mean uptake rates of 2°! Tl in skeletal muscles of C1 (control 1), U@(at start of unloading), U3w (HU for 3
weeks without reloading), R10m (reloaded for 10 m after HU), R6h (reloaded for 6 h after HU), R24h (reloaded
for 24 h after HU), R4d (reloaded for 4 days after HU), C2 (control 2), R12d (reloaded for 12 days after HU)

Average Sol Pla Gas EDL TA

Cl 0.416 + 0.03 0.173 £ 0.03 0.137 £0.01 0.093 +0.02 0.117 £0.02
18[%} 0.140 + 0.03** 0.210 + 0.03 0.197 £0.01%** 0.247 + 0.06** 0.242 £ 0.03%*
U3w 0.171 £ 0.02** 0.104 + 0.02* 0.134 £0.03 0.225 + 0.05** 0.199 + 0.04%*
R10m 0.380 + 0.02 0.168 £ 0.02 0.163 £0.01 0.119 £0.02 0.137 £ 0.02
R6h 0.406 + 0.03 0.184 £0.03 0.197 £0.02%* 0.092 £ 0.02 0.109 £ 0.01
R24h 0.428 + 0.07 0.158 £0.03 0.191 £0.02%* 0.098 £ 0.02 0.129 £ 0.02
R4d 0.504 + 0.07** 0.154 £0.01 0.181 £0.01* 0.149 £0.01 0.152 £ 0.01
C2 0.400 £+ 0.03 0.122 £ 0.02 0.120 £0.02 0.069 + 0.01 0.086 + 0.01
R12d 0.446 + 0.04 0.141 £ 0.03 0.160 £0.02 0.109 £ 0.01% 0.130 = 0.01%

Uptake rates are expressed as percentages of administered dose taken up per gram of wet tissue weight (%dose/g). The
means £ S.D. for four rat experiments are shown. Sol: Soleus; Pla: Plantaris; Gast: Gastrocnemius; EDL: Extensor
Digitorum Longus; TA: Tibialis Anterior. m: minutes; h: hours; d: days; w: weeks. * vs. C1 (p<0.05), ** vs. C1 (p<0.01),

fvs. C2 (p<0.01).

RESULTS

The muscle relative weights (muscle mass/body
mass) are shown in Table 1. The Sol ratio was
smaller than the control (C1) in U3w, R10m, R6h,
R24h (p<0.01). No statistical differences were
found among the other groups. The final mean body
weights for C1, U9, U3w, R10m, R6h, R24h, R4d,
R12d, and C2 were 392.25 + 20.4 g, 409.25 + 39.9
g,273.5+25.9 g,260.5 + 18.4 g, 262.5 +15.5 g,
248.5+19.7 g,289.5+ 11.1 g, 348.5 £ 25.1 g, and
416.75 + 8.7 g respectively.

Table 2 summarizes the mean uptake rates of
201T] in the 5 hindlimb muscles with HU at two time
points (UQ, U3w) and hindlimb reloading at five
different time points (R10m, R6h, R24h, R4d,
R12d). The mean =+ standard deviation of four rats is
shown for each group. The muscles’2°!T1 uptake
rates were corrected according to blood retention
values normalized to 0.04%dose/g. The
experimental groups (U and R groups) were

compared to the corresponding control group. The
Sol 2°!T1 uptake rates were significantly lower in U
groups (p<0.01) than in the C1 group, whereas R4d
Sol had higher values than C1 (p<0.01). The Pla
mean uptake in the U3w group was the lowest
among all the groups and was significantly different
from the C1 group (p<0.05). The Gas uptakes were
higher in U@, R6h, R24h, and R4d than in the
control group (C1). U groups’ EDL and TA uptakes
were higher than those of C1 (p<0.01) and EDL and
TA of R12d had greater uptake rates than those of
C2 (p<0.01).

Statistical comparisons were also made between
muscles’ uptake rates of the same group. Sol was
the muscle with the highest 2°!' T1 uptake in the R
groups and control groups (p<0.01). The C1 group
had a Pla mean uptake rate that was greater than
those of EDL and TA (p<0.05). Sol of UQ had a
lower uptake than either EDL or TA (p<0.01). The
U3w group also had high uptake rates in EDL and
TA. However, the EDL mean uptake rate in R10m
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Hindlimb muscles 2°'T1 distribution image samples. Sol: Soleus; Pla: Plantaris; Gas: Gastrocnemius; EDL:

Extensor Digitorum Longus; TA: Tibialis Anterior; in: inner surface of the muscle; out: outer surface of the

muscle.

was the lowest among the control and reloading
groups. Pla, Gas, EDL and TA showed no statistical
differences among their uptake rates in the R4d and
R12d groups.

Figure 1 shows the 2°!T1 distribution in muscle
cross-sections prepared for autoradiography. In the
control and reloading groups, 2°!T1 concentrations
are especially proeminent in Sol and the inner layers
of Gas and TA.

DISCUSSION

The Sol mass and body mass ratio, showed
marked atrophy after 21 days of HU confirming the
effectiveness of the intervention!". In this study, the
muscle mass increased rapidly after reloading
resulting in no significant differences in relative
weights after 4 days of reloading compared to
controls.

201TICI is used to evaluate muscle blood flow by
its initial distribution*>!?). The results of this study
demonstrate that 2°! Tl is a very sensitive tracer for
evaluating blood perfusion differences between
hindlimb muscles.

In comparison to the control group (C1), Sol had
lower perfusion immediately after the hindlimb was
unloaded (UQ) and also after 3 weeks of HU (U3w).
The difference found between Sol of C1 and U@ is
probably due to it being an antigravitational muscle,

since Sol has an important function and high
activity in keeping the posture when the hindlimb is
loaded®. Muscle blood flow increases or decreases
in proportion to the intensity of the activity!® and
Riley!¥ reported that aggregate electromyography
of Sol was reduced in hindlimb unloading. 2°' Tl
detected a decrease of Sol blood flow immediately
after hindlimb suspension, suggesting a parallel
decrease of muscle activity. The hindlimb of the rats
in the U3w group also remained suspended during
201T] distribution inhibiting the Sol antigravitational
activation. However factors other than muscle
activity may be involved in low blood perfusion
seen in Sol of the U3w group. Kano! observed in
rats’ Sol, a significant smaller capillary luminal
diameter and lower capillary-to-fiber ratio after 1
week and 3 weeks of HU compared to age-matched
control groups.

Intense blood flow was shown by 2°!T1 in the
control and reloading groups. Sol blood flow during
reloading is related to many factors. Recovery of
muscle fibers from disuse atrophy involves
regeneration and repair'). Dumont et al.'® reported
that reloading activated mast cells, influenced
leukocyte recruitment in the early reloading period
(1 day and 3 days). The inflammatory response is
one possible cause of blood flow increase.
Powers'”) also related that reloading after HU
increased vasodilatory response. McCurdy et



al."®concluded that dilatory responsiveness of
arterioles varies in muscles composed of different
fiber types, and suggested that the inability to
adequately elevate peripheral vascular resistance
after HU might be due to lowered vasoconstrictor
responsiveness and myogenic activity.

Spectrometry can measure the total radioactivity
of each muscle sample. However, the ARG imaging
revealed detailed distribution of 2°!T1. This
technique can be used to detect the heterogeneity of
blood perfusion in the muscle'?, that is related to
muscle fiber type distribution. The concentration of
20IT] in the inner layers of Gas and TA may be
related to Type I muscle fiber regionalization.
Wang'?) observed that type I fibers were typically
greatest towards the center of the hindlimb in rats.

We conclude that during 21 days of HU and
subsequent recovery by reloading, blood capillary
perfusion as assessed by 2! Tl in hindlimb muscles
changes in rats. ?°!Tl is an available, safe and easy
method already widely used in human medicine to
evaluate myocardium and tumors. The results of the
present study confirm the utility of 2°!TI in
quantitative and, by imaging, qualitative evaluation
of skeletal muscle activity. 2! T1 provides a detailed
assessment of blood perfusion, with applications in
rehabilitation and sports science. Further
investigations are needed to clarify and prove the
efficacy of 2°! Tl in the evaluation of skeletal muscle
diseases.
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