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ARTICLE INFO ABSTRACT

Keywords: The present study clarified changes in physiological sensitivities of cultured Nieuwkoop and Faber stage 57
Acetylcholine Xenopus laevis tadpole-organ-heart exposed to thyroxine (T4) using acetylcholine (ACh), norepinephrine (NE) and
Frog nenhri atropine. For preliminary life span and the chemical tests, 60% minimum essential medium (MEM), two types of
Norepinephrine modified Hank’s balanced salt-solution-culture-media (MHBSS-CM) I and II containing relatively lower con-
Organ-cultured heart . . . P .

Tadpole centrations of amino acids and collagen were prepared. In preliminary lifespan-test of cultured tadpole hearts,

the hearts maintained in 60% MEM was 50 days on average, whereas that of the tadpole-hearts in MHBSS-CMs
was extended by 109 days on average, showing superior effectiveness of MHBSS-CMs. 4 min-stimulation by 5 x
107° M T4 tended to increase the tadpole heartbeat. 10~° M ACh decreased the tadpole heartbeat. Frog-heart at
2-4 weeks after metamorphosis completion and tadpole heart treated with 5 x 107'° M T4 for 45 h also
responded to 10~° M ACh, and low-resting hearts were restored to the control level with the competitive
muscarinic antagonist 10”8 M atropine, whereas excessive exposure of 107> M atropine to T4-treated tadpole
heart did not increase heartbeat in spite of the increased frog heartbeat over the control. 10* —10712 M NE
increase the tadpole heartbeat in a concentration-dependent manner, however, 107'2 M NE did not act to
stimulate adrenergic receptors on both T4-treated tadpole- and the frog-hearts. These results suggest that T4
induces the desensitization of atropine-sensitive muscarinic and adrenergic receptors in organ-cultured tadpole-
heart.

Thyroxine hormone (T4)
Xenopus laevis

1. Introduction reaction of in vitro three-dimensional anuran organ heart, composed of

sinus-venosus including pacemaker tissue, two arterials and one

In vitro amphibian organ heart with spontaneous beating is useful for
conducting physiological, pharmacological and toxicological research.
Advantages of isolated heart model are as follows 1) actions to various
chemical substances are capable of being assessed without affecting
nervous and hormonal systems connected with heart, 2) electrical ac-
tivities of the pacemaker tissue and cardiac muscles are examined more
easily than living animal heart, and 3) various cardiac disease conditions
could be simulated (Olejnickova et al., 2015). As an example of in vitro
cardiac function-assessment, myofiber sheet made from iPS cells is well
known to investigate in vitro human myofiber muscle physiology and
drug discovery (Takahashi et al., 2018), suggesting that the information
obtained from the data of the myofiber sheet is partially limited. While

* Corresponding author.
E-mail address: hanada@hiroshima-u.ac.jp (H. Hanada).

https://doi.org/10.1016/j.crphys.2023.100100

ventricle, is observable even though the survival time of organ heart is
short (Del Castillo and Katz, 1955; Hernandez et al., 1987; Ju and Allen,
1998). It is extremely difficult to maintain in vitro spontaneously
beating anuran organ heart even for a short time. Because a culture
system for isolated organ heart does not been developed despite being
the research-advantages. In some examples for physiological and phar-
macological studies with isolated anuran organ heart, the
frog-Ringer-solution for maintaining the frog hearts contains no anti-
oxidant substance for protection against tissue ischemia producing
reactive oxygen species (Zhou et al., 2018), other than supplemental
oxygen for the experiment time (Loewi, 1921; Loewi and Navratil, 1926;
Aceves and Erlij, 1967; Buckley and Jordan, 1970). In other words,
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improvement of culture conditions should become possible to improve
isolated heart viability and function, and to attain stability of heartbeats
for longer time. As an example of one possibility, embryonic Cynops
pyrrhogaster heart, the embryonic hearts have been shown to pulse
spontaneously for long-term culture with medium L-15 plus 10% fetal
bovine serum (FBS) although the shape of embryonic hearts has been
lost (Uehara et al., 1989; Taguchi et al., 1989). L-15 contains vitamin B,
thiamine and Bg folic acid, that function as antioxidant defenses, and
thereby has a potential to survive ischemia occurred in isolated heart
tissue for a long-term (Okai et al., 2007; Hsu et al., 2015). Antioxidant
effect of the vitamins on embryonic heart tissues is obvious based on
their research results (Uehara et al., 1989; Taguchi et al., 1989).

Electric pulses generated in pacemaker tissue trigger cardiomyocyte
contraction during heartbeats (Hutter and Trautwein, 1955, 1956;
Aceves and Erlij, 1967; Buckley and Jordan, 1970; Olejnickova et al.,
2015). Frequency and amplitude of the heartbeats are controlled by
natural neuroactive substances including the representative neuro-
transmitters ACh and NE (Loewi, 1921; Loewi and Navratil, 1926;
Hutter and Trautwein, 1955, 1956; Aceves and Erlij, 1967; Buckley and
Jordan, 1970). Exogenous ACh suppresses tadpole and frog heartbeats
through muscarinic receptor activation, blocked by atropine (Loewi,
1921; Loewi and Navratil, 1926; Hartzell, 1980; Burggren and Doyle,
1986). Exogenous NE increases the heart rate of the frog through
adrenergic al and Pl receptor activation (Aceves and Erlij, 1967;
Buckley and Jordan, 1970; Stene-Larsen and Helle, 1978; Jensen et al.,
2011). Responses of frog hearts to ACh and NE are common in the
embryonic human heart tissues (Chang and Cumming, 1972). This is a
great benefit for using in vitro anuran heart. In addition, there are ad-
vantages of frog prolificacy in the context of securing materials (Slooff
and Baerselman, 1980; Kashiwagi et al., 2010), and tolerance of surgical
procedures (Burggren and Warburton, 2007).

Endogenous and exogenous thyroid hormone (TH) has shown to
induce anuran metamorphic change including morphological and
physiological tissue reorganization (Dodd and Dodd, 1976; Kashiwagi,
1995; Hanada et al., 1997). Acute morphological and physiological
change from aquatic life to terrestrial life is unavoidable adaptation to
relatively higher gravity during metamorphosis (Duellman and Trueb,
1986; Kashiwagi et al., 2000; Wright and Turko, 2016). Especially, gill
extinction and lung development in metamorphic tadpole are a crucial
process to change the way of respiration, with accompanied biochemical
metamorphosis of hemoglobin included in erythrocytes circulated by
tadpole heart (Hamada et al., 1966; Dodd and Dodd, 1976; Duellman
and Trueb, 1986). Regarding TH action on the tadpole heart, in vivo
Rana altemporaria tadpole heart has been reported to increase the
heartbeat-number by the addition of exogenous thyroxine to the water
in water bath (Ruthsatz et al., 2020). In the effects of TH on adrenergic
and cholinergic receptors, TH has reduced nicotinic receptors in
SH-SY5Y neuroblastoma cells, followed by receptor-desensitization
(Puia and Ravazzini, 2020), and also increased p-adrenergic respon-
sive receptor number and sensitivity in rat myocardium (Williams et al.,
1977). While TH remains unknown how anuran adrenergic and
cholinergic receptors change functionally.

The aim of the present study is to elucidate the mechanism of
changes in T4-induced neurophysiological sensitivities of X. laevis
tadpole heart maintained in developed culture media.

2. Materials and methods
2.1. Chemicals

Penicillin-streptomycin solution was purchased from Invitrogen Co.
Ltd., San Diego, California, USA. Sulfathiazole, Minimum Essential
Medium (MEM) and N-[2-hydroxyethyl]piperazine-N’-[2-ethane-
sulfonic acid] (HEPES) were purchased from Sigma-Aldrich, Inc. (St.
Louis, Mo, USA). 50 x MEM amino acids solution and 100 x MEM
vitamin solution were purchased from Gibco. FBS, ACh and NE were also
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purchased from Sigma-Aldrich, Inc. (St. Louis, Mo, USA). 0.5% levo-
bupivacaine hydrochloride was purchased from AstraZeneca PLC.
Vitamin A acetate, vitamin E and vitamin C were purchased from Sigma-
Aldrich, Inc. (St. Louis, Mo, USA). Sirius red was purchased from Muto
Pure Chemicals CO. LTD. Vitamin-A acetate, -E and linoleic acid were
solubilized in ethanol, and used. Human chorionic gonadotropin (hCG)
was purchased from ASKA Animal Health Co., Ltd.

2.2. Extraction of collagen, fetal calf serum and blood pigment

Frozen chicken hearts for extraction of collagen and blood pigment
were purchased from the distributor N.G.S. CO. Ltd.

2.2.1. Collagen extraction

Commercially available collagen solution has no known solvent for
dissolving collagen. For that reason, we needed to extract collagen from
chicken heart by ourselves. A frozen chicken heart cut into slices was
immersed in 0.125 M sodium hydroxide (NaOH) for 5 days, and in turn
treated with 10 mM Tris-HCI buffered solution (pH 8.0) containing 0.8%
Triton X-100 and 1 mM sodium ethylenediaminetetraacetate at room
temperature for 1 day. After the treatment with the Triton X-100 solu-
tion, one piece of chicken heart slices was picked up, and stained with
picrosirius red stain solution in order to confirm the presence of
collagen. Slices identified as collagen type I and III were transferred to 9
cm diameter plastic Petri dish plate with high-purity water and then
washed for at least 5 times. Collagen was dissolved in 2 M NaOH. Protein
concentration of collagen was estimated using Bradford method (1976)
and stored at 4 °C until use.

2.2.2. FBS protein extraction

Serum protein was extracted from FBS by salt out method. 1 mL of
0.5 M hydrochloric acid (HCI) and 3 mL of saturated sodium chloride
(NaCl) solution was poured into 5 mL FBS. FBS became clouded
immediately. Clouded FBS was centrifugated at 715 g for 10 min. Su-
pernatant was discarded, and then 5 mL of 0.5 M NaOH was poured into
precipitant. After dissolution of the precipitant, solution of the precipi-
tant was stored at 4 °C until use. Concentration of the precipitant dis-
solved in 0.5 M NaOH was estimated using Bradford method (1976).

2.2.3. Extraction of blood pigment

For in vitro tissue respiration of anuran heart, chicken blood pigment
was purified. 8 g (wet weight) blood clot was collected from frozen
chicken hearts. Blood clot was ground in mortar for 2-3 min, and then
25 mL of 2.5 M NaOH was poured into mortar. 25 mL of dissolved blood
clot solution was dispensed to 5 tubes. Blood solution was centrifugated
at 715 g for 10 min. Supernatant was transferred to another tube, and
debris was discarded, and then washed with the following processes.
Operation 1) 5.5 mL of 2.5 M HCl was poured into 5 mL of supernatant.
2) After 1 min, suspended blood pigment was centrifugated at 715 g for
10 min, and then precipitated. 3) 5.5 mL of 2.5 M NaOH was poured into
each tube and dissolved. Operation 1)-3) was repeated for at least 3
times until the blood pigment solution became clean. Concentration of
blood-pigment-protein dissolved in 2.5 M NaOH was estimated using
Bradford method (1976), and stored at —20 °C until use.

2.3. Animals

Animals were treated according to the guideline “Regulations for
animal experiments and related activities at Hiroshima University” that
was established for the care and use of experimental animals by Hir-
oshima University (Permit number: G-16-4). All surgery was carried out
under 0.5% levobupivacaine hydrochloride anesthesia, and thereby we
made effort to reduce suffering of tadpoles and frogs.

Xenopus (X.) laevis tadpoles and frogs from two to four weeks after
metamorphosis completion were used in the present study. Adult
X. laevis frogs were derived from standard strains maintained by the
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Hiroshima University Amphibian Research Center. Mating was induced
by injecting hCG into the dorsal lymph sac (males 60 U, females 250 U).
Matings were conducted by separating individual male-female-pairs into
divided water tanks containing 7-10 cm of chlorine free tap water at
20 °C for 10-12 h. Tadpoles were maintained at 20-22 °C, fed SERA
Micron (Sera Heinsberg, Germany) and Tetramin (Spectrum Brand
Japan & Spectrum Brand, Inc.), and staged according to Nieuwkoop and
Faber (NF) (1956).

2.4. Culture medium preparation for organ culture and chemical testing

Culture medium preparation: Prepared media were MEM, MHBSS-
CM I and II. NF stage 57 tadpoles and frogs were used in the present
study. Used animals were sterilized with 0.025% sodium sulfathiazole at
22 °C for 2 h before removal of hearts. All animals were anesthetized by
injecting 5-10 pL of 0.5% levobupivacaine hydrochloride solution into
abdominal cavity. After examining that animals were deeply anes-
thetized, we dissected and isolated hearts of the animals. The size of
isolated hearts was approximately 1 mm in vertical length, and then
transferred into the glass Petri dish (35 mm diameter) with each 1 mL of
the culture media 60% MEM, MHBSS-CM I and II. MHBSS-CM I and II
were modified by optional reduction of NaCl to induce more stable
anuran heart, based on the composition of anuran leukocyte culture
medium (Hanada, 2011, 2012). The components of each medium are as
below. Medium (1) MEM: The medium was used for both long term
culture and chemical testing. 60% MEM contained 0.04% fetal bovine
serum, 3% albumin, 108 M vitamin E (VE), 10~8 M vitamin A acetate
(VA), 5 x 107> M ascorbic acid, 0.45 mg/mL chicken cardiac muscle
lysate by 2.5 M NaOH, 21.3 pg/dL blood pigment derived from
chicken-clotted-blood, 0.025% sulfathiazole, 260 Units/mL penicillin,
260 pg/mL streptomycin and 10 mM HEPES. (2) MHBSS-CM I: The
medium was used for long term culture. It was composed of 2.8 g/L
NacCl, 0.11 g/L calcium chloride (CaCly), 0.026 g/L magnesium chloride
hexahydrate (MgCly, 6H20), 0.14 g/L potassium chloride (KCl), 5 mM
HEPES, 44/1000-diluted 100 x MEM vitamin solution, 1/1000-diluted
50 x MEM amino acids solution, 2 x 10~4 M L-glutamine, 0.02% sul-
fathiazole, 180 Units/mL penicillin, 180 pg/mL streptomycin, 1.3% al-
bumin, 850 pg/dL blood pigment derived from chicken-clotted-blood,
1077 M VE, 1077 M VA, 2.5 x 10~> M ascorbic acid (VC), 890 pg/dL
alkali solution of FBS protein, 107> pL/mL linoleic acid, 0.1 pL/mL
DMSO, 2.5 pg/mL Mn(IlDtetrakis(1-methyl-4-pyridyl)porphyrin (Mn
(IIDTMpyP) and 0.025 U/mL catalase. (3) MHBSS-CM II was used for
both long term culture. MHBSS-CM II: The medium was used for long
term culture and pharmacological testing. It was composed of 2.8 g/L
NaCl, 0.11 g/L CaCly, 0.026 g/L MgCl, 6H50, 0.14 g/L KCl, 5 mM
HEPES, 44/1000-diluted 100 x MEM vitamin solution,
2.5/1000000-diluted 50 x MEM amino acids solution, 5 x 10~/ M
L-glutamine, 436 pg/dL collagen (average concentration), 0.02% sul-
fathiazole, 180 U/mL penicillin, 180 pg/mL streptomycin, 1.3% albu-
min, 850 pg/dL chicken blood pigment, 1077 M VE, 10~/ M VA, 2.5 x
10" M VC, 890 pg/dL alkali solution of FBS protein, 10> pL/mL
linoleic acid, 0.1 pL/mL DMSO, 2.5 pg/mL Mn(IIDTMpyP, 0.025 U/mL
catalase.

PH of all culture media was adjusted to 7.2 by adding 1 M NaOH or 1
M HCIL. Subsequently culture media were sterilized by syringe with
cellulose membrane filter (pore size 0.45 pm). After 1 h, isolated hearts
were further moved to a new Petri dish containing fresh culture medium
to prevent contamination by various bacteria and mold. Culture media
were changed to the fresh one every tenth day. Before experiments,
organ-cultured heart with morphological change or no spontaneous
heartbeats was excluded. All tadpole- and frog-hearts within 53 days
after the culture initiation were used for the pharmacological tests.

ACh, NE, atropine and T4 experiments were performed using 0.5 mL
of MHBSS-CM II.
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2.5. T4 treatment for 45 h (long time treatment)

T4 treatment was performed in 0.5 mL of MHBSS-CM II. Four st.57
tadpole hearts in day 5-18 after the culture initiation were treated with
5 x 10710 M T, for 45 h. After T4-treatment, these hearts were returned
to Petri dish containing 1 mL of fresh MHBSS-CM II, and then continued
to culture for 4-5 more days until use. In this way, T4-treated hearts
were prepared for ACh and NE experiment.

2.6. Experimental methods of cultured heart exposed to T4, ACh, NE and
atropine

For all experiments excluding T4-short-stimulation experiment (n =
6), number of hearts used in each experiment was n = 4, and 24 well
plastic cell culture plate tray was used. Experiments were carried out
with one heart per 0.5 mL of MHBSS-CM II containing T4, ACh, NE and
atropine at room temperature (22-23 °C).

2.7. Criteria for counting heartbeat

Observation of tadpole heart contraction/relaxation was carried out,
according to Lajmanovich et al. (2019) and Peltzer et al. (2019) with a
slightly modified observation method. First effect of ACh on cultured
tadpole and frog heart appears in their ventricles (Lajmanovich et al.,
2019; Peltzer et al., 2019). The ventricular paralysis (ventricular
arrhythmia) occurred at 15 min after initiation of ACh treatment was
monitored and counted as heartbeat-suppression marker. And also,
sequential movements of sinus venosus including pacemaker tissue,
cardiac atriums and ventricle were monitored and counted as heartbeats
on atropine-, NE- and Ty4-stimulated hearts.

2.8. Statistical analysis

Statistical analysis for Figs. 1, 2, 4 and 6 was performed with R (R
3.6.3 for Mac OS ver. 10.15.7 and R 1386 4.0.2 for Windows OS 10). Data
for each Fig. were tested for normality using Kolmogorov-Smirnov, and
for homogeneity of variance using Levene’s test. Significance of differ-
ences between control and treated groups were evaluated by one-way
analysis of variance (ANOVA) following a Dunnett’s post-hoc test. Re-
sults are expressed as mean £ SEM. As no normal values for culture days
have been posited and are not discernible in the present study, data were

Culture day
0 20 40 60 80 100 120

Medium type |<— 60 % MEM
*
Number of cardiac arrest: 4
—> R :
1 escued hearts: 4 -I
Medium type MHBSS-CM I+ MHBSS-CM 11 ==
v

Number of cardiac arrest: 2 Number of cardiac arrest: 4

Fig. 1. Culture days of st. 57 X. laevis heart in 60% MEM and MHBSS-CM I and
II. This experiment was carried out using 4 hearts in 60% MEM and 6 hearts in
MHBSS-CM [-II. Values given represent the mean value + standard error.
*Significantly greater (P < 0.05) than the corresponding value for 60% MEM.
Long-term culture of spontaneously beating tadpole-hearts. Each medium
composition of MHBSS-CM I and II was mentioned in the section of ‘Materials
and Methods’.
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Fig. 2. Effect of T4 on st. 57 tadpole heart. Box length indicates the inter-
quartile range or IQR (25th to 75th percentile), and the horizontal line shows
the median. The whiskers show distance 1.5 times IQR. This experiment was
carried out using 6 hearts. *Significantly greater (P < 0.05) than the corre-
sponding control value.

assessed by a non-parametric Kruskal-Wallis test following a Dunn’s
Multiple Comparison test. P-Values below 0.05 were considered statis-
tically significant.

3. Results

3.1. Difference in heart-beating days between 60% MEM and two-
successively-used MHBSS-CM I and II

Fig. 1 shows the effect of 60% MEM (n = 4) and two successively
used MHBSS-CM I and II on isolated tadpole hearts. Beating days of
tadpole hearts maintained in 60% MEM were average 50 + 7.5 days.
Beats of 2 hearts (2 hearts out of 6 hearts) in MHBSS-CM I stopped by
day 44 after the initiation of culture due to relatively excess amino acids
and lack of collagen, although excluded in Fig. 1. For those reasons,
culture medium to keep the other 4 hearts alive were changed from
MHBSS-CM I to MHBSS-CM 1I that were prepared by further amino
acids-reduction and supplementation with collagen. Afterwards, heart-
beats of the survived 4 hearts were kept by average 109 + 3.75 days (n
= 4). Heart-beating days of the survived 4 hearts in MHBSS-CM I and II
are significantly longer (P < 0.001) than those of 60% MEM (n = 4).

3.2. Effect of T4 on heartbeats of st. 57 hearts in MHBSS-CM II

Fig. 2 shows the effect of T4 on st. 57 hearts in MHBSS-CM II. Box plot
in the control has relatively wider spread from 36 times/min to 48
times/min accompanying the maximum (51 times/min) and minimum
(28 times/min) values, and the median in the control indicates 45 times/
min. 5 x 107° M T4 showed a significant increase in heartbeats
compared to the control group (P < 0.05).
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3.3. Effect of ACh on st. 57 hearts in 60% MEM

Fig. 3 shows the effect of ACh on st. 57 hearts under the 60% MEM
culture conditions. In initial step of the experiment, heartbeats of the
hearts in culture medium without ACh were recorded on video movie for
1 min. In second, the hearts were transferred to each culture medium
containing 10"11-107° M ACh, and then heartbeats were recorded on
video movie during 1 min from 15 to 16 min after the initiation of ACh
treatment. 15 min of the ACh pretreatment were necessary reaction
time, because propagation of ACh into heart tissue was sluggish. Anal-
ysis was conducted based on the data obtained from the video movies.
10~1"-107° M ACh-induced frequencies are as follows; 100" M (n =4,
0.98 + 0.019), 107'° M (n = 4, 0.93 + 0.084) and 10" M (n = 4, 0.55
=+ 0.019). The frequencies tend to decrease by ACh.

3.4. Effect of ACh on Ty-treated st. 57- and 2-4 weeks frog-hearts in
MHBSS-CM 11

Fig. 4 shows that the effect of ACh and atropine on 2-4 weeks frog-
and Ty-treated st. 57- hearts in MHBSS-CM II. Experimental conditions
were the same as mentioned in Fig. 3. 1078 M and 10> M (excessive
addition) atropine treatments were conducted after 2 min and 4 min of
10~° M ACh treatment, respectively. There was no significant difference
between Ty-treated st. 57- (n = 4, 0.48 + 0.255) and 2-4 weeks frog-
hearts (n = 4, 0.32 £+ 0.124). Relative frequency of heartbeats of both
T4-treated st. 57- (n = 4, 0.95 + 0.042) and 2-4 weeks frog-hearts (n =
4, 1.04 + 0.228) were recovered by 108 M atropine treatment. T4-
treated st. 57-hearts (n = 4, 0.99 & 0.088) were not more reacted
to10~> M atropine similar to 2-4 weeks frog hearts (n = 4, 1.44 +
0.138), however. Significant difference (P < 0.05) between 2 and 4

1.0}

1

10"M 10°M 10°M
| J

ACh

Fig. 3. ACh-decreased heartbeats frequency of organ-cultured st. 57 hearts.
Each value was measured by number of heartbeats times per minute, and
represented by ratio to the control value. Experiment was carried out using 4
hearts. Values given represent the mean value + standard error.

.l
n
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(ratio to control value)
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1.20 - T-treated st. 57 heart

0.80

040 m i
0.00

Control 10 M ACh

Relative frequency of heartbeat
(ratio to control value)

10°M
Excessive addition

L 1

atropine treatment
following 10° M ACh

10*M

Fig. 4. Effects of ACh and atropine on Ty4-treated tadpole- and 2-4 weeks frog-
hearts. This experiment was carried out using four hearts. Values given repre-
sent the mean value + standard error. Atropine treatments were carried out at
2 min (10~ M atropine) and 4 min (10~ M atropine) after ACh treatment.
Each value was measured by number of heartbeats times per minute, and
represented by ratio given to the control value. Experiment was carried out
using 4 hearts. *Significantly less (P < 0.05) than the corresponding value for
the rate for the frog heartbeats.

weeks frog- and T4-treated st. 57- hearts was found in 10~ M atropine
treatment (excessive addition).

3.5. Effect of NE on st. 57 hearts in 60% MEM

Fig. 5 shows that the effect of NE on spontaneous heartbeats of
cultured hearts. Experimental conditions were the same as mentioned as
below. In initial step, the heartbeats of the hearts in 60% MEM without
NE were recorded on video movie for 1 min. In second step, the hearts
were transferred to culture medium containing 10714~107!2 M NE.
Heartbeats were recorded on video movie during 1 min from 3 to 4 min
after the initiation of NE treatment. 3 min after start of NE treatment was
necessary reaction time. Analysis was conducted based on the data ob-
tained from the video movies. 1071*~10712 M NE-induced frequencies
are as follows; 107'* M (n = 4, 1.06 + 0.050), 10" *M (n = 4, 1.14 +
0.011) and 102 M (n = 4, 1.18 £+ 0.028). The heartbeat frequency in
60% MEM were increased by 1071*~10712 M NE, as shown in Fig. 5.

3.6. Difference between Ty-treated st.57- and 2-4 weeks frog-heartbeats
with 1072 M NE treatment

Fig. 6 shows that the effect of NE on spontaneous heartbeats of T4-
treated and 2-4 weeks frog hearts. Experimental conditions were the
same as mentioned in Fig. 5. Spontaneous heartbeat frequency of st. 57
hearts were increased by 10> M NE (n = 4,1.16 & 0.034) as sown in
Fig. 5. The frog-hearts (n = 4, 0.99 + 0.010) were significantly less (P <
0.01) than the corresponding control value. Similarly, T4-treated hearts
(n = 4, 1.00 £ 0.005) were significantly less (P < 0.01) than the cor-
responding control value. Both the frog-(n = 4, 1.24 + 0.123) and Ts-
treated hearts (n = 4, 1.29 £ 0.225) reacted to 108 M NE (excessive
addition).

4. Discussion
T4-induced changes in cholinergic and adrenergic sensitivities were

elucidated by using the beating tadpole organ-heart that was techno-
logically improved in the present study.
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Relative frequency of heartbeat
(ratio to control value)
=
=

0.8
104M  10B°M  10M
l J

NE

Fig. 5. Effect of NE on in vitro st. 57 hearts in 60% MEM. Each value was
measured by number of heartbeats times per minute, and represented by ratio
given to the control value. Experiment was carried out using 4 hearts. Values
given represent the mean value =+ standard error.

Some reports have shown the possibility to keep the human fetal
heart-tissue and the embryonic organ heart of newt stable under the
culture conditions for long-term (Chang and Cumming, 1972; Uehara
et al., 1989; Taguchi et al., 1989). Also, continuous use of MHBSS-CM I
and II maintained X. laevis tadpole heart longer than 60% MEM,
although 2 of 6 hearts was lost by the middle term of the culture (data
not shown). Especially, switching to MHBSS-CM II containing lower
concentration of amino acids and collagen played a crucial role to
extend the period of the survived 4 heart-lives. These results indicate
that relatively high concentrated amino acids shorten lives of in vitro
hearts, alleviated by addition of collagen to the culture medium.

Studies concerning pharmacological effects on heartbeats of spon-
taneously beating anuran hearts in oxygenated frog-Ringer-solution
have shown cholinergic and adrenergic sensitivities (Loewi, 1921,
1999; Navratil, 1926; Hutter and Trautwein, 1956; Aceves and Erlij,
1967; Buckley and Jordan, 1970; Stene-Larsen and Helle, 1978). In re-
ceptor activation by thyroid hormones, pharmacological analysis has
indicated that thyroid hormones increase f-adrenergic receptor number
and sensitivity in rat myocardium, and stimulate in vivo baboon
heartbeats through adrenergic receptor p2 rather than p1 activation
(Williams et al., 1977; Hoit et al., 1997). The present study also shows
that lower concentration of T4 increases the number of tadpole heart-
beats, suggesting that T4 induces cardiac pulsation via adrenergic re-
ceptor activation.

Chang and Cumming (1972) have reported that spontaneous heart-
beats of human-embryonic-heart-tissues maintained in Connaught’s
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Fig. 6. Effect of NE on Ty-treated st. 57- and 2-4 weeks frog-hearts after
metamorphosis completion. Values given represent the mean value + standard
error. Each value was measured by number of heartbeats times per minute, and
represented by ratio given to the control value. Experiment was carried out
using 4 hearts. *Significantly less (P < 0.05) than the corresponding values for
the ratio given to the value from st. 57 hearts. *Significantly less (P < 0.05)
than the corresponding values for the ratio given to the value from st. 57 hearts
(control). **Significantly less (P < 0.01) than the corresponding values for the
ratio given to the value from st. 57 hearts (control).

H597 containing 15% FBS is suppressed by transferring the heart tissue
to the culture medium containing ACh. Further they have shown that
spontaneous heartbeats in the human-heart-tissues are not suppressed
until ACh concentration reaches 10~* g/ml (6.8 x 10~* M), indicating
the existence of threshold value in the cultured
human-embryonic-heart-tissues (Chang and Cumming, 1972). In the
present study, the value of ACh-threshold in st. 57 hearts was 107 1% M,
based on the results that spontaneous heartbeat rate of st. 57 hearts
exposed to 1071°—107° M ACh decreased. These results show that st. 57
heart retains in vitro high sensitivity to ACh, and the existence of
threshold of sensitivity to ACh. In a change in developmental sensitivity
to ACh, Burggren and Doyle (1986) have reported that cholinergic
sensitivity of the in vivo Rana catesbeiana tadpole hearts decreases after
metamorphosis completion. In the present study, the difference between
2 and 4 weeks frog- and T4-treated st. 57 hearts was not examined in
cholinergic receptor, and 2-4 weeks frog- and T4-treated st. 57-hearts
through muscarinic receptors were temporally activated by ACh, and
then inactivated via addition of 10~ M atropine. However, excessive
addition of 10~> M atropine to T4-treated tadpole hearts did not increase
the tadpole heartbeats more than that value of 10™8 M atropine,
regardless of the increase of frog heartbeat-frequency. Thus, sensitivity
of atropine-sensitive muscarinic receptors is suggested to be strongly
desensitized by the excessive T4 treatment (T4 treatment for 45 h).
Regarding developmental sensitivity to NE, in situ hearts of NF st.
40-53 X. laevis tadpoles have been observed to react to 10" 1'-1071° M
epinephrine (EPN) (Jacobsson and Fritsche, 1999), despite
catecholamine-producing cells are confirmed in the tadpole kidney
(Jacobsson and Fritsche, 2002), showing that the juvenile tadpole does
not have adrenergic sensitivity to low concentrations of EPN. In addi-
tion, 5 x 1074 g/mL (3 x 1073 M) NE was observed to increase spon-
taneous heartbeats of frog atriums including sinus venosus (Aceves and
Erlij, 1967), and also 1078-10"* M NE increases tension response in
isolated atriums derived from R. esculenta, R. pipiens and R. temporaria
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frog (Stene-Larsen and Helle, 1978). Thus, it has been thought that the
tadpoles and the frog hearts require relatively high concentration of
adrenergic agents, so far. In the present study, heartbeats of st. 57 hearts
exposed to 10 13~10712 M NE increased, supporting the conclusion that
even isolated st. 57 hearts have high sensitivity to NE. On the other
hand, Ty4-treated st. 57 hearts did not respond to 1072 M NE, similar to
those of the frog hearts. Further both of the frog- and Ts-treated st.
57-hearts were activated by 10°® M NE, indicating that adrenergic
sensitivity decreases. These results that suggest that excessive T4 treat-
ment disturbs the function of adrenergic receptors, leading to adrenergic
desensitization.

In conclusion, culture media containing low concentrations of amino
acids and collagen can keep in vitro spontaneously beating organ-heart
for long term. Using 60% MEM and the culture media, the present study
reveals that one pharmacological action by short-time-stimulation of 5
x 107 M T4 to in vitro st. 57 heart is adrenergic action, while st. 57
heart treated with T4 for long time induces atropine-sensitive-
cholinergic and adrenergic receptor-desensitization.

Our future work is to evaluate test chemical substances with regard
to induction of reactive oxygen species using MBSS-CMs.
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