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ABSTRACT

\ViLDENTHAL, KEIIN : Studies of fetal nmouse imearts imn organ culture : Influence of

j)roloimged exposure to t riio(lot imyroniine oim cardiac responsiveimess t o isol)rot crenoi,

glucagon, timeopimvhlimme. acetvlcimoline and dibutvrv! cyclic 3’ , 5’-ademmosinc mono-

pimospimate. ,J. Pimarmacol. Exp. Ther. 190: 272-279, 1974.

Previous experiments have demonstrated tlmat long-term exposure of isolated fetal nmouse

hearts to high concentrations of triiodothyroiiine increases time atrial rate respommse to

submaximal doses of mmorepimmephrimme. To explore possible meeimanisms of the imyper-

responsiveness :iind, specifically, to test wimetimer it is unique for a particular type of

drug or is a generalized phenomenon, close-response curves were determined for a

variety of agents timat alter imeart rate, including several that are thmougimt to alter immtra-

cellular levels of cyclic 3’,S’-adcnosine monopimospimate. Time responses of atrial rate

to timeophylline, glucagoim and acetyicimoline were similar in hearts exposed for 2 days

to triiodotimyroimine and immimearts of matched! litter mates maintained iii commtrol mediummm.

In contrast, responsiveness to submaximal concentrations of isoproterenol was sigmmifi-

eantly enhaimced in triiodotimyroImine-treatcd imearts. Dibutyryl cyclic 3’,5’-adenosimne

monophospinate did not cause tacimycardia in any group. It is concluded timat Imigh levels

of triiodothvronine do mnot cause hypersensitivity to all cimrommotropic agents. Rather, of

time drugs tested, there is aim iimcrease in responsiveimess oim!v to agents that specifically

stimulate time beta receptor. Accordimmg!y. it is suggested timat cardiac Imyperresponsive-

ness to catecinolarnines during prolonged exposure to trnodothyroimine in eitro nmay be

time result of altered numbers or cimaracteristics of time nmyocardial beta receptor ammd or

cimanges in tine imntracelluiar processes specifically related to beta stimulatiomn.
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Wimetiner or not timvroid imormones cause super-

sensitivity to various cardiotonic agents has re-

mained controversial for many years. Definitive

answers have been difficult to obtain, in part

because the induction of timyrotoxicosis in vivo

causes secondary alterations in neural and hu-

moral factors that may obscure time primary ef-

fects on the imeart. A second problem has been

that timyrotoxic hearts generally operate at dif-

ferent base-line levels than do control hearts,

which makes comparisons of subsequent changes

in function difficult, if not impossible, to inter-

pret.

Recently, at the expense of introducing a less

physiological system timaim exists in vivo, an ef-

fort to minimize these difficulties was made by

turning to an organ culture system. Under ap-

propriate conditions in organ culture isolated

hearts of late-fetal mice can be maimmtained in a

reasonably stable functional state for several

days (Wildentha!, 1971 ) . The unique advantages

of organ culture in this regard arc timat when time

isolated hearts are exposed to high concentra-

tions of thyroid hormone, mammifestations of “thy-

rotoxicosis,” including tachycardia and arrimyth-

mias, develop gradually over a period of several

days just as in vivo (Wiidentimal, 1972) , yet the

confusing features of secondary neural and hu-

moral changes are obviated. Furthermore, there

exists a time un tile development of time abnormal

state wimen early mainifestations of dysfuimctiomm

(i.e., arrhytimmias) inave already appeared in

many imearts, eveim timougim time average ineart rate

inas mnot yet increased sigmnificantly above control

levels (Wi!dentima!, 1972) . Timus tile Imearts can

he tested at a time wimemm tine eom�)hicatnmg in-

fluemmce of differing base-line rates coin he avoided.

\%Titim organ culture it inns i)eemm possil)ie to clem-

onstrate that exposure of isolated fetal inearts to

imigh concentrations of triiodotlmyrommine for 2

(lays causes a sigimificant slmift of time atrial rate

response to norepinepimrine (Wildemmthnah, 1972).

To test whmetlner tine observed cinamige is spe-

cific for norepineplmrimie or is a generalized pine-

imomemion for all ehronotropic agents, a similar

model was used in time 1)resemmt experinments to

test atrial sensitivity to a variety of otimer drugs.

Special attermtioim was focused on aeetylcinohine,

because of its physiological importance, and omm

several cinronotropic agents that, like mnorepimieph-

rine, have been suggested to act by increasimig

intracellular levels of cyclic 3’ , 5’-adenosimme mon-

ophosphate (cyclic AMP).

Methods

Intact, spontaneously beating inearts from 19

and 20 day fetal mice were isolated and main-
tamed in organ culture as described in detail pre-
viously (Wildentha!, 1971). Briefly, time hearts were

removed aseptically from time fetuses and placed
On stainle� stee! grids at tine liquid-air interface

of sha!low culture chambers. Tiney were incubated

at 372 ± 0.5#{176}Cin an atmospimere of 95% 02 + 5%

Co2. Control hearts were cu!tured in Medium 199
(Grand Island Bio!ogica! Company, Grand Island,
N.Y.) supplemented with 50 �g/m! of insulin and

0.5 �zmoh/m! of sodium octanoate, and matched

litter mates were maintained under the same con-
ditions in an identical nnediunn to wimicin 5 X 10�

or 5 X 10� M l-triiodotimyronine (Mann Researcin
Laboratories, New Yoik, N.Y.) mad been added.
Tine hormone was dissolved in 1 nn! of 0.1 N NaOH

before being added to tine nmediuimn, and an equal
volume of NaOH was added to time control me-

ditmm. After incubation either for 2#{189}to 3 hours

or for 2 days, tine culture cimanmbers were trans-
ferred to a contro!Ied-tenmperature water bath in

room air wimere, over time next 5 to 10 nminutes, a
dose-response curve to one of several drugs was
determined. Each drug was tested oim a nminimum

of eight control hearts and eigint hearts cultured

at eacin concentration of triiodotinvronine. Time

drugs tested were : acetylt’inohimne HC1, 10� to 10�

M (Sigmmma Cinemnnical Comnnpamny, St. Louis. l’n’lo.)
tyramnnine HC1, 10#{176}to 10� NI (Sigmmna) ; titeopinyl-
line, 10#{176}to 10_2 M (Calhiothnemnm, Los Angeles,

Calif.) ; glucagon. 10_I to 10� M (Sigmmna) ; dibu-

tyry! cyclic 3’ , 5’-adenosimme inmomnoi)hosl)inate (dibu-

tyryl cyclic AMP), 10#{176}to 102 M (Ca!biochmenm);

and l-isoprotereno! HC!, 10� to 10�’ M ( \Vimmthrop
Laboratories, New York, NV.). Time lowest coin-

centrations used �“�‘i’e (leternmimne(i iii � rd i mnnimnary

studies to be less tinan those mnecessarv to PrO(ltice

minimal responses imm ineart rate, amnd t inn highest
concentrations were found to cause mnnaximnnai re-

sj�onses to all (onditiomns.
Determination of dos(’-reipoinse curvns \vtns or-

complisined by procedures tinat move h(en (he-

st’ribwd un dci miii in pm’evious puhuicat ions ( \\iidemn-
tinah, 1972, 1973). I3riefly, time original nudimimnn was

replaced by fresin nmedium that ina(i i)P(ml jirc-
warmed to 37#{176}Cand buffered to pH 7.4 iii room

air witim NaHCO3. After a 1-minute stai)iiizatioln

period, tine base-line heating rate was oumnted

tinrougin a. dissecting microscope ninth rerornht’d to

tine nearest iiniihi iphe of 10 he:tts/nnimn. Tin’mn tine
nmn’dium �s’as replat’i’ni h)y ann i(limntir:Lh omit supple-
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mented witin tine lowest concentration of the drugs,

and after anotiner 1-nminute stabilization period

the new steady-state rate was counted. Subse-

quently, consecutively increasing concentrations of
the drug were tested in an identical fashion.

In time process of counting the beating rate,

atrial rlmytimnm was also monitored and noted. In
some experiments atrial arrhythmias (defined as

two or more irregu!ar contractions during a 30-
second observation period) were present in time

control state and/or after exposure to the drug
being tested, but atria! fibril!ation was never ob-
served. Tacimycardia in response to a chronotropic

agent always developed gradually and progremively

over a period of several seconds after application

of the drug, whichm suggests that the faster rates
caused by time drugs were in no instances due to the

onset. of a regular paroxysmal tachycardia from an

aberrant focus. For all drugs, resu!ts were similar
wlnether or not the hearts that exhibited arrhvthm-

mias were exc!uded from calculations of mean

beating rates.

Results

As observed previously (Wildenthal, 1972).

the base-line beating rates of all groups of hearts

cultured for 2 days were similar in the presence

and in time absence of timvroid hormone. The meain

atrial rate iii 45 hearts maintained in the con-

trol medium for 2 days was 171 ± 7.4 (S.E.M.)

beats/mm. In 41 hearts exposed to 5 X 1O� M

triiodotimyronine for time same period the rate

was 178 ± 10.2, and in an equal mmumber main-

tamed at a concentration of 5 x 1O�’ M it was

167 ± 8.5. As before, arrhythmias which oc-

curred in time control period were more common

in Imearts that had been exposed to time hormone:

time incidence was 9% in control hearts, 24% in

the presence of the lower dose of triiodothyronine

(.1 > P > .05 by the chi-square analysis) , and

29% with the higher concemitration (P < .05).

Acetylcholine induced bradycardia in all

hearts. The dose-response curve was similar in

groups maintained in tine presence or absence of

triiodothyronimme (fig. 1). Neither the responses

to the threshold concentration of acetylcholine

nor those to the concentration that produced a

lmalf-maximal effect were altered significantly by

exposure to thyroid hormone. All hearts devel-

oped staimdstill at an acetylcinoline concentration

of 10#{176}M.

Both theophylline (fig. 2) aimd glucagon (fig.

3) caused tachycardia in all hmearts amid, as with

acetvlcholine, the responses to the drugs were

not altered by thyroid treatment. Throughout

the dose-respoimse curves, absolute changes in

FIG. 1. Dose-response curves from isolated hearts maintained for 2 days in the presence or absence of
triiodothyronine (T,). The graphs relate changes in spontaneous atrial rates to the concentration of

acetyichohine. Vertical bars represent ±1 S.E.M. There were no statistically significant differences at
any point.
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FIG. 2. Dose-response curves from isolated hearts maintaimned for 2 days inn the presemnce or absemice of
triiodothyronine (T,). The graphs relate changes in spontaneous atrial rates to tine comncentration of
theophylline. Conditions and symbols as in figure 1. There were mno sigmnificamnt differences anmonng amy of
the groups.
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Fma. 3. 1)ose-response curves from isolated hearts rniaintained for 2 days inn the presetnce or absence of

triiodothyronine (T3). The graphs relate changes in spontammeous atrial rates to the eoncemntratiomn of
glucagon. Conditions amnd synmbols as in figure 1. There were mo signiflcamnt differemmces anmd)ing amy of the
groups.

ineart rate were similar in control hearts and in imornmone (fig. 4). The absolute iinerease inn atrial

imearts exposed for 2 days to 5 x 10� or 5 X rate at maximal concentratiomms of isoprotereimol

10#{176}M triidotlmyronine. was identical in all groups but, at submaximal

In contrast, time dose-response curve to iso- doses, hearts previously exposed to 5 X 10 M

protereimol was significantly shifted in hearts cx- triiodothyronine developed significantly imigher

posed to very imighm concentrations of thyroid rates. At 108 M isoproterenol, time atrial rate of
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FIG. 4. Dose-response curves from iso!ated hearts maintained for 2 days in the presence or absence of
triiodothyronine (Tm). The graphs relate changes in spontaneous atrial rates to the commcentration of
isoproterenoi. Conditions and symbols as in figure � * Significantly different from control hearts (P <
0.01 by Student’s t test for unpaired samples).

control hearts rose by 3 ± 3 beats/mm (P >

.20 by paired t test) ; in hearts exposed to 5 X

10-v 1\I triiodothyronine, atrial rate increased by

11 ± 4 (P < .05) , and time same concentration

of isoproterenol caused an increase of 35 ± 6

(P < .01) beats/mimi after a 2-day exposure to

5 x 101 \( triiodothyronine. The latter change

was sigimificantly greater than the response of

control hearts at the same concentration of iso-

proterenol (P < .01 by Students’ t test for

grouped data).

Absolute changes in rate might have a differ-

ent meaning when a regularly firing pacemaker

alters its frequemmcy of firiimg than �vimen an ir-

regularly firing, aberrant focus appears. Ac-

cordiimg!y, time results with isoproterenol were

evaluated further by analyzing separately time

data from imearts which maintained regular

rhyt him both during base-line conditions and

througinout exposure to submaximal concentra-

tions of isoprotereno!. This subset of hearts re-

vea!ed cinanges wimicim were similar to those that

occurred in tine emmtire group (i.e., statistically

significant differences existed at 10� M isopro-

terenol), suggesting that the apparent super-

sensitivity to the drug was not simply a func-

tion of greater susce�)tihi!ity to arrinythmias.

To test whether time changes induced by tn-

iodothvronine might imave been time result of non-

specific or toxic actions of the chemical used

(Lee et al., 1965) , ratiner than due to time char-

actenistic delayed actioim of time hormone, dose-

response curves were tested in hearts maintained

for 21/b to 3 hours iim orgaim culture. The results

are illustrated iii figure 5. No differences were

apparent in eomitrol inearts as conmpared to those

exposed to tniiodothyronimme for omily a few hours.

This suggests that the subsequent chmange at 2

days was indeed a function of tine usual, slowly

developing effect of time hormoime. Similar tests

were made of time influence of aeetylcholine, glu-

cagomm and theopimvlline after 2#{189}to 3 imours’ in-

cubation of the hearts. In all instaimces, time dose-

response pattern was similar in control and

treated inearts.

Fimmally, the influence of dibutyryl cyclic AMP,

whmichm causes tachycardia in isolated hearts un-

den some circumstances, was tested in control

and thyroid-treated Imearts in culture. As was ob-

served earlier (Wildeimtimal, 1973), mmo significant
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FIG. 5. Dose-response curves from isolated hearts maintained for 2� to 3 hours in the presence or ab-
sence of tniiodothyronine (T,). The graphs relate changes in spontaneous atrial rates to the concemmtra-
tion of isoproterenol. Symbols as in figure 1. Each group contained six hearts. There wene no sigmnificant
differences at any point.
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change in heart rate occurred after exposure of

10-i to 102 M dibutyryl cyclic AMP in hearts

maintained in culture for 2 to 3 imours. Similarly,

hearts cultured for 2 days failed to increase timeir

beating rate, either in the presence or absence

of tniiodotimyronine.

Discussion

Previous evaluations of time influence of thy-

roid hormones on cardiac responsiveness to phar-

macological agents imave usually been made with

hearts of animals that have been thmvrotoxic in

vivo for several days or weeks (McDona!d et al.,

1935 ; Wise and Hoff, 1938 ; Brewster et a!.,

1956; Harrison, 1964; Cravey and Gravenstein,

1965; Margolius and Gaffney, 1965; van den

Schoot and Moran, 1965; Aoki et al., 1967; Cai-

roli and Crout, 1967; Frazer and Hess, 1969;

Anton and Gravenstein, 1970; Heimbach and

Crout, 1972). This approach has two drawbacks
that tend to limit its usefulness. First, use of in-

tact animals makes it impossible to separate

fully the actions of the hormone that are attrib-

utable to direct effects on the myocardial cells

from actions that might be mediated indirectly

by secondary alterations in neural activity on

changes in circulating levels of other hormones

on substrates. Second, since time hearts of thyro-

toxic animals are already functioning at a sig-

nificantly altered base-line level, even if timey are

removed from the animal amid evaluated in vitro,

subsequent. changes from base hue are difficult

if not impossible to relate to the control state.

This latter factor has been formulated by Wilder

(1950) as time “Law of Initial Values.”

Wilder argued timat as a general rule time ap-

parent functional response to a given agent “de-

pends to a very large extemit on the initial level

of . . . function.” Thus, if time initial level of fune-

tion (e.g., heart rate) is already imigim. further

stimulatiomm will tend to yield relatively less of an

iimcrease than would tine same stimulation at a

normal initial level. Conversely, the apparent ef-

feet of depressant agemmts will tend to be magni-

fled if the initial level of function is abnormally

high on minimized if it is abnormally low.

To avoid the difficulties inimerent in the use of

standard approacimes, experiments were made on

hearts made “thmyrotoxic” in vitro. Such a study

is not practicable with tine techmmiques timat are

conveniently used for acute experiments in vitro,

since the preparation usually deteriorates before

the delayed effects of time hormomme beconme mani-

fest (Skelton et at., 1973), but orgaim culture

provides a satisfactory long-term system (Wil-

denthal, 1972). Such a system iinevitably pos-

sesses unphysiological characteristics, of course.

Nevertheless, sucim characteristics are simared
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equally by commtrol and experimental hearts, so

that companisomms within time system should re-

main valid.

Experiments with this preparation indicate

that atnial rate responsiveness to acetylcholine

is not significantly increased after exposure of

the hearts to high concentrations of tniiodothy-

ronine for 3 days. This conclusion is in agree-

ment with timat of Frazer and Hess (1969), who

analyzed dose-response curves of isolated imearts

of rats made thynotoxic in vivo. On the other

hand, when the effect of vagal nerve stimulation

is tested in intact tinyrotoxic animals, there is

an apparent reduction in the degree of cardiac

slowing compared to timat in normals (Cairoli

and Crout, 1967 ; Frazer and Hess, 1969) . This

diminished effect is not a consequence of in-

creased acetylcholinesterase activity (Frazer amid

Hess, 1969) . It has been suggested timat it may

be due to a reduction iii the amount of acety!-

choline released by vagal impulses, but this has

imot vet been demomnstrated. It has also been held

that. vagal inhibition by atropine produces less

of an increase in heart rate in hypertimyroid pa-

tients than in normal individuals, which might

suggest that base-line vagal inhibition of heart

rate is reduced in thyrotoxicosis (Heimbach and

Crout , 1972) . As Hall (1972) has pointed out,

however, this latter finding could be explained

at least in part by the operation of time Law of

Initial Values.

lim contrast to time results with acety!choline,

adnmimnistration of graded doses of isoproterenol

yielded significantly different responses in meant

muscle cultured in the presence of high concen-

trations of tniiodotimyronine, compared to

matched control heart muscle maintained inn the

absence of time hormone. Time dose-response curve

relating spontaneous atnial rate to the concen-

tnationm of isopnoteremmol was shifted sigmmifIcanntly

to time left, with mo cimange in the maximal rate

that was ultimately achieved. This result is

identical to timat previously observed iii time same

experimental system for mmorepinephnine (Wil-

dent Inal, 1972). Early studies of plmarmaco!ogical

sensitivity in hypertimyroidism had also suggested

that supensensitivity to catecholamines might

occur in vivo (McDonald et a!., 1935; Wise and

Hoff, 1938; Brewster et at., 1956; Harrison,

1964). hut several recenit, well controlled studies

have disputed this claim (Cravey and Graven-

stein, 1965; Margolius and Gaffncy, 1965; van

den Seinoot and Moran, 1965 : Aoki et at., 1967:

Antoim amid Gravenstein, 1970). The extent to

whicim conclusions (lrawmn from sucim studies

should be tempered by consideration of time corn-

plexities of secondary neurohumoral factors and

the Law of limitial Values remains unclear, just

as does time extent to winich results from fetal

imearts exposed to thyrotoxic concentrations of

tniiodotimvronine can be ext napolated meaning-

fully to situations in vito.

Be that as it may, the present data provide

furtlmer evidence that at least one kind of func-

tionimmg myocardial tissue gradually (hevehops su-

pensensitivity to some cimronotnopic agents dur-

ing prolonged exposure to elevated levels of tn-

iodothyronimme. To determimme whetimer timis is

true only for specific agents or is a general pime-

nornenon for all interventions that raise atnial

rate, substances whmose mechanisms of action

(!iffer from that of norepinephnine and isopro-

tenenol were also tested. In particular, simmee

cyclic AMP has been suggested to be important

in mediating the cimronotropic effects of cate-

cholarnines (Sutherland et at., 1968) , attention

was focused on agents that, like catecholamines,

are thought to increase time intracellular levels of

that substance. Glucagon, whicim activates ade-

nv!ate cvclase thmrough a receptor timat is appar-

ent!v separate from tine beta receptor (Epstein

et at., 1971 ) , was observed to cause similar rate

increases in control and thvnotoxic hearts. Like-

wise, thnere was no demonstrable hypersensitivity

to theopinylhimme, an agent that among its otimer

actions camm inimibit phospimodiesterase (Sutinen-

laud et at. , 1968) . Dibutvryl cyclic AMP itself

had no chmronotropic effect omi control or thnyroid-

treated imeants in organ culture, despite tine fact

that it does enter cells and induce glvcogenoly-

sis (Wildentimal, 1973).

Timus, of time drugs tested, only agennts timat

specifically stimulate time beta receptor appear

to produce different responses in norma! and thy-

notoxic lnearts. Time shift iii dose-respomise char-

acteristics tinat occurs could he explained by in-

creased! numbers of beta receptors, imicreased af-

finity for time drug by the receptors or aitera-

tiomms iii tine secondary cellular responses induced

by receptor stimulation. Differentiation amomng

these various possibilities offers an imnteresting

area for further investigation.

In addition, it is of interest timat responsiveness

to isoproterenol (hut mnot time other cimnonotropic
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drugs) was greater in hearts cultured in coim-

trol medium for 2 days timan immtimose maimmtained

in vitro for only a few hours (figs. 4 and 5).

A similar increase in responsiveness after bug-

term cultivation has been reported previously

for norepinepinriume (Wi!denthal, 1972) . In thmat

instance, it was assumed that time altered reac-

tivity of time hearts could be explained at least

in pant by a gradual degeneration of sympatimetic

nerve endiimgs, loss of the ability to inactivate

norepinephmrimme by neural uptake and resultant

development of “denervatioum hypersensitivity.”

However, isoproterenol is not inactivated by neti-

ral uptake and tlenervation does mmot cause imy-

persensitivity to it (Trendelenbung, 1966 ; Demp-

sey and Cooper, 1968) . Thus, time present study

indicates that anotimer mecimanism is operative

in mediating time increased effect of catecimol-

arnines in fetal Imearts maintained for long pe-

nods in vitro. Unlike time effect of thmvroid treat-

ment., time effect of cultivation per se is both to

increase time maximal responses to isoproterenal

and imonepinephnine and to change time concen-

trations of the drugs at which threshold and

half-maximal respommses occur. This difference

suggests timat time two interventions may alter

catecho!amine sensitivity by separate cellular

mechanisms. It seems likely that studies of the

mechanism of development of “cultivation hy-

pensensitivity” may provide a valuable imew ap-

proach to help elucidate time cellular processes

that mediate the actions of catecimolamines on

the heart.
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