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Studies of Isolated Fetal Mouse Hearts in Organ Ctulture
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ENHANCINC CARDIAC RiESPONSIVENESSTO NOREPINEPHRINE

KERNWILDENTHALwith the technical assistance of JACQULINE R. WAKELAND

From the Pauline anid Adolph Weinberger Laboratory for Cardiopulmonary
Research, Departments of Physiology and Intternal Medicine, University of
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A B S T R A C T Definitive confirmnation or (lenial of the
hypothesis that thyrotoxic hearts are supersensitive to
catecholamines hlas beeni (lifficult to obtain, largely I)e-
cause secoll(larv alterations in neuiral and humoral fac-
tors that occur atter thvroi(l a(lministration in viV(o May
ohscure the primary chalnges ini(luce(l by the hiormiionie
on the ivocardium itself. To stu(lv the clirect action ot
tlhvroidl hiormiionie apart fromii secondary factors, thlv ro-

toxicosis shoul(d be induce(d in isolate(l hearts in vitro.
bLIt the slow onset of thyroil actioln plus the rapid (le-
terioration of conventional ill xvitro preparation1s have
precl uded such exp)erinments.

Recen' lv a m2thod was (levelol)e(l for mallitalining
intact, si)n1ltaniieously1-beattinlg lhearts fromii late-fetal mlice
in organi cultlure for several weeks. llieni 5 X 10- to
S X 10' m i-triio(lothyrollille is adde(l to the cultule
me(liuil arrhvthmlials and oI tachvcardlia gradually ap-
p)ear, just as in thfvrotoxicosis in vivo. Accor(lillglv-
these thlivrotoxic" hearts were use(l in the present ex-

l)erirnents to test for altered responsiveness to norepi-
nephrine. Dose-response curxes to norepilneplhrinie were
i(lentical for hearts maintained for 3 hr in triiodotlhvro-
nine-treate(l or control nmedium. After 2 days. however.
the curve wAas slifted to the left in triiodothyronine-
treated hearts. Thus. 10' m norepinephrine increased
the atrial rate by 20±6.1 ( SEm) beats/ Thin in hearts ex-
posed to 5 X 10' -m triiodotlhvronine and( b) 1±3.0 in
control hearts (P < 0.02); 10-v m norepinephrine raised
the rate by 79+22.3 in treated hearts vs. 17±9.8 in
controls (P <0.05). At maximal doses (10' mI norepi-
nephrine), increases wvere identical. In addition, nor-
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epinephrine (10-s-10-6 m) induced arrhythmnias in 56%
of treated hearts vs. 14% of controls (P < 0.01). Thuss.
m al precisely controlled environment free of differences
in neural and humoral factors, triiodotlhvronilne can act
directly oni the fetal miiouse heart to enlhlance sensitivity
to n1oreplilephrinle.

INTRODUCTION
The tachvcardia that occurs in hy perthyroidismn has
been thought in the past to be mlediated by one or more
of thlree separate lmlechanisms: (a) a (lirect effect of
thyroidl lhorlmlones oln the lheart, ( b ) an increase ill
sympathoadlrenal activity. andl (c) an increased sensi-
tiitv of thle tlivrotoxic heart cell to catecholamines.
Althoulgh1 tllere is nio unanimity of opilnionl (1 ) thle
current conisensus seemls to be similar to the view ot
Le-ev 2), who conclu(le(d froml a rev-iew- of the litera-
ture that a (lirect chronotropic action of thyroidl hor-
mlone on the heart definitelv occurs, that altered
amiounts of catecholamines reach the nmvocardial cells
in thlvrotoxicosis, but that the best currently available
lata suggest that the sensitivity of the heart to cate-

cholamines is not enhancedl (3-8).
One unavoidable difficulty in mlaking precisely conl-

trolled stu(dies of the mvocardial effects of thyroid hor-
iniones by conventional nmeans has been that the onset of
action of the hormiiones is slow (9-11). Because coni-
ventional preparations for studying the heart in vitro
funiction w\ell for only a few hours, the I)reparations
become unstable before thyroid effects are apparent.
Therefore, to stu(ly hyperthyroid myocardium it has
been necessarv to induce thyrotoxicosis in the inltact
animal, where secondary alterations ill lneuiral activitv'.
circulating hormonies, and bloo(d substrate levels are
impos.sible to conitrol completely. These secondary
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changes may obscure or confuse the intrinsic effects of
the thyroid hormone on the myocardial cell.

To provide a means for studying the myocardiumn
for long periods under precisely controlled conditions
in vitro, a system has recently been developed for
maintaining intact, spontaneously-beating hearts from
late-fetal mice in organ culture (12). Beating rates
vary from heart to heart, but each heart maintains a
reasonably stable rate for several days or weeks under
control conditions (12). When thyroxine or triiodo-
thyronine is added to the culture medium the spon-
taneous beating rate gradually increases and arrhyth-
mias begin to appear over a period of 2 or more days,
as in vivo (13). The isolated hearts are denervated, of
course, and they rapidly become depleted of endogenous
catecholamines so that by 36 hr after explanation they
contain no demonstrable amounts of norepinephrine or
epinephrine (i.e. < 0.1 Ag/g) in the presence or ab-
sence of thyroid hormone (P. A. Shore and K. Wilden-
thal, unpublished data). Accordingly, it seemed that
fetal mouse hearts in long-term organ culture might
provide a means for testing the responsiveness to cate-
cholamines of hearts made "thyrotoxic" in an isolated,
controlled environment, free of the complex secondary
events that occur when hyperthyroidism is induced in
vivo.

METHODS
Hearts from 18-20 day fetal mice were prepared and main-
tained in organ culture by techniques described previously
(12). Briefly, hearts were removed aseptically from the
fetuses, the pericardia and vessels were carefully dissected
away, intracavitary blood and body fluids were gently washed
away, and the hearts were placed on stainless steel grids
at the liquid-air interface of shallow culture chambers. The
hearts at explantation weighed 3-5 mg and measured 1-2
mmin their major diameters. 66 hearts were cultured as
completely intact organs, so that atrial pacemaker activity
was dominant. In 45 others, the atria were removed so that
spontaneous ventricular rates and rhythm could be observed.

The standard medium used in all experiments was "me-
dium 199" (14), supplemented with 500 ILmoles/liter sodium
octanoate and 50 ,ug/ml regular insulin. The atmosphere was
95% 02+ 5%O C02, which resulted in a pH in the medium
of 7.35-7.45. For thyroid-treated hearts, littermates of the
control hearts were maintained under identical conditions in
the presence of the above medium supplemented with 5 X 10-
M\ or 5 X 10' at L-triiodothyroninie (Mani Research Labs..
Inc., I\New York). The hormonie wvas dissolved in 1 ml of
0.1 N NaOH before being added to the mediulmi, and an
equal volume of NaOH was added to the control medium.

The hearts in their culture chambers were incubated at
37.2+0.5°C. After 24-3 hr 24 of the chambers were trans-
ferred to a controlled-temperature water bath in room air,
where experiments were performed. The remaining hearts
were incubated without interruption for 48 hr, when their
chambers were transferred to the water bath. Previous
experiments have established that the rate, rhythm, and
amplitude of contraction of cultured hearts of all ages re-
main constant in the bath for at least 20 min (15). In the
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FIGURE 1 Dose-response curve of isolated hearts main-
tained for 3 hr in the presence or absence of triiodothyronine
(T3), relating changes in spontaneous atrial rates to the
concentration of norepinephrine. Vertical bars represent ±+1
SENM. There were no significant differences at any point. See
Table I for absolute values of heart rate.

present experiment, all observations w-ere made within a
10 min period.

Base line beating rates and rhythms were observed
through a dissecting microscope and recorded. Then, the
original medium was replaced with one containinig 10' M
L-norepinephrine bitartrate. After a 1-min stabilization pe-
riod the rate and rhythm were again measured over a
15-30 sec period. The medium was then replaced consecu-
tively by ones with 10' AI, 10' Fi, 10' Mr, and 10' M
norepinephrine, and rates were counted after 1-min stabili-
zation intervals in each instance. Significant arrhythmias
were considered to be present if two or more irregular atrial
or ventricular contractions occurred or if there were re-
current brief periods of asystole; atrial fibrillation was never
observed. Tachycardia in response to norepinephrine always
developed gradually and progressively over a period of sev-
eral seconds until a steady state was reached, which suggests
that the faster rates caused by the drug were in no instances
due to the onset of a regular paroxysmal tachycardia from
an aberrant focus. Rates were recorded to the nearest mul-
tiple of 10 beats/min. The 10-' mt dose caused little or no
additional increase in rate in most hearts and bradyarrhyth-
mias in some, so that the mean beating rate actually fell
slightly with that dose in the present study. Accordingly,
10'-.\i was considered the "maximal" dose.

The media to wlhich norepinephrine was added were iden-
tical to the culture media except that NaHCO3was added
in amounlts to yield a pH of 7.4 in roomii air rathler than
in the 5% CO} atmosplhere. All media were p)rewarmedl to
37-380C.

To evaluate responsiveness to inidirectly-actinig synipatho-
mimetic amines, and thus to test the degree of funictional
denervation of the hearts, additional experiments were ma(le
using tyraminie. Although there is some evidence to the
contrary (16), that drug is generally believed to act pri-
marily by releasing endogenous stores of norepinephriine
(17). Accordingly, tyramine HCI was added to the media
and its effects on hearts cultured for 24-3 hr or for 2 days
in the presence or absence of 10-' AI triiodothyronine were
tested in the same manner as were norepinephrine's effects.
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TABLE I
Spontaneous A trial Rates of Isolated Fetal Mouse Hearts Maintained for 3 hr in the Presence or Absence of

Triiodothyronine, before and after Exposure to Norepinephrine

Control Rate after Change from Rate after Change from Rate after Change from Rate after Change from
Number rate 10-9 M NE control 10-8 M NE control 10-7 M NE control 10- Ni NE control

Hearts maintained in the absence of T3
1
2
3
4
5
6
7

Mean
SD

250
70

140
150
130
120
150
144

54.1
SE 20.5

300 +50
70

140
170
120
120
140
151

72.2
27.3

0
0

+20
-10

0
-10
+7
21.4

8.1 20.1

Hearts maintained in medium containing 5 X 10-7 Ni T3
1
2
3
4
5
6
7

Mean
SD
SE

240
100
190
120
160
230

60
157

67.5
25.6

240
100
200
120
160
230

80
161

63.8
24.5

0
0

+10
0
0
0

+20
+4

7.8
3.0

260
100
190
120
170
220

70
161

68.1
26.1

Hearts maintained in medium contain
1

2

3

4
5

6
7
8
9

10
Mean
SD

SE

220
180
130
100
120
110
250

90
150

110
146

54.0
17.1

220
180
130
100
110
110
270
100
150
110
148

58.1
18.4

ing 5 X 10-6 M T3
0 220
0 180
0 120
0 100

10 110
0 110

20 250
10 90
0 150
0 110

K2 144
7.9 55.0
2.5 17.4

0

0

-10
0

-10
0

0

0

0

0

-2
4.2

290
170
120
100
120
110
240

90
150
100
149

66.7

+70
-10
-10

0

0

0

-10
0

0

-10
+3

24.1

350
170
140
130
130
100
340
220
160
140
188

88.5
1.3 21.1 7.6 28.0

Abbreviations: NE, norepinephrine; T3, triiodothyronine.
* Arrhythmia present.

RESULTS

Brief (2i-3 hr) exposuire to triiodothyronine. Be-
fore norepinephrine was given spontaneous beating
rates varied from heart to heart in all groups, as is
the rule in cultured hearts (12). The average rates
were similar in control hearts and in hearts exposed
for 21-3 hr to triiodothyronine (Table I). With nor-

epinephrine, all hearts (levelope(I tachycardia. The
amount of change and the level of norepinephrine at
which changes occurred were simiiilar in each group

(Fig. 1). Also, there were no significant differences in

the incidence of arrhythmias in the various groups, be-

fore or after norepinephrine (Table I).
High concentrations of tyramine (10-' M) caused

small but significant increases in the spontaneous atrial

rate in both control and triiodothyronine-treated hearts.

There were no differences in the responsiveness of the

two groups (Fig. 2).
Prolonged (2 day) ex.posuire to triiodothyroniice.

Spontaneous atrial rates before norepinephrine were
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250
70

150
150
140
130
160
150

53.2

0
0

+10
0

+10
+10
+10
+6

5.3
2.0

250
60

140
150
140
130
180
150

57.2
21.6

0
-10

0
0

+10
+10
+30
+6

12.7
4.8

290
120
200
200
150*
160
230*
193

56.5
21.3

+40
+50
+60
+50
+20
+40
+80
+49

18.6
7.0

+20
0
0
0

+10
-10
+10
+4

9.7
3.7

240
110
190
110
160
220

50
154

68.0
26.1

0
+10

)0
-10

-10
-10
-3

7.5
2.8

250
270
250
150
190
230

80
203

67.9
26.1

+10
+170
+60
+30
+30

0
+20
+46

58.0
22.0

+130
-10
+10
+30
+10
-10
+90

+130
+10
+30
+42

55.4
17.2



TABLE I I
Spontaneous A trial Rates of Hearts Maintained for 2 Days in the Presence or Absence of

Triiodothyronine, before and after Exposure to Norepinephrine

Control Rate after Change from Rate after Change from Rate after Change from Rate after Change from
Number rate 10-' M NE control 10-8 M NE control 10-7 M NE control 10-6 M NE control

Hearts maintained in the absence of T3
1 130 130 0 120 -10 110 -20 320 +190
2 80 70 -10 60 -20 60 -20 90 +10
3 270 270 0 280 +10 370 +100 460 +190
4 210 250 +40 210 0 210 0 230* +20
5 80 60 -20 80 0 100 +20 430 +350
6 120 120 0 130 +10 150 +30 400 +280
7 220 270 +50 210 -10 210 -10 310 +90
8 90* 90* 0 90* 0 90* 0 140 +50
9 280 280 0 280 0 290 +10 330 +50

10 90 90 0 90 0 130 +40 160 +70
11 120 120 0 140 +20 180 +60 240 +120
12 40 40 0 30 -10 30 -10 130 +90
13 280 300 +20 300 +20 260 -20 400 +120
14 60 60 0 60 0 120 +60 200 +140

Mean 148 154 +6 149 +1 165 +17 274 +126
SD 85.9 96.9 18.7 91.0 11.4 94.7 36.7 121.3 97.8
SE 23.0 25.9 5.0 24.3 3.0 25.3 9.8 32.4 26.1

Hearts maintained in medium containing 5 X 10-7 M T3
1 130 120 -10 120 -10 120 -10 190* +60
2 70 70 0 70 0 70 0 220 +150
3 50 40 -10 50 0 40 -10 320 +270
4 110 100 -10 110* 0 210 +100 310 +200
5 100 90 -10 100* 0 120* +20 130* +30
6 180 180 0 220 +40 170 -10 250 +70
7 60 60 0 60 0 60* 0 110 +50
8 80 70 -10 90 +10 140 +60 180 +100
9 170* 180* +10 160* -10 170* 0 300 +130

10 310 310 0 320 +10 400 +90 450 +140
11 150 150 0 170 +20 230* +80 230* +80
12 160 150 -10 160 0 160 0 170 +10
13 170 170 0 180 +10 220 +50 220* +50
14 140 190 +50 130 -10 150 +10 220 +80

Mean 134 134 0 139 +4 161 +27 236 +101
SD 66.8 71.2 15.7 71.8 13.4 89.9 40.3 87.8 70.8
SE 17.8 19.0 4.2 19.2 3.6 24.0 10.8 23.5 18.9

Hearts maintained in medium containing 5 X 10-6 M T3
1 320 320 0 350 +30 380 +60 420 +100
2 90 100 +10 150 +60 230 +140 290 +200
3 220* 220* 0 240 +20 300 +80 240* +20
4 280 280 0 320 +40 340 +60 480 +200
5 80 90 +10 110 +30 140 +60 150* +70
6 120 130 +10 110* -10 130* +10 180* +60
7 230* 270* +40 210* -20 290* +60 390* +160
8 110 110 0 120 +10 120 +10 90 -20
9 50 50 0 60* +10 70 +20 250* +200

10 130 130 0 140 +10 170 +40 220 +90
11 180 180 0 220 +40 400 +220 360 +180
12 100* 100* 0 140* +40 390 +290 400* +300
13 90* 90* 0 80* -10 100* +10 180 +90
14 160 160 0 190 +30 200 +40 230 +70

Mean 154 159 +5 174 +20 233 +79 277 +123
SD 81.0 83.0 10.9 86.0 22.9 115.9 83.4 115.7 86.4
SE 21.7 22.2 2.9 23.0 6.1 31.0 22.3 30.9 23.1

Abbreviations: NE, norepinephrine; T3, triiodothyronine.
* Arrhythmia present.
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* Control extent in hearts exposed to the higher amounts of

A 5x10- 6M T3 triiodothyronine than in control hearts or hearts ex-

l)osed to the smaller concentration of triiodothyronine
(Fig. 3). Norepinephrine in a dose of 10' M raised
the atrial rate by 20±6.1 (SEM) beats/min in hearts
"iven 5 X 10' Mf triio(lothyronine vs. 1±3.0 beats/min
in control hearts (P < 0.02 by Student's t test for un-
paired samples ). \ithl 10' I norepinephrinie the rate

Control 1o-4M Control io- M rose l)v 79±+22.3 in treated hlearts vs. 17±9.8 in controls
Tyramine Tyromine

-' (l< 0.05). Thlus, a shitft to the left in the atrial (lose-
3 Hours 2 Days

After Explantation After Explantation resonlse ctirv-e occurredl as a result of exposure of the
lhearts for 2 days to higlh levels of thyroid hormone.

.sponse to tyramiine of isolated lhearts miain-
hr and for 2 days in the presence or absenice Isolated vrentricles responided to norepinephrine in less
onine (T3). Symbols as in Fig. 1. Atrial rates distinctive patterns thani did atria, and increases in
uificantly (P < 0.05) in both groups at 3 hr. spontaneous ventricular rates were not significantly
iange at 2 dlays.Control and T:-treatcd hearts (ifferenit between the various groups.
ilarly. Blecauise both triiodothyronine and norepinephrinie can

alter cardiac rhythm as well as absolute beating rates
.ntly diffe rent in the preselnce or absence attention was directed to the incidence of abnormal
ronine. When norepinephrine was given in rhlythms. Both atrial and ventricular arrhythmias were

increasing doses, tachvcardia developed imiore frequeint in triiodothy ronine-treated hearts than
)s. The effect of norepineplhrine was sig- in controls. As shown in Fig. 4, as many as 40% of
eater for all groups at 2 davs than at 21-3 hearts exposed for 2 days to high concentrations of the
I and II) p)resumably because of the (le- hormilolne ha(l abniormal rhy thms even before norepi-
f lenervation hypersensitivity in the iso- nephlriine was given. The addition of norepinephriine

itself caused arrhsvthmlias in still other hearts, even
niial increase in atrial rate (at 10' AI nor- thioughi regular rhythmi lhad been present in the base

was sinilar in triiodothyronine-treated line state. These norepinephrine-induced arrhvthnmias
hearts. On the other hand, lower doses of occurred in 2 of 28 (14%) of control hearts, in 10 of
ne raised the atrial rate to a much greater 23 (44%') of hearts treated for 2 (lays wit 5 X 10` A

triiodothvronine (P < 0.01 by x2 test), and in 10 of 18
(56%) of hearts given 5 X 10' M triiodothvronine

_ Control 1 (P < 0.01 ). The arrhvthmias that were induced in
*Control
05x10-7M flvthyroid-treated hearts tended to appear at lower (loses

A5xt10-M T3 //A of nore)inephrine than t (lev did in control hearts (Fig.

7 Becatuse arrlhythmias occurred( more commnion1l ill
/ hearts exposed to thyroid hormones than in controls.

it seemle(l possible that the faster atrial rates that de-
veloped in the "thyrotoxic" hearts after norepinephrine

-/ T,/ could be caused by the appearance of irregularly firing
_ h/* lI)acemakers rather than by a change in the spontaneous
3I/n//1 firing of a regular pacemaker. To test this possibility

rates wvere analyzed in hearts that had retained the
same basic rhythm during the control state and (luring

Control 09M tO6M 107M l6M exposure to 109-10' M norepinephrine. As is apparent
Control 10-_9M i0-8'M 10-7m 10-6M in Fig. 6, significant differences were still apparent in

NOREPINEPHRINE CONCENTRATION the responses of the hearts exposed to high levels of

ose-response curve of isolated hearts main- triiodothyronine, even in the absence of arrhythmias.
lays in the presence or absence of triiodothyro- When 2-day hearts were exposed to tyramine (10-4-
elating changes in spontaneous atrial rates to 10-3 ' N) their beating rates did not change and Ino
tion of norepinephrine. Symbols as in Fig. 1. arrhythmias were induced. Results were identical for

different from control hearts (P < 0.05 by
:est for unpaired samples). See Table II for both triiodothyronine-treated and control hearts (Fig.
es of heart rate. 2).
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FIGURE 4 Incidenice of arrhythmias (atrial anid venitricular)
before norepinephrine administration in hearts maintained
for 2 days in the presence or absence of triiodothyronince
(T). Hearts treated with 5 X 10" M T3 were signiificanitly
different from control hearts (P < 0.01 by x2 test).

DISCUSSION

The results of these experiments demonstrate that iso-
lated hearts from late-fetal mice develop enhanced sen-
sitivity to norepinephrine after prolonged exposure to
triiodothyronine under precisely controlled conditions
in vitro. The increased responsiveness is manifested by
greater increases in atrial rate at submaximal concen-
trations of norepinephrine and by an increased incidence
of norepinephrine-induced arrhythmias. Whether or not
the inotropic response to norepinephrine is also altered
under similar conditions cannot be discerned from the
present experiments.

Several previous studies have suggested that hyper-
sensitivity to catecholamines is a common feature of
hyperthyroidism (18-21). On the other hand, more
recent experiments have indicated that the heart rate
response to graded doses of norepinephrine is no dif-
ferent after induction of hyperthyroidism in vivo (3-8).
In these studies base line heart rates were significantlv
higher in hyperthyroid hearts than in controls. Further-
more, the data of Lee, Lee, and Yoo (22) and of
Wurtman, Kopin, and Axelrod (23) and others sug-
gest that hearts made thyrotoxic in vivo have elevated
atrial concentrations of norepinephrine and are chron-
ically exposed to higher base line levels of free catechol-
amines than are controls. Thus, no matter how carefully
controlled the experiments may be, studies in which
simple changes in beating rates are compared in hearts
from normal and hyperthyroid animals must inevitably
suffer from the fact that base line values are significantly
different. There is no reason to suppose, for example.
that a given increase in heart rate in a euthyroid heart
has the same physiological meaning as the sanme ab-
solute increased from a significantly higher base line in
a thyrotoxic heart in which background catecholamine
stimulation is already elevated. Rather, as Tenney (24)
has emphasized in another context, abnormally high

INCIDENCE OF 60
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A5xlO-"M T3

A

*~~~~~'20 _

0
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FIGURE 5 D)ose-resp)onlse curve of isolated hearts that were
initially in regular rhytlhmii after cultivationi for 2 days in
the presence or absence of triiodotlhyroninle (T:), relating the
inicidence of norepinephrine-induced arrhythmias to the con-
centration of norepinephrine. Symbols as in Fig. 1. *Sig-
nificantly (lifferent from control hearts (P < 0.05 by x2 test).

base line heart rates and/or partial "saturation" of
receptor sites by high background levels of free cate-
cholamines might well cause subsequent reactivity to
exogenous catecholamines to appear artificially low.

In the present experiments, tests of sensitivity to
norepinephrine were miiade 2 days after explanation of
the hearts, at a timiie when base line heart rates were
similar in all groups and when responsiveness to tyra-
mine had been lost. At that time, no group contained
any measurable catecholamines, suggesting, as did the
absence of response to tyramine, that treated and con-
trol hearts had no endogenous catecholamines or base
line sympathetic activity.
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FIGURE 6 Dose-response curve of isolated hearts main-
tained for 2 days in the presence or absence of triiodothyro-
nine (T3), relating changes in spontaneous atrial rates of
hearts that remained in regular rhythm to the concentration
of norepinephrine. Symbols as in Fig. 1. *Significantly dif-
ferent from control hearts (P < 0.05 by Student's t test
for unpaired samples).
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Most evidence suggests that the cardiac effects of
thyroid hormones, like most of their other actions, are
slow to appear (9-11, 13). Some investigators, how-
ever, have suggested that triiodothyronine may alter
myocardial properties acutely (25, 26). Cultures of iso-
lated, dispersed myocardial cells develop an immediate
tachycardia when the hormone is added to the medium
(25), unlike the delayed augmentation of rate that
occurs in cultures of intact hearts (13). It seems likely
that the atypical responsiveness of isolatedI cells may
be a consequence of the unavoidable menmbrane and
ultrastructural damiiage incurredl by the cells during the
enzymilatic (ligestion an(I mechanical agitatioin employed
in the dispersion process (27) and (loes not represent
a normal physiological action.

Consistent with the usual physiological effects of tri-
iodothyronine, changes observed in the present study
were slow to develop. No differences between control
and treated hearts were apparent for over 3 hr after
exposure to the hormone. This suggests that the effects
observed at 2 days were not a nonspecific or toxic action
of the chemical used (22), but rather, were due to the
characteristic delayed action of the hormone. Efforts
to repeat the experiments after 4 or more days of cul-
ture were abandoned because by that time most of the
hearts exposed to triiodothyronine were beating irregu-
lariv and at a rate significantly different from controls
(13.), making valid comparisons of absolute changes
in rate impossible.

At 2 days, responses of heart rate and rhythmi to
submiiaximiial doses of norepinephrine were markedly
altered when high concentrations (5 X 10-6 MI) of tri-
io(lothvronine had been ad(led to the culture miiedium.
When lower concentrations (5 X 10-7 M) of the hor-
nmone were used the incidence of norepinephrine-induced
arrhythmias remained increased, but there was no sig-
nificant shift from control in the heart rate response.
The concentrations of triiodothyronine that were used
were chosen because they are well beneath the levels
that cause "toxic" manifestations of excessive thyroid
administration such as uncoupling of oxidative phos-
phorylation (10), yet are high enough to cause "hvper-
thyroid" manifestations (13). Because the heart ac-
tively metabolizes thyroid hornmones (28), and because
triiodothyronine adsorbs to glass, metal, etc., the net
concentration in the medium over the 2 day culture
period must inevitably have been lower even than the
nominal concentrations.

It is always possible to argue, of course, that differ-
ences in results obtained in the present system and
in vivo miiight have occurred simiiply because fetal lhearts
were used ratlher than adtult hearts or because the
presenit system is tinphysiological. Indeed, hearts main-
tained in organi culture are not "normal," as attested

by the wide range of spontaneous heart rates observed
in this and previous studies (12). Nevertheless, the
beating rate for each heart remains unchanged, and
appropriate responsiveness to catecholamines and ace-
tvlcholine persists throughout the duration of cultivation
(12. 13). Thus, whatever their deviations from "nor-
mal' characteristics in vivo, fetal mouse hearts in
organ culture do beat and function in a stable manner
for several days. Any unphvsiological characteristics
they ma! possess are shared equally by control and
experimenital organs. Thus, it seems reasonable to coni-
clude that at least one kind of functioning myocardial
tissue gradually develops supersensitivity to norepi-
nephrine during prolonged exposure to elevated levels
of triiodothvronine. The change occurs under precisely
controlled conditions in which secondary changes in
neural and humoral factors are eliminated. The cellular
nmechanism by which supersensitivity might develop
remains obscure, and should provide a fruitful field for
future investigation.
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