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Summary  

Enlargement  of the heart secondary to 14 dally injections of L-thyroxine (0.2 rag/ 
kg) in the male albino rabbit results in an increase in actin-activated myosin 
ATPase, velocity of unloaded shortening and rate of isometric tension develop- 
ment. The contribution of the altered myosin to contractile efficiency is assessed b y  
making temperature measurements on right ventricular papillary muscles from 
these hearts during isometric contraction. Measurement of tension dependent  heat 
per uni t  of tension is derived from rapid myothermal measurements of initial heat, 
tension independent  heat and isometric force. The tension dependent  heat meas- 
urement  is used to evaluate the crossbridge cycling in vivo and the contr ibution of 
the changes in  the pattern of crossbridge cycling to the efficiency of tension 
development. In the thyrotoxic heart the peak twitch tension is 72% of normal 
while the tension dependent  heat per unit  tension is 175% of normal. This in vivo 
measurement  correlates well with changes in in vitro actin-activated myosin 
ATPase measurements.  Analysis of the data in terms of a model derived from rapid 
enzyme kinetics and mechanical transient analysis indicates that crossbridges from 
the thyrotoxic hypertrophy myosin cycle faster and stay attached to actin for a 
shorter period of time than normal myosin. This alteration in cycling pattern may 
be the basis for the inverse relationship between myosin ATPase activity and the 
efficiency of tension development. 

W h e n  t he  hea r t  en la rges  in  r e s p o n s e  to a t h y r o i d  s t ress  t h e r e  is a n  
i n c r e a s e  in  ac t in -ac t iva ted  m y o s i n  A T P a s e  ac t iv i ty  (1, 2). I t  is i m p o r t a n t  to  
k n o w  if t he  in  v i t ro  c h a n g e  in  the  sp l i t t i ng  of A T P  b y  a c t o m y o s i n  is a 
r e f l e c t i on  of t he  in  v ivo b e h a v i o r  of t he  m y o s i n  m o l e c u l e s  w h e n  t h e y  a re  
p r e s e n t  i n  t h i ck  f i l amen t s  a ssoc ia ted  w i t h  a c t i n  in  a n  o r g a n i z e d  p a t t e r n .  
F u r t h e r m o r e  ana lyses  w h i c h  p rov ide  da ta  r e l a t i ng  to t he  i n  v i v o  s p l i t t i n g  
of A T P  b y  a c t o m y o s i n  d u r i n g  t e n s i o n  d e v e l o p m e n t  s h o u l d  p r o v i d e  in for -  
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m a r i o n  c o n c e r n i n g  t he  m y o s i n  c r o s s b r i d g e  c y c l i n g  p a t t e r n  a n d  i ts  con-  
t r i b u t i o n  to t h e  e n e r g e t i c s  of t e n s i o n  d e v e l o p m e n t .  

T h e  s t r a t e g y  is to e v a l u a t e  the  i n t r a c e l l u l a r  b e h a v i o r  of m y o s i n  b y  u s i n g  
r a p i d  m y o t h e r m a l  m e t h o d s  o n  n o r m a l  r a b b i t  hea r t s  a n d  t h o s e  w i t h  thy-  
ro tox ic  h y p e r t r o p h y .  Wi th  t h e s e  t e c h n i q u e s  t he  i n i t i a l  h e a t  c a n  b e  par-  
t i t i o n e d  in to  a t e n s i o n  d e p e n d e n t  a n d  a t e n s i o n  i n d e p e n d e n t  po r t ion .  T h e  
f o r m e r  is a m e a s u r e  of A T P  s p l i t t i n g  b y  a c t o m y o s i n  d u r i n g  t e n s i o n  
d e v e l o p m e n t  a n d  ref lec ts  m y o s i n  c r o s s b r i d g e  cyc l ing .  I t  t h u s  s h o u l d  
p r o v i d e  i n f o r m a t i o n  a b o u t  in  v i vo  m y o s i n  A T P a s e  ac t i v i t y  a n d  e n e r g e t i c s  
d u r i n g  t e n s i o n  d e v e l o p m e n t .  

M e t h o d s  

Animal  model  

All experiments are performed on right ventricular papillary muscle prepara- 
tions from male albino rabbits. Thyrotoxic hypertrophy is induced by 14 daily 
injections of L-thyroxine (0.2 mg/kg) after which the rabbits are sacrificed, the 
hearts removed, placed in oxygenated Krebs-Ringer, and the papillary muscle is 
isolated and mounted  on the thermopile as described below. 

1VI.yothermal and force measurements  

Right ventricular papillary muscles are excised and mounted  on vacuum depos- 
ited thermopiles as previously described (3). The cut end of the muscle is attached 
to an isometric force transducer while the tedinous end is anchored to a stationary 
hook. Close contact with the thermopile elements is insured by a tether. The 
thermopile assembly is placed inside a chamber allowing the muscle to be bathed in 
oxygenated Krebs-Ringer solution or surrounded by moist gas. The entire myother- 
mal assembly is placed in a 70 liter constant  temperature bath where equilibration 
is carried out at 9.1 ~ for two hours. The muscle is stimulated at 0.9. Hz and the 

"'ix x2,5 ~1 Sec. r 

Fig. 1. Temperature and force changes in a control papillary muscle incubated in 
normal  Krebs solution (1X) and hyperosmotic mannitol-Krebs solution (2.5X): The 
upper  trace is the temperature and the lower trace the force records. The stimulus 
marker is indicated in the temperature record by the vertical line preceding the 
temperature change and in the force record by the deflection preceding the force 
change. See text for a description of the method used to calculate the initial, tension 

dependent  and tension independent  heats. 
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experiments are accepted only if the muscle heat and tension performance are 
stable over the entire experimental period and isometric twitch tension is at least 
four t imes greater than resting tension. 

Tension dependent heat measurements 

The temperature of a contracting muscle is determined by evolution of resting 
heat, initial heat and recovery heat. When rapid myothermal techniques are used 
the temperature oscillation which occurs with each beat is made up of the initial 
heat and the recovery heat (fig. 1). Temperature changes associated with the initial 
heat liberation are corrected for heat loss by the extrapolation procedures shown by 
the dashed line in figure I labeled lX. The dashed line is obtained by translating the 
cool off curve which occurs upon cessation of stimulation. The corrected tempera- 
ture change, 8a, is converted to the corresponding heat evolution by multiplication 
with the effective heat capacity of the muscle plus adhering Krebs solution deter- 
mined as previously described (3). The initial heat consists of the sum of the tension 
dependent  and tension independent heats. The former represents crossbridge 
cycling during tension development and hence in vivo actomyosin ATPase activity. 
The latter represents the initial energy cost of excitation and the translocation of 
calcium during contraction and relaxation. Tension independent  heat is obtained 
by measuring the triggerable heat output when tension is el iminated by incubat ing 
the muscle in hyperosmotic (2.5 X N) mannitol-Krebs solution (| fig. 1) and 
mult iplying this temperature by the effective heat capacity of the muscle and 
adhering Krebs solution. The tension dependent  heat is the difference between 
initial heat and tension independent heat. 

Results  
General  

T h e  r i gh t  v e n t r i c u l a r  hea r t  w e i g h t : b o d y  w e i g h t  ra t io  i n c r e a s e d  b y  
197% i n  t h e  t h y r o t o x i c  h y p e r t r o p h y  ( table  1). T h e r e  w a s  no  s i g n i f i c a n t  
c h a n g e  i n  the  c ross - sec t iona l  area of the  pa p i l l a r y  m u s c l e s  or i n  t he  d r y  
w e t  w e i g h t  ra t ios  of the  pap i l l a ry  m u s c l e  a n d  l iver  ( tab le  1). 

M e c h a n i c a l  and  thermal  m e a s u r e m e n t s  

T h e  p e a k  i some t r i c  tw i t ch  t e n s i o n  was  5.8 + .3 (SEND g / m m  2 for  t he  
c o n t r o l  m u s c l e s .  T h e  t hy ro tox i c  p r e p a r a t i o n s  h a d  a n  i some t r i c  t w i t c h  
t e n s i o n  w h i c h  was  72% (p < .05) of the  cont ro l .  T h e  t e n s i o n  d e p e n d e n t  h e a t  
pe r  u n i t  of t e n s i o n  d e v e l o p e d  was  2.08 ___ .21 a n d  3.65 + .18 ~tCal/g c m  for  
t h e  c o n t r o l  a n d  t h y r o t o x i c  p repa ra t ions ,  r e s p e c t i v e l y  (N = 8). 

Discuss ion 

H y p e r t r o p h y  of t he  m y o c a r d i u m  w h i c h  o c c u r s  fo l l owing  p r o l o n g e d  
t h y r o t o x i c  s t ress  p e r m i t s  the  hea r t  to m e e t  t he  a d d i t i o n a l  d e m a n d s  for  

Table 1. Thyrotoxic hypertrophy. 

X Sec RV 
RV/Body wt PAP M Dry/wet wt 
g/kg mm 2 PAP M liver 

Normal 0.31 ___ .01 0.59 ~ .04 0.23 __ .006 0.28 +_-.01 
Thyrotoxic 0.61 +- .02 0.66 _+..06 0.24 _ .005 0.25 +_ .01 

p < .002 N.S.  N.S.  N.S .  
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increased cardiac ou tpu t  placed on it. The change  in pe r fo rmance  is not  
s imply  the result  of ar i thmetic addi t ion of musc le  mass.  There  is an  
alteration in the quali ty of pe r formance  of each musc le  unit. I n  previous  
studies of pressure  overload h y p e r t r o p h y  we repor ted  a depress ion in 
mechanica l  Vm~x (4), an increase in t ime to peak  tension (4), a depressed  
myos in  ATPase  activity (5, 6) and  a depressed  heat  p roduc t ion  per  uni t  of 
tension (7). The present  studies on thyro tox ic  h y p e r t r o p h y  are a logical  
ex tens ion  of the pressure  overload exper iments  in that  the changes  are 
general ly  in the opposi te  direction. Thus  the veloci ty of un loaded  shorten- 
ing and rate of isometr ic  tens ion deve lopmen t  increase while the t ime to 
peak  tension decreases. In  addi t ion the actin-activated myos in  ATPase  
f rom these hearts  is increased (1, 2). The goal of these exper iments  is to use 
high speed myo the rma l  measu remen t s  to analyze the cont r ibut ion  of the 
altered contract i le  proteins  to the energetics  of force development .  The 
tension dependen t  heat  results f rom the split t ing of ATP  dur ing  c ro s s -  
br idge cycl ing and the associated tension development .  In  the thyro tox ic  
preparat ion the tension dependen t  heat  rate is 175% of control. 

These  results can be interpreted in terms of the rapid enzyme kinet ic  (8) 
and  mechanica l  tension t ransient  (9) hypo theses  of crossbr idge  cycl ing 
rates and  tens ion deve lopmen t  (fig. 2). At  rest  myos in  crossbr idges  and  
actin do not  interact  with each other. In  the act ivated tension p roduc ing  
par t  of the cycle the ac tomyos in  crossbr idge  sys tem exists in two dist inct  
states, where  the actin and myos in  crossbr idges  are dissociated (fig. 2, top) 
or associated (fig. 2, bottom). In  the former,  i.e., the dissociated or "off" 
state, there  is a rate l imiting step at a r row 1 be tween  the two conforma-  
tional states M** A D P P i  and M*ADPPi.  This rate l imiting step p robab ly  
plays the major  role in de termining  the overall  cycl ing rate and is charac- 
teristic of each type  of myosin.  In  the associated or "on"  state, force is 
believed to be genera ted  w h e n  the crossbr idge  head  rotates f rom the 90 ~ 
(AM*ADPPi) to the 45 ~ (AM ADPPi )  posi t ion s t re tching the compl iant  
e lements  in the  myos in  molecule.  In  this scheme the  length  of t ime dur ing  
which  the myos in  head  is a t tached in a posi t ion less than  90 ~ (i.e. be tween  
90 ~ and 45 ~ ) and the stiffness of the compl ian t  e lement  de te rmine  the 
integrated force developed dur ing  a single cycle. The t ime course  of the  

~CE)OOC Acfin ~ Actin -J 

~ " y " 

Non.Ret Ref J 
MCADPPi ~ 1. M**ADPPi ~ M*ATP~ A J 

. . . .  _ _ l  . . . . . .  . . . . . . . . . . . . . . . . . . . . .  

A ' ~  _ _  ~. J AMATP -1 

AM* ADPPi 2 �9 AM ADPPi ~ Ak~'~ ATP| 
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~g .  2. Act in-act ivated myosin ]dneties and crossbmdge behavior. The fo l lowing 
symbols are used: M, myosin; A, actin; ATP, adenosine tr iphosphate; .A_DP, 
adenosine diphosphate; Pi, inorga~Jc phosphate; M ~=, M**, di f ferent COrL~ormational 

states of myosin (redrawn from E i s e n b e r g  and H/H, 1978 (8). 
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DATA_ ! /C ,  HYPOTHESIS 

PTw ,72 PTw = f x ": x S 
TDH/T 1,75 X-Bridge Cycling Rate (f} 
Assume 1,0 X- Bridge Strength (S) 
Co~culate ,41 X- Bridge Off Time ( r )  

CONTROL S 

OFF 
I -  l / f  '1 

ON ~1.411 ~ 

M OFF L 
I" ~/~.-t5 "I 

L 

I-L 
Fig. 3. The "on-off" cycle of crossbridges dui/ng activation for the control and 

thyrotoxic preparations (see text for discussion). 

m o v e m e n t  along ar rows 2 and  3 (fig. 2) is also a charac ter i s t ics  of each  t ype  
of myos in .  

Thus  the  hea t  p roduc t ion  associated wi th  tens ion  d e v e l o p m e n t  can  be  
ana lyzed  in t e rms  of "on"  t ime and cycling ra te  (fig. 3). As a f irst  approx i -  
m a t i o n  in quant i fy ing  the process  of c h e m o m e c h a n i c a l  t r ansduc t i on  con-  
s ider  the  fol lowing model .  As s um e  that  the p e a k  twi tch  is a func t ion  of :the 
in tegra ted  ra te  at  which  the  crossbr idges  cycle  (f), average  t ime  each  
c rossbr idge  is a t tached  and in the tens ion p roduc ing  conf igura t ion  (r) and  
the  average  stiffness of the crossbr idge compl i an t  e l emen t  (S). 

I f  the  tens ion  dependen t  hea t  is an index  of the  c rossbr idge  cycl ing  
rate,  and  the  s t rength  of each  myos in  c rossbr idge  is un i ty  t hen  the  on  t ime  
and  cycl ing rates  for the thyrotoxic  p repara t ion  relat ive to contro l  can  be  
calculated.  The  thyro tox ic  prepara t ion  deve lops  force less eff icient ly t han  
the  contro l  because  of an increase in the cycl ing rate  (f) and  a decrease  in 
the  "on"  t ime  ~ (fig. 3). Thus  the eff iciency of force d e v e l o p m e n t  is 
inverse ly  re la ted to tens ion dependen t  hea t  or ac t in-ac t iva ted  m y o s i n  
A T P a s e  act ivi ty  (1, 2). The  ability of the hear t  to al ter  the  s t ruc ture  of the  
m y o s i n  molecu le  synthes ized in response  to thyro tox ic  s t ress  a p p e a r s  to 
a l ter  the  ra te  l imit ing s tep of the  ac tomyos in  ATPase  cycle  (fig. 2, a r row  1) 
as wel l  as the  tens ion  produc ing  "on"  t ime  (fig. 2, a r rows  2 and  3). 

The  combina t i on  of rapid  m y o t h e r m a l  m e a s u r e m e n t s  wi th  h igh  speed  
m e c h a n i c a l  t rans ien t  and  enzyme  kinetic analyses  m a y  p rov ide  addi t iona l  
da ta  for tes t ing  the newer  models  of c rossbr idge  behav io r  such  as those  
p r o p o s e d  by  Eisenberg and Hill (8), L ~ n m  and Taylor (10), Huxley  and  
S immons  (9), and  Podolsky and Nolan (11). 
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Zusarnrnenfassung 

Eine I-lerzvergr6J~erung beim Kaninchen a]s Fo]ge yon L-Thyroxin-In]ektionen 
(t~glich 0,2 rng/kg ~ber 14 Tage) f~hrt zu einer Steigerung der aktinaktivierten 
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Myosin-ATPase, der Verkiirzungsgeschwindigkeit bei Nullast und  der Geschwin- 
digkeit der isometrischen Spannungsentwicklung.  Durch Temperaturmessungen 
an rechtsventrikuliiren, isometrisch schlagenden Papil larmuskein solcher Herzen 
wird der Beitrag des ver~nderten Myosins zum kontrakti len Wirkungsgrad 
bestimmt. Die spannungsabh~_ngige W~irme pro Spannungseinhei t  ergibt sich aus 
schnellen myothermalen Messungen der Initialwiirme, der spannungsunabh~ngi-  
gen W~irme und  der isometrischen Kraft. Auf der Grundlage der spannungsabh~n- 
gigen Wiirme wird die Querbrtlckenkinetik in vivo best immt und  untersucht,  
inwieweit Anderungen der Querbriickenkinetik zum Wirkungsgrad der Span- 
nungsentwicklung beitragen. Im thyreotoxischen Herzen betr~gt die maximal  ent- 
wickelte Spannung  72% gegenfiber den Kontrollen, w~_hrend die spannungsabh~in- 
gige W~rme pro Spannungseinhei t  175% ausmacht. Diese In-v ivo-Messungen stim- 
men  mit Anderungen der in vitro gemessenen aktinaktivierten Myosin-ATPase 
iiberein. Eine Analyse dieser Daten anhand eines Modells, welches aus der Analyse 
yon schneller Enzymkinet ik  und  mechanischer Transienten entwickelt wurde, 
ergibt, da]~ der Querbriickenzyklus des thyreotoxisch-hypertrophierten Myosins im 
Vergleich zum normalen Myosin schneller abl~uft und  die Querbriicke fiir kiirzere 
Zeit an das Aktin angeheftet ist. Diese Anderung des Zyklusablaufs kSnnte die 
Grundlage fiir eine inverse Beziehung zwischen der Myosin-ATPase-Aktivit~t und  
dem Wirkungsgrad der Spannungsentwicklung  bilden. 
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