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T r a n s m u r a l  P r e s s u r e  a s  a D e t e r m i n a n t  of  B a s i c  I n t r i n s i c  H e a r t  R a t e  
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Summary. I t  was observed  t h a t  the  hea r t  ra te  was m i n i m u m  a t  zero t r a n s m u r a l  pressure.  The m e a n  hea r t  ra te  a t  zero 
t r ansmura l  pressure  was 23 ~:5/min. This mean  hea r t  ra te  increased f rom 23 •  to a peak  value of 40 •  
(74% acceleration) when  the  t r ansmura l  pressure  was raised f rom 0 to + 4  m m  Hg  and to a similar peak  value of 
36 •  (56% acceleration) when  the  t r ansmura l  pressure  was lowered f rom 0 to - 4  m m  Hg. The peak  values  at-  
t a ined  a t  i 4 m m  Hg  were  h ighly  s ignif icant  (p <0.001).  I t  is conCluded t h a t  the  hea r t  ra te  a t  zero t r a n s m u r a l  pressure  
represen ts  t he  basic intr insic  pacemaker  f requency  i n d e p e n d e n t  of neuraI, humoraI ,  t he rma l  and  haemodynamica l ly  
induced mechanica l  influences. 

Changes in t he  chronot rop ic  response of the  hea r t  
t h rough  mechanica l  s t r e t ch  induced  by changing the  in- 
t racard iac  pressure  in isolated amph ib i an  (PATHAKI'2), 
and m a m m a l i a n  (PATHAK a) hear t s  have  been repor ted .  
Mechanical  s t r e t ch  has been  shown to  be a f u n d a m e n t a l  
s t imulus  for pacemake r  ac t iv i ty  (PATHAK a). These s tudies  
led to  the  e s t ab l i shmen t  of the  concep t  of intr insic 
au toregula t ion  of hea r t  r a te  t h rough  changes  in the  pace-  
make r  s t r e t ch  (PATHAKS, 6). Recen t ly  ex t racard iac  pres- 
sure changes  induced  t h r o u g h  pericardial  d is tens ion have 
also been shown to  a l ter  the  pacemaker  response  (PA- 
THAK, JOG and  GOVALT). In  view of the  i nvo lvemen t  of 
t he  pacemake r  b y  b o t h  in t racard iac  and ex t racard iac  
mechanica l  s t re tch ,  i t  was considered useful to s t u d y  the  
re la t ionship  be tween  t r a n s m u r a l  pressure  and hea r t  rate.  

Material and methods. Hear t s  of p i thed  or decap i t a t ed  
frogs were per fused  in situ wi th  frog Ringer ' s  solut ion 
(NaC1, 102 m M ;  KC1, 1 raM; CaC12, 1 m M ;  NaHCO~ 
1 m M ;  p H  7.6). The v a g o s y m p a t h e t i c  t runks  were cut  as 
an addi t ional  precaut ion .  A needle or po ly thene  ca the te r  
was  imp lan ted  in the  i n t ac t  per icardial  cavi ty.  The intra-  
cardiac (intrasinus) pressure  was al tered by  changing  the  
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Fig. 1. Block diagram of the experimental set-up. A1, ECG and A2, 
pressure amplifiers. C, specially designed perfusion cannula with 
overflow outlets at 1 cm intervals. The curvature in the outflow limb 
of the bulb of the eannula controlled the velocity of fluid inflow into 
V, the posterior venaeava. C1, C2, the 2 channels of oscilloscope and 
recorder. Mx, Ms, reservoir type Hg-manometers in parallel with the 
transducer, T and pressure meter, PM to match their responses 
exactly within 0.25 mm Hg. M 1 and M S monitored the average peri- 
cardial and sinus pressures. P, pericardial cavity; R, Ringer reser- 
voir; RM, heart rate meter; S, syringe for injecting and withdrawing 
fluid from the pericardium; tl, t 2 and t a plastic connecting tubing. 
The sinus venosus was the common reference 0 level as indicated by 
the interrupted horizontal line. 

perfusion pressure.  The ex t racard iac  (pericardial) pres-  
sure was a l tered b y  in jec t ing  or w i thd rawing  Ringer ' s  
fluid. Due to the  mu t u a l  in te rac t ion  be tween  the  in t ra-  
sinus and ex t ras inus  pressures,  the  r e su l t an t  t r ansmura l  
( intrasinus-pericardial)  pressure  was of small  magn i tude  
when  only  one of t h e m  was al tered.  To induce larger 
changes  in the  t r a n s m u r a l  pressure,  the  two pressures  
were a l tered in opposi te  directions,  i.e. while the  perfus ion 
pressure was raised, the  per icardia l  pressure  was reduced 
or vice versa.  All pressures  were moni to red  wi th  the  help 
of an electronic pressure  mete r  t h r o u g h  a s t a t h a m  pres- 
sure t ransducer .  The level of the  sinus venosus  (the pace-  
mak ing  ch amb e r  in frog hear t)  was f ixed as the  co mmon  
'zero reference '  for all pressure  recordings.  The hea r t  ra te  
was moni to red  on a ra te  me te r  t r iggered by  the  vent r i -  
cular complex  of the  e lec t rocard iogram (ECG). The ECG 
and per icardial  pressure  were recorded on two channels  of 
an electronic recorder.  Detai ls  of expe r imen ta l  se t -up  are 
shown in Figure 1. The ent i re  sys t em was tho rough ly  
checked several  t imes  dur ing  each expe r imen t  for any  
possible leak. 

The frog being a poiki lo thermic  animal,  warming  of the  
perfusion fluid was no t  necessary.  The expe r imen t s  were 
conduc ted  a t  l abora to ry  t e m p e r a t u r e  (around 20~ 
There  was no po ten t i a l  hea t  exchanger  a round  the  per- 
fusion assembly.  The p robe  of a sensi t ive electronic the r -  
mo me t e r  was inser ted  in t he  connect ing  tube  (Figure 1, 
t3) near  the  hea r t  and the  t e m p e r a t u r e  of the  perfus ion 
fluid was cont inuous ly  moni to red  and  remained  co n s t an t  
dur ing the  exper iment .  The fluid used for per icardial  dis- 
tens ion was w i t h d r a w n  f rom wi th in  the  perfus ion sys t em 
into the  syringe (Figure 1, t2). Hence  the  fluid which  
en tered  the  hea r t  and which  d i s tended  the  per icard ium 
had  the  same t e m p e r a t u r e  and  chemical  composi t ion.  

Results. The difference be tween  the  perfusion (intra- 
cardiac) and  per icardial  (extracardiac)  pressures  repre-  
sented  the  t r ansmura l  pressure.  The t r ansmura l  pressure  
was posi t ive  when  the  in t racard iac  pressure  exceeded the  
ex t racard iac  pressure,  while it  was nega t ive  when  the  
ex t racard iac  pressure  exceeded the  in t racard iac  pressure.  
The t r ansmura l  pressure  was  var ied  in graded s teps  f rom 
+ 8  to -14  m m  Hg  and the  resu l t an t  changes  in the  h e a r t  
ra te  were inves t iga ted  in 20 isolated perfused frog hear ts .  

Figure 2 i l lustrates  t he  changes  in the  hea r t  ra te  on 
first  t r ial  wi th  change  in t he  t r ansmura l  pressure  in 8 dif- 
ferent  hear ts .  In  4 hea r t s  (left side) the  effect  of nega t ive  
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Heart rates at different transmural pressures 

Transmural pressures in mm Hg 
Out of 20 
hearts +8  +6  +4  +2 0 - 2  -4 -6 8 10-12-14  

Mean heart 
rate 
Acceleration 
of mean rate 
at 0 trans- 
mural pres- 
sure (%) 
Standard 
deviation 
Standard 
error 
't-value 
Proba- 
bility (p) 

30 36 40 36 23 34 36 35 32 29 27 25 

30 56 74 56 0 48 56 52 39 26 17 9 

6.0 5.1 - 8.8 - 

1.6 - 1.2 2.2 - 
8.8 5.6 

- - 0 . 0 0 1  - - - 0.001 

t r a n s m u r a l  p r e s s u r e  is s h o w n ,  whi le  in t h e  o t h e r  4 h e a r t s  
( r ight  side) t he  effect  of b o t h  pos i t i ve  a n d  n e g a t i v e  t r a n s -  
m u r a l  p r e s s u r e  is s h o w n .  T h e  h e a r t  r a t e  w a s  m i n i m u m  a t  
0 t r a n s m u r a l  p r e s s u r e  ach i eved  b y  equa l i z ing  tile i n t r a -  
ca rd iac  a n d  e x t r a c a r d i a c  p re s su re .  W h e n  t h e  t r a n s m u r a l  
p r e s s u r e  w a s  c h a n g e d  f r o m  t h e  zero level, t he  h e a r t  ac- 
ce le ra ted  tO a t t a i n  a p e a k  r a t e  fol lowed b y  dece le ra t ion  
b o t h  a t  pos i t i ve  as  well as  a t  n e g a t i v e  t r a n s m u r a l  p res -  
sure.  Occas iona l ly ,  due  to  severe  b r a d y c a r d i a  a t  h i g h  
t r a n s m u r a l  p r e s s u r e s  ( •  to  •  m m  Hg) ,  t h e  h e a r t  
r a t e  r e a ched  a va lue  lower  t h a n  t h a t  a t  t he  zero t r a n s -  
m u r a l  p r e s s u r e  (F igure  2, t o p  r igh t ) .  Since these  t r a n s -  
m u r a l  p r e s s u r e s  were  v e r y  m u c h  ou t s i de  t h e  phys io log ica l  
l imits ,  t h e  lower  va lues  of  h e a r t  r a t e s  in s u c h  cases  c a n n o t  
be r e g a r d e d  as n a t u r a l  m i n i m u m  ra tes .  The  e x p e c t e d  
phys io log i ca l  l imi ts  of t r a n s m u r a I  p r e s s u r e  r a n g e  is 0 to  
•  m m  Hg .  W i t h i n  t h i s  r a n g e  of t r a n s m u r a l  p r e s su re ,  

t he  m i n i m u m  h e a r t  r a t e  w a s  a t  0 t r a n s m u r a l  p r e s s u r e  
a n d  acce le ra t ion  to  a p e a k  occu r r ed  on  c h a n g i n g  t h e  t r a n s -  
m u r a l  p r e s s u r e  to  •  m m  H g  in all t he  20 hea r t s .  
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Fig. 2. Rate changes in 8 hearts on first distension trials. Leftside, 4 hearts showing the effect of negative transmural pressures. Right- 
side, another 4 hearts showing the effect of both positive and negative transmural pressures. The heart rate was minimum at zero trans- 
inural pressure (except in the heart shown on top right, see text) and increased to a peak as the transmural pressure was changed to po- 
sitive or negative values. 
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Fig. 3. Variations in mean heart rate at different transmural pres- 
sures is represented by the middle curve. The upper and lower curves 
represent the extreme ranges of heart rate changes observed in some 
trials. 

T w o  or  t h r e e  t r ia ls ,  as  s h o w n  in F i g u r e  2, we re  con-  
d u c t e d  in each  h e a r t  a n d  the  a ve r age  va lue s  of h e a r t  r a t e s  
a t  d i f fe ren t  t r a n s m u r a l  p r e s s u r e s  were  ca l cu la t ed  for  
each  hea r t .  T h e  m e a n  va lue s  of h e a r t  r a t e s  de r ived  f r o m  
the se  a v e r a g e  va lues  of  t he  20 h e a r t s  a long  w i t h  s t a t i s t i c a l  
ana lys i s  of t he  d a t a  are  p r e s e n t e d  in t he  Table .  I t  is seen  
t h a t  t h e  m e a n  m i n i m u m  h e a r t  r a t e  a t  0 t r a n s m u r a l  p res -  
su re  w a s  23 K_5/min. I t  i nc reased  to  t h e  p e a k  va lue  of  
40 •  (74% acce lera t ion)  w h e n  the  t r a n s m u r a l  p res -  
su re  w a s  c h a n g e d  h o r n  0 to + 4  m m  H g  a n d  to 36 •  
(56% acce lera t ion)  w h e n  the  t r a n s m u r a l  p r e s s u r e  w a s  
c h a n g e d  f r o m  0 to  - 4  m m  Hg.  T h e  p e a k  va lues  a t  + 4  a n d  
- 4  m m  H g  t r a n s m u r a l  p r e s s u r e s  were  s t a t i s t i c a l l y  h i g h l y  
s ign i f i can t  (p_<0.001). F i g u r e  3 s h o w s  t h e  p a t t e r n  of  
c h a n g e  in t h e  m e a n  h e a r t  r a t e  (middle  curve)  a long  
w i t h  t h e  m a x i m u m  a n d  m i n i m u m  l imi t s  of v a r i a t i o n  in 
r a t e s  o b s e r v e d  w i t h  c h a n g e s  in t he  t r a n s m u r a l  p r e s s u r e  
in t h e  20 h e a r t s .  
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The values of hea r t  ra te  recorded f rom the  moni tor ing  
ra te  me te r  were rechecked f rom the  sinus complexes  of the  
ECG. These values, therefore ,  represen t  the  pacemaker  
f requency.  

Discztssio~. In  the  isolated dene rva t ed  hear ts ,  ex- 
t r insic  neurohumora l  influences are absent .  Any  pos- 
sible t he rma l  or chemical  effect  was also ruled out  be- 
cause the  perfus ing and  d i s tend ing  solutions had  the  
same t e m p e r a t u r e  and chemical  composi t ion.  F u r t h e r  the  
ra te  changes  only occurred dur ing change in the  pressure  
w i t h o u t  any  o ther  var iable  being involved,  and the  ra te  
changes  were qui te  reversible on revers ing the  pressure  
change.  Therefore,  the  observed chronot rop ic  changes  
due to  a l te ra t ions  in the  t r a n s m u r a l  pressure  could only 
be a t t r i b u t e d  to changes  in the  pacemaker  ac t iv i ty  in 
response  to p ressure- induced  mechanica l  effect. 

The p resen t  results  are qui te  cons i s ten t  wi th  the  
previous observa t ions  on pacemaker  response to me- 
chanical  s t r e t ch  (PATHAK 1 4; PATHAK, JOG and GOYAL V). 
In  previous  approaches  to the  assessment  of basic in- 
tr insic hea r t  ra te  ( J o s e  and  COLLISON 8), the  role of pres-  
sure- induced mechanica l  s t r e t ch  was no t  apprecia ted .  
The p re sen t  work  establ ishes t h a t  the  t rue  basic intr insic  
hea r t  ra te  can only  be ob ta ined  when,  besides e l iminat ing 
the  extr ins ic  neurohumoraI  and  the rma l  influences, the  
effect  of pressure  induced  s t r e t ch  is also excluded.  The 
m i n i m u m  hear t  ra te  a t  0 t r a n s m u r a l  pressure,  therefore,  
represents  the  t rue  basic intr insic  pacemaker  f requency.  
I t  is also clear t h a t  the  t r a n s m u r a l  pressure  is an im- 
p o r t a n t  d e t e r m i n a n t  of basic intr insic  hea r t  rate.  

s A. D. JOSE and D. R. COLLISON, Cardiovasc. Res. 4, 160 (1970). 

R u d i m e n t s  of an Abil i ty for T i m e  M e a s u r e m e n t  in the Cavernicolous  Fish Anoptichthys jordani 
Hubbs  and Innes  (Pisces  Characidae)  

WlLHELMINE ERCKENS and  F. WEBER 

Zoologisches Imt i lu t  dee Universitiit, Badestrasse 9, D 44 M~rzster-West/alen (Federal Republic o~ Germany), 
6 Apri l  1976. 

Summary. R u d i m e n t s  of an abi l i ty  for endogenous  t ime-measur ing  are indica ted  a) by  b imoda l  ac t iv i ty  in the  da rk  
phase  of LD-cycles  of 16:16 or 24:24 h and b) by  d a m p e d  ac t iv i ty  oscillations f requent ly  following a t rans i t ion  f rom 
LD to cons t an t  condi t ions .  These oscillations always have  the  same period length  as the  appl ied LD. 

One m a y  expec t  t h a t  the  circadian r h y t h m  depending  
on the  in tegr i ty  of m a n y  genes does no t  d isappear  sud- 
denly  bu t  degenera tes  gradual ly  dur ing the  regressive 
evolut ion  under  cave condit ions.  The knowledge of these  
degenera t ion  s teps  m a y  allow conclusions on genetics 
and phys io logy of the  in tac t  endogenous  clock. The cav- 
ernicolous fish Arzoptichthys /ordani is a sui table object  
for such invest igat ions ,  because it is genet ical ly  con- 
nec ted  by  in t e rmed ia te  forms wi th  its surface ances tor  
A styanax mexicanus 1. This work  is concerned wi th  in- 
ves t iga t ions  of an endogenous  s tochas t ic  control  and of 
r ud imen t s  of an endogenous  r h y t h m  of swimming  ac- 
t i v i t y  in 4 specimens (3 c~d, I ~?) of the  bl ind ex t reme  
cavernicolous form. 

Methods. The swimming  ac t iv i ty  was recorded by  in- 
f rared beams  fixed 2-3 cm below the  wa te r  surface (in 
some exper imen t s  an addi t ional  beam near  the  bo t tom) .  

The measur ing  in terval  was 30 min. The animals  were 
isolated f rom each other  dur ing  the  exper iments .  Accord- 
ing to tile iength  of the  artificial  l ight  period,  the LD ex- 
pe r imen t s  las ted 215-606 h. The DD and LL  exper iments  
las ted 304-316 h. The series of da t a  were inves t iga ted  
wi th  regard to periodic d i s t r ibu t ions  by  a per iodogram 
analysis  p rog ram 2 in the  compu te r - cen t r e  of the  Uni-  
ve rs i ty  of Miinster,  and wi th  regard  to s tochast ic  distr i-  
bu t ions  of ac t iv i ty  by  the  m e t h o d s  appl ied by  LEHMA~ 
et al. 3. 

1 C. M. BREDER, JR., Zoologica 27, 7 (1942). 
2 G. LAMPRECHT and F. WEBER, Pfliigers Arch. 315, 262 (1970). 
z U. LEHMANN, D. NEUMANN and H. KAISER, J. comp. Physiol. 97, 

187 (1974). 
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Fig. 1. Geometric means of fre- 
quency histograms of A and R 
from 20 DD experiments. Ordinate : 
means of the observed values. 
Points: fitted exponential func- 
tion in the range of agreement in- 
eluding 71% of the A- and 70% of 
the R-values (zS-test, pA = 0.88, 
pu = 0.75. / ,  = 0.48, ]g = 
-0.34). 


