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The rate at which Rbaa enters the myocardium 
from the blood is determined by the rate of coro- 
nary blood flow and by the kinetics of potassium 
within the myocardium. In preparation for a 
study of the effects of disease on the rate of myo- 
cardial RbE6 uptake in man, a trial of methods was 
made in a series of dogs. During this study the 
rate of RbSa uptake in several regions of the heart 
of control dogs was measured, and the ef€ects of 
1-norepinephrine and Pitressin@ on differences 
in regional RbB6 uptake were determined, since 
these drugs respectively increase and 
overall coronary blood flow (1, 2). 

MATERIALS AND METHODS 

Details of the materials and methods used have been 
described elsewhere (3). These data on Rb" uptake of 
different regions of the heart were obtained from the 
same dogs in which precordial monitoring was carried 
out. 

Mongrel dogs weighing 6.7 to 14.3 Kg. were anes- 
thetized with sodium pentobarbital and infused intra- 
venously with Rb" at  a continuously decreasing rate for 
periods of 5 to 90 minutes in order to attain nearly 
constant levels of Rb" in the plasma of arterial blood. 
The radioactivity of whole blood was monitored in a 
small external arterio-venous shunt from which samples 
were taken at  5-minute intervals for determination of 
plasma Rb" and potassium concentrations. Frequent 
recordings of heart rate and mean arterial blood pru-  
sure were made after 100 to 150 mg. hepaiin had been 
given. Four dogs received a mean dosage of 2.5 pgm. 
per Kg. per min. I-norepinephrine intravenously for 
30 minutes and six dogs received a mean of 0.065 pres- 
sor units per Kg. per min. Pitressin@ for a similar pe- 
riod, during which time they also received Rb". The 
dogs were sacrificed by rapidly opening the chest and 
removing the heart. Specimens were obtained from 
several regions of the heart, from the lung and liver, and 
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from the skeletal muscle of the pectoral region and 
spinc 

Specimens obtained from the hearts of 29 dogs were 
as follows: full t h i c h u s  of the left ventricle in the 
apical region, full thickaas of the left ventricle in the 
b a s i  region, full thicknus of the mid-portion of the 
interventricular septum, a portion of the thickest put 
of the left ventricle divided approximately into outer, 
middle, and h e r  thirds, a simiIar specimen from the 
right ventricle divided into h e r  and outer halves, and 
specimens of the full thickness of the right ventricle and 
from both auricles. The latter included the appendagu 
and a portion of the adjacent wall of the auricle. The 
potassium and Rb" concentrations of all spccimcm were 
determined after digestion in HNO.. 

METHODS OF ANALYSIS 

The ntionale of the mcthods of analysis and the de 
tails of the procedure have been presented elsewhere 
(3). I t  was assumed that Rb" traced potassium in the 
myocardium, that the individual portions of the myo- 
cardium could be considered homogmants compartments 

TABLE I 
Mean potassium concentdion of mriouz regions of the 

h r t s  of 19 control dogs, a d  the maan ratio of myocardial 
Rb"/K to plasma Rb8'/K of the same regions o the hean3 
of CigM dogs sanij iccd w e  h n  72 h r s  afw Rdu isjectim 

Mean of six specimens 106.1 i 7.6 82.2 f4.5 

Outer third of left 108.0 83.3 

Middle third of left 105.8 84.0 

Inner third of left 104.0 80.3 

Mean of three specimens 103.3 81.6 

Outer half of right 104.5 82.2 

from the left ventricle 

ventricle 

ventricle 

ventricle 

from the right ventricle 

ventricle 

ventricle 
Inner half of right 102.9 80.9 

Right atrium 115.6 59.5 
Left atrium 114.1 67.2 
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TIME CQURSE OF RbW CONCENTRATION IN SEVERAL 
REQo(Is OF THE HURTS OF DOGS 
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FIG. 1. THE TOTAL RB" UPTAKE IN THE Wuls OF 
EACE CHAMBER OF TEE HEARTS OF 19 CONTROL Docs 
A= 5 fo 90 MINUTES OF RB" INFUSION 

The l i e s  indicate the avenge uptake at any time. 
This was obtained from the mean of all uptake rates with- 
out regard to duration of infusion of Rb". 

which exchanged with plasma at constant rates, and that 
potassium concentrations did not change during the time 
that the measurements were being made. A portion of 
the data which support these assumptions is given in 
Table I and Figure 1. Rb" uptake has been expressed in 
terms of the clearance of Rb" by the myocardium and 
also in terms of the apparent turnover rate of potassium 
between the myocardium and the circulating plasma, 
which is defined as the fraction of the myocardial potas- 
sium which exchanges with the plasma in one minute. 
Potassium turnover rates were of interest because the 
potassium concentration of various regions of the myo- 
cardium differed, and it was felt that under some cir- 
cumstances the potassium turnover rate might reflect 
the amount of effective plasma flow per unit amount of 
contractile tissue more accurately than would a simple 
clearance measurement, which is expressed as uptake 
per Gm. of tissue. 

The turnover rate of potassium within the myocardium 
was obtained graphically from the following relationship. 

H = C 

lvhere 
H is the Rb'/K ratio in the myocardium at 

of sacrifice, 
the time 

C is the Rb"/K ratio of the hart at t = m  (Ci s  u- 
armed to be equal to the averaee Rb"/K nt io  ob- 
s d  in the plasma.), 

t is the duration of Rb" infusion in &utcs, and 
b is the fraction of total myoardial potassium enter- 

mg or leaving per minute, ic . ,  the turnover rate 
If the blood flow is slow in Comparison to the flux of 
potassium into and out of the myocarM fiber, then 
dcuht ions by this method give a value for apparent 
potassium turnover which is lower than the true rate 
of flux. 

The initial clearance of plasma Rb" by the myo- 
cardium was defined as the amount of arterial plasma 
which would be required to supply the Rb" taken up 
during a hypothetical moment More any Rb" had be- 
gun to return from the myocardium to the plasma. It 
was therefore a minimal value for rate of plasma flow. 

Initial myocardial Rb" clearance 
(b) (Myocardial K conc.) 

Mean plasma K conc. 
= 

Rb" uptake by organs other than the heart was ex- 
pressed as clearance of plasma Rb" in ml. per Gm. per 
30 min. which is equal to 

Organ Rb" cpm. per Gm. + Plasma Rb" cpm. per ml. 

in dogs given Rb" for a 30-min. period. 
No correction has been made in the calculations for 

differences in the equilibrium ratio of myocardial Rb"B 
divided by plasma Rb"/K in the various regions of the 
heart These values for 8 dogs are given in Table I. 

MEAN K TURNOVER AND PLASMA Rb*6 CLEARANCE 
IN SEVERAL REGIONS OF THE HEARTS OF CONTROL 

DOGS AND DOGS RECEIVING PITRESSIN OR 
I- NOREPINEPHRINE 

contnl dog .------- K lulmavar rota 
e = dog racelvlwq pltrassln - p l o w  R b ~ c l a o m c e  

dog laca1'11nq I-norapwphrhe 

L& )*r t tme R J ~ ~ , ~ ~  A,,i, 

FIG. 2. MEAS POTASSIUM TURNOVER AND CLWMNCC 
OF PLASMA RB- IN SEVERAL REGIONS OF TEE HEARTS OF 
COSTROL Docs AKD Docs RECEIVIXG P I T R E S S I ~ ~  OR 
I . - ~ O R E P I S E P H R I S E  
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K TURNOVER AND CLEARANCE OF PLASMA Rd' IN wRM)Ns OF THE LEFT M C L E  OFDOGS 
a Control dogs b. Dogs receiving drugs 

1 
FIG. 3. POTASSIUM TURNOW AND CLEARANCE OF ~ S M A  RB" IN THE OUTER, MIDDL~ AND INNER TEIIDS OF 

THE WALL OF TEE LEFT VSNTIUCLE IN CONTROL Docs (a) AND Docs RECEIVING INFUSIONS OF L-NOPEIINEPHEXNE m 
PITRESSIN@ (b) 

RESULTS 

The mean values of initial clearance of plasma 
Rbee and turnover rate of potassium for several 
regions of the myocardium in control dogs and 
those receiving Pitressin@ or 1-norepinephrine are 
indicated in Figures 2, 3, and 4. Since no sig- 
nificant differences were noted in the results ob- 
tained in specimens from the apex of the left ven- 
tricle, base of the left ventricle, and from the 
interventricular septum, these values have not 
been recorded separately. The statistical sig- 
nificance of some of the differences in Rb8* up- 
take of various regions of the heart is iridicated 
below by the appropriate p value. 

COMMENT 

Figure 2 indicates that there was a greater clear- 
ance of plasma by the left ventricle of control dogs 
than by the right ventricle (p < 0.01). The 
clearance of plasma Rbaa and the turnover rate 

*The Fisher test for unique samples w a s  used where 
applicable. 

of potassium in the left ventricle averaged 45 per 
cent more than in the right, the potassium con- 
centrations of the two being n q l y  qual (Table 
I). Clearance of plasma RbM by the auricles was 
only slightly lower than by the right ventricle, 
while the turnover rate of potassium was higher 
in the atria than in the right ventricle, in associa- 
tion with the relatively low potassium conm- 
tration in the atria. CIearance of Rhea (p < 
0.01) and turnover of potassium (p = 0.07) 
were less in the portion of the right atrium sampled 
than in the left atrium. 

In Figure 3 the small differences in the Rb" up 
take by the outer, middle, and inner p o ~ m  of 
the left ventricle are apparent. of 
plasma Rbaa by the middle portion of the wall of 
the left ventricle averaged 8.0 per cent m ~ r e  than 
by the outer third (p=O.Ol) and 5.8 pu cent 
more than by the inner third (p € 0.01). Clear- 
ance was 2.0 per cent greater by the inner por- 
tion than by the outer portion, but this m y  have 
been due to chance ( p  > 0.4). 

The relationship of the values of turnover af 
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K TURNOVER AND PLASMA R b w  CLEARANCE IN 
INNER AN0 OUTER PORTIONS OF THE RIGHT 

VENTRICLE OF D O G S  

FIG. 4. T m  POTASSIUM TURNOVER AND CLLUIANCE 
OF PLASMA RB" IN THE INNER AND 0- PORTXONS OF 
THE RIGHT VEN'IPICLE OF CON~ROL Docs AND Docs Re- 
CEII~ING L-NOBEPINEPERINE OR P ~ S S I N @  

myocardial potassium were similar, except that 
the middle and inner portions were nearly the 
same, and turnover was 62 per cent greater in the 
inner portion than in the outer (p < 0.05). 

The clearance of plasma RbBe and the turnover 
of myocardial potassium in the right ventricle 
were higher in the inner than in the outer portion 
(p < 0.01), the difference averaging 15 per cent 
(Figure 4). 

Clearance of plasma Rb*" and turnover of myo- 
cardial potassium were increased in all regions 
of the myocardium by the infusion of I-norepineph- 
rine (Figure 2). The rate of Rbse uptake was 
increased more in the ventricles than in the atria 
(p  < 0.02), and more in the right ventricle (77 
per cent) than in the left (50 per cent) (p = 
0.2). In the left ventricle the increase in clearance 
was greater in the inner portion than in the outer 
portion ( p  < 0.02). This accentuated the dif- 
ference between the clearance in inner and outer 
Dortions noted in the controls from a value of 2 

per cent to one of 29 per cent. This difference in 
inner and outer portions was probably not due to 
chance (p < 0.02). Since myocardial potassium 
concentration was low in three of four dogs re- 
ceiving 1-norepinephrine, the change in rate of 
turnover of myocardial potassium was propof- 
tionately greater than the change in clearance 
of plasma Rb8a. 

Idfusion of Pitressins reduced the turnover 
rate oi myocardial potassium and the clearance 
of plasma Rb" in all the regions of the myo- 
cardium sampled (Figure 2). . As in the dogs 
that received 1-norepinephrine, the changes oc- 
curring in the right ventricle were greater than 
those in the left, clearance of plasma Rba6 by the 
right ventricle having decreased an average of 
49 per cent and the left ventricle 40 per cent 
(p = 0.3). Changes occurring in the auricles 
were in the same direction as those in the ven- 
tricles, but smaller (p < 0.06), averaging 20 
per cent less. Clearance of plasma Rb" was d e  
creased 20 per cent less in the inner portions of 
the left ventricle than in the outer (p < 0.03), and 
the 2.0 per cent difference between these regions 

EFFECT OF I -  NOREPINEPHRINE AND 

LIVER, AND MUSCLE OF DOGS 
PITRESSIN ON Rb*6 UPTAKE OF THE LUNG, 

0 -  control dog 

0 8 d oq r e c r i v i q  I - nwrpinrpkrlnr 
. A =dog recwivinq oitrrrrin 

FIG. 5. CLEARANCE OF PLASMA RB" BY THE LUNGS, 
LIVER, AND SKELETAL MUSCLE FROM THE PECTORAL AND 
SPIKAL REGIOXS OF Coslno~ Docs A N D  Docs WHICH RE- 
rErvEn ITFUSIONS OF L-NOREPIXEPfIRISE OR P r r a E S S I f l  

0 0 2 4 2  t 1 
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noted in the normal dogs was increased to 17 per 
cent, which was probably a qualitatively reproduci- 
ble difference (p < 0.02). 

The Rbs8 uptake of the lung, liver, and skeletal 
muscle of the pectoral and spinal regions was cal- 
culated in the 6 control dogs which were infused 
with Rbse for 30 minutes and in the dogs receiv- 
ing drugs, in order to compare the effect of these 
drugs on the myocardium with their effect on the 
other organs sampled (Figure 5 ) .  It was found 
that neither drug had any noticeable effect on 
clearance of plasma RbM by the lung, but that 
Pitressin@ greatly decreased RbBe clearance by 
both the muscles tested (p < 0.01). 1-Norepi- 
nephrine decreased RbEe uptake by the skeletal 
muscle of the spine (p < 0.05), but its effect was 
less marked than that of Pitressin@. The decrease 
in skeletal muscle clearance of plasma RbBe caused 
by Pitressin@ was more than twice that produced 
in cardiac muscle. Clearance of plasma Rbs8 by 
the liver was not apparently affected by Pitres- 
sin@, but Rbso uptake was greatly elevated in the 
livers of three of the four dogs that received 
]-norepinephrine. 

GENERAL DISCUSSION 

These variations in RbM uptake rate reflect 
differences in the rate at which RbBe is brought 
to the area by the blood, or the actions of un- 
known factors affecting the flux of rubidium 
across the walls of the capillary and myocardial 
fiber or affecting the mixing of rubidium within 
the interstitial fluid and cell. A variety of evi- 
dence favors the view that the flux of potassium 
and RbE6 across cellular membranes in the heart 
is rapid by comparison with the rate at which these 
substances can be delivered by the coronary 
blood, and that therefore the rate of coronary 
blood flow is ordinarily the factor most likely 
to limit Rb8" uptake (3). In the case-of organs 
other than the heart, it has been found that blood 
flow is a major factor limiting the rate of uptake 
of water and inert gases, as well as electrolytes 
(4-6). Rbae is taken up rapidly by the vascular 
thyroid and adrenal glands (7), even though these 
organs are not known to have unusually high cel- 
lular exchange rates of potassium or rubidium. 
The effects of Pitressin@ and 1-norepinephrine on 
RbE8 uptake of resting muscle in the dogs reported 

here are in the directions which would be ex- 
pected if regional blood flow affected uptake. 
This obviously is not true of all organs since the 
brain has a very slow uptake despite a rapid blood 
flow (7), and the erythrocytes have a slow uptake 
despite the absence of any limitation imposed by 
blood flow. It is reasonable to suppose that there 
is a rapid flux of potassium in and out of the in- 
dividual cardiac muscle fiber, because the move- 
ment of potassium ions is believed to be involved 
in the process of contraction. The mechanical 
kneading action of the heart would be expected to 
promote mixing within the myocardium. The 
effects of 1-norepinephrine and Pitressin@ on 
Rbse uptake are in the same directions as their 
effects on coronary blood flow. 

The demonstration that in control dogs Rb" 
uptake is more rapid in the inner than in the 
outer portion of the wall of the right ventricle, 
while the differences in the left ventricle were 
much less definite, suggests the possible role of 
the Thebesian circulation in RbE8 uptake, because 
these vessels are known to be more numerous in 
the right ventricle of the dog than the left (8) .  
Quantitative variations in the effects of Pitressin@ 
and 1-norepinephrine on different regions of the 
heart may indicate variations in local blood flow 
caused by the humoral control of blood vessels 
within the myocardium. 

SUMMARY 

1. When control dogs were given RbM intra- 
venously, the mean rate of RbBe uptake by the 
left ventricle was 45 per cent faster than by the 
right ventricle. 

2. The rate of Rbs6 uptake in the atria was simi- 
lar to that in the right ventricle. 

3. The inner portion of the right ventricle con- 
sistently took up Rba6 more rapidly than did the 
outer portion. 
4. In dogs receiving 1-norepinephrine or Pitres- 

sin@, the uptake was significantly more rapid 
in the inner portion of the left ventricle than in 
the outer portion. 

5.  Pitressin@ and 1-norepinephrine produced 
changes in RbBe uptake rate which were in the 
same direction as their known effects on the rate 
of coronary blood %ow. 
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6. Thest diffennccs in the rate of Rb" uptake 
are belieped to be related to differences in the rate 
of d d v e  blood flow, although other factots 
ham not been eliminated. 
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