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hyaluronic in vitro enhanced skin 'permlea- 
bility' in vivo and compounds which inhibited 
its depolymerization acted also as inhibitors 
of this permeability( 1,2,7,8). 

Thus, the alterations in connective tissue 
permeability appear to be due to changes in 
the degree of polymerization of hyaluronic 
acid, the major component of the ground 
matrix of soft connective tissue. And since the 
ground substance is essentially responsible for 
the extravascular transport of metabolites to 
and from the cells,§ the changes in connective 
tissue permeability are measurements of the 
rate of intercellular movements of biological 
substances. 

Conclusion. The present results with in- 
sulin seem to indicate that the hormone, at  
the doses used in the present work, is without 
local and systemic effect on the intercellular 
transport of metabolites, a t  least if tested by 

the rate of intradermal diffusion of Evans 
blue dye. 
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Factors Influencing the Inotropic Effect of Corticosteroids.* (32049) 
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Certain corticosteroids exert a positive in- 
otropic effect on isolated cardiac muscle as 
well as in intact animals( 1,2,3). Previous 
work(4,S) has shown that aldosterone does 
not exert a positive inotropic effect in cat 
papillary muscles maintained at  37OC in buf- 
fer containing normal concentrations of cal- 
cium (2 .54 mM), whereas aldosterone in- 
creased contractile force by about 10 to 1 2 %  
when the calcium concentration was reduced 
to 0.63 mM (5:6). Hydrocortisone, (cortisol), 
a glucocorticoid, does not exert significant 
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inotropic effects a t  either calcium concen- 
tration. Preliminary studies revealed that 
hypothermia also enhanced the responsiveness 
of cat papillary muscles to aldosterone( 6).  
The present study was undertaken in order 
to determine whether papillary muscles main- 
tained at  27°C in a low calcium medium 
would show an altered inotropic response to 
corticosteroids other than aldosterone and 
whether alterations of the concentrations of 
other cations could modify the inotropic re- 
sponse to corticosteroids. 

Methods. The isolated cat papillary muscle 
preparation previously described ( 6) was used 
exclusively in this investigation. A modifi- 
cation of Krebs-Henseleit solution previously 
described (6) was used as the bathing medium. 
The solution was gassed with 95% + 5 %  
COa at  a temperature uf 27  t 1°C or of 
37 -4 0.2"C. The pH of this solution is 7.3 
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TABLE I. Effect of Corticosteroids Dissolved in  Ethanol on Contractility of Cat Papillary 

Steroid-treated Ethanol-treated 

Muscle at 27°C in  0.63 mM Calcium Buffer. 

Concentration 
Steroid N (Pug/ml) % A C F  % a C F  

Prednisolone 

Me thylprednisolone 

Deoxycorticosterone 

Betamethasone 

2 a-methyl-9 a-FF 

Substance ' S ' 

Hydrocortisone 

Dexamethasone 

Aldosterone 

8 
8 
8 
4 
4 
4 
8 
8 
8 
6 
6 
6 
4 
4 
4 
4 
4 
8 
8 
8 
8 
8 
8 
8 
4 
4 
4 
4 
6 
6 
6 

10  

.5 * 
2.5 

10.0 
.5 

2.5 
10.0 

.5 
2.5 

10.0 
.5 

2.5 
10.0 

.1 

.25 

.5 
2.5 

30.0 
.5 

2.5 
10.0 

.1 

.5 
2.5 

10.0 
.1 
.5 

2.5 
10.0 

1.0 
2.5 
5.0 

.25 

+ .5 t 2.4 
- 8.8 t 3.0 
-40.1 f 3.8 
+ .4 f 2.6 
-10.2 & 3.8 
-44.6 k 7.1 
+ .9 f 3.3 
-33.3 t 4.7 
-45.0 & 6.9 
+ 3.8 f 1.2 
- .2 f 3.0 
-29.8 f 6.2 

.o f .o + 3.3 f 1.6 + 3.0 f 2.6 
- 6.3 6.3 
-33.8 f 3.5 
+ 6.9 2 4.3 

4 5 . 6  2 3.2t 

+ 3.0 f 3.6 

-11.5 3.5 

+ 2.0 2 2.0 

- 8.5 +- 2.4 
-39.0 2 5.8 
+ 2.5 2 2.2 

.o f 4.1 
- 8.3 f 2.4 
-40.0 f 2.9 
+ 3.2 & 1.5 
+14.7 2 3.5t 
+27.7 f 4.2t 
+20.9 -t- 2.5t 

+ .3 ? 2.5 
- 8.0 t 3.4 
-41.3 f 4.5 
+ .6 _+ 2.7 
-12.6 t 3.7 
-46.2 & 6.4 
+ 2.0 f 3.8 
-14.8 _+ 3.0 
-49.8 f 6.5 
- 1.3 f 3.8 
- 2.3 f 2.4 
-30.0 f 5.9 

.o * .o 

.o +- .o 
- .5 2 .2 
- 5.0 & 2.0 
-31.5 5 6.2 
- .5 & 2.9 
-10.9 & 4.3 
-58.1 3.8 
+ 1.0 & 2.0 + 3.3 2 3.8 
- 7.3 2 1.8 
-38.5 2 3.2 
+ 5.2 * 4.4 
- 1.5 3.4 
-13.3 5 2.8 
-44.5 * 3.5 
+ .7 -e 2.8 
- 3.1 +- 1.6 
- 8.7 -+ 3.5 
-11.4 f 3.2 

All values are means 5 standard errors. 
% A CF = percent change in  contractile force. 
* The same values apply t o  that  of the ethanol concentration expremed in  pl/ml. Thus if a 

steroid-treated papillary muscle received 0.5 pg/ml of a steroid, the vehicle control muscle re- 
ceived 0.5 Gl/ml of ethanol. 

t Significant from vehicle control (p <.01). 

and the osmolality is 285 mOsm. Papillary 
muscles ranging from 0.7 to 1.1 mm in 
diarneter were used. These muscles exhibited 
developed tensions of 1.8 to 2.5 g J m 3  meas- 
ured at  the peak of the length-tension curve. 
Osmolality was maintained with sucrose in the 
low sodium solution. All steroids were ob- 
tained in the crystalline state and dissolved 
in ethanol. In addition, dexamethasone, 
hydrocortisone, predniso'lone and methyl- 
prednisolone were also obtained in aqueous 
soh. tion. 

Results. Table I is a summary of the in- 
otropic respnses to a variety of corticos- 

teroids. At least 3 different concentrations 
were tested for each steroid. Each response 
to an addition of steroid to the bath was 
compared with the response to an addiition of 
a corresponding arnuunt of ethanol. Meas- 
urements were made after a period of 30 
minutes. Under the conditions of the 
experiments, contractile force randomly 
changed only an average of 2 %  over 
30 minutes with no addition to the bath. 
It can be seen that a t  the higher steroid 
concentrations, (2.5 pg/ml and above), a 
prominent negative inotropic response was 
observed for all steroids used except aldos- 
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TABLE 11. Inotropic Effect of Aqueous Solutions of Corticosteroids in  Cat Papillary Muscles. 

Concentration Steroid Aqueous vehicle 
Steroid (sLg/ml) N ( % A c F )  ( % A C F )  

Hydrocortisone .1 
.5 

2.5 
10 
25 

Dexamethasone .5 
2.5 

10 
25 

2 
10 

2 
10  

Prednisolone .5 

Methylprednisolone .5 

6 
8 
8 
8 
6 
6 
8 
9 
8 

7 
7 
7 
7 
7 
7 

+ 4.5 k 2.8 + 8.5 2 3.8 
+I13 e 1.7" 
4-20.1 t 3.8" 
+13.2 2 2.0" 
+ 2.4 L- 2.5 + 8.1 6.0 
4-21.0 e 2.5" 
+22.6 & 5.4" 
+ 2.9 2 2.9 + 3.2 2 2.0 + 6.4 2 2.9 
+ 1.9 k 2.7 + 3.9 k 6.8 + 3.0 2 2.6 

+1.8 1.0 
+3.v Ifi 2.4 
- .6 2 1.1 + .8 2 1.5 
- .5 2 2.6 
+2.3 k 1.2 
+4.8 k 5.1 
+2.3 e 3.0 
+3.8 5 3.3 
4-1.2 k 1.6 

+2.6 2 2.1 

+2.1 k 3.0 
+1.6 k 2.2 

-1.4 k 2.2 

-1.3 ~f: 2.1 

All values are means & standard errors. 
%ACF = percent change in contractile force. 
* p <.Ol from vehicle control. 

terone. This negative inotropic effect could be 
entirely accounted for by the ethanol in the 
solution. The only instances of a significant 
positive inotropic effect of a corticosteroid 
were found at 1.0, 2.5, 5.0 pg/ml of ddos- 
terone. At 10 pgJd ,  Substance S provided a 
significantly smaller negative inotropic effect 
when compared with the ethanol response 
(p<O.Ol) but this is difficult to equate with 
a p s i  tive inotropic response. 

There does not appear to be any obvious 
relationship between mineralocorticoid po- 
tency and inotropic activity of the corticos- 
teroid tested. Thus, 2 a-methyl-9 a-fluom- 
cortisol, which has comparable mineralo- 
corticoid activity to aldosterone, was com- 
pletely devoid of inotropic activity. Reich- 
stein's Substance S, which a t  high concentra- 
tions has moderate mineralocolrticoid activity, 
had only a slight effect at a relatively high 
concentration (110 pgJml). DOC elicited no 
response nor did any of the glucocorticoids 
used. 

Since ethanol depressed the contractile 
force of the papillary muscle, four gluco- 
corticoids, hydrocortisone and dexamethasone, 
prednisolone, and methylprednisolone, were 
administered in a water soluble solution. Dexa- 
methasone phosphate (Decadron; Merck, 
Sharp and Dohme) , hydrocortisone sodium- 
succinate (Solu-Cortef ; Upjohn), prednisolone 
acetate (Meticortelone; Schering) and meth- 

ylprednisolone acetate (Depo-medrol ; Up- 
john) were used. These are among the most 
commonly used corticosteroids and are the 
only water soluble corticosteroids commercial- 
ly available. Table I1 shows the results of 
these experiments. It is of interest that in 
these experiments, both hydrocortisone and 
dexamethmne increased contractile force by 
about 20% at comparable concentrations, 
whereas prednisolone and methylprednisolone 
were without significant effect. None of the 
aqueous vehicles significantly depressed nor 
stimulated contractility a t  any dose level ad- 
ministered. 

In  addition to the experiments performed 
at  a reduced calcium concentration, studies on 
the inotropic effects of aldosterone and hydro- 
cortisone were performed in a low sodium 
(100 mM) and a low potassium (2.01 mM) 
Krebs-Henseleit solution. These studies were 
performed at  2 7  and at 37°C. No significant 
inotropic effects were observed at  any con- 
centration used (same range as that shown in 
Table I). Therefore, decreasing the sodium or 
the potassium concentratioa does not semi tize 
cardiac muscle to the inotropic effects of cor- 
ticosteroids as does lowering the calcium con- 
centration. 

Discussion. These findings indicate that 
glucocorticoids are capable of exerting modest 
positive inotropic effects if they are adminis- 
tered in a vehicle which itself does not exert a 
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negative inotropic effect. Other substances 
used to dissolve steroids such as methylene 
chloride and propylene glycol also markedly 
depress the contractile force of the papillary 
mu,scle. Therefore, ethanol is not unique 
among steroid solvents in depressing cardiac 
contractility. 

Ethanol, however, appeared to decrease the 
responsiveness of cardiac muscle to1 corti- 
costeroids. This can be inferred from the fact 
that the steroid treated muscles showed the 
sanie degree of depression as the ethanol 
treated muscles in almost all cases. If the 
ethanol merely depressed contractility, one 
would expect the steroid treated muscles to 
show less depression than their corresponding 
vehicle controls, particularly in the cases of 
dexamethasone and hydrocortisone. 

This study calls attention to the fact that 
the manner in which co'rticosteroids are 
soliubilized may play an important role in 
determining their eventual effect. Certainly, if 
the vehicle exerts an effect opposite in direc- 
tion to that of the steroid, the steroid effect 
may be masked by the vehicle. This appears 
to be the case with the inotropic effect of 
corticosteroids dissolved in ethanol. 

The mechanism for the enhancement of 
corticosteroid induced inotropic responses in 
a low calcium medium remains unanswered. 
Since lowering the sodium or the potassium 
concentration of the medium did not enhance 
inotropic responsiveness to corticosteroids, 
some specific role of calcium ( e g . ,  in relation 
to excitation-contraction coupling) may ex- 
plain this phenomenon. No obvious cor- 
relation of inotropic activity with mineralo- 

corticoid, glucocorticoid or anti-ouabain po- 
tency exists. Therefore, it seems likely that 
the inotropic effect exerted by some corti- 
costeroids is brought about by mechanisms 
other than those involved in the more classic 
actions of these hormones. 

Summary. A series of 9 corticosteroids dis- 
solved in ethanol were studied in the isolated 
cat papillary muscle preparation maintained 
at  27°C in a reduced calcium buffer. Only 
aldosterone exerted a significant positive in- 
otropic effect. The magnitude of this positive 
inotropic eff eat was larger than previously 
observed at  37°C in a normal calcium buffer. 
The ethanol was markedly depressant tot the 
papillary muscles. Hydrocortisone and dex- 
amethasone, in aqueous solutions, also exerted 
positive inotropic effects, whereas prednisolone 
and methylprednisolone were ineffective. 
Lowering the sodium or the potassium concen- 
tration od the medium did not result in signi- 
ficant inotropic responses to aldosterone or 
hydrocortisone. 
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!Shannon ( 1 ) demonstrated that the ex- 
cretion of exogenous Creatinine in man is 
greater than can be expected from glomerular 
filtration alone. He concluded from these and 
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