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doses of rnersalyl into rats, renal ATP-ase 
activity was unchanged in 4 hou,rs; i t  was de- 
creased after 24 hours. 3. Simultaneous duced by mersalyl. 
microscopic and enzymatic studies suggest 

that  thse decrease in ATP-ase activity is a 
result an,d nlot a cause of renal injury pro- 
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Acetylcholine Content of Tyrode Solution Perf used Through Muscles as 
Affected by Calcium and Procaine Hydrochloride.* (17847) 

A. R. MCINTYRE, F. 31. DOWNING, A. L. BENNETT, AND -A. L. DUNN. 
From t h e  Department  of  Ph?ysiolopj a n d  Phnrnincology, l'wiverxity of Nebraska College of 

Mrdicinr,  0 ninho. 

There apmar  to be many similarities 
between muscle fibrillation caused by de- 
nervation and fibrillation produced by cal- 
cium lack ( l ,2.3 -4.5 ) .  These experiments 
were performed in order to examine the pos- 
sible r6le of acetylcholine in fibrillating dog 
muscle caused by these two conditions. 

Method. -4 week to 10 days before an  
experiment a dog's left sciatic nerve was sev- 
ered aseptically. On th: morning of the ex- 
periment the animal was lightly anesthetized 
with pentothal sodium and prepared for can- 
nulation of the right iliac artery and vein. 
The following solutions were in readiness : 
mammalian Tyrode solution containing suf- 
ficient heparin to provide the animal with a 
total of 10 mgikg: Tyrode solution contain- 
ing eserine in a concentration of 1 : 100.000. 
Two Ca7+ free Tyrode solutions were also 
prepared and to one of them was added 1 
millimol of procaine hydrochloride Der liter. 
Provision was made for warming these solu- 
tions to body temperature by passage 
through a glass coil immersed in a tank main- 

* These experiments were supported in part from 
a grant from the National Foundation for Infantile 
Paralysis. 
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tained a t  about 40°C. Electromyograms 
were obtaine'd from wire recor-dings made 
continuously throughout #the experiment. We 
have recently described this technic and full 
details are readily available in anoth.er jour- 
na l (6) .  The  method is recommended as the 
wire recorder permits reproduction of the 
electrical activity of the muscle for photog- 
raphy a t  a later time when the experimenter 
is not preoccupied with operative and other 
technics. The  standard procedure was as 
follows: the right sciatic nerve was cut, a 
concentric needle was inserted into the right 
gastrocnemius, and with the amplifier, wire 
recorder and loud speaker turned on, the 
right iliac artery was perfused with Tyrode 
solution conttaining heparin. Usually no e k -  
trical activity from the muscle was heard on 
the speaker. The  iliac vein was then cannu- 
lated and the sanwinous perfusate collected. 
The muscle was then perfused with Tyrode 
solution containing eserine 1 : 100,0100, cal- 
cium free Tyrode solution and lastly, cal- 
cium free Tyrode soh tion containing pro- 
caine hydrochloride 1 millimol per liter. 
Samples of perfusate were collected in separ- 
ate flasks, additional eserine added, and the 
perfuzates stored in the ice box for further 
use. -4 complete recording of the electrical 
aetivity of the perfused muscles was ob- 
tained. The whole procedure was then re- 
peated on the denervat'ed side and again sep- 
arate eserinized samples of perfusate were 

6 .  Dunn, A. L., Bennett, A. L., and McIntyre, A. 
R., J .  Appl ied  Phyyiol., 1948, v l ,  402. 
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collected and stored. 
Experimental results. The wire recording 

of muscle activity was fed inlto a suitable 
amplifier connected ,to a cathode ray oscil- 
loscope and photographed 'on moving bro- 
mide paper. Fig. 1 contains representative 
samples of the recordlings obtained from one 
of the 3 satisfactory experiments completed 
without complications. I t  will be seen from 
examination of the upper 4 records (.\.B,C, 
D) that the ellectrical activity of the de- 
qerva ted muscle remained virtually constant 
throughout the experiment. However, long 
continued perfusion of a denervated muscle 
with Ca*- free Tyrode solution containing 
procaine hydrochloride usually caused a 
gradual decrease in electrical activity (high- 
er concentrations of procaine hydrochloride, 
10 millimolar, may interrupt the fibrillation 
relatively quickly). I n  contrast it was 
found that the electrical activity of the in- 
nervated muscle aroused by perfusion with 
Cat+ free Tyrode solution (record E) 

promptly ceased when 1 millimolar procaine 
hyd'rochloride was added to the perfusing 
fluid (record F). The last record (G) shows 
single spikes from denervat'ed muscle (left) 
and single spikes from innervated muscle 
while being perfused with Caf* free Tyrode 
solution (right). 

T h e  acetylcholine content of t h e  perf%- 
sates. The perfusates were rendered protein 
free by treatment with trichloroacetic acid; 
after filtration they were neutralized with 
NaH1CO3. The protein free filtrates were 
divided into two portions. One of each pair 
was rendered alkaline (pH 8-8.5), briefly 
heatled, cooled and nleutralized with CO?. Fi- 
nally all filtrates including those hydrolyzed 
by the above procedure were tested for -4Ch 
using the inhibition of the heart of V e n u s  
mercenarin as an indicator. Records from 4 
clam hearts are presented In Fig. 2.  The  
upper row consists of cardiograms obtained 
from a series of conkrols in which Tyrode SQ- 

lution, Tyrode solution treated with tri- 
chloroacetic acid and then neutralized, Caf+ 
free Tyrode solution and Ca++ free Tyrode 
solution containing 3 millimols of procaine 
hydrochloride ( 3  times the concentraiion 
used for muscle perfusion) werle added suc- 
cessively in quantities of one milliliter to the 
sea water a t  A,B,C, and D respectively. The 
heart was not washed between these 4 tests. 
The  initial bath volume was 35 cc. At E, 
1 cc of sea water containing 0.1 y of ACh 
bromide was ad-dmed. Between F and G 0.1 y 
of ACh in 1 'cc of sea water containing 3 mil- 
limols of procaine hydrochloride was grad- 
ually added and after washing with sea 
water, 0.1 7 of ,\Ch in 1 cc of sea water was 
added a t  H. It will be seen that although 
the amplitude of the contractions gradually 
declines, the effect of a final concentration of 
0.0025 71 of -4Ch per cc of sea water was 
plainly visible. Th'e first record in the second 
row was obtained from another heart in 
which 1 cc of protein free Tyrode solution, 
obtained after perfusion through an  intact 
muscle at rest was added to the bath at I. 
Note the increase in amplitude of the heart 
contraction (see discussion below), The rec- 
ord a t  J was obtained after the addition ta 
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the water !>ath of 1 cc of hyi?roZyzecl Ca++ free 
filtrate, collected during in tense muscle-ac tiv- 
ity. ( I t  will be noted that again the 
amplitud: of contraction was slightly aug- 
mented, see discussion.) The  remaining 
records on the second row were obtained 
from a third clam heart and show ( K )  the 
inhibition following the addition of 1 cc of 
Ca-+ free Tyrode solution containing 1 -1 of 
ACh. .4t L is shown the effect of 1 cc of 
Cat+ free Tyrode solution after perfusion 
through an  active innervated muscle. The  
nest record shows the effect obtained when 
filtrate prepared from Ca-- free perfusate 
containing procaine hydrochloride, and ob- 
tained during the cessation of muscle activ- 
ity, was gradually added to the bath be- 
tween 31 and S. In  the next record. a t  0, a 
similar filtrate but obtained after muscle activ- 

2. 

ity had ceased was added to the bath. Kote 
the absence of cardiac inhibition. The  re- 
maining records (bottom row) were obtained 
respectively from: the addition of 1 cc of 
Tyrode solution containing a large excess of 
K*, ( 3  times the normal content) to the 
bath (P) :  the addition of 1 cc of Tyrode 
solution containing a microgram of -4Ch ( Q ) .  
R shows the absence of inhibition obtained 
from a hydrolyzed protein free perfusate ob- 
ltained during active fibrillation of a de- 
nervated muscle; (compare this record with 
J ) .  The  remaining 3 records were obtained 
from solutions perfused through the same 
denervated fibrillating muscle. S: shows the 
presence of a cardio-inhibitor in Tyrode solu- 
tion, T, the continued presence of this sub- 
stance in a Ca-' free Tyrode perfusate and 
U, the continued presence of this cardio- 
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inhibitor in a Tyrode solution containing 1 
millimol of procaine hydrochloride. 

Discussion. The high degree of specificity 
of Venus mercenaria h,earts for ACh has been 
established by many( 7,8,9,10,11,12,13). The 
nature of the substance frequently seen in 
hydrolyzed perfusates from muscles, which 
causes the augmentation of cardiac ampli- 
tude, seen in Fig. 2 at 1,J and to a less 
extent at R, has not b*een determined. I t  
occurs in protein free filtrates prepared by 
trichloroacetic acid preparation and survives 
heaiting at pH 8. The possibility of the 
presence of ATP in1 the perfusates, so pre- 
pared. cannot be excluded. Our experiments 
reveal that ACh appears in the eserinized 
perfusa tes from muscles undergoing spontan- 
eous fibrillation induced by a deficiency of 
calcium or as a consequence of denervation. 
They also show that procaine arrests spon- 
taneous muscle activity due to calcium lack 
in the innervated preparation, but has no 
immediate effect upon the spontaneous activ- 
ity of denervated muscle. 

I t  might be thought that procaine arrests 
spontaneous activity caused by calcium lack 
by simply blocking ACh access to muscle 
effectors. This conclusion is, however, er- 
roneous because the cessation of spontaneous 
activity occurs within a few seconds and at  
that time the muscle will respond to indirect 
excitation, and the failure of procaine to ar- 
rest this spontaneous fibrillation of the de- 
nervated muscle appears to preclude the pos- 
sibility of block. Furthermore the work of 
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Jaco and Wood ( 14) clearly demonstrated 
that the intra-arterial injection of procaine 
(in comparable concentrations to those used 
by us) did not interrupt indirect excitation. 
These workers found that when a muscle was 
indirectly stimulated by maximal spike 
shocks applied to the nerve the intra-arterial 
administration of prostigmine greatly in- 
creased the amplitude of the muscle con- 
traction; however, when procaine was then 
injected intra-arterially the normal muscle 
response to indirect stimulation promptly re- 
turned and continued without further decre- 
ment. They also found block of indirect 
excitability of the muscle induced by the 
intra-arterial injection of 25  y of AiCh was 
prevented by the intra-arterial injection of 
cocaine. They point out that curarine, unlike 
procaine, fails to antagonize prostigmine. 
Hence the actions of procaine and curarine at  
the neuro-muscular junction differ : procaine 
depresses the production of acetylcholine at  
the neuromuscular junction ; curarine, on the 
other hand, blocks acetylcholine. Conse- 
quently the failure of indirect excitation 
caused by procaine reported by Harvey (1 5 )  
is brought about by separate mechanisms. I t  
is believed that the observations reported 
here and those of others all are capable of 
explanation by the following hypothesis. 
Under normal conditions acetylcholine pro- 
duction at  the neuromuscular junction re- 
sults as a consequence of depolarization of 
the membrane at  the termination of the 
motor axon and the destruction of acetyl- 
choline is associated with the repolarization 
of the same structure. Any acetylcholine 
that “escapes” from ‘the immediate vicinity 
of the motor-nerve endings is destroyed by 
the chollinesterase associated with the “pali- 
sade region” described by ‘Couteaux ( 16) and 
possibly by the cholinesterase of the R.B. 
cells ( 17). Under these conditions repetitive 
responses of muscle to a single nerve stimulus 
are impossible, neither can spontaneous 

15. Harvey, A. M., BuU. Johns Hopkins Hosp., 
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muscle activity occur. I n  the presence of 
eserine or prostigmine any  -4iCh that escapes 
destruction as a consequence of repolariza- 
tion of the axon membrane accumulates and 
results in: (-4) a larger muscle response (to 
single indirect stimuli as described by Jaco 
and IYmd (see above), (B)  repetitive muscle 
responses as found by Eccles. I iatz and Kuf- 
fler(I8) and (C) neuromuscular block as 
described by Briscoe ( 19). These three 
phenomena can be duplicated by the intra- 
arterial injection of increasing concentrations 
of -Wh. Jaco and Wood (see above) showed 
that -\Ch block was inhibited by cocaine and 
this effect is readily understandable when it  
is remembered that cocaine inhibits the de- 
pclarization of nerve(20) and hence not only 
diminishes the production but also augments 
the rate of destruction of .\Ch. The  cause of 
spontaneous muscle activity in normal prep- 
arations emosed to calcium free solutions is. 
according to this hypothesis. the result of the 
accumulation of -\Ch as a consequence of 
partial depolarization of the motor axon ter- 
minal membrane r e su l t i~p  from the with- 
drawal of calcium ions. Direct measure- 
ments of the resting end-plate potential are 
difficult: a decrease in resting potential of 
nerve upon exposure to calcium free solutims 
has been observed by us. Kuffler (I.c.) als:, 
has reported negative resting potentials d p -  

veloping in muscles immersed in calcium free 
solutions and augmentation of muscle re- 
sponses to single indirect sti~nuli. with th: 
appear a nce o f repetitive IN u scl e responses 
and finally block. This is the same sequence 
of events which occurs when increasing con- 
centrations of ACh are applied to the neuro- 
muscular junction (2 1). The  cholinesterase 
content of denervated muscle is not markedly 
lower than that of normal muscle(22) hence 
the increase in sensitivity of denervated 
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muscle to .4Ch is not explaiqable on the basis 
of a lack of this enzyme, and some other 
explanation is required. I t  is believed that 
the hypothesis presented fills this need. I n  
conclusion i t  should be pointed out. that with 
larger concentrations, or more prolonged ex- 
posure to 1 millimolar procaine, there ma!' be 
direct effects upon muscles; and prolonged 
exposure to low calcium concentrations may 
also affect the muscles; under these abnormal 
conditions the hypothesis would not apply. 

Sumniary. 1. Dogs' denervated fibrillat- 
ing muscles when perfused with Tyrode wlu- 
tion, Ca+T free Tyrode solution, or Ca-" free 
Tyrode solution containing 1 millimol of pro- 
caine hydrochloride per liter, continue to 
fibrillate and the perfusate from such muscles 
contains a heat labile material capable of in- 
hibiting the heart of Venus mcr.cenaria in 

2 .  Intact muscle perfused with Tyrode so- 
lution does not usually exhibit electrical activ- 
i ty and the perfusate from such inactive 
muscles dsoes not inhibit the heart of I'cnzis 
111 errcnarirr . 

3. Tnnerm ted muscle perfused with eserin- 
ized Ca free Tyrode solution displays elec- 
trical activitv similar to the fibrillation of 
denervation and the perfusate from such 
muscles contains a heat labile materia1 
capable of inhibiting the heart of I'emrs JzeT-  
cmar ia  ;TI vitro. 

4. Perfusates subjected to alkaline hydrol- 
ysis obtained from denervated fibrillating 
muscle. or from innmervated muscle rendered 
active by perfusion with Ca++ free solutions, 
do not contain a cardio-inhibitor substance 
when tested for such an  inhibitor on the  
heart of Venus mercenaria in zlitru; these 
solutions often augment the contractions of 
the isolated clam heart. 

5 .  Electrical activity of innervated muscle 
perfused with Ca++ free Tyrode solution 
ceases when procaine hydrochloride is added 
to the perfusing fluid and the perfusate from 
the muscle then contains no heat labile cardio- 
inhibiting substance. 

iIitl.0. 
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6. -4 new hypothesis is discussed in which 
it is postulated that motor nerve endings at  
rest are in part responsible for the removal 

of acetylcholine at thme neuromuscular junc- 
tion. 
____ 

Received -4pril 4, 1950. P.S.E.B.M., 1950: v74. 

“Spontaneous” Ovulation in the Rabbit Following Combined Estrogen- 
Progesterone Treatment. (17848) 

CHARLES H. SAWYER, JOHN W. EVERETT, AND J. E. MARKEE. 
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Unlike the humtan and a large majority of 
other malmmals, the rabbit seldom, if ever, 
ovulates spontaneously ; normally ovulation 
occurs only afiter neurogenic stimulation of 
the hypophysis attendant on coitus. Estrogen 
has been reported to facilitate the release of 
ovulating hormone from the rabbit hypoph- 
ysis in response to copper salts(l) ,  to 
coitus during pseudopregnancy (2 ) ,  and to 
mechanical stimulation of the vagina(3), but 
progesterone has always been considered in- 
hibitory to ovulation in this species(4,S). In  
such widely unrelated spontaneously-ovullat- 
ing forms as the rat(6,7,8) the hen(9) and 
probably the monkey( lo) ,  however, ovula- 
tion has been stimulated by the appropriately 
timed injection of progesterone. Everett (1 1) 
has suggested that once the critical factor of 
timing is understood, progesterone 5acilitation 
of LH release may be disclosed in other 
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species. We have recently found that proges- 
terone administration, independently of ex- 
trinsic estrogen, conditions the estrous rabbit 
in such a way that mechanical stimulation of 
the vagina induces ovullation( 1 2 ) .  The pres- 
ent work reveals that, in a significant number 
of rabbits, combined treatment with estrogen 
and progesterone dispenses with the require- 
ment of a coital stimulus and allows ovula- 
tion to occur “spontaneously.” 

This preliminlary study employed 30 ma- 
ture female rabbits, all apparently in estrus 
as judged by hyperemia of the vaginal orifice. 
To avoid the possibility of mechanical stimu- 
lation the vagina was not examined after the 
first hormone injection. The estrogen used 
was a-estradiol benzoate.* The rabbits were 
injected subcutaneously on 2 consecutive 
mornings with doses of 85 pg estrogen in 0.1 
ml peanut oil and/or 2 mg progesterone in 0.2 
ml peanut oil. In the animals receliving both 
hormones the progesterone was administered 
within 4 hours after the second estrogen in- 
jection. The ovaries were examined for 
ruptured follicles a t  laplarotomy about 48 
hours after the last injection. 

The results are summarized in Table I. I t  
is apparent that whereas neither estrogen nor 
progesterone alone was folIowed by ovulation, 
4 out of 10 rabbits ovulated after the com- 
bined treatment. 

The other species in which progesterone has 

12. Sawyer, C. H., Everett, J. W., and Markee, 
J. E., unpublished observations, 1950. 

.Ib We are grateful to  the Schering Corporation, 
Bloomfield, N. J., fo r  generously supplying the 
estradiol benzoate and progesterone. 


