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1. The nature of the drug-receptor interaction in the acetylcholine-induced
contraction of the denervated rat diaphragm was studied both 'by altering the
external ionic environment and by deternining its drug sensitivity.
2. The response to acetylcholine was insensitive to tetrodotoxin or saxitoxin,
but was abolished by procaine.
3. It was unaffected by levels of MnCl. sufficient to block the response of the
innervated diaphragm to electrical stimulation, although higher levels reduced
the response. The effect of Mn++ on the innervated diaphragm was overcome
by raising the external Ca+' level ; this was ineffective in the denervated
preparation.
4. In spite of its insensitivity to tetrodotoxin the acetylcholine contraction
was reduced and prolonged 'by low external Na+ levels. This prolongation was
not found when Li+ substituted for Na+.
5. Increasing the external level of Ca+4 or Mg-+ 3 to 5-fold reduced the
acetylcholine contraction; high Ca + also prolonged it. Reduction in the
divalent cation level was without effect.
6. Procaine inhilbition of the acetylcholine response was largely competitive,
as was inhibition due to ( +)-tubocurarine. This was shown by probit
analysis and the dose-ratio test.
7. Thiocyanate (12 mM) augmented and prolonged the contraction; this action
was modified by altering the Ca++ or Mg++ level of the solution.
8. The acetylcholine receptor resembles that of the innervated postsynaptic
membrane.

The pharmacology of the acetylcholine-induced contraction of denervated muscle
is of interest both for the observation of denervation phenomena and because the
nicotinic receptor may be conveniently studied in such a preparation. Axelsson &
Thesleff (1959) noted that denervated muscle responded to drugs in a manner
qualitatively similar to the innervated endplate. Beranek & Vyskocil (1967)
reported, however, that the acetylcholine (ACh) receptor of denervated muscle is
less sensitive to (+)-tubocurarine (TC) blockade than is the innervated endplate,
and Loomis & Konker (1967) reported that TC produces a contracture of the intact
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denervated anterior tibial muscle of the rat. This finding confirmed the earlier
report of McIntyre & King (1943).

It is of interest, therefore, to study the ACh receptor of the denervated rat
diaphragm in an attempt to extend the observations of del Castillo & Katz (1954,
1955) on the post-synaptic ACh receptor, and to determine wherein the denervated
preparation differs from it. To this end the effects of changes in the ionic environ-
ment on the ACh-induced contraction and interactions between ACh and a number
of anticholinergic drugs have been studied.

Methods

Male hooded rats of the Wistar strain were anaesthetized with pentobarbital
40-50 mg/kg and the left diaphragm was denervated by evulsion of the phrenic
nerve in the neck. They were maintained postoperatively for 8-21 days, to allow
the nerve to degenerate. The ACh-induced contraction was constant during this
period, as noted by Elmqvist & Thesleff (1960). Tihe animals were then killed by
a blow on the head, exsanguinated, and the innervated and denervated diaphragms
set up as described previously (Freeman, 1968). Isometric tension developed by the
muscles in response to drugs or electrical stimulation was recorded with Statham
UC2 transducing cells and a Beckman type R dynograph recorder. Innervated
preparations were stimulated either directly or through the nerve with 0.1 msec
rectangular pulses of supramaximal voltage.
The standard nutrient solution used has been described elsewhere (Freeman,

1968). Na+-free solutions were buffered with tris(hydroxymethyl)aminomethane
hydrochloride (Tris). They were aerated with oxygen rather than the 95% oxygen
and 5% carbon dioxide mixture used in the standard solution. Drugs were injected
into the stream of gas buibbles which was used to aerate and to stir the organ baths.
The bath temperature was monitored continuously with a thermistor. Unless other-
wise stated experiments were carried out at 290 +0.20 C.
The thickness of the muscles was determined at the end of experiments from their

weight and surface area, assuming a density of 105. The mean thickness was 0-63
mm, and the range was from 0-58 to 074 mm. This agrees with our previous
estimate of 0.66 mm (Freeman, 1968) and indicates that at the time of measurement
denervation had not altered the thickness of the muscles. The contractile response
to ACh or carbamylcholine was constant over a 5 hr experimental period, and
tachyphylaxis was not evident provided each drug addition to the organ bath was
separated by a 10 min wash period. Typical dose-response curves are shown in
Fig. 2. The slope varied slightly from one preparation to another, consequently
whenever possible each preparation was used as its own control.

TABLE 1. Time course of acetylcholine or carbamylcholine contraction of denervated diaphragm

Time to half Maximum
Rise time relaxation tension

(sec) (sec) (g)
ACh
55 x 10-6m 120-0.4 (45) 46±2 (45) 5 5±0 3 (45)

Carbachol
7-3 x 1O-5M 45+4 (18) 52±3 (18) 7.9+0.4 (18)

Figures shown are ± S.E. of the mean. The number of observations is shown in parenthesis.
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Results

Time course of the contractile response

Acetylcholine or carbamylcholine (caidbachol) produced a dose-dependent increase
in isometric tension in the denervated diaphragm. The dose-response curves for the
two drugs were parallel, but 7-9 times more carbachol was needed to produce the
same tension as ACh. The response to carbachol was, however, more prolonged.
As can be seen from Table 1 this resulted more from a slower rate of rise of the
carbachol contraction than from a prolongation of the time to half relaxation. The
tension developed in response to either drug declined as an exponential function of
time.

T,he time course of the ACh contraction was relatively independent of the con-
centration of ACh used. The rise time increased slightly over the range 2.75 x 106M
to 2.75 x 10-5M, but the time to half relaxation fell with increasing ACh concentra-
tion from 64 sec at 2 75 x 10-6M to 31 sec at 2.75 x 10-5M.
The reason for the brevity of the ACh response is obscure. Lullmann & Reis

(1967) noted that the depolarization of the denervated diaphragm due to ACh per-
sisted after the muscle had relaxed. Consequently it cannot be ascrilbed to mem-
brane " desensitization," but is more likely related to a resequestration of reticular
Ca++.
The duration of the contraction must also be viewed in relation to the rate of

diffusion of ACh through the preparation. Krnjevic & Mitchell (1960) noted that
the time of half clearance of ACh from the diaphragm was 1v5 min. Their prepara-
tions appear to have been 50% thicker than ours, but it is obvious that the ACh
contraction is too brief for AGh to ,have diffused uniformly through the muscle.
One must assume that the measured contraction is a sum of contractions and relaxa-
tions which occur as ACh diffuses through the preparation. Because of this, condi-
tions which prolong or shorten the contractile event will cause an apparent increase
or decrease in the peak tension developed. This effect may partly explain the
finding of Letley (1960), which was confirmed by us, that the ACh contraction
develops greater tension at 220 C than at 370 C. We observed that low temperature
markedly prolonged the contraction.

Effect of alteration of the external ionic environment

Castillo & Katz (1955) and Jenkinson & Nicholls (1961) noted that ACh was able
to decrease the memibrane resistance of the endplate and denervated muscle respec-
tively in preparations soaked in Na+4ree solutions. Castillo & Katz (1955)
described this effect of ACh " as a short-circuit placed across a rectifying
membrane," and concluded that the action of ACh is independent of the process of
electrical excitation. If this is so the decrease in memibrane resistance in Na+mfree
solution will be associated with currents due to ions other than Na+.

Sodium substitution with sucrose

The denervated diaphragm offers a convenient preparation in which to study the
effect of Na+ depletion on the response to ACh. Sucrose, lithium or Tris hydro-
chloride were used to maintain the osmotic pressure of the nutrient solution.
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The replacement of half the external Na+ with an osmotically equivalent amount
of sucrose was without effect on the tension developed in response to ACh.
Replacement of all but 22 mm Na+ with sucrose resulted in a slow decline in the
tension developed to a constant dose of ACh. The results varied slightly in the
eight diaphragms tested, but in general the tension developed in response to ACh
declined to between 25-50% of the control value over a period of 60-150 min. The
rise time was unchanged, but there was a gradual increase in the time to half
relaxation, until at 60-70 min the ACh response had become a persistent contrac-
ture. These findings are illustrated in Fig. 1. It was noteworthy that in one experi-
ment there was a gradual recovery of tension between 60 and 100 min, until the
response was of nearly normal. force.

Replacement of all the external Na+ with sucrose, using Tris as a buffering agent,
accelerated the changes seen in 22 mm Na+ (Fig. 1). In six experiments the ACh
response started to decline after 10 min, and levelled off at approximately 25% of
the control value at 30-40 min. It was still possible to obtain an ACh contraction
after 120 min in Na+±free solution, and again one preparation showed a partial
restitution of contractile force after 60 min exposure. The rate of rise fell off some-
what after 70 min in Na+free solution, and the duration of the response increased
until it equalled the time of exposure of the preparation to ACh. Washing the
preparation with normal solution for 10-12 min returned the duration of contraction
to less than normal; further, the tension developed was from 140-170% of the
control value. These parameters returned to control values over a period of 30-40
min.

It is possible that the partial restoration of tension which was occasionally seen
after prolonged exposure to low Na+ or Na+-free solution maybe related to the partial
dependence of the ACh contraction on the Na+ gradient across the membrane. The
initial loss of extracellular Na+ would reduce this gradient, which would tend to be
restored 'by a later loss of intracellular Na+ (Simon, Shaw, Bennett & Muller, 1957).
Some evidence for this hypothesis is derived from the observation that the restitu-
tion of extracellular Na+ brought about an initial increase in the ACh response to

Contro 22 mMNa 44 min 79 min Normal soln 40 minono 26 min 5min

Control Na-free 50 min 86 min Normal soln 39 min18 min 5 min

min

FIG. 1. Effect of Na+ depletion on the ACh contraction of denervated diaphragm. The top
row shows a control contraction (ACh 1O-5M), followed by contractions elicited in the presence
of 22 mm Na+, sucrose solution. The scoond row shos a control contraction by the samne
ACh concentration, followed by contractions elicited in the presence of Na+-free sucrose
solution. Return to the normal solution temporarily potentiaes the contractile force above the
control level. In each instance ACh was washed out at the conclusion of the tracing.
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greater than normal levels; one would expect the Na+ gradient to be temporarily
increased.

Exposure of a preparation to a Na+-free sucrose solution which was also Ca++-
free resulted in a marked slowing of the rate of rise of the contraction and a reduc-
tion in tension over a period of 20 min. By 40 min the ACh response was abolished.
The ineffectiveness of ACh in solutions lacking both Na+ and Ca++ recalls the
similar findings of Pappano & Volle (1966), who used the perfused superior cervical
ganglion of the cat.
As would be expected, transmission was blocked by Na+±free solutions in contra-

lateral, innervated preparations in 10-15 min.

Sodium substitution with Tris

Experiments were carried out in which an attempt was made to maintain the
ionic strength of the bathing solution by substituting all the Na+ with Tris hydro-
chloride. It was found that the response to ACh declined to 20-40% of the control
value over a period of 20 min (four experiments). Rise time and duration were also
shortened. These effects may have been partly due to Ca++ chelation by Tris
(Mahler, 1961), so the Ca++ concentration of the solution was then raised to 4-5 mM
( x 3 normal). Tension developed was but slightly improved by the Ca++ increase,
but the response lengthened until it equalled the time of exposure of the preparation
to ACh.

Sodium substitution with lithium

Since Li+ can replace Na+ in maintaining the action potential of nerve and muscle
(Gallego & Lorente de No, 1951), experiments were carried out in which all the
external Na+ was substituted with Li+. Tris hydrochloride was used as buffer.
The rate of rise and relaxation time were not altered by Li+ solution. However,

tension development fell off slowly over a 60 min period until it was 30-40% of the
control value. Restoring the normal Na+ solution brought back tension develop-
ment to the control level in 10 min. The response to ACh in Li+ solution was
further depressed by increasing the external Ca++ level to 4.5 mM; in contrast to
the findings in Tris and sucrose solutions, Ca++ increase did not prolong the
contraction.

Additional experiments were carried out with Li+ solutions without Ca++. Here
it was found that the ACh response declined to zero in 50 min. Restoring the
Ca++ to normal (15 mM) at this point restored the ACh response to 60% of the
control value.
Neuromuscular transmission in the contralateral innervated preparation was

blocked completely in 6-8 min by Li+ solution (Onadera & Yamakawa, 1966;
Freeman, 1968). If the response of the postsynaptic memibrane is reduced by Li+
in a quantitatively similar way to that of the ACh receptor of denervated muscle,
then the greater efficacy of Li+ in blocking transmission must be related to a
reduction in the presynaptic output of ACh.

Divalent cation changes

Reduction of the external Ca++ or Mg++ concentration to 0.15 mM and 0.1 mM
respectively ( x 0.1 normal) was without significant effect on the ACh-induced con-
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traction. An increase in the Mg++± concentration to 5 mm for 10 min before admin-
istration of ACh reduced the tension developed to 50-60% of the control value,
but did not alter the time course of the contraction. A threefold increase in Ca++
reduced the response to approximately 70% of the control value, and increased the
relaxation time five-fold (see Fig. 3). A further increase in Ca++ to 7 5 mm con-
verted the ACh response to a sustained contracture.

The decreased tension developed in high Ca++ or Mg++ solutions may reflect
the membrane stabilizing effect of these ions, and recalls the results of Takeuchi
(1963), who determined the effects of Ca++ and Mg++ on the ACh-induced con-
ductance change of the endplate membrane. The prolongation of the contraction
by raised Ca++ may be a function of the ability of the sarcoplasmic reticulum to
re-sequester Ca++ in the face of continuing depolarization and an increased Ca++
gradient.

Effect of MnC4, on ACh response
It has been shown that the action potentials of crustacean muscles are due to an

increase in conductance for divalent cations rather than for Na+ (Hagiwara &
Nakajima, 1966); it is likely that the rising phase of the action potential in verte-
brate smooth muscle is also unrelated to an increased Na+ conductance (Kuriyama,
Osa & Toida, 1966). It appeared possible, therefore, that an increase in Ca++
conductance could be of major importance in ACh depolarization of denervated
muscle. Manganese ions have been shown to suppress such "Ca+ + spikes" (for
references, see Hashimoto & Holman, 1967); consequently their effect on the ACh-
induced contraction was determined.

It was found that 1 mm MnCI2 added to a Tris-buffered Na+ containing solution
completely blocked the innervated diaphragm to both direct and indirect stimula-
tion in 6 min. It was possible to break tnrough the muscle memibrane blockade by
increasing the stimulating voltage from a normal value of 6-8 V for supramaximal
stimulation to approximately 100 V.

This level of MnCI2 was completely without effect on the ACh response of the
denervated diaphragm, even after 30 min exposure to Mn++. Increasing the Mn± +
concentration to 4 mm reversilbly depressed the ACh response. The dose-response
curve in the presence of 4 mm Mn++ was parallel to the control, and the dose ratio
was approximately 2.

Increasing the external Ca++ level to 4.5 mm completely relieved the blockade of
the innervated preparation; all parameters returned to normal. However, a similar
increase in Ca++ concentration did not affect the partial inhibition of the ACh
response in the denervated preparation. Further, the effect of Mn+ + on this
response was not altered by concurrently reducing the Ca++ level to 0-15 mM,
although the time to half relaxation was somewhat shortened in the low Ca++
solution.

Thus Mn++ appears to block the innervated preparation by processes involving
competition with Ca++ ; its inhibitory effect on the ACh response of the denervated
preparation requires a higher concentration of Mn++ and cannot be modified by
changes in the external Ca++ level.

u
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Drug effects on ACh response

Tetrodotoxin and saxitoxin

Katz & Miledi (1966) noted that tetrodotoxin, which appears to inhibit specifically
the inward Na+ current during the action potential (Kao, 1966), was without effect
on the electrical properties of the neuromuscular junction. This appears also to
be so in the axo-axonic giant synapse of the stellate ganglion of the squid (Katz &
Miledi, 1967). Saxitoxin is pharmacologically very similar to tetrodotoxin.
The effects of these drugs have been compared in both the innervated and

denervated diaphragm preparations. It was found that tetrodotoxin at a concentra-
tion of 10-7 g/ml. completely blocked the innervated diaphragm to direct and in-
direct stimulation in 3 min; approximately twice as much saxitoxin was required
to block this preparation in the same time. These drug levels were totally without
effect on the ACh contraction of the denervated diaphragm, even after exposure for
60 min. Additional experiments were carried out in which tetrodotoxin (10-v g/ml.)
was added to solutions in which all the Na+ had been replaced with sucrose, lithium
or Tris. Here again the contraction was not modified by the presence of tetrodo-
toxin.

Procaine hydrochloride

In distinction to tetrodotoxin and saxitoxin, procaine hydrochloride (PrHCI) was
found to block reversibly the ACh response of the denervated diaphragm; dose-
response curves for ACh were shifted to higher concentrations. Figure 2 shows the
effect of two concentrations of PrHCl on the ACh dose-response curve. As the
control curves differed somewhat in slope the data could not be pooled; the results

16

12-

PrHCI
.,, X 10-4M

0 PrHCI
_s2' I0-4 M

0

4

10- 6 I0-6 lo0-4
jQ61 I0--- 10-4

ACh (moles/l.)

FIG. 2. Effect of procaine hydrochloride on the ACh dose-response curve. Two levels of
PrHCI are shown. The graph has been divided to show two experiments; the upper figures
on the abscissa refer to the left hand segment, the lower to the right hand segment.
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of two typical experiments are shown in Fig. 2. Using probit analysis the difference
in slope in each case was shown not to be significant at the 5% probability level.
Further it was possible to equal the maximum ACh contraction in the presence of
PrHCl by raising the ACh level. Higher concentrations of PrHCl were tested in
order to extend the data; it was found, however, that at 3 or 4 x 10'M it was im-
possible to obtain a steady response to ACh. The data illustrated in Fig. 2 were
obtained by adding ACh to the organ bath after 10 min exposure to PrHCl; the
preparation was then washed for 5 min and PrHCl added for 10 min before the
next ACh dose. This procedure did not produce consistent responses with higher
levels of PrHCl and one must assume that a sufficient quantity of the drug had
entered the cell to interfere with Ca++ release by the reticulum (Bianchi, 1968).

In order to test the apparently competitive nature of the PrHCl inhilbition over the
limited concentration range available, we carried out the dose-ratio test described
by Paton & Rang (1965). Tubocurarine was used as the second ACh antagonist.
The finding of Elmqvist & Thesleff (1960) that TC competitively inhilbits the ACh
response of the denervated diaphragm was confirmed. Dose response-curves were
drawn, and were found to be parallel over the range of concentrations of TC shown
in Talble 2.
The dose ratio (DR) is defined as D1/D where D1 is the dose of an agonist in the

presence of an inhilbitor, required to produce the same response as the concentration
of the agonist, D, in the absence of inhilbitor. If two antagonists giving dose ratios
DR1 and DR2 are both competitive inhibitors of the agonist (ACh) the dose ratio
obtained in the presence of both inhibitors (DR,+2) should equal DR1+DR2- 1. If
the two inhibitors do not compete for the same active site on the receptor DR1+2
DR1.DR2.

Experiments to test the nature of PrHCl inhiibition were carried out in the follow-
ing manner. First, the ACh dose-response curve for each preparation was deter-
mined. The dose ratios for TC and PrHCl were then determined separately, and
then the combined dose ratio DR1+ 2 was determined. A difficulty was encountered
in that the comibined dose of TC and PrHCl caused a prolonged inhibition of the
ACh response which persisted for upwards of an hour in some preparations.
Consequently it was found difficult to obtain more than one or two values of DR1+2
in each preparation. It was found (see Table 2) that the values obtained were con-
sistent with competitive inhibition, or were slightly too large. In no case was
DRl2= DR1.DR2. Thus one may conclude that PrHCl is essentially a competitive
inhibitor of ACh, ibut that its action also contains a non-competitive element.

Interactions between Ca++, Mg++, PrHCl and ACh were also studied, in an
attempt to separate the membrane effects of PrHCl from those operative at the
reticular level (Bianchi, 1968). Thus Ca++ and Mg++ may be expected to have
similar effects on the membrane (Takeuchi, 1963) but Mg++ cannot sulbstitute for

TABLE 2. Dose ratio test for ACh antagonism by TC andprocaine

TC (M) Procaine (M) DR1+2 DR±+DR2-1 DR1.DR,
107 1-5 X 10-4 2-9 3-2 4.4
10~7 1.5 X 10-4 4.4 4.0 6.2

2 x10-7 1.5 X 10-4 6.7 4.8 7.9
3X10-7 1-5x10-4 18.5 11.0 32.0
4x10-7 1.5X 10-4 5.0 6.4 8.9
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Ca+- in excitation-contraction (E-C) coupling. The results of typical experiments
are shown in Fig. 3. As was noted earlier, low Ca++ or Mg++ solutions did not
affect the ACh response. The inhibitory response to PrHCl (1P5 x 10'4M) was
diminished by concurrently lowering either the Ca++ or Mg++ concentration. This
effect was particularly marked in 0.15 mm Ca++. Increasing the level of divalent
cation increased the inhibitory power of PrHCl. Mg++ (5 mm) did not affect the
time course of the contraction; 4.5 mM Ca++ both reduced the amplitude and
prolonged the ACh contraction. Thus both PrHCl and divalent cations appear to
stabilize the membrane and their effects are synergistic.
PrHCI was found to block neuromuscular transmission in contralateral innervated

preparations at approximately 5 x 1O-4M. It was noteworthy that the blockade
could be relieved by increasing the Ca++ level of the solution to 4 5 mm. Relief
was never complete; twitch tension was restored to 50-70%O of the control level.
Presumably the reduction in amplitude of the nerve action potential iby procaine
inhibited ACh release. This effect was overcome by raising the Ca++ level. Post-
synaptic inhibition by procaine may well have been potentiated by raised Ca++.

Effect of thiocyanate on ACh response

If one assumes that PrHCl acts at the level of the ACh receptor to block the
initial excitatory event in the E-C coupling sequence then it is of interest to deter-
mine interactions between ACh and events occurring more distally in the E-C
sequence. SCN- is the most active of a lyotropic series of anions which in innerva-
ted amphibian muscle are believed to act on the transverse tu(bular element, to alter
the E-C process so as to increase the duration of the active state (Bianchi, 1968;
Hodgkin & Horowicz, 1960).

PrHCI PrHCI
Control Low Ca High Ca PrHCI Low Ca High Ca

-10

PrHCI PrHCI
Control Low MIg High Mg Pr HCI Low Mg High Mg

I min

FIG. 3. Effect of divalent cation variation on the inhibition by PrHCl of the ACh response.
The upper row shows a control contraction (ACh 10-5M), followed by contractions in the
presence of 0-15 mm Ca++, 4 5 mm Ca++, 1.5 x 10-4M PrHCl, PrHCl+O015 mM Ca++, and
PrHCl+4-5 mm Ca++. The lower row shows a control contraction followed by contractions
in the presence of 0.1 iM Mg++, 5 mM Mg++, 15 x 1O-4M PrHCI, PrHCl+O01 mM Mg++,
and PrHCl+5 mm Mg++. In each instance the drugs were washed out at the end of each
tracing.
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Experiments were carried out to determine the effect of replacing 12 mm C1- in
the bathing solution with SCN-. The ACh response was both potentiated and pro-
longed. The effect of SCN- on the ACh dose-response curve is illustrated in Fig. 4.
It may be noted that the curves diverged at high levels of ACh, suggesting that the
prolongation of the contraction was sufficient to augment the contraction height

12 k

I-

ho

SCN-
12 mM

8

4

FIG. 4. Effect of

2 5 10 20
ACh (moles/l.X 10-6)

12 mm, SCN- on the ACh dose-response curve.

Control

rio:

gS

SCN-r Nigh Ca

SCN-

SCN- 4 mM Mg

SCN- Low Ca

SCN- 5 mM Mg

I min
FIG. 5. Effect of divalent cation variation on the SCN- potenftiation of the ACh response.
The upper row shows a control response (ACh 10-5M), followed by the potentiated response in
12 mm SCN-. Low Ca++ (0-15 mM) increases the amplitude, 45 mm Ca++ (lower row)
reduces and prolongs the response. High Mg++ (4 or 5 mM) reduces the response.

so 100
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(see above). Both the amplitude and duration of the ACh response in the presence
of SON- were dependent on the Ca++ and Mg ++ concentration of the external
medium. Figure 5 shows that reduction of the external Ca++ level to 0.15 mM
reduced the duration of the contraction, and slightly increased the amplitude.
Increasing the external Ca++ level to 4 5 mm reduced the amplitude of the ACh
contraction and prolonged it until it equalled the time of exposure to ACh. On the
other hand, increasing the external Mg level to 4 or 5 mm reduced the amplitude
to that of the control without SCN-. The contraction was still, however, prolonged
by a factor of two compared to the control contraction. Thus the ability of SCN-
to augment and prolong the ACh response can be modified 'by Ca++ and Mg++.

It may be noted that SCN- augmented but did not prolong the indirectly elicited
twitch of the contralateral innervated preparation.

Discussion

The response of the chronically denervated diaphragm to acetylcholine appears
in general to resemble that of the postsynaptic memibrane. Evidence from studies
involving alteration of the external ionic environment confirms the thesis of del
Castillo & Katz (1955) that ACh " short-circuits" the excitable membrane, allowing
ionic currents to flow according to their gradients. Thus the ACh contraction can
be related to the Na+ gradient across the memibrane, although it is not entirely
dependent upon the presence of Na+. It may be that under conditions of almost
total Na+ depletion movement of Ca++ is sufficient to initiate contraction. It is of
interest that the lengthening of the ACh contraction seen in low Na+-sucrose solu-
tions did not occur when Tris or Li+ was substituted for Na+. Raising the Ca++
concentration in Tris solution, as in Na+ solution, prolonged the response. This
prolongation was not seen in Li+ solution when external Ca++ was raised. Thus
Li+ appears to be more effective than Na+ in maintaining the relaxing mechanism.
The reason for the brevity of the ACh response is obscure. It cannot be related

to ACh hydrolysis, because the denervated preparation contains AChE only in the
region of the degenerating synapse (Eranko & Teraviainen 1967). Further, the car-

bachol response, although longer than the ACh response, is nevertheless of finite
length. The observation of Lullmann & Reis (1967) that the denervated diaphragm
relaxes in spite of a continuing depolarization suggests that, as in a K+-induced con-

traction, the sarcoplasmic reticulum is able to re-sequester Ca+ + although the mem-
brane remains depolarized. This observation makes a comparison of the duration
of conductance changes at the endplate with the contractile event hazardous.
The involvement of the reticular relaxing system in the ACh contraction means

that drug interactions may occur at three possilble points: first at the ACh receptor
which may be located on the surface membbrane, second at the level of the transverse
tubule where the memibrane event is propagated into the muscle cell, and third at
the level of the terminal cisternae, where Ca++ is released to initiate contraction.

There is some evidence (Brody, 1966; Howell, Fairhurst & Jenden, 1966) that
the reticular relaxing system alters following denervation, and has an increased
ability to sequester Ca++. Brody (1966) suggested that E-C coupling is facilitated
after denervation, and that this may be a factor in producing fibrillations.
The finding that the ACh response is totally unaffected by concentrations of

tetrodotoxin or saxitoxin that rapidly block the innervated preparation confirms
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the thesis that the permeability changes following ACh-receptor interaction differ
from those involved in the generation of the action potential. Whether the tetrodo-
toxin-sensitive receptor and the ACh receptor exist in series or in parallel is less
clear. It is possible that the ACh receptor may develop in response to denervation
in the transverse tubular element, and thus occur more distally in the chain of E-C
coupling than the tetrodotoxin receptor.
The findings that the ACh receptor is less sensitive to Mn++ than the innervated

muscle rules out the possibility that the ACh generates a " Ca++ spike" such as
occurs in smooth and crustacean muscle. The insensitivity of the Mn++ inhilbition
of the ACh receptor to variation in external Ca++ suggests that Mn++ is not com-
peting with Ca++, but offers no indication as to its site of action.

If it be granted that SCN- affects the E-C coupling sequence by lowering the
threshold for excitation at the level of the transverse tuibule system, then the ACh
receptor must be located either at this level or more proximal to it. The potentiation
of the ACh response by SCN- was reduced by increased concentrations of either
Ca++ or Mg++. This may represent stabilization of the ACh receptor, as has been
suggested for PrHCl.

It is of interest that Ca++, Mg++ and PrHCl synergize in denervated muscle.
Other workers have noted antagonism between PrHCl and Ca++ in other systems.
Thus in smooth muscle (Feinstein, 1966), lobster nerve (Blaustein and Goldman,
1966) or frog spinal ganglia (Aceves and Machne, 1963) Ca++ increase relieved
local anaesthetic inhibition. These authors attributed their results to competition
between PrHCl and Ca++ at a memibrane site which controls the increase in Na+
conductance upon electrical stimulation. Our finding again emphasizes the separate-
ness of the membrane permeability changes following ACh, and the changes
associated with electric excitation.
We wish to thank Dr. E. J. Schantz, Fort Detrick, Maryland, for a gift of saxitoxin.
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