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 Denervation itself produces a striking alteration in the surface membrane of muscle fiber 

in which the region of acetvicholine sensitivity spreads out from the endplates to the whole 

of the fiber membrane in the rat (1, 2) and in the frog (3). In addition, changes in the 

characteristics of the sarcoplasmic reticulum may be considered as a possible mechanism for 

the occurrence of the supersensitivity in the denervated muscle: preservation and prolifera

tion of the sarcoplasmic reticulum demonstrated by electron microscopy (4), the rise in 

susceptibility to caffeine that appears to exert direct action on the sarcoplasmic reticulum (5) 

and the marked increase in calcium uptake by the isolated sarcoplasmic reticulum (6, 7).<BR>

 More recently the marked increase in contractures induced by drugs replacing calcium 

ions by strontium ions was also reported by Taga, Takayanagi and Takagi (8).<BR>

 The aim in this paper was to study non-specific potentiation (non-specific supersensitiv

ity) with views of the contractile activity and the potentiation of drug-contracttires in 

substituting strontium ions for calcium ions in the denervated muscle. For this purpose 

changes in function of the sarcoplasmic reticulum after denervation were further investigated.

METHODS

    Male rats (200 to 340 g) of the Wistar strain were denervated, under ether anesthesia, 

by removing at least 1.5 cm of obturator nerve in the abdomen supplying the gracilis anticus 

muscle. This muscle was excised 17 to 20 days after denervation. The isolated muscle 

was suspended in 12 ml organ bath filled with Locke-Ringer solution gassed with a mixture 

of 98 °. 0, and 2 CO..,, and kept at 33' (. The average size of the muscle strips was 0.5-1      0 "o 

in m2 mm  15 mm (thickness " width  length). In order to stimulate the muscle electric

ally, massive Pt plate electrodes were used and the rectangular current pulses of I msec dura

tion and of sufficient strength to produce the supramaximal contraction were applied. In 

this experiment Locke-Ringer solution containing d-tubocurarine-HCI (10' M) was used 

as the bath fluid to abolish indirect stimulation. To evoke the tetanus, rectangular current 

pulses of I msec duration with frequencies of 50 or 100 cps were used. The composition
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(mM) of the Locke-Ringer solution used In this paper was 146.86 NaCI, 5.63 KCI, 2 14 

CaCI _, 2.09 MgCI„ 9.55 NaHCO and 2 78 glucose. 

    The glycerinated muscles were prepared from denervated and the contralateral innervated 

muscles These muscles were left at 0 C for 3 hr in 50"10 glycerol solution containing 20 mM 

Tris-maleate buffer of pH 7.0 and then preserved at approx 20 (r' for I to 2 weeks in a deep 

freezer. The normal solution used consisted of 4 mM ATP, 4 mM GEDTA, 4 mM MgCI . 

40 mM KCI and 40 mM Tris-maleate buffer of pH 6 8, according to the method described 

by Endo et al. (9). Experiments were conducted at 21 --0.5 C The approximate dimension" 

of the glycerinated muscle fibers were 0 I mm 0 1 mm 6.0 mm (thickness width length) 

   Caffeine or procaine was added to the normal solution with a specified amount of CaCI 

or SrCI , To determine a specified amount of CaCI, or SrCI, in the solution, 4 4 10 

M-' and 1.4 10 M` were used as the apparent binding constants of GEDTA for Ca"and 

Sr-' respectively (10). 

    The initial tension for the isometric recording was 0.2 g for isolated muscle strips and 

0.1 g for glycerinated muscle fibers.

RESULTS

Effects of caffeine on responses to elec'tl i 'al stimulation 

   Twitch was slightly increased hut tetanus strikingly potentiated after pretreatment of 

the innervated muscle with caffeine for 8 min (Fig. Id, e, f), whereas twitch was considerabl\

Fic,. I Effects of caffeine on twitch and tetanus of the innervated and the dener

    vated muscle. 

    a, b, g, h, i : control response 

    d, e, f, k, I . after 3 min exposure to 1.8 mM caffeine which did not cause 

    contracture. 

    The frequency of twitch was 0.1 cps and its duration was I cosec, the frequ

    ency in the case of tetanus was 50 or 100 cps and its duration was 5 sec.



increasee but tetanus little altered in the denervated muscle (Fig. I 'l, k I ). The tetanus tension 

f or I was maximum since it was equal to that evoked by the frequency of 200 cps after 

pretreating with caffeine. The sensitivity increased to the extent that the frequency even at 

50 cps developed nearly the maximum tension in the denervated muscle. The change com

parable to the enhancement of tetanus by caffeine in the innervated muscle may be induced 

in the sarcoplasmic reticulum by denervation. 

Lflecls o! procaine on the 

    As shown in our previous report (8), the amplitude of caffeine-contracture was increased 

by denervation although the time necessary to reach the peak tension lengthened (Fig. 2A, 

B, a). Caffeine (14 mM )-induced contracture was inhibited by pretreating both muscles 

with 2.5 mM procaine for 3 min (Fig. 2A, b, e). 40 mM procaine itself however developed 

contractures in the both muscles though these were greater in the denervated muscle, and 

potentiated strikingly caffeine-contractures (Fig. 2A, c, f). Procaine (15 mM), which itself 

did not cause the contracture, led to the sustainment of the increased tonic phase of caffeine 

contracture in the innervated muscle (Fig. 213, d), while in the denervated muscle it 

potentiated markedly caffeine-contracture (Fig. 213, b), but inhibited ACh and KCI-con

tracture. ACh and KCI-contractures were increased by pretreating with 1.8 mM caffeine,

Fi(,. 2. Effects of procaine on the caffeine-contracture of the innervated and the 

    denervated muscle. 

   (A) 

    a, d ; control response in the denervated and the innervated. 

    b, e ; after 3 min exposure to 2.5 mM procaine. 

    c, f ; after 10 min exposure to 40 mM procaine which itself elicited contractures 

        

in both muscles. 

   (B) 

    a. c ; control response in the denervated and the innervated 

    b, d ; after 3 min exposure to 20 mM procaine.



which did not itself develop a contracture, whereas inhibition was seen even with higher 

concentrations of procaine, which developed contractures. 

Effects of caffeine and procaine on the gfvicerinated muscle 

   It has been reported that the function in the sarcoplasmic reticulum of the glycerinated 

muscle could be preserved considerably (11, 12). Weber and Herz (13) and Endo et al. (9) 

have clearly indicated that the caffeine-induced contraction was the consequence of release 

of calcium ions from the sarcoplasmic reticulum. Caffeine itself did not develop tension in 

Ca-free solution, but induced contraction under appropriate conditions in the glycerinated 

muscle. The degree of caffeine-induced tension was dependent on the concentrations of 

Ca" or Sr" and the time of immersion. For example, relative to the maximum tension 

induced by 2 mM Ca 21, caffeine-induced tension was 20% after the exposure of the innervated 

muscle to 10' M Sr2 and 60°o after that to 2 , 10 M Sr21 for 8 min, but was observed only 

slightly for 2 min. 

    Caffeine in concentrations of 15 mM and 25 mM caused greater tension in the denervated 

muscle (Fig. 3a, b) than in the innervated one (Fig. 3f, g) after pretreatment with 2 10' M 

Ca 2-1 for 8 min. This concentration was usually below the threshhold for tension output. 

Relative to the maximum tension induced by 2 mM Ca2+, the value for 25 mM caffeine was

FiG. 3. Effects of caffeine and procaine on the glycerinated muscles made of the 
   denervated and the innervated muscles following 2 x 10' M Cat for 8 min. 

    a, f ; 15 mM caffeine-responses in the denervated and the innervated. 
    b, g ; 25 mM caffeine-responses. 

    c, h ; control response. 
    d, i ; after 3 min exposure to 2.5 mM precaine. 

    e, j ; 7.5 mM procaine-responses. 
    2 mM Ca"' was sufficient to evoke maximum tension.



53.9"" 0 (n 10) in the denervated muscle and 29.3 (n77-8) in the innervated. Caffeine

induced tension was slightly inhibited by pretreating with 2.5 mM procaine for 3 min (Fig. 

3d, i), but 7.5 mM procaine itself provoked greater tension in the denervated (Fig. 3e) than 
in the innervated muscle (Fig. 3j). 

   In the case of 10' ° M Sr"', the value for 25 mM caffeine was 90°0 (n -6) in the denervat

ed (Fig. 4b) and 30.4()/, (n  5) in the innervated muscle (Fig. 4 g). 25 mM caffeine-induced 

tension in the presence of 10' M Sr"1 (Fig. 4 g) was nearly equal to that in the presence of 

2 10' M Ca" (Fig. 3 g) in the innervated muscle, while the former (Fig. 4b) was much 

greater than the latter (Fig. 3b) in the denervated muscle. This may favour the fact that in 
substituting strontium ions for calcium ions contractures induced by drugs were almost the 

same in the innervated muscle, but were enhanced markedly in the denervated as reported 

in our previous paper (8). Unlike the case of Ca"*, caffeine-induced tension tended to be 

considerably inhibited by pretreating with 2.5 mM procaine for 3 min (Fig. 4d, h). Procaine 

(7.5 mM) itself induced greater tension in the denervated (Fig. 4e) than in the innervated 

muscle (Fig. 4j).

Fic. 4. Effects of caffeine and procaine on the glycerinated muscle of the dener
   vated and the innervate in pretreating with 10' M Sr for 8 min. 

    a, f : 15 mM caffeine-responses in the denervated and the innervated muscles. 
    b. g ; 25 m M caffeine-responses. 

    c ; control response. 
    d, h ; after 3 min exposure to 2.5 mM procaine. 

   
i ; 30 min after h. 

    e, j ; 7.5 mM procaine-responses.

Contractile activity induced by Ca"* and Sr'* on the glvderinated muscle 

   Ca"-or Sr"+-induced peak tensions were almost the same for each group of concentra

tions in either glycerinated muscle, but the rate of response was much greater in the denervated 

than in the innervated muscle (Fig. 5A, B). The rate of responses to lower concentrations 

of Ca`* or Sr 21 tended to be significantly affected by denervation.



FIG. 5. Time course of tensions induced by various concentrations of Ca "1 (A) or 

   Sr1 (B) on the glycerinated muscle of the denervated and the innervated 

    muscles. 

    Ordinate ; relative Ca`+ or Sr=+-tension development to the maximum tension 

    (i. e. 100 %) induced by 2 mM Ca-+. 

   Abscissa ; time after application of Ca" or Sr'+. 

    Continuous lines ; the denervated. 

    Dotted lines ; the innervated. 

    Difference between both muscles is significant from the point nearest the origi

   nal to the point indicated by the arrow.

DISCUSSION

   Feinstein (14) has shown that procaine (3.7 mM) blocks competitively both cafleine

contractures and the associated "'Ca movements in the frog sartorius muscle tested at about 

23 C. On the other hand, Isaacson (15) has reported that procaine (20 mM) itself caused 

sizable contractures at 37 (r` in both extensor digitorum longus and soleus of the rat, and that



addition of caffeine to a muscle already producing a procaine-induced contracture led to the 

second , phase of increased contracture tension. Both these results are in agreement with 

our findings. Contracture induced by procaine, potentiation and antagonism of caffeine

contracture by procaine were found to depend on concentrations of procaine in both innervat

ed and denervated muscles. In addition, caffeine and procaine-contractures were musch 

greater in the denervated than in the innervated muscle. Caffeine-contracture especially was 

potentiated much more strikingly in the denervated muscle by pretreating with higher con

centrations of procaine, which inhibited ACh and KCl-contractures. Furthermore, twitch 

was enhanced in both innervated and denervated muscles by caffeine, whereas tetanus was 

potentiated in the innervated, but little altered in the denervated muscle since maximal tension 

had already developed. These results suggest that changes in function of the sarcoplasmic 

reticulum may be provoked by denervation. 

   The degree of caffeine-induced tension in the glycerinated muscle was dependent on the 

concentration of Ca" or Sr2+ and the time of immersion. This was in agreement with 

results in the study of the skinned fiber shown by Endo et a]. (9). This fact indicates that 

the ability of the sarcoplasmic reticulum to bind and release calcium or strontium ions was 

considerably preserved in this glycerinated muscle. In the glycerinated muscle, caffeine and 

procaine caused greater tension in the denervated than in the innervated muscle in the 

presence of 2 x 10-' M Ca 21 or 10-5 M Sr2+. This could suggest the possibility that the ability 
of the sarcoplasmic reticulum to bind and release calcium or strontium ions is enhanced by 

denervation. Increase of calcium uptake by the sarcoplasmic reticulum isolated from the 

denervated muscle (6, 7) and increase of calcium influx and efflux induced by caffeine in the 

denervated muscle (16) may support this idea. Although tension induced by caffeine in the 

presence of 10 -5M Sr2} was almost the same as that in the presence of 2 x 10' M Ca" in 
the innervated muscle, the former was much greater than the latter in the denervated muscle. 

It can be postulated that it may be possible to induce greater contractures in the presence of 

strontium ions than of the calcium ions if strontium ions are taken up much more into the 

cell and utilized more effectively. In addition, the above findings may provide one ex

planation for the nonspecific potentiation (non-specific supersensitivity) and the potentiation 

of contractures produced by drugs in replacing calcium ions by strontium ions in the 

denervated muscle. Isotopic experiments are required to further demonstrate these postula

tions. 

   In addition, considering the fact that relaxation occurs when the released calcium ions 

are again taken up by the sarcoplasmic reticulum from the myofibrils, a faster rate of 

respon seto Ca 21 or Sr21 in the denervated muscle also favours the potentiation mentioned 

above. Therefore, mechanisms responsible for the occurrence of the non-specific potentia

tion and also the potentiation of contractures produced by drugs in substituting strontium 

ions for calcium ions in the denervated muscle may involve functional changes in the 

sarcoplasmic reticulum and the actomyosin system other than alterations in the properties 

of the surface membrane.



SUMMARY

    1. Twitch was slightly increased but tetanus strikingly potentiated by pretreating the 

innervated muscle with 1.8 mM caffeine for 8 min, whereas twitch was considerably increased 

but tetanus was little altered in the denervated muscle. 

    2. Caffeine and procaine-contractures were much more potentiated in the denervated 

than in the innervated muscle. 

    3. Procaine (20 mM) which increased tonic phase of caffeine-contracture in the in

nervated muscle potentiated markedly caffeine-contracture in the denervated muscle, but 

inhibited ACh or KC1-contracture. 

    4. In the glycerinated muscle, responses to caffeine and procaine in the presence of 

10-5 M Sr" or 2 x 10'' M Cat} were much more enhanced in the denervated than in the 

innervated muscle. 

    5. Caffeine-induced tension in the presence of 10'5 M Sr" was almost the same as that 

in the presence of 2 x 10-' M Cat} in the innervated muscle, whereas in the denervated one 

it was larger in the presence of 10' M Sr" than that of in the presence of 2 x 10-' M Ca" 

suing the glycerinated muscle. 

   6. In the glycerinated muscle, contractile responses to Cat} or Sr" were much faster 

in the denervated than in the innervated muscle. 

   7. These findings could suggest that functional changes in the sarcoplasmic reticulum 

and actomyosin system as well as in the surface membrane play a substantial role in producing 

non-specific supersensitivity and also marked potentiation of contractions induced by drugs 

in substituting strontium ions for calcium ions in the denervated muscle.
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