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A B S T R A C T The influence of voltage on the time-course of desensitization onset 
and recovery has been studied at the frog neuromuscular junction. The activation- 
desensitization sequence was determined from carbachol-induced end-plate cur- 
rents in potassium-depolarized fibers voltage-clamped either to -40 mV or +40 
mV. The time-course of both desensitization onset and recovery developed 
exponentially, with onset occurring more rapidly than recovery. Desensitization 
onset was voltage dependent, the onset time constant being 8.3 -+ 1.3 s (11 fibers) at 
-40 mV and 19.3 -+ 3.4 s (15 fibers) at +40 mV. Recovery from desensitization was 
also influenced by voltage. The extent of recovery after 2 min was 80.4 -+ 6.3% in 
those fibers voltage-clamped to -40 mV and 57.4 -+ 3.6% in those fibers voltage- 
clamped to +40 mV. The voltage dependence of desensitization onset and recovery 
did not result from a difference in ability to control voltage at these two levels of 
membrane potential. These results demonstrate that in the potassium-depolarized 
preparation the processes controlling both desensitization onset and recovery of 
sensitivity from the desensitized state are influenced by membrane voltage. 

I N T R O D U C T I O N  

When acetylcholine or  other  depolarizing compounds  are applied to the end- 
plate region o f  skeletal muscle fibers, the postjunctional membrane  undergoes  
a rapid increase in ionic conductance  which is slowly reversed by desensitization 
o f  the postjunctional membrane  if the agonist application is sustained (Thesleff,  
1955). Both desensitization onset and the recovery o f  sensitivity f rom the 
desensitized state proceed exponentially with onset being considerably faster 
than recovery (Scubon-Mulieri and Parsons, 1977a). Many factors such as 
agonist type and concentrat ion,  extracellular ionic concentrations,  and mem- 
brane voltage are known to alter desensitization onset (Thesleff,  1955; Katz and 
Thesleff,  1957; Manthey, 1966, 1970, 1972; Rang and Ritter, 1970; Nastuk and 
Parsons, 1970; Magazanik and Vyskocil, 1970, 1975; Parsons et al., 1974; Adams,  
1975). In contrast,  the recovery f rom desensitization appears to be relatively 
independent  o f  these manipulat ions (Katz and Thesleff ,  1957; Magazanik a n d  
Vyskocil, 1975; Scubon-Mulieri and Parsons, 1977a). 

Magazanik and Vyskocil (1970) initially repor ted  that desensitization onset was 
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voltage dependent .  Later these authors repor ted  that the recovery f rom 
desensitization was not influenced by membrane  voltage (Magazanik and 
Vyskocil, 1975). In contrast, Steinbach and Stevens (1976) suggested that 
recovery from desensitization may be voltage sensitive with recovery rate 
decreasing with hyperpolarization.  Preliminary experiments f rom this labora- 
tory (Scubon-Mulieri and Parsons, 1977b) on the onset o f  and recovery from 
desensitization in potassium-depolarized fibers also indicated that both processes 
are voltage sensitive. Consequently,  the present study was under taken  to 
compare  the influence of  voltage on desensitization onset and recovery at 
voltage-clamped frog neuromuscular  junctions.  

These results confirm those of  Magazanik and Vyskocil (1970) that the onset 
of  end-plate desensitization is accelerated by hyperpolarization but are in 
conflict with Magazanik and Vyskocil (1975) who repor ted  that recovery of  
sensitivity is not voltage dependent .  Our  results on recovery also differ f rom 
those of  Steinbach and Stevens (1976) in that we find that recovery is more rapid 
at - 4 0  than at +40 mV. 

M E T H O D S  

General Methods 

All experiments described in this report were performed in vitro on potassium-depolar- 
ized sartorius muscle preparations of the frog (Rana pipiens) at temperatures ranging 
between 13 and 17°C during the period of April to November. The potassium-depolar- 
ized preparation was utilized in these studies because (a) the contraction normally 
associated with end-plate activation is eliminated, (b) these fibers could be readily voltage- 
clamped to both negative and positive values of membrane potential (-40 and +40 mV), 
and (c) the inhibition of desensitization onset by Na + is avoided (Parsons et al., 1974). In 
polarized fibers maintained in a sodium Ringer solution, the relative contribution of 
inward Na + current and outward K + current to the total carhachol-induced end-plate 
current is a function of the driving force on the two ions i.e., (Era - Esa) and (Em - EK), 
where Em is the membrane potential and ENa the equilibrium potential for sodium and Ea 
the equilibrium potential for potassium. In the potassium-depolarized preparation, only 
K + currents flow (excluding any slight Ca ~+ contribution) at all potentials thus eliminating 
any complication which would arise from the vohage-dependent contribution of sodium 
to the agonist-induced current. 

The muscle preparations were equilibrated in the isotonic potassium solution (mM: K 
propionate, 129.5; CaC12, 1.29; Ca propionate, 0.51; Tris, 1.0; pH, 6.95-7.05) for 30 rain 
before beginning the experiments, and all experiments were done within 120 rain of 
placing the muscle in the solution. The muscles were kept in a 12-ml bath and continually 
perfused with fresh bathing solution (50 ml/min flow). Resting membrane potentials 
ranged from +5 to -5  inV. 

Carbachol (1 raM, Sigma Chemical Co., St. Louis, Mo.) dissolved in the isotonic 
potassium solution was microperfused onto the end-plate region of individual fibers by 
hydrostatic pressure from a 100-/~m diameter pipette placed within 50 /~m of the 
intracellular micropipettes (Manthey, 1966). 

End-Plate Localization 

Junctional regions of individual fibers were localized visually with a compound micro- 
scope (x 300) by following nerve fibers to the last node of Ranvier. Close proximity of the 
microelectrodes and agonist perfusion pipette to the end-plate region was considered a 
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critical requirement  for these studies, because mislocation would be expected to alter the 
applied dose reaching the end-plate  region.  Consequently, independent  exper iments  
were per formed  to verify the precision with which the end-plate  region could be located 
with our  optical system. 

In 10 separate exper iments  this end-plate  localization method was tested by combining 
it with a cholinesterase stain perfusion.  The  neuromuscular  junction was located visually, 
and the fiber was impaled in this region. With an electrode implanted,  the fiber was 
perfused through the perfusion-pipet te  with the potassium propionate  solution contain- 
ing a cholinesterase stain (Koelle and Friedenwald,  1949). In 10 out of  10 such 
exper iments ,  the microelectrode was inserted into a region which subsequently showed 
cholinesterase activity by staining. The  mean length of  the staining pattern in these fibers 
was 96 ~ 42 ~m (mean +- SD). 

After  2-5 rain of  perfusion,  cholinesterase staining of  the impaled end-plate  was 
complete.  Cont inued perfusion for 10 rain or  longer produced no fur ther  staining at this 
end-plate,  but  staining of  end-plates on other  fibers many millimeters away began to 
appear .  This demonst ra ted  that our  perfusion adequately covered the end-plate  under  
observation and that nonjunctional regions were not stained. The  stain pattern and 
position of  the electrode within the stained region was photographed .  

Voltage Clamp Measurement of Agonist-Induced Current 

Carbachol- induced end-plate  currents  (EPCcarb) were measured with point voltage clamp 
techniques (Takeuchi and Takeuchi ,  1959) utilizing a two microelectrode voltage clamp 
system similar to that described previously by Gibbons and Fozzard (1971). 

In this system voltage was monitored by a high input  impedance,  10-times' magnifica- 
tion electrometer  (Industrial  Science Associates, Ridgewood, N. Y.), and the signal was 
further  amplif ied five times using an operat ional  amplif ier  (model 48K, Analog Devices, 
Inc., Norwood,  Mass.). This signal was compared  with the command signal at the 
summing junct ion of  a control amplif ier  (Philbrick, model  1022, Teledyne  Philbrick, 
Dedham,  Mass.). Any difference between the end-plate  membrane  potential  and the 
command potential  p roduced  an er ror  signal to the control  amplif ier  which supplied 
current  sufficient in sign and magni tude  to negate the e r ror  signal. The  current  required 
to clamp the end-plate  membrane  was recorded from a current  sensing operat ional  
amplifier  (model 48K, Analog Devices, Inc.) in series with a silver:silver chloride bath 
electrode. The  current  amplif ier  p roduced  a voltage propor t ional  to the current  through 
the end-plate  membrane .  

Since we have shown that desensitization onset is al tered by prior  activation of  the end- 
plate membrane  (Scubon-Mulieri and Parsons, 1977a), only one fiber was studied in an 
individual preparat ion.  Therefore ,  the results obtained from different  fibers were 
averaged,  and the study was limited to two values of  membrane  potential ( - 4 0  or  +40 
mV). 

The  steady-state holding current  in the absence of  carbachol was greater  at the 
negative voltage than at the positive voltage; the values being 239 -+ 57 nA at - 4 0  mV 
and 64 -+ 13 nA at +40 inV. This observation is consistent with that repor ted  previously 
for potassium-depolarized fibers (Katz, 1949). In most experiments ,  both the voltage and 
current  electrodes were filled with 3 M KCI and had resistances ranging from 5 to 15 Mf~ 
and 2 to 5 Mf~, respectively. In a few experiments  2 M K citrate-filled current  electrodes 
were used. No difference in results was obtained with either type of  current  electrode. 

Measurement of Postjunctional Membrane Activation, Rate of Desensitization 
Onset, and Recovery of Sensitivity 

The peak value of  the carbachol- induced current  was taken as an index of  the extent of  
end-plate  activation. The  time-course of  desensitization onset dur ing  sustained perfusion 
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of carbachol was determined from the time constant of  the EPCcarb decline after the 
initial peak. Only' agonist-induced currents having a time-to-peak value equal to, or less 
than, 4 s were considered acceptable. In addition, no data were used from fibers in 
which the holding current was not constant before carbachol perfusion. 

The recovery of  sensitivity after desensitization was determined by the following 
procedure. The end-plate activation-desensitization sequence was induced by local 
application of  carbachoi. After desensitization was fully developed, i.e., when the EPCearb 
had plateaued, the perfusion was terminated by raising the perfusion pipette, and the 
end-plate was allowed to recover for a variable interval, after which time carbachol (at 
the same concentration) was reapplied, and the test EPCcatb was measured. The extent of" 
recovery' of  sensitivity' after desensitization was determined by expressing the test 
response, EPC2, as a percent of  the magnitude of  the initial response, EPC1, (see Fig. 3). 

Statistical Analysis 

The time constant of  current decay was determined by fitting the raw data using a 
computerized nonlinear optimization method (Wright, 1977). During carbachol applica- 
tion, the EPCearb initially' increases, remains at a peak value which is briefly sustained in 
some preparations, and then declines as desensitization develops. During the early phase 
of  the response, we believe that agonist concentration is equilibrating so that both 
activation and desensitization occur; after this the response declines as a single exponen- 
tial function of  time. To determine the decay time constant data, points closest to the 
peak were successively eliminated until the early' nonrandom deviation from the 
exponential fitted to the whole curve disappeared. 

Statistical significance was determined using Student's t test, values of  P -< 0.05 being 
regarded as significant. 

R E S U L T S  

Concentration of Carbachol along the End-Plate 

T h e  rate  o f  d e v e l o p m e n t  a nd  equi l ib r ium level o f  desensi t izat ion are  d e p e n d e n t  
on agonis t  concen t r a t i on  (Katz and  Thes le f f ,  1957; Nas tuk  and  Parsons ,  1970; 
A d a m s ,  1975). T h e r e f o r e ,  it was i m p o r t a n t  first to  establish the  ex ten t  to which 
the concen t r a t i on  o f  ca rbacho l  was u n i f o r m  a long  the  end-p la te  m e m b r a n e  with 
the  m i c r o p e r f u s i o n  t echn ique .  

A q u a t e r n a r y  ion-sensit ive e lec t rode  (Dionne ,  1976) was used to d e t e r m i n e  
the  concen t r a t i on  o f  ca rbacho l  as a func t ion  o f  dis tance f r o m  the pe r fus ion  
pipet te .  T h e  ion-sensit ive e l ec t rode  was first "ca l ibra ted"  by p e r f u s i n g  var ious  
concen t r a t ions  o f  ca rbacho l  (dissolved in the  po tass ium p r o p i o n a t e  solution) 
on to  the  e lec t rode  at a f ixed dis tance o f  80 /zm. As r e p o r t e d  by Dionne ,  the  
r e sponse  is l inear  u p  to --10 m V  (Fig. 1B), a r e sponse  which was g e n e r a t e d  by 1 
m M  carbacho l  in these expe r imen t s .  T h e  concen t r a t i on  prof i le  with 1 mM 
carbacho l  a l o n g  a muscle  f iber  was t h e n  d e t e r m i n e d  as follows. T h e  ion-sensit ive 
e lec t rode  was initially pos i t ioned  so tha t  it wou ld  be 80 /zm away f r o m  the 
agonis t  p e r f u s i o n  pipet te  w h e n  it was lowered  t h r o u g h  the  f luid in te r face  to the 
same hor izon ta l  p lane  as the  e lec t rode .  W h e n  the  e lec t rode  r e sponse  r e a c h e d  a 
s teady state, the  p e r f u s i o n  pipet te  was raised ou t  o f  the ba th ing  solut ion,  and  
the ca rbacho l  was a l lowed to d i f fuse  away.  W h e n  the  ion-sensit ive e lec t rode  
r e sponse  had  r e t u r n e d  to the  con t ro l  value,  it was m o v e d  away in 80 /zm 
inc remen t s  a l o n g  a line paral lel  to the  f iber .  T h e  f iber  was then  r e p e r f u s e d .  Fig. 
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1A shows the amplitude of  the response of the quaternary ion-sensitive electrode 
as a function of  distance between the electrode and perfusion pipette in one of 
these experiments. In Fig. 1A is also plotted the time to reach 95% of peak 
amplitude of this response as a function of distance. Unlike the amplitude which 
is relatively constant up to 560 /~m, the rise time increased precipitously at 
distances greater than 480 /~m. "I~ne experiment demonstrates that, with the 
microperfusion method, agonist concentration equilibrates rapidly and uni- 
formly along a distance greater than that of the average end-plate length which 
was determined by cholinesterase staining. 

This spatial uniformity of concentration depends on the diameter of the 
perfusion pipette. For instance, in another experiment with the ion-selective 
electrode, the fiber was first perfused using a perfusion pipette having a tip of 
88/~m. With this perfusion pipette the concentration fell sharply after 240/.tm. 
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FIGURE 1. Spatial distribution of the carbachol concentration during microper- 
fusion using a quaternary ion-sensitive electrode (QISE). (A) The peak electrode 
response (e) and 95% rise time (O) plotted as a function of the distance between 
the QISE and the edge of the perfusion pipette. (B) The dose-response relation of 
the QISE to carbachol with a constant separation of 80 ~tm. 

However, when the tip was enlarged to 100 tim, the concentration remained 
uniform for a distance up to 520 gm between the perfusion pipette and 
quaternary ion electrode. For the present study, the diameter of the perfusion 
pipettes was always greater than 100 t~m. 

Comparison of Desensitization Onset and Recovery in Voltage-Clamped Fibers 

Scubon-Mulieri and Parsons (1977a) have demonstrated in unclamped, potas- 
sium-depolarized fibers that both desensitization onset and recovery proceed 
exponentially with onset being faster than recovery. The first experiments were 
done to establish that a similar relationship holds for voltage-clamped, potas- 
sium-depolarized muscle fibers. For these experiments the fibers were vohage- 
clamped to +40 inV. The positive potential was chosen because the holding 
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current  required was less at this potential than at - 4 0  mV so that the fibers 
could be voltage-clamped without any noticeable deteriorat ion for the pro- 
longed dura t ion of  these experiments.  The  results o f  one o f  these experiments  
is summarized in Fig. 2. 

Microperfusion of  1 mM carbachol onto the end-plate region of  voltage- 
clamped muscle fibers induced a transient end-plate current  (EPCearb) superim- 
posed on the holding current .  This current  developed with a time-to-peak of  3 
s, reached a peak value o f  806 hA, and then slowly subsided toward the pre- 
agonist level even though  the agonist application was continued.  The  rate of  
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FIGURE 2. (A) Time-course of desensitization onset (curve on left) during the 
initial carbachol exposure and the time-course of recovery of sensitivity (curve on 
right). The time scale is identical for desensitization onset and recovery. The time 
constant for desensitization onset was 12 s whereas that for recovery of sensitivity 
was 84 s. (B) Peak value of EPCcarb (expressed as percent of initial value) produced 
by application of 1 mM carbachol after 1 min of recovery plotted as a function of 
the perfusion number. 

decline of  the EPCcarb, which is an index of  desensitization onset t ime-course, 
was exponential.  In this example,  the time constant of  current  decay was 12 s 
(Fig. 2A). To estimate the time-course o f  recovery from desensitization the end- 
plate was activated by 1 mM carbachol application a total of  10 times. The  time- 
course of  recover>' o f  sensitivity was de termined by plotting activation (in 
percent of  the EPCearb obtained dur ing  the initial carbachol perfusion) as a 
function of  the recovery interval. In this example the time constant o f  recover>' 
of  sensitivity was 84 s. The  data points have been fitted on the assumption of  a 
single exponential  approach  to 100% recovery. The  assumption of  100% 
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recovery is based on pre l iminary  expe r imen t s  where  we achieved 100% recovery  
af ter  p ro longed  periods (15 min) using ou r  constant  flow system. In o ther  
expe r imen t s  done  without  flow, recovery a p p e a r e d  to be incomple te  even af ter  
15 min.  This  observat ion cor robora tes  the r epor t  by Katz and  Thes l e f f  (1957) 
that desensitization a p p e a r e d  to be partially irreversible in some instances. 

T o  insure that  the response  to carbachol  was not changing  with t ime,  the 
EPCearb af ter  a 1-min recovery  interval was de t e rmined  at four  d i f ferent  times 
(the 2nd,  3rd, 9th, and  l l t h  perfusions)  du r ing  this exper imen t .  These  
observat ions are p resen ted  in Fig. 2B and demons t r a t e  that no progressive 
decline occur red  with t ime or r epea ted  activations. 

In three  similar expe r imen t s  using vol tage-c lamped fibers the t ime-course  o f  
both  desensitization onset  and  recovery was exponent ia l .  T h e  fact that recovery 
a p p e a r e d  to develop  progressively made  us feel that we could investigate the 
inf luence o f  m e m b r a n e  voltage on recovery without  having to genera te  a 
comple te  recovery  curve  for  each fiber. This  was i m p o r t a n t  because o f  difficul- 
ties in vol tage-c lamping  fibers for  long per iods .  Consequent ly ,  the extent  o f  
recovery was d e t e r m i n e d  a f te r  e i ther  a 1- or  2-min wash interval  in the 
r e m a i n d e r  o f  the exper iments .  

Desensitization Onset and Recovery are Both Voltage Sensitive. 

T h e  t ime-course  of  desensitization onset  and the extent  o f  recovery o f  sensitivity 
were c o m p a r e d  in potass ium-depolar ized  muscle fibers vol tage-c lamped to 
ei ther  - 4 0  mV or  +40 mV.  T h e  extent  o f  recovery o f  sensitivity af ter  
desensitization was d e t e r m i n e d  af ter  a 1- or  2-rain wash interval.  These  results 
indicate that both  desensitization onset  and recovery are voltage-sensitive 
processes. 

T h e  protocol  for  c o m p a r i n g  the inf luence o f  m e m b r a n e  voltage on desensiti- 
zation onset  and recovery  is summar i zed  in the example  p resen ted  in Fig. 3. 
This  t racing o f  a record  shows the activation and desensitization of  a fiber which 
was vol tage-c lamped to +40 mV and pe r fused  twice with 1 mM carbachol .  In 
Fig. 3A and B the top trace represen ts  m e m b r a n e  voltage (+40 mV),  the middle  
trace is the cur ren t ,  and  the bo t tom trace is an event  m a r k e r  which denotes  the 
beg inn ing  and end o f  the carbachol  perfus ion .  Dur ing  each per fus ion  the time- 
course  o f  deve lopmen t  o f  desensitization was de t e rmined  f rom the decline o f  
the EPCearb f rom the peak  value towards the pre-agonis t  level. T h e  extent  o f  
recovery (in this example  af ter  2 min o f  wash), es t imated f rom the ratio of  the 
peak  EPCea~b value d u r i n g  the second carbachol  exposu re  to the peak  EPCearb 
value du r i ng  the initial per fus ion  was 59%. No correct ion was made  for  non-  
zero end-p la te  cu r ren t  at equi l ibr ium desensitization (see below). In all fibers 
vol tage-c lamped to e i ther  - 4 0  or  +40 mV,  the desensitization p roduced  by 1 
mM carbachol  du r ing  the first and  second per fus ion  developed  exponent ia l ly .  

Desensitization du r i ng  the initial carbachol  perfus ion deve loped  more  rapidly 
in those fibers vol tage-c lamped at - 4 0  mV than at +40 mV. T h e  average  t ime 
constant  o f  desensitization for  11 fibers vol tage-c lamped at - 4 0  mV was 8.3 -+ 
1.3 s (mean -+ SEM) whereas  the average  tiroe constant  o f  desensitization for  15 
o the r  fibers vol tage-c lamped to +40 mV was 19.3 -+ 3.4 s (mean + SEM). T h e  
means  are significantly d i f ferent  (P -< 0.005). These  observat ions are consistent 
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with the results presented previously by Magazanik and Vyskocil (1970) that 
desensitization onset is accelerated by hyperpolarizat ion.  

The  peak EPCearb value dur ing  the first carbachol application was also 
significantly different  in those fibers voltage-clamped at these two voltages. In 
the 11 fibers voltage-clamped at - 4 0  mV, the peak inward current  in the 
presence o f l  mM carbachol had an average value of  338 -+ 53 nA (mean + SEM). 
The  peak outward  current  in the presence o f  1 mM carbachol in the 15 fibers 
voltage-clamped to +40 mV was 559 + 47 nA (mean + SEM). The  reversal 
potential for  carbachol is ~-8 mV in the potassium-depolarized p repara t ion?  
The  different  values o f  the EPCe~b are consistent with the difference in the 

____1 i 10 ~ z 0 n ~  I I 
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FIGURE 3. End-plate currents recorded in a fiber voltage clamped to +40 mV (A) 
during an initial carbachol application (EPC1) and (B) during a second perfusion 
done after a 2-min recovery interval (EPC2). In both (A) and (B), the top trace is 
membrane voltage, the middle trace is current, and the bottom trace is the onset 
and termination of 1 mM carbachol application. The portion of the record to the 
right of the break shows the equilibrium level of desensitization. Recovery of 
sensitivity was calculated as the amplitude of EPC2 in percent of EPCx. 

driving force at the two voltages. This observation differs f rom that repor ted  by 
Dionne and Stevens (1975). They  demonst ra ted  that agonist effectiveness 
diminished as membrane  potential was made more  positive. This effect was 
attributed to a voltage dependence  of  the rate constants o f  channel  opening  and 
closing. In contrast, agonist effectiveness was not different at - 4 0  mV or +40 
mV in the present experiments.  The  discrepancy between the results o f  Dionne 
and Stevens and those repor ted  here can be attributed to differences in the 
agonist concentrat ion employed and (or) in the buffers used. First o f  all, Dionne 

1 Parsons, R. L., B. Scubon-Mulieri, and P. M. Spannbauer. Unpublished observation. 
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and Stevens (1975) used low concentra t ion  o f  agonist  whereas  we have employed  
much  h igher  concentra t ions .  Recently, Adams  (1976a) has r epo r t ed  that  the 
voltage d e p e n d e n c e  o f  agonis t - induced conduc tance  was less m a r k e d  as concen-  
trat ion was elevated.  Secondly,  Dionne 's  and  Stevens'  expe r imen t s  were done  in 
a phospha t e -bu f f e r ed  Ringer 's  solution whereas  we employed  a Tr i s -buf fe red  
solution. Kordas  (1977) has r epo r t ed  that  in Tr i s -buf fe red  solution the rate  o f  
decay o f  neural ly-evoked end-p la te  cur ren ts  becomes i n d e p e n d e n t  o f  voltage at 
m e m b r a n e  potentials more  positive than approx ima te ly  - 4 0  mV,  whereas  in 
phospha t e -bu f f e r ed  solutions the end-pla te  cu r ren t  decay becomes  progres-  
sively faster  as m e m b r a n e  potential  is made  more  positive. 

T h e  results summar i zed  in Table  I indicate that the extent  o f  recovery  o f  
sensitivity af ter  desensitization is also inf luenced by m e m b r a n e  voltage. T h e  
extent  o f  recovery af ter  a 1-min interval at - 4 0  mV and +40 mV was not 
significantly d i f ferent  (0.05 < P < 0.1) but the means  are representa t ive  o f  the 
t rend .  Af ter  a 2-min wash per iod the extent  o f  recovery o f  sensitivity was 
significantly g rea te r  in those fibers vol tage-c lamped at - 4 0  mV than  at +40 mV.  

T A B L E  I 

INFLUENCE OF VOLTAGE ON RECOVERY OF SENSITIVITY 
AND ALTERATION IN TONSrT 

Recovery in- Membrane  po- Extent o f  sensitivity re- Alteration in desensitiza- 
terval tential covery tion onset  Fibers 

rain m V 56 ittitial EPCear, "ro~¢ l/%,,*tt I* n 

1 --40 62.8 ± 7.9:~ 2.29_+0.41 6 
+ 4 0  48.6_+6.7, 2.81 ± 0 . 4 0  5 

2 - 4 0  80.4---6.3§ 1.87_+0.12 5 
+40  5 7 . 4 - 3 . 6 §  4.09 + - 1.00 8 

* "/'onset 1 is the  d e s e n s i t i z a t i o n  o n s e t  t i m e  c o n s t a n t  fo r  the  f irst  p e r f u s i o n ,  a n d  

r0n~t  2 is t he  d e s e n s i t i z a t i o n  o n s e t  t i m e  c o n s t a n t  fo r  t he  s e c o n d  p e r f u s i o n .  
~: S ign i f i c ance  P ~ 0.10. 
§ S ign i f i c ance  P -< 0.005. 

Evidence That 1 mM Carbachol Produces Complete Desensitization 

Often  the carbachol - induced cu r ren t  did not r e tu rn  exactly to the original value 
o f  the hold ing  cu r ren t  when desensitization a p p e a r e d  to reach its equi l ibr ium 
level (see Fig. 3). At +40 mV the residual cu r ren t  at equi l ibr ium desensitization 
was 8.06 + 1.38% of  the peak  response  (n = 13), and  at - 4 0  mV the residual  
cur ren t  was 11.81 -+ 3.28% o f  the initial response  (n  = 8).  T o  test whe ther  this 
represents  a pool  o f  potential ly activable or  non-desensi t izable recep tors  remain-  
ing when  desensit ization has reached  equi l ibr ium, the following expe r imen t s  
were done .  T h e  end-p la te  region was pe r fused  with 1 mM carbachol  to induce 
the activation-desensit ization sequence.  At equi l ibr ium densensidzat ion (5 min 
o f  exposu re  to 1 mM carbachol) ,  a 10 mM carbachol  per fus ion  was super im-  
posed on the 1 mM carbachol  response .  As d e m o n s t r a t e d  in Fig. 4, this 
applicat ion o f  the h igher  carbachol  concent ra t ion  p roduced  no al terat ion in the 
cur ren t .  Th is  suggests that  no addi t ional  r ecep to r  activation or  change  in the 
level o f  desensit ization occurs when  the agonist  concent ra t ion  was increased.  In  
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five fibers voltage-clamped to +40 mV, the response to 10 mM carbachol was 
0.59 ± 0.88% of  the first response to 1 mM carbachol,  and in two fibers voltage- 
clamped to - 4 0  mV, the response,  if any, was within the noise. From this we 
conclude that no free receptors exist at equilibrium desensitization to 1 mM 
carbachol, and that desensitization is equally complete at both - 4 0  and +40 
mV. Consequently,  we did not correct  for any residual cur rent  when desensiti- 
zation had reached its equilibrium level. 

The Voltage Dependence of Desensitization Onset and Recovery Is Not Due to 
Inadequate Voltage Control 

The  possibility that the voltage dependence  of  desensitization onset and recov- 
ery resulted from a difference in voltage control at these two levels o f  membrane  

I 

I mM CoCo ~0mld Garb 
f - -  

I I 

FIGURE 4. A double-perfusion experiment demonstrating that increasing the 
carbachol concentration during equilibrium desensitization by 1 mM carbachol 
produces no additional activation or desensitization. The first deflection of the 
bottom trace indicates the onset of 1 mM carbachol perfusion which is maintained 
for the duration of the experiment. After a 5-min exposure to 1 mM carbachol, a 
10 mM carbachol perfusion was superimposed. The beginning of the second 
perfusion is indicated by the second deflection of the bottom trace. The break in 
the record is a 240-s interval. The upper trace is membrane voltage clamped to +40 
mV, and the middle trace is the carbachol-induced current. 

potential was tested in a separate series o f  experiments.  The  extent of  the 
voltage deviation in the end-plate region was measured dur ing  carbachol 
perfusion.  

In these experiments  a second voltage electrode was inserted in the same fiber 
approximately 100 /zm distant from the pr imary voltage and current  micropi- 
pettes to estimate the spatial extent of  voltage control dur ing  1 mM carbachol 
perfusion in fibers voltage-clamped either to +40 or  - 4 0  inV. Sample records 
illustrating the extent o f  the deviation in two different  fibers, one voltage- 
clamped at +40, the o ther  at - 4 0  mV, can be seen in Fig. 5. No discernible 
deviation occurred at the pr imary voltage electrode, but a measurable voltage 
deviation occurred at the second voltage electrode. At - 4 0  mV, the deviation 
was 4.3 + 1.2 mV (mean ± SD, four  fibers) at an average distance of  108 /~m 
from the com mand  electrode whereas at +40 the deviation was 5.3 + 2.3 mV 
(three fibers) at an average distance of  104 /~m. Considering that the carbachol 
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reversal potential in these potassium-depolarized fibers is - 8  mV, the deviation 
in membrane  potential dur ing  carbachol action was similar at the two voltages, 
being - 1 3 %  at - 4 0  mV and - 1 1 %  at +40 inV. There fore ,  the difference in 
desensitization onset rate and extent o f  recovery at - 4 0  mV and +40 mV cannot  
be attr ibuted to a difference in voltage control at these two values o f  membrane  
potential. 

A 

v, 

8 

20~ 
mV 

55 I I 

FIGURE 5. Records showing the voltage deviation at a distance of 112 pm from 
the command electrode during 1 mM carbachol perfusion. (A) Fiber voltage 
clamped to +40 mV. (B) Fiber voltage clamped to -40 mV. For both (A) and (B), 
I is the current trace, V1 is the command voltage, and V2 shows the membrane 
potential recorded with a second electrode 112 /~m away from the command and 
current passing electrodes. The onset of carbachol perfusion is shown by the 
arrows. No discernible voltage deviation occurred at the command electrode 
during carbachol application whereas a small voltage change was seen at the distant 
electrode. 

Desensitization Onset Is Faster during Recovery from Desensitization at Both 
Holding Voltages 

Previously, Scubon-Mulieri and Parsons (1977a) observed that the time constant 
of  desensitization onset was not the same with the initial carbachol exposure  and 
with subsequent exposures dur ing  the recovery period. A similar f inding was 
obtained in the present experiments  using fibers voltage-clamped at either - 4 0  
or +40 mV. An example o f  this change in desensitization onset time constant 
for one fiber voltage-clamped at +40 mV can be seen in Fig. 6. In this example 
the time constant o f  desensitization onset dur ing  the initial carbachol exposure 
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FIGURE 6. The  exponential  fit to the decline of  the EPCcarb dur ing  the first and 
second application of  1 mM carbachol in a fiber voltage clamped to +40 mV. (©) 
Data points and fitted curve for the first carbachol perfusion (T = 22 S); (0)  data 
points and fitted curve for the second perfusion done after a 2-min wash interval 
(T = 6.9 s). Only the data points after the arrow in the upper  curve were used to 
generate the exponential .  Final equilibrium values are shown in single symbols 
after the break.  

was 22 s, w h e r e a s  d u r i n g  the  s e c o n d  c a r b a c h o l  p e r f u s i o n  ( a f t e r  2 min  o f  
r ecove ry )  t he  t ime  c o n s t a n t  o f  de se ns i t i z a t i on  onse t  was 6.9 s. 

T h e  d a t a  fo r  t he  c h a n g e  in Zonset in t hose  f ibers  v o l t a g e - c l a m p e d  at  e i t h e r  - 4 0  
o r  +40  m V  a re  s u m m a r i z e d  in T a b l e  I. In  these  e x p e r i m e n t s  t he  r e c o v e r y  o f  
ronset a p p e a r s  to be  s lower  t h a n  the  r e c o v e r y  o f  sensi t iv i ty  wh ich  c o n f i r m s  o u r  
e a r l i e r  o b s e r v a t i o n  tha t  these  two p roces ses  r e c o v e r  wi th  d i f f e r e n t  t i m e - c o u r s e s  
( S c u b o n - M u l i e r i  a n d  P a r s o n s ,  1977a). In  the  p r e s e n t  s t u d y  we e x a m i n e d  
sensi t iv i ty  at  t imes  w h e n  ronset s h o w e d  l i t t le  r e c o v e r y ,  a n d  no  s ign i f i can t  a m o u n t  
o f  r e c o v e r y  o f  Tonse t was e v i d e n t  a f t e r  1 o r  2 min  o f  wash  at  e i t h e r  - 4 0  o r  +40  
inV.  C o n s e q u e n t l y ,  t he  resu l t s  o f  t he  p r e s e n t  s tudy  d o  no t  i nd i ca t e  w h e t h e r  the  
r e c o v e r y  o f  Tonset is also vo l t age  d e p e n d e n t ,  

D I S C U S S I O N  

S c u b o n - M u l i e r i  a n d  Pa r sons  (1977a) have  r e c e n t l y  shown  tha t  de sens i t i z a t i on  
onse t  a n d  r e c o v e r y  p r o c e e d  e x p o n e n t i a l l y  wi th  o n s e t  o c c u r r i n g  fas te r  t h a n  
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recovery in the potassium-depolarized preparation at about -10 mV. A quali- 
tatively similar relationship between the time-courses of  desensitization onset 
and recovery was obtained in the present study using potassium-depolarized 
muscle fibers voltage-clamped at +40 mV and -40 mV (Fig. 3). 

In the potassium-depolarized preparation, both desensitization onset and 
recovery are influenced by membrane voltage. The voltage dependence of 
desensitization onset obtained in the present study is in agreement with the 
prior observations by Magazanik and Vyskocil (1970) using muscles maintained 
in sodium Ringer's solution and by Lambert et al. (1977) using potassium- 
depolarized fibers. However, Magazanik and Vyskocil (1975) did not observe an 
influence of voltage on the time-course of recovery from desensitization in 
polarized fibers. In contrast, recovery proceeded more rapidly at -40 mV than 
at +40 mV in the present study with the potassium-depolarized muscle fibers. 
Differences in experimental conditions between those of Magazanik and Vyskocil 
(1975) and those used in the present study may account for the different results; 
the most obvious difference was a difference in bathing solutions. Magazanik 
and Vyskocil (1975) used a sodium Ringer's solution whereas the muscles were 
bathed in an isotonic potassium solution in the present study. A second 
important difference in the experimental conditions of these two studies is that 
a much larger voltage range was utilized in the present experiments. Magazanik 
and Vyskocil (1975) compared recovery at -60 mV and -90 mV, (a 30 mV 
difference) whereas in the present work recovery was compared at -40 mV and 
+40 mV (an 80-mV difference). A third difference between these two studies is 
that Magazanik and Vyskocil (1975) did the majority of their experiments in the 
presence of drugs such as SKF 525 (Smith, Kline & French Laboratories, 
Philadelphia) or chlorpromazine which accelerate desensitization onset. I f  these 
agents also increase the rate of  recovery, then the drug effect may have masked 
an influence of voltage on recovery. Lastly, the agonist and method of  drug 
application were different in the two studies. Magazanik and Vyskocil (1975) 
applied acetylcholine iontophoretically to the postjunctional membrane whereas 
in the present study desensitization was produced by hydrostatically controlled 
microperfusion of  carbachol. With the former method a considerable degree of 
spatial nonuniformity of  agonist concentration occurs over the postjunctional 
membrane (Katz and Thesleff, 1957; Adams, 1976b) whereas these experiments 
show that the agonist concentration is uniform over the end-plate region with 
microperfusion of  1 mM carbachol. 

Recently a voltage dependence of  recovery from desensitization has been 
suggested by Steinbach and Stevens (1976) who reported a voltage dependence 
opposite to that observed in the present study. As no detailed information 
concerning the methods employed has been published, we cannot speculate on 
the basis of this difference in results. However, both studies demonstrate that 
future work on the kinetics of  desensitization onset and recovery must be done 
under conditions where membrane voltage is controlled. 

The weight of evidence (Rang and Ritter, 1970; Scubon-Mulieri and Parsons, 
1977a) presently support the cyclic model of desensitization onset and recovery 
first proposed by Katz and Thesleff (1957). In such a model, schematically 
presented below, 



298 THE J O U R N A L  OF GENERAL PHYSIOLOGY ' VOLUME 71 • 1 9 7 8  

fast 

A + R .  ~ A - R  
l ac t iva t ed  

I 
r e c o v e r y  onse t  

fast 
A + R I '  - A - R1 

d e s e n s i t i z e d  

the  ac t iva t ed  A - R c o m p l e x  is slowly c o n v e r t e d  to a d e s e n s i t i z e d  s ta te  A - R1 
with s u s t a i n e d  e x p o s u r e  to agon i s t .  T h e  r e c o v e r y  o f  sensi t ivi ty  a f t e r  desens i t i -  
za t ion  w o u l d  o c c u r  as A - R1 d i s soc i a t ed  a n d  Rt r eve r t s  to R a n d  is c o m p l e t e  
w h e n  all r e c e p t o r  has r e t u r n e d  to t he  f ree  R c o n f i g u r a t i o n .  T h e  resu l t s  o f  the  
p r e s e n t  s tudy  ind ica t e  tha t  the  r a t e s  o f  b o t h  de sens i t i z a t i on  o n s e t  a n d  r e c o v e r y  
a r e  i n f l u e n c e d  by m e m b r a n e  vo l t age .  T h e  m e c h a n i s m s  by wh ich  m e m b r a n e  
vo l tage  i n f l u e n c e s  onse t  a n d  r e c o v e r y  ra tes  is u n k n o w n .  Because  o n s e t  a n d  
r e c o v e r y  a r e  i n f l u e n c e d  in a s imi l a r  d i r ec t i on  by m e m b r a n e  vo l t age  in the  
p o t a s s i u m - d e p o l a r i z e d  p r e p a r a t i o n ,  it m i g h t  be  s u g g e s t e d  t ha t  t he  m o r e  r a p i d  
r e c o v e r y  at t he  n e g a t i v e  p o t e n t i a l  is a c o n s e q u e n c e  o f  t he  m o r e  r a p i d  o n s e t  r a t e  
at  this  vo l tage .  H o w e v e r  the  p r e v i o u s  o b s e r v a t i o n  tha t  o n s e t  r a t e  can  be  
i n c r e a s e d  by r a i s i ng  e x t e r n a l  Ca 2+ o r  c a r b a c h o l  c o n c e n t r a t i o n  w i thou t  i n f l u e n c -  
ing  r e c o v e r y  a r g u e s  aga ins t  this  s i m p l e  c o r r e l a t i o n  ( S c u b o n - M u l i e r i  a n d  P a r s o n s ,  
1977a). R a t h e r  it a p p e a r s  tha t  t h e  m o l e c u l a r  p rocesses  r e s p o n s i b l e  fo r  bo th  
desens i t i za t i on  onse t  a n d  r e c o v e r y  a r e  i n f l u e n c e d  by m e m b r a n e  vo l t age .  
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